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Abstract

Sodium Tungsten Bronze thin films are prepared by co-evaporation 
of UO and sodium as well as insertion of the sodium from the vapour phase 
into evaporated WO^ films.

Trasmission electron microscopy reveals that the films are poly
crystalline, the size of their grains being a function of the rate of depos

ition and substrate temperature.
The sodium concentration of the films is determined by electro

chemical extraction of the sodium from a small area of the film.

The optical properties of the films are studied as a function of the 
sodium concentration x, (0<x<0.22), in the wavelength range of 0.3pm to 4.5pm. 

The d.c. resistivity and thermoelectric power of the films are also
measured in the temperature range of 220°K to 300°K.

The Na W0^ films are treated as a collection of crystalline grains 
embedded in a matrix of disordered grain boundary material.

The gram material behaves as a degenerate semiconductor, whose 
degree of degeneracy is a function of x. Its optical properties are inter
preted in terms of three interband electronic transitions : valence to con
duction band, which gives rise to the main absorption edge and filled states 
of the conduction band to a higher lying conduction band and to the empty 
sodium states, which give rise to the blue colour of the films. The conduction 

and valence bands of WO are separated by both an indirect and a larger direct 
gap whose magnitude depends on the crystal structure. The electronic band 

structure of Na W0^ is derived from the band structure of W0^ in a "rigid band" 
approximation for x_<0.05. For larger values of x, the band structure of W0^ is 
deformed under the influence of the high sodium concentration.

The electrical properties of the films are dominated by the presence 
of the high density of grain boundaries.
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CHAPTER 1 

Introduction

Sodium tungsten bronze is one of the several non-stochiometric 
ternary metal oxides of the general formula M WO , where M is a metal

X  j

or hydrogen and 0 < x _< 1, known as tungsten bronzes.
Sodium tungsten bronzes (Na WO^) were first obtained at the 

beginning of the 19^ century [1], Since then, several elements were 

found to form tungsten bronzes [2]. Because of their interesting phy

sical and chemical properties, many research groups have been studying 
these compounds in recent years.

Several methods have been used to prepare tungsten bronzes : 

reduction of a sodium tungstate-tungsten trioxide mixture with hydrogen 
or other reducing agents [3], electrolytic reduction of a molten mixture 
of metal tungsten and tungstic acid [4], vapour-phase reaction of WO^ 
and metals [5] as well as chemical reduction of metal tungstate, tungsten 

trioxide and tungsten metal in vaccum [6]. A review of the above methods 
of preparation of tungsten bronzes is given by Hussain [2].

In tungsten bronzes, the metal M is inserted in the WO^ sub
lattice which consists of WCK corner-linked octahedra. The WCL octahedra

o o

can be arranged in different ways depending on the nature and the con
centration of M. The structure of WO^, which is considered as the host 

structure of M WO^, shows five phase transitions in the temperature range
-180°C to 900°C [7,8,9,10] : monoclinic c- triclinic < ^---->• ---- >

, . . 467°C . 680°C „  ̂ ,monoclinic < ---— orthorombic <— — tetragonal.
The structure of the above five phases of W0^ can be obtained 

from the ideal ReO^ structure (Fig. 1.1) by small displacement of the
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• Re O  °

Fig. 1.1 : The ReO^ structure (after 
Doumerc et. al [11]).

Fig. 1.2 : The structure of perovskite
tungsten bronze. The large circles 
indicate interstitial metal atoms and 
the small circles tungsten atoms.(after 
Hussain [6])

Fig. 1.3 : Phase diagram of Na^WO^ (after Ribnick [6]).



tungsten ions from the centre of the octahedra [2].
When all the interstitial sites, between the WO. octahedra.6

are filled by the sodium ions the perovskite structure with cubic unit 

cell is obtained. The perovskite structure of Na^WO^ is shown in 

Fig. (1.2). As the sodium content decreases, the perovskite structure 
is progressively distorted and several other phases with lower symmetry 

are obtained Fig. ( 1.3 ) shows the place diagram for Na WO as a function
X j

of x, obtained by Ribnick et. al. [6]. THe lowering of the symmetry 

of the perovskite structure leads to tilting of the WO^ octahedra and 
their rearrangement so that apart from the tetragonal channels, shown 

m  Fig. (1.2), channels of hexagonal, pentagonal and triangular cross- 
sections appear. Sodium ions can be accomodated in all of these channnel 

except the triangular ones which are very small [2].
The electronic properties of tungsten bronzes, and in particular 

of Na WO , have been extensively investigated in the range of x-values
X  j

0.25 _< x < 1.
Nuclear magnetic resonance Knight shift measurements [12] 

and Hall effect measurements [13,14,15] show that the alkali atoms are 
fully ionised and the nearly free electrons are located in a delocalized 

conduction band.
Resistivity [13,15,16,17], heat capacity and magnetic susceptib

ility [18], Seebeck coefficient [13] and optical measurements [19,20,21] 
confirm that the current carries in tungsten bronzes are nearly free 

electrons.
The mechanism of band formation in tungsten bronzes has been 

explained in different ways. Goodenough [22, 23] assumes that the 
conduction band of tungsten bronzes arises from the tungsten atom array 

and that the alkali atoms act as donors to the otherwise empty conduction 
band. A similar interpretation was proposed by Sienko as well [16].
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This model is in agreement with the experimentally obtained properties 

of the bronzes and theoretical band calculations [24,25,26],

On the other hand, Mackintosh [27] and Fuchs [28] postulate 

that the conduction band of tungsten bronzes is composed of overlapping 
alkali metal orbitals . This model has been, however, criticized mainly 
because it fails to account for the common behaviour of all tungsten 
bronzes irrespective of the particular metal ions inserted in the WO^ 

lattice.

Tungsten bronzes with x<0.25 have not been systematically 

investigated mainly because of difficulties in obtaining appropriate 

single crystals. On the basis of the resistivity measurements on a 
few crystals [2,13,14], it is assumed that tungsten bronzes with x<0.25 
behave as semiconductors rather than metals and conflicting models have 

been proposed to explain this behaviour [29,30]. However, in view of 

the poor experimental substantiation of such a metal-nonmetal transition 
in tungsten bronzes, further investigation of their properties at low 
x-values is needed.

It should be pointed out that the properties of the dilute 
bronzes is not the only area in the tungsten bronze behaviour that is still 
ambiguous. The broad features of the behaviour of the tungsten bronzes 

are well accounted for by the Goodenough model. However, several questions 
such as the exact form of the band structure and the effect the insertion 

of alkali atoms has on it, as well as the scattering mechanism of charge 
carriers, are still unresolved.

Considerable attention has recently been given to thin film 
tungsten bronzes because of their technological applications in information 
display devices. These applications are based on the electrochromic 
properties of the W0^ thin films. It has been shown that the insertion 
of Group I elements into WO^ films results in tungsten bronze formation
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and a change of the colour of the films, from transparent to blue.
Several electrochemical electrochromic cells based upon the reversible 
insertion of Group I elements into WO^ films have been fabricated and 

investigated [3 ,32,33,34,35].
The preparation and microstructure [36,37,38], the optical 

properties [38,39,40,41,42] and electrical properties [43,44,45,] of 

thin film tungsten bronzes have been the subject of several investigations. 

However, no systematic study of the properties of thin film tungsten 

bronzes as a function of their x-value and microstructure has been 

undertaken to date. The absence of such a study combined with the lack 
of information about the properties of dilute single crystal bronzes, 
has led to the proposition of different conflicting models in order 

to explain the electrochromic and other properties of the thin film 
tungsten bronzes.

Faughnan et. al. [33] propose that the electrons in H WO
X j

films are localized at tungsten ion sites and the blue colour of these 
films arises from intervalency transition absorption. Deb [39] argues 
in favour of a colour centre formation in oxygen vacancies. Schirmer 

et. al. [41] bel ieve that electron-phonon interaction is very strong 
in H WO^ films and small polaron absorption is responsible for their colour. 
Green et. al. [32], on the other hand, explain the variation with x of 
the chemical potential of Na W0^ films in terms of a free electron gas 

model.
It is the aim of this work to investigate the properties of

Na W0„ thin films as a function of their microstructure and their x-value. x 3
To this purpose, the microstructure of the films has been studied and 
methods to determine their x-value have been developed. The optical 
properties of the films have been determined m  the photon energy range 
0.4 < hv < 4eV by transmission and reflection measurements.
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The resistivity and Seebeck coefficient of the films have also been 
determined as a function of the temperature.
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CHAPTER 2

FILM PREPARATION AND CHARACTERIZATION

Introduction

The major requirements in Na^ wO^ films for accertaining their 

physical properties, are that they should be chemically pure and repro
ducible. Since the properties of the films depend in a complicated 

and not always well understood way, on the method of preparation, the 

achievement of the above requirements is not an easy task.
The main problems encountered are :

a) the minimization of the water contamination of the films

b) the reproducibility of the microstructure of the films and

c) the controllable variation of the sodium content of the films. 
There are various methods, both chemical and physical, of

depositiong thin films.

The chemical methods have not been used in the present study 
because of problems in controlling film parameters. On the other 

hand, from the physical methods, namely evaporation and sputtering, 
it was found [11 that the former offers the greater flexibility in control 
over

i) deposition rates and substrate temperature, which determine the
film microstructure,

ii) Hydrogerj contamination and
iii) Sodium insertion.

Therefore the method used throughout this study was the 
evaporation.
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2.1.1. WO^ Evaporation

a. Preparation of WO^ powder

Commercially available WO^ powder consists of lym agglomerates 

of small particles. In order to reduce the surface area and therefore 
the amount of water contained in a given mass of WO^, the following 

heat treatment of the powder was undertaken : Analar grade WO^ powder 
is packed into platinum crucible and heated at 1350°C for 15 hours after 
a preheat of 24 hours at 700°C to remove bound water. The resulting 
sintered mass consists of 50ym single crystallites.

b. Source

There is a variety of evaporation sources that can be used to 

evaporate WOy However, it has been found C1»2] that the best results 
are obtained using the chimney source.

The construction of the source used is shown in Fig. 2.1.1.
A sheet of .002 inch molybdenum foil is spot welded to the stainless 
steel collars through which the heating current is passed. The W0^ 

powder is contained inside a silica test-tube which fits closely into 
the source cavity.

° oEvaporation rates of 300A /min to 2000 A /min at currents of 
50 to 65 Amps are possible with this source at 18 cm from the substrate.

c. Evaporation

The properties of the films depend in a critical way on the procedure
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silica tube 

stainless steel collar

alumina tube

WO- powder

molybdenum foil 50 /<m 

stainless steel base

Fig. 2.1.1: The chimney source used in the
evaporation of WO^ films
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of evaporation. The following procedure was found to be successful and 
was employed throughout the present study^

Films were deposited on silica and I.T.O coated glass slides.

The slides were thoroughly cleaned with Tepol and water followed by a three 

minutes distilled water both in an ultrasonic tank and a then were cycled 
in a vapour decreasing unit (Sholet unit) in which iso-propyl alcohol 

(I.P.A) was continuously refluxed.

Once the clean slides were positioned onto the substrate heater
_  ̂

the system was pumped down to less then 10 Torr.
A liquid nitrogen trap was used to minimize the water vapour 

present in the system.
The W0^ powder was outgassed for 20 minutes at 900°C and then 

its temperature was gradually raised to 1200°C. By controlling the current 
passing through the source the desired constant rate of evaporation was 

achieved and then the substrates were exposed to the W0^ vapour, opening 
the shutter which was masking them. The pressure of the chamber as well 

as the rate of evaporation and thickness of the film were continuously 
monitored.

During evaporation the pressure in the chamber rises to about
5X10  ̂Torr where it remains constant for 3 to 5 minutes before it starts
decreasing. If the substrates remain exposed to the vapour after the decrease
in pressure, the films produced are slightly coloured and/or craze when
exposed to atmosphere. Similar phenomena occur to films produced from
WOg powder left over from the first evaporation or when the evaporation is

-4carried out at pressures higher than 10 Torr or without the liquid nitrogen 
trap.

It has been pointed out [11 that the most important factor con
tributing to the crazing is the composition of the vapour. Ackerman and
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Rauth [3] have determined the composition of the vapour of samples 
of initial compositions of 0/W equal to 2.91, 2.931 and 2.956. All com

positions except the last resulted in the solid system, W„. 0.„ - W^_ 0„„ 
r  y 20 49 20 48
whereas the last sample produced W0^ The first two oxides are found
[41 to be unstable at 1 atmosphere pressure and below 585°C and 485°C. 

Therefore, it is most likely that prolonged heat treatment of W0^ powder in 

vaccum leads to a loss of oxygen and hence production of unstable films.
On the other hand, films produced at the first stages of evaporation from 

fresh WO^ powder have been found [51 to have an 0/W ratio equal to 2.96 

± 0.18.
The blue colouration of the films prepared either at higher than 

-410 Torr pressures and/or without the liquid nitrogen trap, is believed 

to be due to hydrogen bronze (IMVO^) formation. It has been established 

by Raudin [61, that the as-evaporated W0^ films contain a certain amount 
of water, which decreases as the evaporation pressure decreases. This 
water bound on the films can become a source of H, provided that sufficient 
energy is available for its production. It is well known, for example, 
that H WO can easily be formed by either U.V. irradiation C7], or the

X  o
4 -1presence of moderate electric fields (10 V cm ) [5,81. In these cases 

the energy required for H production from the water bound to the films 
is supplied by the U.V. photons or the electric field.

In the case of our films, however, the hydrogen production and its 
subsequent diffusion into the W0^ lattice may occur in a different way.

The surface of the films are found to be slightly non-stochiometric C3].
The oxygen of the water molecules can interact with the oxygen defficient 

W0 lattice liberating hydrogen which then diffuses into the film to form 
a bronze. Such a process is expected to be temperature dependent.
Indeed, the colouration of the films is found to be strongly temperature
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dependent.When transparent films are heated in vacuum at 60°C or higher 

they become blue and their colour deepens as their temperature increases. 

Further evidence in support of the hydrogen bronze formation is the fact 

that these blue WO^ films can be bleached electrochemically. However, 
the exact mechanism of the process leading to H^WO^ formation is not well 

understood at the moment and further work is needed for its qualitative 
understanding.

On the basis of the above hypothesis it seems probable that all

WO^ films contain a certain amount of hydrogen. Therefore they should be
described by the formula H^WO^. Depending on the particular way of preparation

-4 -2x can vary from less than 10 up to x = 10

Following the procedure described at the beginning of the section 
and taking into consideration the limitations presented above, one can 

produce films which are transparent and stable. Their thickness can be 

varied by changing the time and rate of evaporation but it is limited to 
about lym by the time taken for the W0^ powder to become non-stochiometric 
and the deposition of an unstable film to begin.
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2.1,2 Na^ WO^ preparation

The requirements for our films were that they should be deposited 

on a transparent and insulation substrate, so that optical and electrical 

measurements could be performed and that they should posess a uniform dis
tribution of sodium.

Two methods, satisfying the above requirements were used by the 
present study : i) co-evaporation of sodium and WO and ii) insertion of 

sodium from the vapour in already deposited WO^ films.

a) Co-evaporation of sodium and WO^

Because of the large difference in the vapour pressures of sodium 

and WO , the two materials have to be evaporated from two different boats 
kept at different temperatures.

The source and method of evaporation of WO^ was described in the 
previous section.

Sodium was evaporated from a molybdenum boat placed very near 

the chimney source of WO^. Because the distance between the two sources 
is much smaller than the distance between source and substrate, the films 
produced are uniform both in thickness and sodium concentration.

Sodium is very reactive and therefore when exposed to air, even 
for a few minutes, a layer of sodium oxide is formed around it, which prevents 
the evaporation of sodium. To overcome this problem the following pro
cedure was adopted : the sodium was heated to about 100°C for ten minutes
to outgas it and then the temperature was raised for a few seconds to 
350°C. At this temperature the sodium is boiling and the oxide layer is 

broken. The temperature was then lowered to obtain the desired rate of
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By controlling the rates of evaporation of the two materials a 

large range of possible values of sodium concentration can be obtained.

b) Insertion of Na in WO^ films

evaporation.

Films prepared by the co-evaporation method cannot be heated 
above 60°C because of the rapid outdiffusion of Na. Therefore for films 

in which the WO^ host lattice had to be annealed, sodium was inserted after 

annealling using the following method.
The film and the sodium are placed inside a glass chamber as shown

-3in Fig. 2.1.2. After its evacuation to about 10 Torr, the glass chamber 

is heated to 250°C. As in the previous method, the sodium has to be heated to 
350°C for a few seconds in order to break the oxide covering it. Once 
this is achieved the sodium vapour fills the chamber and sodium atoms diff
use into the film. In principle, one should be able to control the vapour 

pressure and consequently the amount of sodium inserted into the film, by 
controlling the temperature of the chamber. However, because of the high 
reactivity of sodium vapour and the high temperatures needed to break the 
oxide, one is very limited in the choice of materials and the design of 
the chamber, and as a result of these limitations the control of the amount 
of sodium diffusing into the film is restricted.



Fig. 2.1.2 : Apparatus used for sodium insertion from the vapour phase into WO^ films

UJ
K)
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2.2 Film Characterisation

2.2.1 Micro structure.

The microstructure of the evaporated WO^ films was examined under 
the 1 MeV. electron microscope and was found to be polycrystalline. The 
extent of crystallinity depends on the sustrate temperature and rate of 
evaporation.

WO^ films were prepared at different sustrate temperatures and 

rates of deposition, on clean glass slides. The films were exposed to 

HF vapour in order to expose the grain boundaries and then floated off 

the slide in distilled water. During this process the film was usually 
broken up into small pieces the largest of which were caught on 400 mesh 

copper grids . Once mounted on the grid the film was left to dry in 
air for several hours before inserting it into the microscope.

The electron microscope was operated at 1000KV and the electron 

micrographs were taken in pseudo-dark field conditions in order to obtain 
adequate constast. In order to avoid excessive heating of the samples 
the electron beam was kept slightly out of focus.

Selected area diffrection patterns (S.A.D.P.) of the samples were
-3 °also recorded. The wavelength of the electrons was 8.72x10 A and the 

camera length, L , 240 ± 2cm.

Fig. 2.2.1 to 2.2.5 show electron migrographs CEMG) and selected 
area diffraction patterns(SADP) of different films.



Fig. 2.2.1 : Electron micrographs and selected area diffraction pattern of WO film.
Thickness 1800A, rate of evaporation 6Q0A/min, substrate temperature 60 C.

4(a) EMG at 4><10 magnification
5(b) EMG of the same area at 1.6x10 magnification

(c) SADP of the same area, camera length 248 ± 2 cm
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(a) (b)
Fig. 2.2.2 : Electron micrograph and selected area diffraction
pattern of WO film. Thickness 1800A, rate of evaporation

° o675A/min, substrate temperature 120 C.
4(a) EMG at 6.3x10 magnification

(b) SADP of the same area, camera length 248±2 cm

Fig. 2.2.3 : Electron micrograph and selected area diffraction
Opattern of WO film. Thickness 1600A, rate of evaporation 

640A/min, substrate temperature 280°C.

(a) EMG at 10° magnification
(b) SADP of the same area, camera length 248±2 cm



Fig. 2.2.4 : Electron micrograph and selected area diffraction
Opattern of WO, film. Thickness 2000A, rate of evaporation

0 o380A/min, substrate temperature 120 C.

(a) EMG at 10^ magnification
(b) SADP of the same area, camera length 248±2 cm

Fig. 2.2.5 : Electron micrograph and selectee area diffraction
O

pattern of WO, film. Thickness 1700A, rate of evaporation
o O390A/min, substrate temperature 60 C.

4(a) ENG at 4x10 magnification
(b) SADP of the same area, camera length 248±2 cm.
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The common feature of all the diffraction patterns shown is 

that they consist of diffuse concentric rings, a pattern characteristic of 

amorphous materials. Because of the observation of these diffraction patterns 

many workers in the field (1, 2, 3, 4) assumed that the WO^ films are 

amorphous. However, close examination of the electron micrographs do not 

justify such a conclusion,
Fig (2.2.1) shows E.M.G's of the same WO^ film at different magni

fications, which reveal that this film consists of small crystallites of
o omean size ~ 70A which form aggregates of 300 to 500A.

In Fig (2.2.1)(a) only the aggregates are visible, while in (b), 

both the aggregates and their internal structure are shown. The diffuse 
SADP arises from the fact that the crystallites are very small and randomly 

oriented.
An increase in the substrate temperature during the evaporation 

results in larger grains.Figs.(2.2.2) and (2.2.3) show E.M.G's of WO films 
evaporated at approximately the same rate as the film on Fig. 2.2.1 but 

at substrate temperatures of 120°C and 300°C respectively.
OFig. 2.2.2 shows 500A aggregates of grains, while Fig. (2.2.3)

Oreveals individual grains of 120A mean size.
Growth of the crystallites was also obtained by amealing small

° ograin films. Annealling a film of initial grain size of ~ 50A, at 500 C 
for 5 hours increases the size of the grains to about 2 - 3ym. At this 
size the grains are visible under the optical microscope.

The annealed films were not studied in the electron microscope 
because it proved extremely difficult to obtain large enough samples due 
to the very good adhesion of the film to the substrate.

The effect of the decrease in the evaporation rate is similar to 
the increase of the substrate temperature. Fig. (2.2.4) and (2.2.5) show
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EMG's and SADP’s of films evaporated at 120°C and 60°C respectively, but 

the rates of evaporation were lower than the previous examples, namely 
380°A/min and 390A/min.

In both cases the dimensions of single grains and aggregates 
are larger than those of Fi^. (2.2.1) and (2.2.2) which have been evaporated 

at the same substrate temperatures but at higher rates.
OFig (2,2.4) shows aggregates of 600-800A in diameter, consisting

Oof 100A single grains.
OFig, (2.2.5) shows aggregates of 300A in diameter, but individual

grains are not resolved at this magnification.
o °Films evaporated at 60 C but with evaporation rates of lOOOA/min

or higher did not show any structure when examined under the electron micro

scope. However, on the basis of the observations made on the films deposited 
with lower rates, we believe that these films are polycrystalline with mean

Ograin size of 50A or smaller.
Observations made by M, Shiojiri et al [9, 10], and K. Kang [1] 

tend to confirm our conclusions. M. Shiojiri et.al. report that W0^ films 
prepared in a way similar to the one described above, are polycrystalline.

They estimate the m.g.s. of the films deposited at room temperature
Oto be of the order of 20A, while that of films which have been anealed at 

300 C for ten hours to be a few hundreds of A-units.
K. Kang [l]also estimates the size of crystallites in evaporated

Ofilms to be less than 100A . Moreover, he reports observations on the 
effect of substrate temperature and rate of deposition on the size of the 
crystallites that agree with our results.

Comparsion of the SADP's shown in Fig (2.2,1) to (2.2.5) with 
SADP's of films with larger grains [1, 9] reveals that the diffuse rings 
in our SADP's consist of several rings which had broadened and merged together.
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The re fo re  the  e x tra c t io n  o f  in fo rm a tio n  about the s iz e  o f  the  g ra ins  and t h e i r  
c r y s ta l lo -g ra p h ic  s t ru c tu re  from the  SADP’ s in  F ig  (2 ,2 .1 )  to  (2 .2 .5 ) is  
no t p o s s ib le .
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2 .2 .2  D ens ity  o f  WÔ  F ilm s

3The d e n s ity  o f  c r y s ta l l in e  W0^ is  known to  be 7 ,3  gm/cm [8 ,111 .

On the  o th e r hand, re p o rte d  va lues o f  the  d e n s ity  o f  W0^ f i lm s  va ry  over 
a la rg e  range. A t one end o f  the  range M, S h io j i r i  e t a l [91 es tim a te

3the  d e n s ity  o f  evapora ted f i lm s  to  be 4.96 ± 0.45 gm/cm and a t the  o th e r  
end o f  the  range K. Kang [ 1 1  found th a t  the  d e n s ity  o f  r e a c t iv e ly  
sp u tte re d  WO f i lm s  is  6 .9  ± 0.04 gm/cm^.

From ta b le  2 .2 .1 , is  appa ren t, th a t  th e re  is  a s tro n g  c o r r e la t io n  
between the  d e n s ity  and the  method o f  p re p a ra tio n  o f  the  f i lm s .  Th is  
r e la t io n  can be understood in  the  l ig h t  o f  the p re v iou s  s e c tio n  where 
i t  has been shown th a t  the  f i lm s  are p o ly c r y s ta l l in e  and the s iz e  o f  the  
g ra in s  depends on the  su b s tra te  tem pera tu re  and ra te  o f  d e p o s it io n .  
P o ly c r y s ta l l in e  f i lm s  are composed o f  m ic r o - c r y s ta l l i t e s  among which reg ions  
o f  h ig h ly  d iso rde re d  m a te r ia l e x is t .  Such re g io n s , c a lle d  g ra in  bounda rie s , 
are expected to  have d i f f e r e n t  d e n s ity  than the g ra in s . The re fo re  the  
d e n s ity  D o f  the  f i lm  is  g iven by the  r e la t io n

D
D V + D V G G GB GB

V + V G GB
(2 .2 .1)

where Dr  and V„ are re s p e c t iv e ly  the  d e n s ity  and volume o f  the  g ra in s  and b b
D̂ , and V are the  d e n s ity  and volume o f  the  g ra in  bounda rie s .b D UD
Eqn. (2 .2 .1 ) can a lso  be w r i t te n  as

D

GB
DG + °GB V.

V1 + GB
(2 .2 .2)

VG



Table 2.2.1: Density of WO^ films

D ensity  
in  gm/cm*

. ■ i

G ram s iz e , L,O
in  A u n its

Dgb in  gm/cm3 
c a lc u la te d  e q u .(2 .2 .4 ) Method o f  D epos itio n

4 .96*0 .45 20 3.9+0.47 evapo ra tio n
T = 25°C ra te  = - s M. S h io r j i r i  e t a l [9 ]

6 .2 -  0 .2 50 4.95+0.52 evapo ra tio n
T = 60 °C ra te  = - s K.S. Kang [1 ]

5.11 - - evapo ra tio n
T = - ra te  = - s Z e l le r  and B e y lle r  [13]

6 .5 - - e vapo ra tion
T = 75°C ra te= '600A /m in  s S.K. Deb [8 ]

5 .2 - - e vapo ra tion
T = 100°C rate=1800A/m in  s

J .P . Randin [6 ]

6 .9 *0 .04 250 4.62+0.2 r . f .  s p u t te r in g  0
T = 2000°C ra te=50A /m in  s K.S. Kang [1 ]
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Assuming th a t DG and DgB are cons tan ts  f o r  a l l  f i lm s  then , i t  can be seen 
from  eqn. (2 *2 *2 ) th a t the  d e n s ity  o f  the  f i lm s  depends on the  r a t io  
VGB-----  . S ince the  volume occup ied by the  g ra in s , V , is  a fu n c t io n  o f  t h e i r
V GG

mean s iz e  which depends on the  method o f  p re p a ra tio n  the  d e n s ity , D , o f  
the  f i lm s  shou ld a lso  be dependent on the  method o f  p re p a ra tio n .

I f  the  m ,g .s . is  L and the  th ic kn e ss  o f  the  g ra in  boundary Z, 
where Z «  L, then

and

th e re fo re

cc L2£GB

VGB K

V„ L (2 .2 .3 )

where k is  the  p roduc t o f  the  g ra in  boundary th ic kn e ss  Z and some 
geom e trica l fa c to r  which depends in  the shape o f  the  g ra in s . Green and 
Kang [12 ] have c a lc u la te d  ic from  t h e i r  thermodynamic da ta  o f  sodium  
tung s ten  bronze th in  f i lm s  and they found i t  to  be independent o f  g ra in  s iz e .

OT h e ir  va lue o f  k is  44 ± 3A.

Using eqn. (2 .2 .2 ) and (2 .2 .3 ) we f in d  th a t

D = °G + L °GB

1+ X
L

(2 .2 .4 )

OFrom th is  equa tions and w ith  k. = 44 ± 3A, D is  c a lc u la te d  f o r(jD
the  d i f f e r e n t  va lues o f  D and L shown in  ta b le  2.2.. 1. These ca lc u la te d

va lues o f  D„_. are a lso  shown in  Table (2 .2 .1 ) .  The reasonab le  agreement 
GB

which e x is ts  between these va lues is  fu r th e r  evidence in  suppo rt o f  the
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p o ly c r y s ta l l in e  na tu re  o f  the  WO f i lm s ,  The sm a ll d if fe re n c e  in  the  
va lues o f  D„d is  m a in ly  due to  two fa c to rs  ; ( i )  u n c e r ta in ty  in  the  va lues  
o f  L and ( i i )  the d i f f e r e n t  q u a n t it ie s  o f  w a te r which is  bound to  the  
f i lm s  and which depends on the  p a r t ic u la r  h is to r y  o f  each f i lm .
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2 .2 .3  D e te rm ina tion  o f  the  sodium co n ce n tra tio n  in  Na WO, f i lm sx 3

The p h y s ic a l p ro p e r t ie s  o f  sodium tungs ten  bronze are found to  be 
a s e n s it iv e  fu n c t io n  o f  t h e i r  sodium co n te n t. T he re fo re , in  o rd e r to  
understand and in te rp re te  these p h y s ic a l p ro p e r t ie s  in  a coherent way, 
knowledge o f  Na c o n ce n tra t io n , i . e .  the  va lue  o f  x , is  an im p e ra tiv e  
n e ce s s ity .

The d ir e c t  measurement o f  x in  the case o f  th in  f i lm s  is  a ve ry

d i f f i c u l t  ta s k  because o f  the  sm a ll q u a n t i t ie s  o f  sodium which are to  be

de te c ted . I t  is  f o r  t h is  reason th a t most workers in  the  f i e ld  o f  th in

f i lm s  o f  tungs ten  bronze r e ly  on in d ir e c t  methods o f  d e te rm in a tio n  o f  the

sodium con ten t o f  the  f i lm s  [8 ,1 11 . However, such methods in v o lv e

assumptions about c e r ta in  o f  the  p ro p e r t ie s  o f  the  f i lm s  which e i th e r  have

no t been de term ined e x p e r im e n ta lly , o r may be fu n c tio n s  o f  x them se lves.

In  o rde r to  de te rm ine x fo r  every f i lm  unambiguously we measured

i t  d i r e c t ly ,  u s ing  an e le c tro ch em ic a l method.

There are two d i f f e r e n t  se ts  o f  methods which one can use to

measure the  sodium con ten t o f  Na WO, f i lm s ,  these are chem ical andx 3
e le c tro c h e m ic a l. Chemical methods have no t been used f o r  ro u t in e  measurement 
o f  x because o f  the  fo l lo w in g  two l im i ta t io n s

a) In  o rd e r to  d e te c t a few p a rts  pe r m i l l io n  o f  sodium one has to  
work near the  l im i t s  o f  accuracy o f  these methods and

b) A l l  chem ical methods in v o lv e  the  d e s tru c t io n  o f  the  f i lm  which is  
under exam ina tion and th e re fo re  one has to  take  a l l  o th e r p h y s ic a l measurements 
be fo re  the  x -va lu e  is  de te rm ined . Given the  fa c t  th a t  Na o u td if fu s e s  c o n tin u 

o u s ly  from  the  f i lm s ,  the  d e te rm in a tio n  o f  x se ve ra l hou rs , even days, 
a f t e r  the  measurement o f  the  o th e r p h y s ic a l p ro p e r t ie s ,  se ve re ly  l im i t s  i t s

u s e fu ln e s s .
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However, one o f  the  chem ical methods has been employed in  o rde r  
to  v e r i f y  the r e s u l ts  ob ta ined  by the  e le c tro ch em ica l method and i t  w i l l  
be described  la t e r .

The e le c tro ch em ic a l method we used is  based on the  w e ll known 
[1 ,1 2 , 15-19] e le c tro ch rom ic  p ro p e r t ie s  o f  WÔ  f i lm s .  I f  e le c tro n  and 
p ro to n  o r Na o r L i in je c t in g  con tac ts  are made to  a WÔ  f i lm  c o lo u ra tio n  
o f  the  f i lm  proceeds fo l lo w in g  the  a p p lic a t io n  o f  a sm a ll vo lta g e , across  
the  e le c tro ch em ica l c e l l  formed in  t h is  way. The process is  re v e rs ib le  
and the  f i lm  can be b leached i f  the  a p p lie d  vo lta g e  is  re ve rsed .

Th is  behav iou r o f  WÔ  f i lm s  has been exp la ined  on the  bas is  
o f  tungs ten  bronze fo rm a tio n  [1 5 ,1 ] .  Accord ing to  th is  th e o ry , the  p ro tons  
o r monovalent m eta l ions when in je c te d  in to  the  f i lm  form  a bronze which is  
co lo u red , w h ile  e le c tro n s  in je c te d  from  the  o th e r e le c tro d e  p rese rve  the  
charge n e u t r a l i t y  o f  the  f i lm .  P rov ided , th e re fo re ,  th a t  t h is  process is  
the  o n ly , o r the predom inant o n e ,du ring  c o lo u ra t io n , i t  can be used to  
de te rm ine the  amount o f  sodium in je c te d  in to  o r removed from  a known volume 
o f  the  f i lm  by measuring the  charge in je c te d  o r removed from  the  f i lm .

We used the  fo l lo w in g  e x p e r in e n ta l procedure in  o rd e r to  measure 
the  sodium con ten t o f  ou r f i lm s .

Two f i lm s  were p repared from  the  same evapo ra tion  run . One was 
depos ited  on a s i l i c a  s u b s tra te  and was used fo r  o p t ic a l and e le c t r ic a l  
measurements and the  o th e r on an Indium  T in  Oxide ( I .T .O ) coated g lass  
s l id e ,  and was used f o r  the  sodium co n ce n tra tio n  measurement.

F ilm s p repared in  t h is  way were examined f o r  d if fe re n c e s  in  the  
va lues o f  t h e i r  o p t ic a l and e le c t r ic a l  parameters as w e ll as d if fe re n c e s  in  
th ic kn e ss  and sodium co n ce n tra t io n . There were re pe a te d ly  found to  be 
id e n t ic a l w ith in  expe rim en ta l e r ro r .

The f i lm  on I.T .O  coated s l id e  was p laced in  the  apparatus shown
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in  F ig  (2 .2 .6 ) and a sm a ll f r a c t io n  o f  i t s  volume was unco lou red . The 
apparatus shown in  F ig  (2 .2 .6 ) c o n s is ts  o f  two th ic k  perspex p la te s  which  
can be pressed to g e th e r w ith  fo u r  brass screws (no t shown in  the  f ig u r e ) .

The g lass s l id e  w ith  the  Na WO f i lm  which is  to  be b leached is  sandwichedX j
between the  two p la te s . A v i to n  "o "  - r in g ,  compressed between the  top  
p la te  and the s l id e  p reven ts  the  l iq u id  e le c t r o ly te  from  w e tt in g  the  whole  
su rfa ce  o f  the  f i lm .  The l iq u id  e le c t r o ly te  is  poured from  the  top  , in to  
the  ho le  o f  the top  perspex p la te  and a Pt w ire  is  used as e le c tro d e .  
E le c t r ic a l  con ta c t to  the  120ffl * I .T .O  co a tin g  is  made by s i l v e r  dag p d in t .

The l iq u id  e le c t r o ly te  used was a sa tu ra te d  s o lu t io n  o f  NaCf in  
d i s t i l l e d  w a te r.

The e x tra c t io n  o f  sodium was performed under cons tan t c u rre n t  
c o n d it io n s .

A Ke ithbey 616 e le c trom e te r was used as the  cons tan t c u rre n t  
source w h ile  the  p o te n t ia l d if fe re n c e  between the two e le c tro d e s  was c o n tin u 

ou s ly  recorded on a JJ in s trum en ts  550 ch a rt re co rd e r. A schematic diagram  
o f  the  ins trum en ts  arrangement is  shown in  F ig  (2 .2 .7 ) .

T yp ic a l b le a ch in g  curves are shown in  F ig  ( 2 .2 .8 ) .  The same 
curves are p lo t te d  on a lo g - lo g  sca le  in  F ig  (2 .2 .9 ) .

The dynamics o f  b le a ch in g  o f  a W0^ - l iq u id  e le c t r o ly te  e le c t r o -  
chrom ic dev ice is  com p lica ted  because th e re  are p o te n t ia l ly  se ve ra l processes  
which can c o n tr ib u te  to  the  b leach ing  c u r re n t .  These are : i )  the o u t-  
d i f fu s io n  o f  ions from  the  f i lm ,  i i )  the  e le c t r o ly s is  o f  w a te r and i i i )  the  
d is s o lu t io n  o f  the  f i lm  .

We do no t expect process ( i i i )  to  p la y  an im po rta n t ro le  be fo re  
the  b le a ch in g  is  complete. Randin [1 6 ] has measured the  d is s o lu t io n  
ra te  o f  W0^ f i lm s  us ing  d i f f e r e n t  e le c t r o ly te s  and he found i t  to  be on ly

O20A/day under c o lo u r-b le a ch  c y c lin g  c o n d it io n s . In  these measurements
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(b)

F ig . 2 .2 .6  : (a) E le c tro c h e m ic a l c e l l  used f o r  the  d e te rm in a tio n
o f  th e  x -v a lu e  o f  Na W0_ f i lm s .x 3
(b) D e ta i l o f  the  e le c tro c h e m ic a l c e l l  show ing the  arrangement
o f  the  Na W0_ and I .T .O . f i lm s  on the  g lass  s u b s tra te . The x 3
d iam e te r o f  the  b leached  area is  3mm.

F ig . 2 .2 .7  : Schem atic d iagram  o f  the  in s trum en ts  arrangement 
f o r  the  d e te rm in a tio n  o f  the x -v a lu e  o f  Na WO f i lm s
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f  (sec)
F ig . 2 .2 .9  : The b le a c h in g  curves o f  F ig . 2 .2 .8 ,  p lo t t e d  on a lo g - lo g  
— --------------  -5s c a le . The con s ta n t b le a c h in g  c u r re n t is  10 A and the  volume o f  the
b leached p a r t  o f  the  f i lm  is  : (1) 3.29x10 , (2) 4 .4 6 x 10 m ,

1 2 3  -12 3(3) 4 .89x10 " m and (4) 6.75x10 m .
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the  f i lm  was never com p le te ly  b leached* Exam ination o f  ou r b leached  
f i lm s  under the  o p t ic a l m icroscope d id  no t show any s ig n  o f  e ro s io n .

I f ,  however, the  c u rre n t pass ing  th rough the  c e l l  is  no t sw itched o f f  
a f t e r  the com p le tion  o f  the  e x tra c t io n  o f  sodium, the  WÔ  f i lm  ra p id ly  
b reaks-up .

On the  o th e r hand, the  ro le  p layed by the e le c t r o ly s is  o f  w a te r is  
more d i f f i c u l t  to  p r e d ic t .  I t  canno t, however, s t a r t  b e fo re  the p o te n t ia l  
drop across the  e le c t r o ly te  is  h ig h e r than 1.5 v o l t s .  Tak ing in to  account

g
the  h igh  r e s i s t i v i t y  va lues o f  the  b leached f i lm s  (10 Qcm) we except t h is  
process to  commence on ly  when the  vo lta g e  across the  e le c tro de s  is  
app rox im a te ly  2 v o lt s .

As i t  can be seen from  F ig  (2 .2 .1 0 ) b le a ch in g  curves c o n s is t o f  
f iv e  d i f f e r e n t  s e c t io n s . We b e lie v e  th a t  in  the  la s t  two se c tio n s  the  
c u rre n t pass ing  th rough the  c e l l  is  m a in ly  due to  e le c t r o ly s is  o f  w a te r,

( i . e .  oxygen e v o lu t io n )  w h ile  se c tio n s  I I  and I I I  re p re se n t the  e x tra c t io n  
o f  sodium and s e c t io n  I  is  governed by the  response tim e o f  the e le c t r ic a l  
apparatus and the  c e l l .

To v e r i f y  t h is  in te r p r e ta t io n  o f  the  b le a ch in g  curves we performed  
the  fo l lo w in g  experim ent: Pure WÔ  f i lm s  were p laced  in  the  apparatus and

were co lou red  under cons tan t c u rre n t c o n d it io n s . They were subsequen tly  
b leached under the  same c o n d it io n s  by re v e rs in g  the  p o la r i t y  o f  the  a p p lie d  
v o lta g e .

Two c o lo u r in g  and b le a ch in g  pu lses o f  d i f f e r e n t  d u ra tio n  are shown 
in  F ig  (2 .2 .1 1 ) .  The tim e re q u ire d  to  e x tra c t  the  ions in s e r te d  in to  the  
f i lm  du rin g  the  c o lo u r in g  pu lse  is  equal to  the  tim e covered by se c tio n s  
I ,  I I  and I I I  o f  th e  b le a ch in g  pu ls e . We th e re fo re ,  conclude th a t a l l  
th e  sodium in  the  f i lm  is  e x tra c te d  a t the  end o f  s e c t io n  I I I  o f  the  curves 
and we use the  co rrespond ing  tim e  to  c a lc u la te  the  va lue  o f  x in  the  f i ]m .



response tim e o f  the  appa ra tus , s e c t io n s  ( I I )  and ( I I I )  re p re se n t the  
e x t r a c t io n  o f  sodium and s e c tio n s  ( IV ) and (V) the  oxygen e v o lu t io n



V

(Volts)

fr ig . 2 .2 .1 1  : C o lo u r in g  and b le a ch in g  curves o f  a WÔ  f i lm  
under con s ta n t c u r re n t (10 ^A) c o n d it io n s

inhO
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The in te r p r e ta t io n  o f  the  exact s lope o f  se c tio n s  IJ  and I I I  
o f  the  curves depends on the  p a r t ic u la r  model used to  de sc rib e  the  
process. We used the  "g ra in  model" as developed by Green [12 ] because 
i t  can s a t i s f a c t o r i ly  e x p la in  a l l  ou r o b se rva tio n s , ta k in g  in to  account 
the  p o ly c r y s ta l l in e  na tu re  o f  the  f i lm s .

A ccord ing to  t h is  model the  d i f fu s io n  o f  sodium ions ou t o f  the  
f i lm  occurs much fa s te r  th rough the  g ra in  boundaries than th rough the  g ra in s  
and th e re fo re  in  the  l im i t  the  ra te  o f  o u t - d i f fu s io n  from  each g ra in  is  
cons tan t (F ig . 2 .2 .1 2 ) .

F ig  (2 .2 .1 3 ) shows a schem atic p ic tu re  o f  the  sodium co n ce n tra tio n  
in  the  f i lm  a t va rio u s  tim es du rin g  b le a ch in g .

The co n ce n tra tio n  in  the  g ra in s  is  lowered to  some ve ry  sm all 
va lue  be fo re  the s t a r t  o f  a complete d e p le t io n  re g io n  around each g ra in .

The c re a tio n  o f  th is  d e p le t io n  re g io n  inc reases the  r e s i s t i v i t y  o f  the

f i lm  and g ives r is e  to  the ra p id  in c rease  o f  the  v o lta g e  across the  e le c trode s

towards the  end o f  the  b le a ch in g  process (s e c t io n  I I I  o f  the c u rv e s ) .

A t s h o r te r  tim es the co n ce n tra tio n  o f  sodium in  the  f i lm  is  almost u n ifo rm ,  
i t s  r e s i s t i v i t y  changes ve ry  s low ly  and the  vo lta g e  change across the  
e le c tro d e s  is  sm a ll (s e c t io n  I I  o f  the  c u rv e ) .

The " g ra in  model" is  a lso  supported by the  fa c t  th a t  f i lm s  w ith  
la rg e  g ra in s  cannot be bleached com p le te ly , by th is  method. Th is is  
because when the d e p le t io n  re g io n  is  e s ta b lis h e d  around each g ra in  the  
q u a n t ity  o f  sodium rem a in ing  in s id e  the  g ra in  is  cons ide rab le  and the  la rg e  
v o lta g e  needed to  con tin ue  the  e x tra c t io n  in i t ia te s  e le c t r o ly s is  o f  w a te r  
which dominates the  process be fo re  the  com p le tion o f  the  e x tra c t io n  o f  
sodium.

Having e s ta b lis h e d  th a t  the  sodium is  e x tra c te d  from  the  f i lm  
du rin g  se c tio n s  I I  and I I I  o f  the  b le a ch in g  curve the c a lc u la t io n  o f  i t s
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electrolyte

Na*W0j

I.T0.

F ig . 2 .2 .1 2  : The " g r a in  model" as proposed by Green [1 2 ] ,  
se® te x t  f o r  d e ta i ls .

--grain

F ig . 2 .2 .1 3  : Schem atic d iagram  o f  the  sodium c o n c e n tra t io n  
in  Na WÔ  f i lm s  a t v a r io u s  tim es d u r in g  b le a c h in g  as p re 
d ic te d  by the  " g r a in  model"
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exact amount is  c a r r ie d  ou t as fo llo w s  ;

The t o t a l  charge removed from  known volume V o f  the  f i lm  is  g iven

by:

QT I t

where

(2 .2 .5 )

I = cons tan t c u rre n t f lo w in g  th rough the  c e l l  
t ^  = tim e a t the end o f  s e c t io n  I I I  o f  the  curve  

s in ce  every sodium atom removed is  s in g ly  io n iz e d  the  t o t a l  number o f  sodium  
ions e x tra c te d  is  g iven by

NT e
(2.2 .6)

where

moles

e

o f

is  the  e le c t ro n ic  charge.

The co n ce n tra tio n  x is  d e fin e d  as the r a t io  o f  the  number o f  
sodium to  the  number o f  moles o f  WOy 
The re fo re

N /A
<x> = ——  (2 .2 .7 )

DV/M

where A is the  Avogadro’ s cons tan t

M is the  m o lecu la r w e igh t o f  W0^

D is the  d e n s ity  o f  the  f i lm

V is the  b leached volume o f  the f i lm

I t has , however, been shown [1#12] th a t

x < 0 .2 , th e re  is  no s ig n i f ic a n t  amount o f  sodium in  the  g ra in  bounda ries . 
Th is is  t ru e  because o f  the  low b in d in g  energy o f  sodium in  the  g ra in  boundary 
and the  h igh  b in d in g  energy in  the  g ra in . T he re fo re , eqn. (2 .2 .7 ) is

m od ifie d  to  take  in to  account the  absence o f  sodium from  the  g ra in  boundaries :



56

NL/A
x = ------ , (2.2.8)

d g v g /m

From eqns * (2 .2 ,7 )  and (2 .2 .8 ) f o r  the  same we have

D V
X  = < X >  p p -  (2.2.9)

G G

us ing  eqn. (2 .2 .3 )

X = <x> §  (1 ♦ £
u

(2 .2 .10)

and combin ing equa tions ( 2 .2 .6 ) ,  (2 .2 .7 ) and (2 ,2 .1 0 ) we o b ta in

I tf M K
x = ------- — (1 + r )

Ae D V L
(j

(2.2.11)

In  o rde r to  c a la u la te  x from  the  b le a ch in g  curves we use the  
fo l lo w in g  va lues fo r  the  cons tan ts  in  eqn. (2 .2 .1 1 )

M = 231.85x10 3 Kg/mole

dg = 7.3x10^ Kg cm 3

K = 44x l0~10m

L = 50x l0~10m

A = 6.0225X1023 m o le "1

e -19= 1.6x10 C

s u b s t i tu t in g  in  eqn. C 2 -2 . l l )  we o b ta in

X
-10 J t f- 6.19x10

V

fo r  x < 0 .2

(2 .2 .12)

and the  number d e n s ity  o f  sodium atoms in  the g ra in  is  g iven by
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7R  _ 7N j = 1.9x10 x ( in  in ) .  (2 .2 .1 3 )

The th ickness  o f  the  f i lm s  has been measured w ith  a Taylor-Hobson  
T a ly s u r f 4 and t h e i r  area w ith  the  t r a v e l l in g  stage o f  an o p t ic a l m icroscope. 
Taking in to  account the  u n c e r ta in t ie s  in  the  measurements o f  V and in  the  
va lues quoted fo r  k and L, the  va lues o f  x c a lc u la te d  from  eqn. (2 .2 .1 2 )  
are c o r re c t to  w ith in  ±8%.

The d e te rm in a tio n  o f  x by e x tra c t in g  e le c tro c h e m ic a lly  the  sodium  
from the f i lm s  has been employed s u c c e s s fu lly  f o r  f i lm s  w ith  co n cen tra tio n s  
up to  0 .2 . I t  is  n o t, however, p o s s ib le  to  employ th is  method f o r  f i lm s  
w ith  h ig h e r va lues o f  x because they craze when they co n ta c t the  e le c t r o ly te .  
The reason o f  t h is  behav iou r is  no t a b s o lu te ly  c le a r . I t  i s ,  however, 
p o s s ib le  th a t  w a te r molecu les re a c t w ith  sodium ions in  the  g ra in  boundaries  
the reby d is o lv in g  p a rts  o f  the f i lm  and underm in ing i t s  c o n t in u i ty .  I f  th is  
is  the case, then , the use o f  a w a te r - f re e  e le c t r o ly te  cou ld  extend the  
use fu lness o f  t h is  method to  much h ig h e r va lues o f  x .

Ano ther e le c tro ch em ic a l method which we employed in  o rd e r to  determ ine  
x is  the  measurement o f  the  chem ical p o te n t ia l o f  sodium in  ou r Na WOX j
f i lm s ,  s in ce  i t s  v a r ia t io n  as a fu n c t io n  o f  x up to  x = 0.25 has been 
e s ta b lis h e d  bo th e x p e r im e n ta lly  and t h e o r e t ic a l ly  [1 ,1 2 ,2 0 1 . To th is  purpose  
we used the  fo l lo w in g  te chn ique  : A c e l l  c o n ta in in g  s a tu ra te d  sodium amalgam

and w ith  the one end sea led  w ith  a p o lis h e d  p iece  o f  Na-^-a lum ina  
which is  a good s o l id  io n ic  conduc to r, (F ig . 2 .2 .14 )^ was p laced  in  con tac t 
w ith  the  f i lm  under exam ina tion  and the  e q u il ib r iu m  p o te n t ia l d if fe re n c e  
between the  f i lm  and the sodium amalgam was measured w ith  a Ke ithbey e le c t r o 

m eter. Adding to  th is  p o te n t ia l d if fe re n c e  1.76V which is  the  d if fe re n c e  
in  p o te n t ia l between sa tu ra te d  sodium amalgam and pure sodium, the  chem ical 
p o te n t ia l o f  sodium in  the  f i lm  was ob ta in ed . From the  curve shown in  F ig .2 .2 .1
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F ig . 2 .2 .1 4  : E le c tro c h e m ic a l c e l l  used in  th e  measurement 
o f  the  chem ica l p o te n t ia l  o f  sodium in  the  Na^WO^ f i lm s

F ig . 2 .2 .1 5  : The c e l l  e .m . f .  (N a |N a -$ -a lum ina |N a W0„)1 X j
f o r  Na WO e le c tro d e s  o f  v a ry in g  sodium con ten t a t  

0 x25 C (A f te r  M. Green [ 2 0 ] ) .
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which has been e s ta b lis h e d  by Green [2 0 ] ,  the  va lue  o f  x can be d i r e c t ly  
ob ta ined  us ing  the  measured va lue  o f the chem ical p o te n t ia l o f  Na m  the f i lm .  
This method has been s u c c e s s fu lly  employed [1,121 p re v io u s ly , bu t w ith  
th e  Na^WO^ f i lm  evaporated on the  Na-J?-alumina s lf lb . In  our case, 
however, we found th a t the re s u lts  ob ta ined  were no t always re p ro d u c ib le .

The main reason is  the poor co n ta c t between the  Na^ WO f i lm  and the  s o l id  
e le c t r o ly te ,  because o f  the  presence o f  a ve ry  th in  la y e r o f  sodium ox ide  
which covers the  su rfa ce  o f  the  f i lm s  exposed to  a i r  as w e ll as the  
presence o f  w a te r bo th  on the  su rfa ce  o f  the Na-3-a lum ina and the  f i lm .  
A ttem pts to  m in im ize the  w a te r, by pe rfo rm ing  the  measurement in  vacuum 
improved the re s u lts  bu t no t to  a s a t is fa c to r y  e x te n t.

In  o rd e r to  v e r i f y  the  re s u lts  ob ta ined  by the e le c tro ch em ica l 
method we a ttem pted to  measure the  sodium con ten t o f  ou r f i lm s  us ing  a tom ic  
abso rp tio n  spec trom e try .

The Na WO were d is o lv e d  m  NH_ s o lu t io n  in  doubly d i s t i l l e dX j j
w a te r, and the  so prepared samples were analysed f o r  sodium in  a P e rk in -  
E lm e r-a tom ic -a b so rp tio n  spectropho tom e te r (Model 2380).

The in s trum en t has been c a l l ib r a te d  us ing  se ve ra l s o lu t io n s  o f  
NaC-f in  d i s t i l l e d  w a te r w ith  sodium concen tra tio n s  e q u iv a le n t to  
x = 0 up to  x = 0 .1 .

The accuracy o f  the  va lues o f  x ob ta ined  w ith  t h is  method is  
app rox im a te ly  10%. Th is is  due to  p o s s ib le  sodium con tam ina tion  o f  the  
glassware in  which the s o lu t io n s  were prepared as w e ll as u n c e r ta in t ie s  
in  the  a c tu a l measurement.

When compared w ith  the  va lues o f  x ob ta ined  by the  e le c tro ch em ica l 
method, the la t e r  are found s y s te m a t ic a lly  15% low e r. We b e lie v e  th a t  th is

is  due to  the sodium which o u td if fu s e s  from  the  f i lm s  and forms a th in  
la y e r  o f  sodium ox ide  a t t h e i r  s u rfa ce . This sodium is  measured by the
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atom ic a b so rp tio n  method because i t  is  d is s o lv e d  in to  the NH^ s o lu t io n  
bu t i t  is  no t measured by the  e le c tro ch em ica l method s ince  i t  d is s o lv e s  
in to  the e le c t r o ly te  w ith o u t c o n t r ib u t in g  to  the c u rre n t passed th rough the  
c e l l .  I t  is  ve ry  d i f f i c u l t  to  e lim in a te  the  cause o f  t h is  d isc repency  
because the o u td if fu s io n  o f  sodium is  fa s t  when the  f i lm  is  f i r s t  exposed 
to  a i r  and th e re fo re  one does no t have tim e to  measure x be fo re  the  
sodium ox ide  la y e r is  formed.

However, even i f  the agreement in  the  measurement o f  x is  no t 
b e t te r  than 15%, i t  can be cons ide red  as a good s u b s ta n t ia t io n  o f  the  
e le c tro ch em ic a l method.
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CHAPTER 3

OPTICAL AND ELECTRICAL MEASUREMENTS

3.1 O p tic a l measurements

3 .1 .1  Experim en ta l da ta  and re fin em en t o f  re s u lts

The tra n sm is s io n  and r e f le c t io n  sp e c tra  o f  Na^WO^ f i lm s  were 
measured in  the  wavelength range o f  0.3pm to  2.7pm. The in s trum en t used, was 
a Beckmann DK2A spec tropho tom e te r which is  o f  the double beam typ e .

I t  was opera ted a t i t s  h ig h e s t s e n s i t iv i t y .

A schematic diagram o f  the  spectropho tom e te r is  shown in  
F ig . 3 .1 .1 . L ig h t from  the  monochromator en te rs  the  in te g ra t in g  sphere 
a l t e r n a t iv e ly  th rough A and B so th a t  the de tecto r re ce ive s  l i g h t  pu lses  
o f  equal d u ra t io n . The r a t io  o f  the s ig n a ls  from  every two consecu tive  
l i g h t  pu lses is  p lo t te d  on the  c h a rt re c o rd e r. The tra n sm is s io n , T ^  , o f  
a f i lm  is  measured by p la c in g  i t  in  f r o n t  o f  the en trance A o f  the

in te r g r a t in g  sphere, w h ile  a s l id e  id e n t ic a l to  the s l id e  o f  the f i lm  is

p laced  in  f r o n t  o f  the en trance B. Entrances C and D are covered  
w ith  th ic k  MgO f i lm s ,  which have a r e f l e c t i v i t y  o f  u n i t y ,  evapora ted on 
s i l i c a  s l id e s .  The va lues o f  T ^ ob ta ined  do no t in c lu d e  the  ab so rp tio n  
o f  the s l id e s .  The r e f le c t io n ,  R ^ i-s ob ta ined  by p la c in g  the  f i lm  a t

the  en trance C, the f i lm  fa c in g  the beam, w h ile  en trance D is  covered

w ith  the  MgO f i lm  and en trances A and B are l e f t  open.

Both tra n sm is s io n  and r e f le c t io n  measurements are measured a t 
near normal in c idence  (about 5° o f f  n o rm a l) .

T ransm iss ion and r e f le c t io n  measurements were a lso  c a r r ie d  ou t 
f o r  a few f i lm s  in  the wavelength range o f 2 .5pn to  5pmusing a P e rk in -  
Elmer 580B in f ra r e d  spec tropho tom e te r. The o p e ra tin g  and expe rim en ta l
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specimen slide
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F ig . 3 .1 .1  : (a) Schematic d iagram  o f  the  Beckmann DK2A 
spec tro pho tom e te r, (b) E xpe rim en ta l arrangement f o r  
t ra n sm is s io n  measurements (see te x t  f o r  d e ta i ls )
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arrangement o f  th is  in s trum en t is  s im ila r  in  p r in c ip le  to  th a t  o f  the  
Beckmann DK2A spec tropho tom e te r. The r e f le c t io n  measurements c a r r ie d  
ou t w ith  th is  spectropho tom e te r were on a r e la t iv e  sca le  because th e re  
was no re fe re nce  used. They were subsequently conve rted  to  an abso lu te  
sca le  us ing  the  o ve rlap  o f  these measurements w ith  the measurements 
ob ta ined  w ith  the  Beckmann DK2A in  the wavelength range o f  2.5ym to  2.7ym.

A l l  the  o p t ic a l measurements were c a r r ie d  ou t on f i lm s  which were 
evapora ted on s i l i c a  s u b s tra te s . S i l i c a  is  an e x c e lle n t s u b s tra te  and 
non-absorb ing  in  the  wavelength range used. I t s  r e f le c t io n  is  app

ro x im a te ly  3.5% over the same range, as c a lc u la te d  from  i t s  mean r e f r a c t iv e  
index o f  1.46 [1 ] .

T yp ic a l u n re fin e d  sp e c tra  showing the  expe rim en ta l T ^ and R ^

are shown in  F igs . 3 .1 .2 , 3 .1 .3  and 3 .1 .4 . These va lues o f  T , and R ,6 obs obs
were t re a te d  in  th re e  stages in  o rde r to  o b ta in  the  abso rb ing  c o e f f ic ie n t

o f  the  f i lm s  as a fu n c t io n  o f  wave leng th .

F i r s t l y ,  the  in te r fe re n c e  maxima and minima were averaged ou t

by ta k in g  the a r ith m e t ic  mean o f  consecu tive  extreme va lues so th a t

<T , > and <R . > are ob ta in ed . Second ly , <T , > and <R , > va luesobs obs 1 obs obs
were co rre c te d  f o r  the e f fe c t  o f  m u lt ip le  r e f le c t io n s  in s id e  the  sub

s t r a te ,  and r e f le c t io n s  from  the  back su rfa ce  o f  the s u b s tra te .

The tru e  va lues o f  tra n sm is s io n , T^, were ob ta ined  us ing  the  
exp ress ion  [2 , 31

T = <T > f  obs
1-R' R's f

1+R'
(3 .1 .1 )

where
y v n

CV D
R's = 0.035 ;



Fig. 3.1.2 : Measured transmission and reflection vs wavelength of the WO film A1
(see table 3.1.1)
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F ig . 3 .1 .3  : Measured t ra n sm is s io n  and r e f le c t i o n  vs w ave leng th  o f  th e  f i lm  A9 fsee  
ta b le  3 .1 .1 ) ,  x = 0 .055 .

CNO
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Fig. 3.1.4 : Measured transmission and reflection vs wavelength of the film A17 (see
table 3.1.1), x = 0.22.
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n = 1 .4 6  the index o f  r e f r a c t io n  o f  s i l i c a ;  and R' is  the  s f
r e f le c t io n  a t the f i lm -s u b s t r a te  in te r fa c e .

The va lues o f  Rj. are no t known e x a c t ly  bu t th ey  are s u f f i c ie n t l y

c lose  to  <R . > which v a r ie s  from  0.07 to  0 .23 . obs
The re fo re

1 - R' R' = 0.995 ± 0.003  s f
and Eqn. (3*j-i)can be w r i t te n  as,

Tr  = 0 .96 <T , > . (3 .1 .2 )f  obs

The tru e  va lues o f  r e f le c t io n ,  R^, were c a lc u la te d  u s in g  the  exp ress ion

R~ = <R , > -  R T" f  obs s f (3 .1 .3 )

where R is  the  r e f le c t io n  o f  a bare s i l i c a  s l id e  which in c lu d e s  bo th  s
f r o n t  and re a r face e f fe c ts .

R  ̂ was measured to  be app rox im a te ly  0.12 ove r the wavelength  
range o f  in te r e s t .  The d if fe re n c e  between Rg and R^ is  due to  bo th  
in te rn a l r e f le c t io n s  in  the  s l id e  and r e f le c t io n  a t the  s l id e -h o ld e r  
in te r fa c e  so th a t  Eqn. (3 .1 .3 ) now becomes

R , = <R > -  0 .12 T^ . (3 .1 .5 )f  obs f

F ig s . 3 .1 .5 , 3 .1 .6  and 3 .1 .7  show the  sp e c tra  o f  F ig s . 3 .1 .2 , 3 .1 .3  
and 3 .1 .4  a f t e r  the above two stages o f  a n a ly s is .

I t  shou ld  be p o in te d  ou t th a t  the  va lues o f  R^ ob ta ined  from  
equa tion  (3 .1 .4 )  are expected to  co n ta in  an e r r o r  due to  l im i ta t io n s  
o f  the expe rim en ta l arrangement used to  measure R ^ . An es tim a te  o f  
t h is  e r ro r  can be ob ta ined  by comparing R^ w ith  the  va lues o f  the  
r e f le c t io n  c a lc u la te d  from  the  exp ress ion
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Fig. 3.1.5 : Transmission and reflection vs wavelength of the film A1 (see table 3.1.1)
obtained after refinement using equ. (3.1.1) and (3.1.4).

vO



Fig. 5.1.6 : Transmission and reflection vs wavelength of the film A9 (see table
3.1.1), x = 0.055, obtained after refinement using equ. (3.1.1) and (3.1.4).
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Fig. 3.1.7 : Transmission and reflection vs wavelength of the film A17 (see table
3.1.1, x = 0.22, obtained after refinement using equ (3.1.1) and (3.1.4)
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O n ) 2

in the transparent region of the spectrum, provided that the real 

part of the index of refraction, n, is known.

n has been obtained from the position, on the wavelength scale, 
of the maxima and minima of the reflection spectrum using the expressions 

C4, 51

and

where

a  = Ssjh V)
2n min

d = A2n max

d is the thickness of film;
A . is the wavelength at which minimum occurs; 
m m

, is the wavelength at which maximum occurs; Amax

(3.1.6)

(3.1.7)

m is the integer representing the order of the 
interference fringe.

From these values, R can be computed using eqn. (3.1.5) and 

compared with R̂ .. R^ is found to be approximately 8% higher than R.
However, in the third stage of treatment which is the calculation 

of the absorption coefficient, the error of 8% in R^ only introduces 
an error of less than 1% in the absorption coefficient.

The absorption coefficient a is

a 4irk
A (3.1.8)

where k the extinction coefficient is the imaginary part of the

refractive index n
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n n - ik (3.1.9)c
and X is the wavelength.
a has been calculated from the expression [4# 53

T
(1-R^)^ exp (-ad)

(3.1.10)f

which takes into account multiple reflections inside the film.

The values of a  were computed with a CBM Commodore 3032 micro

processor using the program of Appendix I.
The absorption coefficient versus photon energy for the films 

of Figs. 3.1.2, 3.1.3 and 3.1.4 is shown in Fig. 3.1.8. The accuracy 
of the values of a depends primiraly on the accuracy of determination 
of T^. Therefore we expect the largest and smallest values of a  to 
contain an error of ~ 10%. These values of a correspond to T^ j> 0.75 
and T^ 0.005. In the first case the interference effects are very 
pronounced and in the second case the noise level of the amplifier of the 
spectrophotometer is reached. One could overcome this problem by using 

films of identical composition but different thickness, it is however 

very difficult to achieve such a state of affairs in practice.



photon energy (eV)

Fig. 3.1.8 : Absorption coefficient vs photon energy of the films Al,
A9 and A17, (see table 3.1.1). The corresponding values of x are 
0, 0.055 and 0.22.
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3.1.2 Optical results

Optical measurements have been carried out on a range of Na^WO^ 

films which can be classed into two groups according to their method 
of preparation.

Films of group A have been prepared with the evaporation method 

as described in section 2.1.2. The conditions of preparation were 

identical for all the films except for the substrate temperature and 

the temperature of the sodium source. By varying these two parameters 
films of different grain sizes and x-values were obtained. Table 3.1.1 
shows the measured x-values and thickness as well as the substrate temper
ature and mean grain size of the films in group A. The grain sizes

have been inferred from the electron microscope work of section 2.2.
The x-values have been obtained from equ.(2.2.12) which has been obtained

o o
for the 50A m.g.s. films. Therefore, the value of the films of 120A m.g.s. 
reported in table 3.1.1 are smaller than the actual x-values by ~10%.

Films of group B have been prepared as described in section 

2.1.2 but they have been annealed prior to sodium insertion from the 
vapour phase. Their sodium content could not be measured, but an estimate 

of their x-value was obtained by comparison of their reflectivity spectra 
with the reflectivity measurements of Na^WO^ powder of known x-value 
[63.

The thickness, x-value and annealing conditions of these films 

are shown in table 3.1.2. The absorption spectra of group A are 
presented in two energy ranges for the sake of clarity. For the same 
reason they are presented on different figures so as to avoid excessive 
overlap. They are shown in Fig. 3.1.9 to Fig. 3.1.15.

The reflection spectra obtained from eqn. 3.1.4 and their index



of refraction (real part) as obtained from equations (3.1.6) and 

(3.1.7) are shown in Figures 3.1.16 to 3.1.21 and in Figures 3.1.22 to 

3.1.25 respectively.
The corresponding spectra and index of refraction of films in 

group B are shown in Figures 3.1.26 to 3,1.29.
In the energy range of 3.2 eV to 4,1 eV the absorption coe-

Officient was found to obey the relation of the 50A m.g.s. films

A(h\p-E ) 2
a (hv) = ------ — - (3.1.11)

hv

where A and Eq are material constants, and hv is the photon energy.
y

Figures 3.1.30 to 3.1.32 show a plot of (ahv) 2 versus hv for 
the different films. From these plots both constants Eq and A can

be obtained from the zero intercept and the slope respectively.
The values of Eq and A so obtained are tabulated in table 3.1.3.

It can be seen, however, that the fit to the relation (3.1.11) 
is gradually restricted to a smaller range as x increased from zero 
to x = 0.22. In the same energy range 3.2eV to 4.1eV and below the range 
of applicability of relation (3.1.11) the logarithm of a of all films 
was found to be a linear function of hv. The values of the slope

d(1-0g-a) obtained from figures 3.1.9, 3.1.10, 3.1.11 and 3.1.26 are also
d(h v)

tabulated in table 3.1.3.
The absorption coefficient of the 2-3y m.g.s. films follows 

equ. (3.1.11) up to ~ 3.75 eV. The quantities A and Eq for these fi1 
are shown in table 3.1.3.

In the energy range 3.75 eV to 4.1 eV the absorption coefficient 
of the 2-3y m.g.s. films obeys the relation:
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j ,
ahv = B(hv - Ê ) ' (3.1.12)

The material constants B and E, are shown in table 3.1.4. d
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Table 3.1.1

Sodium content, thickness, m.g.s and substrate temperature of Na WOX j

films prepared by the coevaporation method and used in optical 

measurments

Film N- X
thickness

d(ym)
substrate 
temperature °C mean grg.in size 

A
A1 0 0. 78 60 50
A2 5.6xl0“3 0.5 60 50
A3 8xl0-3 0.53 60 50
A4 lxio"2 0.53 60 50
A5 1.3xl0“2 0.63 60 50
A6 1.9xl0"2 0.44 60 50
A7 3.4xl0“2 0.4 60 50
A8 5X10~2 0.44 60 50
A9 5.5xl0~2 0.48 60 50
A10 7.2xl0"2 0.5 60 50
All 8.2xl0'2 0.51 60 50
A12 8.4xl0"2 0.34 300 120
A13 9.5X10~2 0.29 60 50
A14 1.lxio"1 0.35 60 50
A15 1.2xl0_1 0.63 60 50
A16 1.4X10’1 0.45 60 50
A17 2.2xl0~1 0.45 300 120
A18 > 2.2xl0-1 0.42 300 120
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Table 3.1.2

Thickness, x-value and annealing conditions oT the Na^’̂  films of 2-3ym m.g. 

in optical measurements

Film *
X d(ym) annealing conditions

B1 0 0.24 T = 500°C t = 20 hoursa a
in dry N2

B2 -0.05 0.38 T = 500°C t = 4  hoursa a
in dry N2

B3 - 0.1 0.45 T = 500°C t = 4  hoursa a
in dry N2

B4 ~ 0.2 0.24 T = 500°C t =20 hoursa a
in dry N2

* The x-values were not obtained by direct measurement. See text

. used

for details.
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Fig. 3.1.9 : Absorption coefficient vs photon energy of the films Al, A2, A3, A4, A5, A6,A7 
and AC (see table 3.1.1). The corresponding values of x are 0, 0.0056, 0.008, 0.01, 0.019, 
0.034 and 0.05. The energy scale is shifted to the right by steps of 0.1 eV for everv film 
after Al
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Fig. 3.1.10 : Absorption coefficient vs photon energy of the films A9, A10, All, A12, A13
and A14 (see table 3.1.1). The corresponding values of x are 0.055, 0.072, 0.082, 0.084,
0.095 and 0.11



Fig. 3.1 . 1 1  : Absorption coefficient vs photon energy of the films A15, A16, A17 and A18
“(see table 3.1.1). The corresponding values of x are 0.12, 0.14 and 0.22. The x value
of A18 is not exactly known but is larger than 0.22

oo
ho
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Fig. 3.1.12 : Absorption coefficient vs photon energy of the films A2, 
A3, A4, A5 and A6 (see table 3.1.1). The corresponding values of x 
are 0.0056, 0.008, 0.01, 0.013 and 0.019



7

Fig. 3.1.13 : Absorption coefficient vs photon energy of the films A7, A8, A9, A15, A16, A17
and A18 (see table 3.1.1). The corresponding values of x are 0.034, 0.05, 0.055, 0.12,
0.14, 0.22 and x > 0.22

oo



Fig. 3.1.14 : Absorption coefficient vs photon energy of the films A10, All, A12, A13 and A14 
(see table 3.1.1). The corresponding values of x are 0.072, 0.082, 0.084, 0.095 and 0.11 cocn
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photon energy (eV )

Fig. 3.1.15 : Absorption coefficient vs photon energy of
the films Al, A9 and A15 (see table 3.1.1). The corres
ponding values of x are 0, 0.055 and 0.12
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photon energy (eV )

Fig. 3.1.16 
(see table 3 
0 . 01

1
Reflectivity vs photon energy for 
1). The corresponding values of

the films 
x are 0,

Al, A2, 
0.0056,

A3 and / 
0.008 ai
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Fig. 3.1.37 
table 3.1.1)

Reflectivity vs photon energy for the films A5, A6 and A7 (
The corresponding values of x are 0.013, 0.019 and 0.034
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photon energy (eV )

Fig. 3.1.18 
table 3.11)

Reflectivity vs photon energy of the films A8, A9 and A10 (see
The corresponding values of x are 0.05, 0.055 and 0.072
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Fig. 3.1.19 : Reflectivity vs photon energy of the films All, A12, and A13
(see table 3.1.1). The corresponding values of x are 0.082, 0.084 and
0.095
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photon energy (eV)

F ig . 5 .1 .2 0  : R e f l e c t i v i t y  vs pho ton  ene rgy o f  th e  f i lm s  A14, A15 and A16 
(see ta b le  3 .1  1 ) . The co rre sp o n d in g  va lu e s  o f  x are 0 .1 1 , 0 .12  and 0 .14
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F ig . 3 .1 .2 1  
ta b le  3 .1 .1 )

R e f l e c t i v i t y  vs pho ton  energy o f  th e  f i lm s  A17 and A18 (see  
The x va lu e s  a re  0 .22  and x > 0 .22  r e s p e c t iv e ly .



Fig. 3.1.22 : Real part of refractive index vs wavelength of the films Al, A2, A3
and A4 (see table 3.1.1). The corresponding values of x and 0, 0.0056, 0.008,
and 0.01

vOuu



Fig. 3.1.23 : Real part of refractive index vs wavelength of the films A5, A6
A7, A8 and A9 (see table 3.1.1). The corresponding values of x are 0.013,
0.H9, 0.034, 0.05 and 0.55.

vO



Fig. 3.1.24 : Real part of tne refractive index vs wavelength of the films A10, 
All, A12,' A13 and A14, (see table 3.1.1). The corresponding values of x are 
0.072, 0.082, 0.084, 0.095 and 0.11.



2 ( fifn)

Fig. 3.1.25 : Real part of the refractive index vs wavelength of the fims A15,
A16, A17 and A18, (see table 3.1.1). The corresponding values of x are 0.12,
0.14, 0.22 and x > 0.22.

ON



Fig. 3.1.26: Absorption coefficient vs photon energy of the films Bl, B2, B3 and B4, (see table'
3.1.2). The absorption coefficient of the film A1 is included for comparison.



Fig. 3.1.27: Absorption coefficient vs photon energy of the films B2, B3 and B4, (see table 
3.1.2)

sOoo
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photon energy (eV)

F ig . 3 .1 .2 8  : R e f le c t i v i t y  vs pho ton  energy o f  th e  f i lm s  B l,  B2, B3 and B4 
(see ta b le  3 .1 .2 )
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Fig 5.1.29 : 
films B1 and

Real part of the refractive 
B2 (see table 3.1.2)

index vs wavelength of the
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F ig . 3 .1 .3 0  : (ahv) vs pho ton ene ig y  o f  th e  f i lm s  A l ,  A2, A3, A4, A5, A6, A7 and A8 (see
ta b le  3 .1 .1 ) .  The co rre spond in g  va lu es  o f  x are 0 , 0 .0056 , 0 .0 0 8 , 0 .0 1 , 0 .0 1 3 , 0 .0 1 9 , 
0.034 and 0 .0 5 . The energy s ca le  is  s h i f t e d  by 0 .1  eV to  the  r i g h t  f o r  e ve ry  f i lm  a f t e r  A l
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F ig . 3 .1 .3 1  : (othv) 2 vs pho ton  energy o f  th e  f i lm s  A9, A10, 
A l l ,  A12, A13 and A l4  (see ta b le  3 .1 .1 ) .  The co rre sp ond in g  
va lu e s  o f  x a re  0 .0 5 5 , 0 .0 7 2 , 0 .0 8 2 , 0 .0 8 4 , 0.095 and 0 .11
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h v  (eV)

F ig . 3 .1 .3 2  : (ahv) 2 vs pho ton  energy o f  th e  f i lm s  A15, A16, A17 and
A18 (see ta b le  3 .1 .1 ) .  The c o rre sp o nd in g  va lu e s  o f  x a re  0 .1 2 , 0 .1 4 ,  
0 .22  and x > 0 .22



kF ig . 3 .1 .3 3  : (ahv) vs pho ton  energy o f  th e  f i lm s  B l,  B2, B3 and
B4 (see ta b le  3 .1 .2 )
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hr (eV)

2F ig . 3 .1 .3 4  : (ahv) vs p h o to n 2energy o f  th e  f i lm s  B l,  B2,
B3 and B4 ( ta b le  3 .1 .2 ) .  (ahv) o f  f i lm s  B2 and B3 is  
m u l t ip l ie d  Dy 10



Table 3.1.3

The m a te r ia l cons tan ts  E_, A and - .7- — de fin e d  in  the  te x t  as ob ta ined  from0 dh v
the  o p t ic a l measurements.

F ilm  N- X V eV) A(cm *eV *) K i 0g “ iC eV '1)( dhv j v J

A1 0 3.25 4 .5 3 x l0 5 12.82
A2 0.0056 3.29 7 x l0 5 7  . I S

A3 0.008 3.30 7 .2 2 x l0 5 6.896
A4 0.01 3.31 7.93xlOS 6.06
A5 0.013 3.32 7.73xlO S 5.61
A6 0.019 3.34 1 .0 7 x l0 6 5.263
A7 0.034 3.385 1 .4 8 x l0 6 4.273
A8 0.05 3.42 1 .3 6 x l0 6 3.861
A9 0.055 3.38 9.92xlO S 3.226
A10 0.072 3.452 9.35X105 1.118
A l l 0.082 3.278 8.83xlO S 2.932
A12 0.084 3.345 2 .17x l06 2.864
A13 0.095 3.33 1 .8 7 x l0 6 2.543
A14 0.11 3.302 1 .1 8 x l0 6 2.9
A15 0.12 3.31 6 .4  x io 5 2.18
A16 0.14 3.24 8 .3  x io 5 1.814
A17 0.22 3.14 5 .6  x105 1.145
A18 >0.22 2.82 3.2 x105 -
B1 0 3.036 1.68X106 1.908
B2 -0 .0 5 2.948 5.5 x io 5 1.51
B3 —0.1 2.952 4 .4 6 x l0 5 0.957
B4 ~0.2 2.98 1.4 3 x l0 6 1.137
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Table 3.1.4

The material constants B, defined in the text as obtained from the optical 

measurements

Film X E d (eV)
-1 ^ B(cm eV )

B1 0 3.63 2.35X106

B2 ~ 0.05 3.615 2.98X106

B3 ~ 0.1 3.6 2.08X106

B4 ~ 0.2 - -
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3.2 Electrical measurements

3.2.1 Experimental thechnique

The d.c. resistivity and the thermoelectric power of the sodium 

tungsten bronze films was measured using the apparatus shown in Fig.3.2.1.
The copper blocks could be heated with electrical heaters up 

to 500°K and cooled down to 200°K via the copper rod which was immersed 
in liquid nitrogen. Blocks 2 and 3 could also be kept at different 

temperatures by varying the current passing through the heaters. For 

thermoelectric power measurements, the specimen slide was placed across 
the gap of blocks 2 and 3 so that a temperature gradient of several 
degrees was mentioned between the ends of the film. For conductivity 
measurements only block 2 was used, so that the film was kept at a 

uniform temperature. In order to ensure good thermal contact between 

the specimen slide and the copper blocks a thin layer of ZnO paste 
was spread between them.

The whole apparatus was inside a vacuum chamber which could be 
- 3evacuated to 10 Torr.

Temperature measurements were carried out by Cromel-Alumel 

thermocouples which were glued onto the slide with silver "dag".
Resistance and voltage measurements were made with a Keithley 

616 electrometer.
The WO and Na^WO^ films were evaporated on silica slides 

and electrical contacts were made using either evaporated thin metal films 
(A£ or Cr) or silver "dag" . The resistivity values obtained were found 
to be independent of the nature of the contacts as well as the method 
of measurement. Both the four probe [7*8] and two probe methods were used
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Fig. 3.2.1 : (a) Apparatus used for the electrical measurements 
of Na WO films, showing the position of the specimen slide 
relative to the copper blocks of the heaters for the thermo
electric power measurements. The size of the gap between 
blocks 2 and 3 is 5mm.
(b) Arrangement of the electroaes and thermocouples on the 
specimen slide.
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to measure the room temperature resistivity of several WO^ and Na WO^ 

films and it was found that their results were identical within 

experimental error, Therefore, the two probe method was adopted and the 

experimental arrangement is shown in Fig. 3,2.1b.
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3.2.2 Resistivity measurements

The resistivity of the Na^WO^ films was found to be thermally 

activated over the range of x-values investigated, i.e. from zero to 0.22. 

The magnitude of the resistivity as well as its activation energy were 

found to depend on ;
a) the partial water vapour pressure during evaporation
b) any subsequent heat treatment of the film

c) the mean grain size of the film and
d) the sodium concentration of the film.

The effect of the partial water vapour pressure on the resis

tivity of the films can be seen in Fig. 3.2.2. . Curve (a) shows the
Otemperature dependence of the resistivity of the 50A m.g.s. W0^ film A1 

which was prepared with liquid nitrogen in the water vapour trap.
Curve (b) shows the temperature dependence of the resistivity of the

o50A m.g.s. . WO film A21 which was prepared without any liquid nitrogen 

in the water vapour trap.
OThe 50A m.g.s. Na WO films exhibit changes in the magnitude

of the resistivity and the activation energy when heated above 70°C.
Fig. 3.2.2 shows the effect of heat treatment on the resistivity of
film A21. Curve (c) shows the temperature dependence of the resistivity

_ 3of film A21 after it had been heated at 170°C in vacuum of 10 Torr 
for 15 minutes. The changes in the resistivity and activation energy 
can be partly reversed by heating the film in air. Curve (d) of Fig. 3.2.2 
shows the resistivity of the film A21 after it had been heated at 170°C

Oin air for 10 minutes. On the other hand, heat treatment of 50A m.g.s.
Na W0^ films either in air or in vacuum results in irreversible changes x 3
of the resistivity and the activation energy, to larger values, accompanied

by partial bleaching of the films. Fig. 3.2.3 shows the temperature
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Fig. 3.2.2: Resistivity vs inverse absolute
temperature of WO films A1 and A2 (see Table 

3 _ i3.2.1). (a) Film Al,xlO denotes that all _ 1

resistivity values have been multiplied by 10 
(b) Film A21 of Table 3.2.1 (c) Film A21 after 
it has been heated at 170°C for 15min in 
vaccum (d) Film A21 after is has been heated in 
air at 170°C for 10 min.



113

Fig. 3.2.3 : Resistivity vs inverse 
absolute temperature of Na WO film A20

X j

(see Table 3.2.1) as a function of heating 
time,in air.
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P
( n c m )

'0

0

Fig. 3.2.4 : Resitivity vs inverse absolute tem
perature of WO film B1 (see Table 3.2.2)^ 
Measurements performed in vaccum of 10 Torr



20 2-2 2-4 2-6 2-8 3-0 32 3-4
T "  x1 0 '3 ( °K"')

Fig. 3 .2 . 5  : Resistivity vs inverse 
absolute temperature of Na^WO^ film B5
(see Table 3.2.2).
-f- measurements performed in vaccum 

of 10_3Torr
measurements performed in air 

Arrows indicate the direction of tem
perature change.
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dependence of the resistivity of the 50A m.g,s, NaQ 0 8 ^ 3  

(A20) heated in air*
In the case of the 2r3ym m.g.s. IVO films the effect of the heat

o
treatment is less pronounced than in the case of the 50A m.g.s. films,

see Fig. 3.2.4. Moreover, heat treatment in air of the Na WO^ filmsx 3
with 2-3ym m.g.s. particularly reverses the effects on the resistivity of 

the heat treatment in vacuum, see Fig. 3.2.5.
In order to investigate the effect of the sodium concentration 

on the resistivity and the activation energy, the temperature dependence 
of the resistivity of several small m.g.s. Na WO films was measured.

X j

All these films were prepared by the co-evaporation method as described
in section 2.1.2. Prior to the measurement of their resistivity in 

- 3vacuum of 10 Torr, they have been exposed to air for several days.

Their temperature was never raised above 60°C in order to avoid any rapid 
outdiffusion of sodium. The x-value, thickness, substrate temperature and 
m.g.s, of these films are shown in table 3.2.1. The temperature dependence 

of their resistivity is shown in Fig. 3.2.6 to Fig. 3.2.9.
Resistivity measurements were also performed on 2-3ym m.g.s.

Na WO films. These films were prepared by diffusing sodium ions into
X j

anealed W0^ films as described in section 2.1.2. Their thickness, x-value 
and conditions of preparations are shown in table 3.2.2. The temperature 
dependence of their resistivity is shown in Fig. 3.2.10.

As can be seen from Fig. 3.2.6 to Fig. 3.2.10 the resistivity 
of all the films in the high temperature regime changes with temeprature 

according to the relation

ea
F t

(3.2.1)
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where
p , is a constant for each film;

E^, is the thermal activation energy; 
T , is the absolute temperature;

k , is the Boltjmann’s constant.

At lower temperatures the experimental values of the resistivity 

deviate from the relation (3.2.1).
The resistivity values at 303°K as well as the thermal activation 

energies of all the films are given in table 3.2.3.
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Table 3.2.1

Thickness, x-value, substrate temperature and mean grain size of the 

^Ex ^ 3  PrePared by the co-evaporation method, used for electrical

V  1 +Film d(y) X

substrate 
temperature °C

m.g.s
O
A

A1 0.78 0 60 50
-3A2 0.5 5.6x10 60 50

A4 0.53 0.01 60 50

A6 0.44 0.019 60 50
A7 0.4 0.034 60 50

A8 0.44 0.05 60 50
A9 0.48 0.055 60 50

All 0.51 0.082 60 50

A12 0.34 0.084 300 120

A13 0.29 0.095 60 50

A14 0.35 0.11 60 50

A15 0.63 0.12 60 50

A16 0.45 0.14 60 50

A17 0.45 0.22 300 50
A18 0.42 > 0.22 300 120

A19 0.34 0.009 60 50

A20 0.76 0.08 60 50

A21* 0.8 0 60 50

the numbers used are the same as those m  table 3.1.1 and they represent 
the same films

* A21 was prepared without liquid nitrogen in the water vapour trap
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T ab1e 3.2.2

Thickness, x-value and annealing conditions of the large grain films 
(2-3pm) used in electrical measurements.

A-
Film1 d(ym)

*
X annealing conditions

B1 0.24 0 T = 500°C t = 20 hours a a
in dry

B2 0.38 -0.05 T = 500°C t = 4 hours a a
in dry

B3 0.45 -0.01 T = 50C°C t = 4 hours a a
in dry

B5 0.52 ? T = 500°C t = 4 hours a a
in dry

* The x-values were not obtained by direct measurement. See section 

3.1.2.
T The numbers used are the same as those in table 3.1.2 and they represent

the same films
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f
(n m )

T'1 x 10"3 ( °K"‘)
Fig. 3.2.6 : Resistivity vs inverse absolute temperature
of Na W0„ films A2 (x=5.6><10- )̂ and A19 (x=9 10“ ) of x 3
Table 3.2.1.*10 denotes that p is multiplied by 10.
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?
( acm)

r * i c r5 ( ° k"j )
Fig. 3.2.7 : Resistivity vs inverse absolute 
temperature of Na^WO^ films A4(x00.01),
A6(x=0.019), A7(x=0.034) and A8(x=0.05) of 
Table 3.21. Values of p of film A8 are multi
plied by 10
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Fig. 3.2.8 : Resistivity vs inverse absolute temper-
ature of Na W0_ films A9(x=0.033), A11(x=0.082), x 3
A12(x=0.0?4), A13(x=0.095) and A15(x=0.12) of 
Table 3.2.1.



123

Fig. 3.2.9 : Resistivity vs inverse absolute temper-
ature of Na WO, films A16(x=0.14), A17(x=0.22) and x 3
A18(x>0.22) of Table 3.2.1 p of film A16 is multi
plied by 10” .̂
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T"J x10'3 (°K 'b
Fig 3.2 .10 : Resistivity vs inverse absolute temper
ature of Na W0_ films B2(x~0.0S) and B3(x~0.1) x 3
of Table 3.2.2. p of film B3 is multiplied by 10



Table 3.2.3

Resistivity at 303°K and thermal activation energy of the Na WO 

films of tables 3.2.1 and 3.2.2.

Film X p303°Ktficm) EA (eV)

A1 0 lxlO9 1.4

A2 5.6xl0'3 5xl06 0.94

A4 lxl0‘2 1.25X105 0.6

A6 1.9xl0'2 4.6xl04 0.6

A7 3.4xl0"2 42.1x10 0.465

A8 5X10~ 2 9.4X103 0.59

A9 5.5xl0'2 2.4xl03 0.542

All 8.2xl0'2 1.4x102 0.22

A12 8.4xl0‘2 6.2xl02 0.32

A13 9.5xl0'2 4 .lxlO2 0.29

A15 1.2xl0_1 3.4x102 0.35 3

A16 1.4X10'1 48 0.264

A17 2.2xl0_1 1.65 0.105

A18 > 0.22 2.5 0.054

A19 0.009 5xl05 0.4

A20 0.08 7xl02 0.27

A21 0 4xl06 0.57

B1 0 1.4xl06 0.366

B2 -0.05 5.9 0.076

B3 -  0.1 0.14 0.041

B5 ? 2 0.107
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3.2.3 Thermoelectric power measurements

The thermoelectric power measurements have been taken using 

the apparatus described in section 3.2.1. The Na^WO^ films used were 

some of the films of tables 3.2.1 and 3.2,2.
The accuracy of the measurements was approximately 10 - 20% : 

this was mainly due to fluctuations in the voltage measurement with the 

Keithley electrometer, which were caused by the electrical noise picked 

up by the sample during measurements and instabilities of the temperature 

gradient across the sample.
The values of the Seebeck coefficient at 300°K for different 

films is shown in table 3.2.4.
The temperature dependence of the Seebeck coefficient of some 

of the films is shown in Fig. 3.2.11 and Fig. 3,2.12.
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Table 3.2.4

Seebeck coefficient of Na WO films at 300° K.x 3

Film X S(yvK_1)
A19 9xl0'3 - 550±60
A9 5.5xl0“2 - 212^24
All 8.2X10"2 - 100±10
A12 8.4xl0"2 - 185±10
A14 l.lxio'1 - 120±7

A15 1 .2xl0_1 - 72±8
A17 2 .2xl0_1 - 20±2

A18 > 0 . 2 2 - 25±2

B2 ~ 0.05 - 76±3
B3 ~ 0.1 - -20±2



Fig. 3.2.11 : Secbeck coefficient vs absolute temperature of Na WO films 
A9(x=0.055), All(x=0.082), AlS(x=0.12) and A17(x=0.22) of Table 3.2.1.

rooo



Fig. 3.2.12 : Seebeck coefficient vs absolute temperature of Na WO films B2 
(x-0.05) and B3(x~0.1) of Table 3.2.2.

hovO
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APPENDIX 1

List of programme used in the calculation ot the absorption coefficient^

a(hv), from equ. (3.1.10).
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CHAPTER 4

DISCUSSION OF THE OPTICAL AND ELECTRICAL PROPERTIES OF
Na WO, FILMS x 3

4.1 Optical properties

4.1.1 Introduction
It has already been shown in chapter 2 that the "as evaporated"

OWO^ films are polycrystalline with grains of approximatelly 50A in average
Olinear dimensions with grain boundaries of perhaps 8 to 10A thickness.

Measurements of the sodium diffusion into the films [11 are con- 
sistant with the model that the grains are small crystallites with the bulk 

WO^ density, while the grain boundary regions have a much smaller effective 

density (cf. table 2.1).
Electron diffraction studies confirm that the grains are small 

WO^ crystallites which can assume different crystallographic configura
tions, triclinic [23, monoclinic 133 and orthorombic 143,depending on the 
conditions of evaporation, while the grain boundary material is highly 

disordered.
For the purpose of discussion of the optical properties we will 

treat the "as evaporated" WO^ and Na^ WO^ films as a collection of cry
stalline particles embedded in a matrix of grain boundary material.

Webman et. al. C53 developed an effective medium theory appro
priate to this situation which relates the effective complex dielectric 
function of a composite material to the complex dielectric functions of 
its components. For the binary case of WO and Na WO films we obtain:

J X 3

'e (hv) - e (hv) 'o + (l-c)
£ , (hv) -  £ (hv) gb

(hv) + 2e(hv)t - egb^hv) + 2e(hv^

c o (4.1.1)
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where £ (hv) , £g(hv) and £g-^(hv) Ere the complex dielectric function of the 

film,the grain and the grain boundary material respectively. c is the volume

fraction of the film occupied by the grains and (1-c) is the volume 

fraction occupied by the grain boundary material.

We believe that the dielectric function of the grains is approx

imately the same as the dielectric function of the corresponding single 

crystal. It is, however, expected that the strain field introduced by 

the gram boundaries modifies the structure of the grains causing small 

changes m  the optical properties as well.

Because of the large amount of disorder in the grain boundary 

material, we expect its electronic states to be strongly localized. The 

probability of electronic transitions between such states is negligibly 

small and therefore the imaginary part of the dielectric function e 

can be set equal to zero and its real part can be taken as independent 

of the photon energy.

The dielectric functions e , £ . and £ can be written as :g gb

£(hv) = £ (hv) + i£2(hv)

£g(hV) = e (hr) + i£2g(hv) (4.1.2)

£ . = e , , = constant gb lgb

The volume fraction occupied by the grains can be calculated from eqn. 

(2.2.3). For the 50A m.g.s. films, c x  0.53

Using this value for c and equ, (4.1.2), equ• (4.1.1) can be 

written, after separation of the real and imaginary parts, as follows:

lg
2e  ̂ - X . M z i  + 0.06£o£_ - 0.4l£ £1________ 2________ 2 2g________ lgb 1

£ , + 0.59E,lgb 1
(4.1.3)
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£ = £ 2g £2
4E, - 0.4l£ - 0.59£_ J ________ l£jb___ lg

£ , + 0.59£.lgb 1
(4.1.4)

The indication of phonon energy dependence has been omitted 

for the sake of brevity.
The real and imaginary parts of the dielectric function are re

lated to the corresponding parts of the complex index of refraction, n^, 

through the following relations :

2 i 2£ ̂ = n - k

£ 2 = 2nk

(4.15)

(4.1.6)

where n = n - ik. c (4.1.7)

In the photon energy range 0.5 <_ hv < 4 eV, we find experimentaly that

2 i 2n >> k (4.1.8)

and therefore
2 2 

e2 < < £ 1 (4.1.9)

Using the relation (4.1.9), equ. (4.1.3) can be written as

ei ~lg 1
2e - 0.41c, ,  ̂1 ______ lgb
£ , + 0.59E.I Igb 1

(4.1.10)

and substitution of equ. (4.1.10) into equ.(4.1.4) leads to

2g 2

'1.3e , + 4e e - 0.41e‘1 1 lgb lgb

(£lgb + °-59e i5

(4.1.11)
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Eqns. (4.1.10) and (4.1.11) can be written as

where

and

£ - G £lg 1 1

2g 2 2

Gi -
2e - 0.41 e ,__1________ lgb
£i , + 0.59£. lgb 1

1.3£? + 4£ £ - 0.4l£^ ,G = 1 1 Igb________ lgb
(£, , + 0.59£ )lgb r

(4.1.12)

(4.1.13)

(4.1.14)

(4.1.15)

The quantities and can be evaluated using the experimently
determined values of n and the value of £.. , found in section 4.1.4.lgb
They are found to be slowly varying functions of n, in the range 
0.5 <_ hv <_ 4 eV, and to a first approximation, they can be considered con
stants .

The change in G^ and G^ over the photon energy range 

0.5 _< h') <_ 4 eV is less than 15%. A change of the same magnitude is 
found in G^ and G^ for any photon energy as x of the Na^ W0^ films is 
varied from zero to 0.2.

Equ. (4.1.13) can be used to relate the experimentaly determined 
absorption coefficient, a, of the films to the absorption coefficient, 
a , of the grains.

The absorption coefficient is defined by the relation

47Tk
A (4.1.16)
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where X is the wavelength of the light.

Using eqns. (4.1.16) and (4.1.6), eqn. (4.1.13) can be written

a a - G0a (4.1.17)g ng 2

where n^ is the real part of the index of refraction of the grains.

Using equs. (4.1.5), (4.1.8) and (4.1.12) we find that

a
g

(4.1.18)

Therefore the experimentaly determined absorption coefficient
Oof the 50A m.g.s. films is proportional to the absorption coefficient of 

the grain with a constant of proportionality of the order of 2.
In the case of the 2-3y m.g.s. films, one can easily show using 

equ. (2.3) that c ~ 1 and therefore eqn. (4.1.1) leads to

£ (hv) = £ (hv)§
i.e. the optical properties of the film are identical to the optical 

properties of the grains.
In what follows the optical properties of WO^ and Na^ WO^ are 

interpreted in terms of three interband electronic tranisitions.
In WOg the only possible transitions are those from the occupied 

valence band to the empty conduction band, giving rise to the mam absorp
tion edge. When sodium is inserted into the WO^ lattice, it becomes 
ionised creating a new band of states above the conduction band minimum 
and it liberates electrons which occupy some of the empty conduction band 
states. Transitions from the occupied conduction band states to the 
empty sodium states and to empty states in the conduction band manifold 
give rise to the absorption band below the main absorption edge of Na WO



(Fig. 4.1.1). Superimposed on this absorption band there is the free 

carrier contribution which is significant only in the large grain Na^ WO 
films.

The abrupt changes in the absorption and reflection spectra at 

x ss 0.07 and x « 0.1 are attributed to the phase changes of Na WOX *3
occuring at these x values [6] .
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OFig. 4.1.1: Schematic band diagram of the grain of 50A mgs 
Na WO film, showing the electronic transitions involvedX j
in the absorption of light in the photon energy range of 
0.4 to 4eV. Cl3 Valence to conduction band transitions, 
giving rise to the main absoprtion edge. [2], C33 
transitions from the conduction band minimum to a higher 
conduction subband ar.d to the sodium states
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4.1.2 Main Absorption Edge

a. WO^ films

OThe absorption coefficient of 50A m.g.s. WO^ films 

range of 3.25 eV to 3.8 eV is found in section 3.1.2 to vary 

orders of magnitude and to obey the relation (3.1.11) which, 

(4.1.18) can be written as

in the photon 

over three 

using eqn.

ag hv = —  A(hv
/G.

(4.1.19)

where A and are material constants.

The rapid variation of the absorption coefficient with energy 
and the form of eqn. (4.1.19) indicate that this is the region of the main 
absorption edge of WO^, due to electronic transitions from the top of the 
valence band to the bottom of the conduction band.

The theoretical description of the absorption spectrum near the 

main absorption edge of solids [7,81 predicts that the absorption coeffi
cient will obey a relation of the form of equ. (4.1.19) if the electronic 
transitions invloved in the absorption process of the light occur between 

parabolic bands and are i n d i r e c t .

An indirect transition is one occurring between states with dif

ferent crystal momentum. In such transitions momentum is conserved by 
scattering of the electrons with phon.ons or ionised impurities or crystal 
imperfections. According to the theory of indirect transitions the constant 
A of eqn. (4.1.19) depends on the momentum matrix element between the 
initial and final states of the transition, the effective masses of the 

electron and hole and the scattering mechanism involved in the momentum
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conservation process. The constant is a measure of the energy gap

between the top of the valence band and the bottom of the conduction band.
If the scattering mechanism involves phonons, Eq is given by

E„= E ± E (4.1.20)0 g p
where Eq is the energy gap and E^ is the energy of the phonon involved in 
the process. The plus and minus signs correspond to emission or absorp

tion of the phonon. On the other hand, if the scattering does not involve 

phonons E^ is equal to the energy gap.
In the light of the discussion above, we conclude that the mini-

Omum energy gap of the gram in the 50A m.g.s. W0^ films is an indirect one, 
i.e. the minimum of the conduction band and the maximum of the valence band 

occur at different values of the wavevector k, and that these bands are 
parabolic for a limited range around their respective minimum and maximum 
points. The dominant scattering mechanism in W0^ films is not known and 
cannot be determined by our experimental data. However, given the high 
density of grain boundaries and impurities which are likely to exist in the 
films, it is not unreasonable to assume that they will dominate the scatt
ering processes. In such a case the value of Eq = 3.25 eV given in table

O3.1.3 for the 50A m.g.s. W0^ film should correspond to the energy gap.
In the case of 2-3p m.g.s. W0^ films the absorption coefficient

in the photon range of 3 eV to 3.75 eV is described by equ. (3.1.11). The
energy gap, however, is decreased to 3.036 eV and the constant A is in-

G2creased compared with the value of —  A is 2A of the 50A m.g.s. films (cf. 
table 3.1.3), indicating that grain growth by annealing produces changes 
in the band structure of the films. This is confirmed by the fact that 
at 3.63 eV there is a second, direct, energy gap in the band structure of 
the 2-3y m.g.s. W0^ films. Fig. 3.1.34 shows that the absorption coeffi
cient of these films above 3.75eV varies as 

ahv = B(hv - E^)2 (4.1.21)
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which is characteristic of direct transitions i.e. transitions occurring 

between electronic states with the same k vector [7,83.

As in the case of eqn. (4.1.19), the derivation of eqn. (4.1.21) 
assumes that the bands are parabolic near their maximum and minimum points. 

The constant is the energy gap between the top of the valence band and 
the bottom of the conduction band and B is a function of the electron 
and hole effective masses and the constant momentum matrix element of the 
states involved in the transitions.

The variation of the gap with grain size is confirmed by other 
workers as well. Deb [93 reports that the energy of the "as evaporated" 
WO^ films is indirect and has a value of 3.25 eV while amealing at 650°K 

shifts the gap to smaller energies. Nakamura et. al. [103 find an in

direct gap of 3.41 eV for the "as evaporated" W0^ films and 3.27 eV for 
the annealed at 200°C films. It should be pointed out that the films used 
by Nakamura et. al. have a smaller density than ours, indicating a smaller 

mean gram size.
Kang [23 also reports a decrease of 0.38 eV in the indirect gap 

of W0^ films when annealed at 350°C. The values of the indirect gap for 
the "as evaporated " and amealed films found by Kang are 3.15 eV and 2.78eV 
respectively, which are smaller than the gap found for our films. This 
is due to the fact that Kang's films were evaporated on ordinary micro

scope slides which have an optical cut-off very close to the energy gap 

of WO .
The optical gap of W0^ films prepared by R.F. reactive sputtering 

is found to be in the range of 3 to 3.03 eV [113,but the rate of deposition
Ois 10 to 50 times smaller than ours and the m.g.s of these films is ~ 300A.

Measurements of the photoelectrolysis spectra of sintered poly

crystalline W0 yield an indirect optical gap at 2.62 eV and two direct 
ones at 3.52 eV and 3.74 eV [123. Spichiger-Ulmann et. al. [133 find that
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the indirect gap of thermally grown polycrystalline WO^ is 2.5 eV.

Using the same method, i.e. photoelectrolysis, Butler [14, 15] 

found that the optical gap of WO^ single crystal is indirect and has a 
value of 2.77 eV. On the other hand, Hoppemann et. al. [163 report that 
the transmission measurements on single crystal WO^ yield a direct gap of 
2.77 eV.

Finally, we would like to point out that band structure calcul
ations for the single crystal WO^ [17, 183 show that the band gap increases 

by non-cubic crystallographic distortions. This is in agreement with our 

results which show that a decrease in the m.g.s. leads to an increase of 

the energy gap, since the distortions of the structure of the grains, 
brought about by the influence of the grain boundaries, are expected to 
lower their cyrstallographic symmetry.
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b. Na W0_ films x 3

OThe absorption coefficient of the 50A m.g.s. Na WO films in
X  j

the region of the main absoprtion edge is found to follow equ. (4.1.19), 
(cf. section 3.1.2). Therefore the main absorption edge of Na WO, films 
is due to indirect transitions from the top of the valence band to the 

conduction band as m  the case of WO^.

The constant A and the optical gap Eq are found to vary with 
x (cf. table 3.1.3). Fig. (4.1.2) shows the variation of Eq with x, which 
is found to be :

En = 3.25 + 1.3 x^^(in eV) (4.1.22)
for x < 0.05

It should be noted that when the uncertainties m  the
measurement of Eq and x are taken into consideration the value to the
second term in eqn. (4.1.22) becomes 1.3 ± 0.14.

2/3This shift, of Eq with x can be explained in terms of the in
creased occupation of the c.b. states by free electrons.

The sodium atoms in Na WO, are ionised and the liberated elect-x 3
rons occupy the lowest states in the conduction band of W0^, thereby making 
these states inaccessible to the electronic transitions from the valence 
band. Therefore the optical energy gap, E^, will increase by the ammount 

the Fermi level E rises inside the conduction band states. From Fig.r
4.1.1 we can see that

E0 + E, (4.1.23)

Taking E to be the minimum energy gap of WO , viz. E = 3.25 eV, equ. 
(4.1.23) can be written as

E = 3.25 + Ec (in eV) U r (4.1.24)



Fig. 4.1.2 : The optical gap, EQ, (see Table 3.13), of the 50A m.g.s.
Na WO films as a function of x. The curve through the experimental points x 3 o / -7
is given by E = 3.25 + 1.3x 7° , equ. (4.1.22), indicating that for

0 2/3x < 0.05 the Fermi level in Na WO rises in the conduction band as x 
‘ ' x j

4>-
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The Fermi level in a heavily degenerate semiconductor with 

parabolic bands can be written in terms of the free electron density, Ng , 
as [191

2 . 2/3 j / 2(3tt ) 'h ?/-
EF = ------*----  Ne ^  (4.1.25)

*where m is the density of states effective mass of the electron.

The sodium concentration is given by equ. (2.2.13). Assuming 
that each sodium atom liberates one electron in the grain, the free 

electron density is related to x by

Ne 1.9xl028x (in m (4.1.26)

Combining equs. (4.1.24), (4.1.25) and (4.1.28) we obtain

E0 3.25 + 2.597 -m
m*

2 / 3 in eV (4.1.27)

for x < 0.05

where m is the mass of the free electron.
Equ. (4.1.27) has exactly the iame form as the experimental relation 

(4.1.22), confirming therefore, that the shift of the optical gap in Na WOX j
films is a direct effect of the increase of free electrons in the grains 
of the film.

Combining equ. (4.1.22) and equ. (4.1.27) one can obtain an
estimate of the effective mass ratio of the electrons in the conduction
band of Na W0_ films : x 3

*
—  - 2 ± 0.22 for 0 < x < 0.05 m ~ ~
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The variation of the constant A of equ. (4.1.19) with x is 
shown in Fig. 4.1.3. For x < 0.04, A is linearly increasing with x, 

indicating that the dominant scattering mechanism in Na WO is scatteringX j

by the ionised sodium atoms.

For x > 0.05, there is no simple relation between the optical 

properties of Na WO and x. This is due to three effects caused by the 
increase of the sodium concentration :
Cl] The W0^ lattice is continuously deformed by the presence

of the sodium ions. Therefore the band structure is perturbed 

causing changes in the optical properties. This effect is expected to be 
a gradually increasing function of x and it will be negligible at 
low x values.

[2] The electronic transitions within the conduction band and to the
sodium states (see Fig. 4.1.1), which at low x-values contribute in the 

asborption coefficient only in the visible and infrared, extend their 
contribution with increasing x in the region of the main absorption 

edge. Since it is very difficult to separate the two contributions, the

absorption coefficient around 3.2 eV becomes less and less representative 
of the transitions between valence and conduction bands. Furthermore, 
the presence of strong internal electric fields causes deviations of the 
absorption edge from the shape predicted by equ. (4.1.19), (cf. see 4.1.3). 
The influence of these fields extends to higher energies as the sodium 
concentration increases (see Fig. 3.1.30), thereby making the extraction 
of accurate information from the main absorption edge progressively more 
difficult.

[31 The perovskite-type structure of Na W0 is well known [6,20]X *3

to exhibit several phase changes as x varies from zero to one. We 
believe that the abrupt changes observed in the optical properties of Na^WO^



Fig. 4.1.3 : The constant A of equ. (4.1.19), (see Table 3.1.3), for
the 50A m.g.s. NaxW0 films as a function of x. The linear variation of A 
with x for x < 0.04 indicates that the dominant scattering mechanism in
Na WO is ionised impurities scattering x 3
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at certain x values are caused by band structure changes due to the phase 

changes. The optical gap, Eq , is seen in Fig. 4.1.2 to exhibit two abrupt 
discontiuities at x « 0.07 and x « 0.11.

At these x-values Na^WO^ changes from orthorombic to tetragonal 

I and from tetragonal I to tetragonal II respectively [201.
The discussion of the main absorption edge of the Na^WO- films

Owith m.g.s. larger than 50A is hindered by the lack of data covering a 
wide enough x-range, and by the fact that all our data are for films with 

x > 0.05 where the effects of the phase changes and the lattice deform
ation by the sodium ions play an important role. It can, however, be 

seen from table 3.13 that both A and Eq for these films follow the
Osame trend as the corresponding quantities of the 50A m.g.s. films. The 

change of the direct optical gap of the 2-3y m.g.s. films with x (cf. 
table 3.1.4) conform our postulate that the increase of sodium concentr
ation above x ^ 0.05 deforms the electronic band structure of Na W0_.x 3
Note that for film B4 (x ^ 0.2) is not possible to distinguish between the 

direct and indirect gap.
There are no optical data near the main absorption edge of Na W0

X  j

thin films in the literature against which to compare our results. There 
are, however, some reports on other tungsten bronze thin films which should 
behave in a way similar to Na'̂ WÔ  near the main absorption edge.
Gabrusenoks et. al. [211 report that colouration of W0^ films with H shifts 
the fundamental absorption edge to the higher energy side.

Nakamura et. al. C101 found that that the optical gap of Li W0
X  j

and H W0 films increases witn x, but the magnitude of the shift is much x o
smaller than that expected from the filling of a parabolic conduction band. 
However, the values of x they used are not correct, because they were 
obtained using Smakula's equation from the infrared absorption band of 
the films. As it will be shown in section 4.1.4 this band is a composite
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one and therefore it cannot be used as it is for determination of the

x-value. Furthermore the value of the oscillator strength used by

Nakamura et. al. has not been determined experimental y.

Our results are also in agreement with measurements of the
chemical potential of Na WO films by Green and Kang [11. They find that

sodium atoms are ionised and the liberated electrons occupy conduction
2/3band states with their Fermi level varying as x .

Studies of H WO films by X-ray electron spectroscopy [22, 231
X  j

show that they exhibit a small band near the Fermi level which grows 
proportionally with the colouration, but it is placed only 2eV above the 
valence band. However, in view of the fact that X-ray electron spectro-

Oscopy samples only a surface layer ~ 10A in thickness and since the 
experimental resolution in these studies was no better than 0.6 eV, the 

energy assignment of the Fermi level relative to the valence band cannot be 
taken as representative of the bulk of the film.

Electronic structure calculations of Na WO single crystal [17,X j
18] show extra electrons occupy the t^ conduction band of W0^ although

this band is not parabolic for high x-values. These results are confirmed
by optical measurements [24, 25, 26], nuclear magnetic resonance studies
[27] and ultraviolet photoemission spectroscopy [281.

Our results indicate that for low x-values Na W0_ behaves as ax 3
degenerate semiconductor. For x < 0.05 the density of states is para
bolic in energy and a "rigid band" approximation is applicable although 
it has to be abandoned for higher x-values.

It should be pointed out that these results are in direct contrast 
with suggestions that the Fermi level in low x-values (x < 0.2) Na WO is

^  X  J

pinned below the conduction band [17] or that the electrons donated by the 
sodium in Na WO films are strongly localized forming a small polaron band 
in the energy gap [22, 23, 29, 301.
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4.1.3 Tail of the main absorption edge

The absorption coefficient of W0_ and Na WO films, 
energy range where it follows equ. (4.1.19), exhibits a tail

below the 

of the form,

a a. exp (4.1.28)

where a» and E are constants.0 e
Such an exponential tail is observed in all non-crystalline semi

conductors and in several crystalline materials as well. Much theoreti

cal effort has been devoted to explaining the origin of this absorption 
tail [31, 32], but several questions still remain unanswered.

It has been suggested that the absorption tail, or Urbach’s 

spectral rule as it is known, originates from electronic transitions 

between tails of the densities of states C8, 33]
This model requires that the densities of states extend inside 

the gap and that they vary exponentially with energy. Such a distribut
ion of states can originate from localized fluctuations of the density 
of impurities which on the average are uniformly distributed throughout 

the sample, provided that attractive forces exist between the electrons 
and the impurity atoms [19]. There are many published reservations about 

the validity of the above explanation [31] mainly because the slope of 
the absorption tail observed in a variety of materials both crystalline 
and non-crystalline is almost the same.

A second explanation, which looks more promising, is based on the 
existence of strong internal electric fields which can arise from charged 
impurity states or from strain fluctuations or the vibrating atoms of 
the material. The presence of an electric field can modify the absorpt
ion edge in two ways : a) In the case of direct allowed transitions the
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presence of an electric field will introduce a small "red shift" in the 

absorption edge (Franz-Keldysh effect) and an exponential tail.
Similar effects occur in indirect transitions although they are less 

pronounced.

b) When exciton effects are present, an electric field will broaden the 
exciton line and the absorption coefficient will vary exponentially with 

photon energy [341.
Although, (b) gives quite satisfactory results for some materials, 

there are still aspects of the theory which require further investigation 

[311. Prominent among these are the question of the existence of 

excitons in all non-crystalline materials and the question whether the 
random fields which are likely to exist in a non-crystalline material, 

average to give the same result as a constant uniform field which the 
above theory requires.

The above mentioned uncertainties in those theoretical models,
attempting to employ the origin of the Urbach’s spectral rule, as well
as the lack of data for smaller values of the absorption coefficient than
those appearing in Figs. 3.1.9 and 3.1.10, limit our ability to discuss
conclusively the exponential tail of the absorption coefficient of W0^ and
Na WO- films. Several useful comments can, however, be made about its x 3
origin, based on the following experimental observations:

i) The tail extends both below and above the expected optical gap.
ii) The extent of the tail above the optical gap is an increasing 
function of x
iii) The constant of eqn. (4.1.28), obtained from the values of

the slope given in table 3.1.3, is an increasing function of x
Oand the grain size. The values of Ee versus x for the 50A m.g.s. film 

are shown in Fig. 4.1.4.
Although we expect that both the conduction and the valence band
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Ee

(eV)

Fig. 4.1.4 : The constant Eg of equ. (4.1.28) for the
50A m.g.s. Na WCL films as a function of x x 3



153

densities of states of W0„ and Na W0„ films exhibit small tails because3 x 3
of the disorder, we cannot attribute the absorption tail to transitions 

involving these states for the following reasons :

a) The magnitude of the absorption coefficient in the region des
cribed by eqn. (4.1.28) would have required that the density of states 

in the tails was of the same order of magnitude as the density of states 
in the parabolic portion of the bands. However, such a states of affairs 

is contrary to the findings of section 4.1.1 where the density of states 

near the bottom of the conduction band and the top of the valence band
y.

were found to vary experimentally as E 2 and not exponentially with energy.

For the same reason the experimental absorption tail cannot 
be attributed to tails of the densities of states created by the presence 

of the Na ions.
b) As can be seen from table 3.1.3, Eg increases with grain size. 
Similar behaviour was reported by Nakamura et. al. [10] although their 
values of E q are larger then those obtained from table 3.1.3.

If the absorption tail were due to tails of the densities of 
states, E would have been a measure of the extent of these tails inside 

the forbidden gap [83, and therefore it should have been increasing with 
disorder.

On the other hand, the highly disordered regions of the grain
boundaries as well as the sodium ions are expected to induce electric

fields of considerable strength [35] which may influence the absorption
edge in one of the two ways described above.

The origin of the electric fields, as shown in section 4.2, is

the trapping of free carriers in localized states in the grain boundary
which creates a space charge region around each grain and establishes

7 -1high electric fields (~ 10 Vcm ) at the interface of two grains.
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The magnitude of the field, given by eqn. ( 4.2.19 increases with 

the sodium concentration and therefore the nearly exponential tail intro

duced in the absorption edge [361 is expected to extend further away 
from the optical gap as x increases.

Finally it should be noted that if excitons exist in WO^ and 
Na W0„ films, their binding energy will be small because of the high 

relative permitivity and therefore will become ionized in the presence 

of the strong internal fields.

As a consequence, electric field broadening of the exciton peak 

is not likely to be the cause of the exponential absorption tail.
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4.1.4 Transitions above the main absorption edge

Although, optical measurements have not been extended above 4eV 
in photon energy, some information about the nature of electronic trans

itions contributing to the optical constants on the high energy side of 

the main absorption edge can be obtained from the variation of the real 

part of the refractive index with photon energy on the low energy side 

of the absorption edge.
The electrons in a solid can be treated as damped harmonic 

oscillators with natural frequency gô  and a damping constant y. In this 
simple Lorentzian model the electrons are considered to be bound to the 
nucleus in much the same way as a small mass can be bound to a large mass 

by a spring. The driving force of the electrons is the time varying 
electric field of the electromagnetic wave. From this model the complex 

dielectric function of a solid is derived to be [7, 371

2
GO

£ = e + ie = 1 + ----2----- . (4.1.29)
1 2  2 2ojg-co -iyoo

The real and imaginary parts of the complex index of refraction,

n^ = n - ik, are related to £^ and £^ by the following equations

where

2  , 2= n - k = 1 +
2 , 2 2,

V ^ o  - m }, 2 2, 2 2 2(a )Q-03 )  + y  a)

£ 2 = 2nk =
2

go y a )

, 2  2. 2  2 2(go -go ) + y go

GO =P

2  < k  N e ' 2

£0m

(4.1.30)

(4.1.31)

(4.1.32)

is the plasma frrquency of the electron ensemble and Ng their density.
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In a real solid, electrons absorb radiation by making transitions 

between different sets of levels and with different relative probabilities 
Therefore, eqn. (4.1.29) is modified so as to include the sum of the 

contributions of all these transitions occurring at different 03̂  and 
y. Moreover, each term has to be multiplied by the corresponding 

oscillator strength, f, which is a measure of the relative probability 
of a quantum mechanical transmission. Hence the quantum mechanical 

equation for the dielectric constant e  is given by [7, 37]

47Te ve - 1 +. — ~  i

N.f.J_JL
m 2 2 (4.1.33)

i go-.-oj -iy.o) J Oj j

where m is the effective mass of the electron. Equs. (4.1.30) and 

(4.1.31) can, however, be used if the different are separated by 
wide frequency intervals so that at a particular range only one of the 

contributions in the sum of equ. (4.1.33) is dominant.
In the case of W0^ films the electrons occupying the valence 

band states are treated as damped Lorentzian oscillators and the 
transitions between the valence and conduction band states are described 

by equ. (4.1.29) .
2 2For a) << u)̂ , k «  n and equ.. (4.1.30) becomes

? 0)
£i = n = 1 + - 2 ~ 2

V “
(4.1.34)

Equ. (4.1.36) can be written in terms of the photon energy 'Kco as

, 2 1."1(n - 1) H " | 2 f -f iai l 2
•ho) ■K03 (4.1.35)

Fig. 4 %1.5 shows the variation of
n2-l

with the square of the photon
energy for the 2-3 ym m.g.s W0^ film B1 of Table 3.1.2 The linear



1
n ^ i

Fig. 4.1.5 : — —̂  vs (hw) 2 for the 2-3ym m.g.s. WO^ film (Bl) and
n -1 n2-1g

vs

(ho)2) for 50A m.g.s. WO film (Al) .
The straignt line is given by equ. (4.1.35) with ha) = 10.35 eV 

and hu)Q = 5.11eV in agreement with the Lorentz’ model. p
un--j
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1 2variation of — ~—  with (fioi) provides justification for our assumption 
n -1

that the dielectric function of WO^ can be treated in terms of a single 
Lorentz oscillator and permits us to calculate the quantities 'liu) and 
(Jq from the slope and intercept with the y-axis of the straight line 

in Fig. 4.1.5, which are found to be 10.35 eV and 5.11 eV respectively.

The dielectric function of the 50A m.g.s. W0^ film A1 of Table 
3.1.1 was found to behave in a similar way, indicating that the grains 

of both films have similar, but not identical, electronic structure.

The values of ng, the real part of the index of refraction of the
Ograins in the 50A m.g.s. film, were calculated using equ. (4.1.10)

2 2assuming that e, ~ n and e. ~ n . An estimate of the value of e . ,6 lg 1 lgb
of equ. (4.1.10) was obtained as follows:

The value of n at 2.88 eV was taken equal to the value of the
c

real part of the refractive index of the 2-3 ym m.g.s. W0^ film, and ^ 
was then calculated using equ. (4.1.10) to be 2.4. It was assumed that 

the material of the grain in the two films had the same index of re
fraction .

The values of n̂  obtained from the above calculations are presented

as — —  vs C M 2 in Fig. 4.1.5. 
na -1

The deviation of — j- from of the large grain film indicates
ng n -1

that there is a small shift of the natural frequency, 'JuOq , of the 50A m.g.s. 
film towards smaller energies. This is in agreement with the shift found 
in the optical gap of the two films (cf. section 4.1.2)
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4.1.5 Absorption below the main absorption edge

The characteristic blue colour of the 50A m.g.s. sodium bronze 
films is due to an absorption band below the main absorption edge, which 

extends from the visible part of the spectrum down to the near infrared 

as shown in Fig. 2.3.12, 13, 14. It is proposed that this absorption 

band is due to electronic transitions from the occupied conduction band 

states to a higher lying conduction band and to the empty sodium states 

which are also located above the minimum of the conduction band (cf.
Fig. 4.1.1).

This interpretation of the asborption band is based on the 

behaviour of of the films as a function of the photon energy, *feo, 
and the value of x.

£ , which is proportional to e , (cf. section 4.1.1), is cal- 
culated from the expert mentally determined quantities a and n using 
the relation :

£2 1.972x10 an
'Kco (4.1.36)

where the absorption coefficient, a, is measured in cm and 'Koo in eV.
as a function of "tuo is shown in Fig. 4.1.6, 4.1.7 and 4.1.8 

for the films A2, A3 and A4 of Table 3.1.1. It is found that iiw£

is made up of two bands and obeys the relation :

'fiio £ Cfeaj) =
crfi2aj2

rt““6
>2 2,- a a) ) r2> 2 2+ r n a)

+ ̂ wE^Cfio)) (4.1.37)

The first term of the right hand side of equ. (4.1,39) is of the form of 
equ. (4.1.31) describing the imaginary part of the dielectric function
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Table 4.1.1

Parameters obtained from the application of the 
Lorentz' model to the optical spectra in the near 
infrared of the films, A2, A3 and A4

Film X H
(eV)

C
teV)2

r
(eV) at 2eV

A 2 5.6X10"3 1.31 0.053 0.827 0.0085

A3 8X10~ 3 1.3 0.1

n
o OO 0.018

A4 1x10~ 2 1.293 0.134 0.87 0.023
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Fig. 4.1.6 : Deconvolution of ̂ o)C2 of the 50A m.g.s. Na^lVO^
film A2 (curve 1) in terms of a Lorentzian oscillator 
(curve 2) and the contribution of the electronic transitions 
to the sodium states(curve 3). Curve (1) : experimental 
data from Fig 3.1.12. Curve (2) : calculated from the 
first term of equ. (4.1.37) using the parameters of Table 
4.1.1. Curve (3) : obtained by substraction of curve (2) 
from curve (1).
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Fig. 4.1.7 : Deconvolution of *feco£0 of the 50A m.g.s. Na W0_
film A3 (curve 1) in terms of a Lorentzian oscillator 
(curve 2) and the contribution of the electronic transitions 
to the sodium states (curve 3). Curve (P : experimental 
data from Fig. 3.1.12. Curve (2) : calculated from the first 
term of equ. (4.1.37) using the parameters of Table 4.1.1. 
Curve (3) : obtained by substraction of curve (2) from 
curve (1).
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F ig . 4 .1 .8  : D econvo lu tio n  o f f i c e .  o f  the  50A m .g .s . Na W0_ f i lm  --------------------  2 x 3
A4 (cu rve  1) in  term s o f  a L o re n tz ia n  o s c i l l a t o r  (cu rve  2) and the
c o n t r ib u t io n  o f  the  e le c t r o n ic  t r a n s i t io n s  to  the  sodium s ta te s
(cu rve  3 ) . Curve (1) : e xpe r im en ta l da ta  from  F ig . 3 .1 .1 2 .
Curve (2) : c a lc u la te d  from  the  f i r s t  te rm  o f  equ. (4 .1 .3 7 ) u s in g
the  param ete rs o f  Tab le 4 .1 .1 .  Curve (3 ) : o b ta in e d  by s u b s tra c t io n
o f  cu rve (2) from  cu rve (1 ) .



164

o f  an ensemble o f  bound e le c tro n s  in  the con te x t o f  the  Lo ren tz model.

The va lues o f  the cons tan ts  C, and T are shown in  Table 4 .1 .1 .

‘ficOg can be seen from  Table 4 .1 .1  to  inc rease  w ith  x by amounts equal 
to  the s h i f t  o f  the Fermi le v e l in s id e  the  conduc tion  band. A s im i la r  
s h i f t  towards sm a lle r energ ies can be seen from  F igs. 4 .1 .6 ,  7 and 8 to  
occur in  the  low energy c u t - o f f  o f  the  expe rim en ta l a b so rp tio n  band.

The cons tan t C, which is  p ro p o r t io n a l to  the  square o f  the  
plasma frequency o f  the e le c tro n s  c o n t r ib u t in g  to  the  t r a n s i t io n s ,  is  
found to  be p ro p o r t io n a l to  x as p re d ic te d  by equ. (4 .1 .3 4 ) .

The re fo re  the  t r a n s i t io n s  described  by the f i r s t  term  o f  equ. (4 .1 .3 7 )  
have t h e i r  i n i t i a l  s ta te s  a t the  conduction band minimum and t h e i r  f in a l  
s ta te s  a t a conduc tion  subband. The two conduction  bands are separa ted  
by an energy d if fe re n c e  o f  app rox im a te ly  0 .8  eV.

The second band o f  F ig s . 4 .1 .8 , 7 and 8 is  ob ta ined  by sub- 
s t ra c t io n  o f  the  c o n t r ib u t io n  o f  the Lo rentz o s c i l l a t o r  from  the exper

im en ta l da ta .

The fa c t  th a t i t s  low energy s ide  is  s h i f t in g  towards lower 
energ ies as x in c re a se s , in d ic a te s  th a t the i n i t i a l  s ta te s  o f  the  
t r a n s i t io n s  c o n t r ib u t in g  to  t h is  band are the occup ied conduction  band 
s ta te s  as w e l l .  On the o th e r hand, the f in a l  s ta te s  o f  these t r a n s i t io n s  
are assigned to  the  empty sodium s ta te s  because is  found to  be p ro -

p o r t io n a l to  x ( c f .  Table 4 .1 .1 ) .  is  p ro p o r t io n a l to  the  jo in t

d e n s ity  o f  i n i t i a l  and f in a l  s ta te s . T he re fo re , s ince  the i n i t i a l  s ta te s  
are p ro p o r t io n a l to  x the f in a l  s ta te s  have to  be p ro p o r t io n a l to  x 
as w e l l .  The o n ly  empty s ta te s  which are a fu n c t io n  o f  x are the  
sodium s ta te s . From the  p o s i t io n  o f the  band, the sodium s ta te s

are expected to  have the maximum o f  t h e i r  d is t r ib u t io n  app rox im a te ly  1.8eV, 
above the  conduc tion  band minimum.



At va lues o f  x la rg e r  than 0 .01 , the  two bands c o n tr ib u t in g  
to  o ve rlap  to  such an extend th a t  t h e i r  se p a ra tio n  is  no t p o s s ib le .

I t  was found, however, th a t has the x-dependence p re d ic te d  by equ.

(2 .1 .3 7 ) f o r  x < 0 .05 .

F ig . (4 .1 .9 ) s h o w s a t  2eV and leV as a fu n c t io n  o f  x .

For x < 0 .05 , ‘tkoe_ is  g iven by 
~ 2

"iiLOE2 (x ) = 7x + 80x^ a t 'troo = 2eV (4 .1 .3 8 )

Huje^(x) = 15 .4x - 0 .03 a t "Ka) =leV . (4 .1 .3 9 )

Equ. ( 4 .1 . i f f )  and (4 .1 .3 7 ) can be understood in  terms o f  equ. 
(4 .1 .3 ^ ) as fo l lo w s :

The terms l in e a r  in  x correspond to  the  f i r s t  term  o f  eq .

(4 .1 .3 7 ) which has a l in e a r  dependence in  x because o f  the plasma 
frequency in c lu d ed  in  C.

, NaThe q u a d ra t ic  term  in  x o f  equ. (4 .1 .4 0 ) corresponds to  nooe 
which is  zero a t leV and th e re fo re  does no t appear in  equ. (4 .1 .3 9 ) .

We, th e re fo re , expect th a t iiwe can be described  by equ. (4 .1 .3 7 ) )  f o r  
x -va lue s  up to  0 .05 .

I t  shou ld  be p o in te d  ou t th a t  equ. (4 .1 .3 9 ) g ives = 0 a t
_3x = 1.95x10 , ra th e r  than a t x = 0. S ince x is  a measure o f  the

sodium co n ce n tra tio n  in  the  f i lm s  and C a measure o f  the  e le c tro n s  in  
the  conduction  band s ta te s , the  fa c t  th a t C and consequently

_3become zero a t x = 1.95x10 can o n ly  be in te rp re te d  as evidence th a t  some 
o f  the  e le c tro n s  donated by the  sodium atoms occupy s ta te s  o th e r than the  
conduction  band s ta te s . P oss ib le  cand ida tes o f  such s ta te s  in c lu d e  the  
in te r fa c e  s ta te s  l i k e l y  to  e x is t  in  the  g ra in  boundary re g io n  because o f  
the  la ck  o f  f u l l  c o o rd in a t io n  o f  the tungs ten  and oxygen ions induced by
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the  extreme d is o rd e r o f  the m a te r ia l in  the g ra in  boundary.

At va lues o f  x h ig h e r than 0 .05 , the a b so rp tio n  band is  s t i l l

due to  e le c t r o n ic  t r a n s i t io n s  from  the  f i l l e d  conduc tion  band s ta te s

to  the  sodium s ta te s  and to  the s ta te s  o f  h ig h e r ly in g  conduc tion  sub-band.

The a p p l ic a b i l i t y ,  however, o f  equs (4 .1 .3 9 ) , ( 4 .1 .4 1 )  is  se ve re ly  l im ite d

by the  phase changes o c c u rr in g  a t x = 0 .07 and 0.11 and by the in c re a s in g

de fo rm a tion  o f  the  e le c t r o n ic  band s t ru c tu re  o f  Na W0, as the sodium con-x 3
c e n tra t io n  is  in c reased  ( c f .  s e c t io n  4 .1 .2 ) .  I t  shou ld , a ls o , be p o in te d  
ou t th a t  as the  Ferrrit le v e l r is e s  in s id e  the conduc tion  band, a t c e r ta in

x -v a lu e , i t  w i l l  reach the  bottom  o f  the h ig h e r ly in g  conduction  band,

(see F ig . 4 .1 .1 ) .  When th is  happens, the number o f  a v a ila b le  f in a l  s ta te s  
w i l l  be reduced and the  ab so rp tio n  band w i l l  s t a r t  decreas ing  in  magnitude  
w ith  x , (see F ig . 3 .1 .14  A18 ).

F u rth e r evidence in  suppo rt o f  the  model proposed above, to  ex

p la in  the ab so rp tio n  band in  the  v is ib le  and in f r a r e d ,  comes from  the  
behav iou r o f  the  re a l p a r t ,  n , o f  the  index o f  r e f r a c t io n .

As can be seen from Fig£. 3 .1 .2 2 , 23, 24, n e x h ib its  a minimum

and a maximum which can be e xp la ined  in  terms o f  the  above model as fo l lo w s :
2 2 2Since k «  n , n ^  where is  the re a l p a r t  o f  the  d ie le c t r ic  

cons tan t o f  the f i lm  which is  p ro p o r t io n a l to  the co rrespond ing  q u a n t ity  
o f  the g ra in s  ( c f .  s e c t io n  4 .1 .1  equ. 4 .1 .1 2 ) . In  terms o f  the Lo ren tz  
model, i f  de sc rib ed  by equ. (4 .1 .3 7 ) ,  w i l l  be g iven by:

2n uv
£1 +

CCk2o^2 -

* 2  ,2 >2 2, r2^2 2
(n  -  n  w ) + T a)

(4 .1 .4 0 )

is  the  c o n t r ib u t io n  o f  the e le c t r o n ic  t r a n s i t io n s  g iv in g  r is e  
to  the  ab so rp tio n  above the main a b so rp tio n  edge and i t  is  g iven by an 
equa tion  o f the  form  o f  e q j . (4 .1 .3 4 ) .
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The second term  in  equ. (4 ,1 .4 0 ) describes the  c o n tr ib u t io n

o f  the  e le c t r o n ic  t r a n s i t io n s  between the  two conduction  bands.
Na is  the  c o n t r ib u t io n  from the  t r a n s i t io n s  to  the  sodium s ta te s ,  

is  p o s i t iv e  in  t h is  s p e c tra l re g io n , w h ile  the  second and 
t h i r d  terms o f  eqj . (4 .1 .4 0 ) assume bo th  nega tive  and p o s i t iv e  va lues so 
th a t  and th e re fo re  n , e x h ib i t  a maximum and a minimum as the  expe rim en ta l 
da ta .

OIn  the  case o f  Na W0^ f i lm s  w ith  120A m .g .s . ,  the  in f r a re dx 3
ab so rp tio n  band and the re a l p a r t  o f  the index o f  r e f r a c t io n  are s im i la r

Oto  the co rrespond ing  q u a n t i t ie s  o f  the  50A m .g .s . f i lm s  (see Figs. 3 .1 .1 3  
and 3 .1 .1 4 ) . The magnitude o f  the  ab so rp tio n  is  however la rg e r  in  agree

ment w ith  equ. (4 .1 .1 ) which p re d ic ts  th a t  an in c rease  in  the volume f r a c t 

io n  o f the f i lm  occup ied by g ra in s  w i l l  r e s u l t  in  an in c rease  o f  the  d i 

e le c t r ic  fu n c t io n  o f  the f i lm .

On the o th e r hand, the o p t ic a l p ro p e r t ie s  o f  the  2-3y m .g .s . f i lm s  
show some fe a tu re s  which cannot be accounted f o r ,  o n ly  by the in te rb a n d  
t r a n s i t io n s  described  above. The ab so rp tio n  c o e f f ic ie n t  does no t become

zero a t the  low energy s ide  o f  the  band (F ig . 3 .1 .2 7 ) and the r e f l e c t i v i t y  
shows a w e ll d e fin e d  minimum (F ig . 3 .1 .28 ) which moves to  h ig h e r energ ies  
as x in c reases .

We b e lie v e  th a t  bo th  o f  these fe a tu re s  are m an ife s ta tio n s  o f  
f re e  c a r r ie r  t r a n s i t io n s  o c c u r r in g  c o -c u r re n t ly  w ith  the  in te rb an d  ones.

Free c a r r ie r  t r a n s i t io n s ,  i . e .  in d i r e c t  e le c t r o n ic  t r a n s i t io n s  between 
s ta te s  o f  the  same conduction  band v a lle y  occur in  a l l  degenerate sem i

conductors and m e ta ls . T h e ir e x is te n ce  is  w e ll e s ta b lis h e d  in  Na^WO^ 
s in g le  c r y s ta l [25 , 26] and in  la rg e  g ra in  p o ly c r y s ta l l in e  H WO f i lm s

X  j
o[293. T h e ir  e f fe c t  is  however, suppressed in  the  50A m .g .s . Na^WO^ 

f i lm s  because o f  the  sm a ll g ra in  s iz e . S im ila r  suppress ion  o f  the
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f re e  c a r r ie r  a sbo rp tio n  has been observed in  d is con tin uous  go ld  f i lm s  
[381 , in  composite Ni/A£?0 f i lm s  [39 ] and in  Na WO powder when mixed 
w ith  MgO [2 4 ].

The re a l and im ag ina ry p a rts  o f  the  d ie le c t r ic  fu n c t io n , £ , o f  
the  2-3y m .g.s Na^WO^ f i lm s ,  in  the  s p e c tra l re g io n  o f  0 .4 to  3eV can 
be w r i t te n  as fo l lo w s :

uv c Na £
C1 = C1 + C1 + e l  + £ 1 (4 .1 .4 1 )

E2 = E2 + E2 + E2 (4 .1 .4 2 )

where e  ̂ is  the  c o n t r ib u t io n  fo rm  the  t r a n s i t io n s  between the  ca lence
c cand conduction  bands, e^ , e^ are due to  t r a n s i t io n s  between the  two

N a N̂ aconduction  bands, > e2 are ^ue t0  t r a n s i t io n s  from  The occupied
f  fconduction  band s ta te s  to  the  sodium s ta te s  and e  ̂ , e ^ are the f re e  c a r r ie r  

c o n tr ib u t io n s  g iven  by the r e la t io n  [71 :

£

2 2
„J2£- 
>2 2 + Ti yf

£ f
2

(4 .1 .4 3 )

(4 .1 .4 4 )

t r ib u t io n  and u)

Y - is  the  in ve rse  o f  the re la x a t io n  tim e  o f  the  e le c tro n  d is -  
£ , N e 2 ^

Pf
is  t h e i r  plasma frequency,

Eom

Comparison o f  equs. (4 .1 .4 3 ) and (4 .1 .4 4 ) w ith  ou r expe rim en ta l
c N a fda ta  is  no t p o s s ib le  because £ , £ and £ cannot be separa ted . In  o rde r 

to  in v e s t ig a te  the  fre e  c a r r ie r  e f fe c ts ,  one would have to  measure a Cfko) 
and n(fico) a t ene rg ies low er than 0 .4  eV, where the  c o n t r ib u t io n  o f  the
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in te rb a n d  t r a n s i t io n s  is  n e g l ig ib le .

There are no o p t ic a l da ta in  the  v is ib le  and near in f r a re d  on
Osodium tungs ten  bronze th in  f i lm s  w ith  50A m .g .s . in  the l i t e r a t u r e  aga ins t 

which to  compare our r e s u lts .

R ecen tly , some e l l ip s o m e t r ic  s tu d ie s  a t 0 .63ym have been p e r

formed on Na W0_, L i WO- and H WO th in  f i lm s  w ith  sm a ll g ra in  s ize s  [401.
X  j  X *-) X  j

The va lues o f  and o f  Na^WO^ f i lm s  are in  e x c e lle n t agreement w ith  
ou r r e s u l ts .  Moreover, the sm a ll d if fe re n c e s  found between the  o p t ic a l  
constan ts o f  the  d i f f e r e n t  bronzes are in  agreement w ith  our model o f  the  
abso rp tio n s  band in  the  in f r a r e d .  The p o s it io n  o f  the  donor s ta te s  r e l 

a t iv e  to  the conduc tion  band depends on the io n is a t io n  energy o f  the donor 
atom. The re fo re  the p o s it io n  o f  the  ab so rp tio n  band re s u l t in g  from  the  
e le c t r o n ic  t r a n s i t io n s  to  the donor s ta te s  is  expected to  be d i f f e r e n t  f o r  
each b ronze. A s im ila r  d if fe re n c e  in  the shape o f  the  ab so rp tio n  bands 
o f  Li^WO^ and H^WO^ th in  f i lm s  can be seen in  the  o p t ic a l re s u lts  re p o rte d  
by Nakamura e t .  a l . [103.

K. Kang and M. Green [411 re p o r t the o p t ic a l a b so rp tio n  sp e c tra
Oo f  300A m .g .s . R.F. s p u tte re d  Na^WO^ f i lm s ,  in  which the sodium has been 

e le c tro c h e m ic a lly  in s e r te d . T h e ir  ab so rp tio n  bands f o r  d i f f e r e n t  x -va lue s  
are s im i la r  in  shape w ith  those in  F i^ .  3 .1 .1 2 , 3 .1 .1 3  and 3 .1 .1 4 , b u t

Othe  magnitude o f the ab so rp tio n  is  tw ice  th a t o f  our 50A m .g .s . f i lm s  
w ith  the  same x -va lu e s . This la rg e  d if fe re n c e  in  the  magnitude o f  the  
ab so rp tio n  is  due to  the  d if fe re n c e  in  the  g ra in  s iz e  o f the f i lm s  in  
agreement w ith  equ. (4 .1 .1 ) .

The data re p o rte d  by Kang and Green extend to  x -va lue s  up to  
0 .96 . The ab so rp tio n  bands co rrespond ing  to  x -va lu e s  la rg e r  than 0.5  
show a change in  shape and a continuous decrease in  magnitude as x in 

creases. Th is is  in  agreement w ith  our p re d ic t io n  th a t  bo th  the shape 
and magnitude o f  the ab so rp tio n  w ith  change when the  s ta te s  o f  the  second
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band w i l l  become occup ied .

The a b so rp t io n  in  the  near in f r a r e d  o f  Li^WO^ and H^WO^ in  t h in  
f i lm  fo rm  has a ls o  been re p o rte d  [14 , 32, 331 b u t d e ta i le d  comparison  
w ith  ou r r e s u l ts  is  in h ib i t e d  by the  la c k  o f  in fo rm a t io n  about the  f i lm s  
o r the  a b so lu te  magnitude o f  the  a b s o rp t io n . The shape, however, o f  the

Oa b so rp tio n  bands is  s im i la r  to  the  a b so rp t io n  bands ob ta in e d  f o r  the  50A 
m .g .s . f i lm s  in  t h is  work.

S ch irm er e t .  a l . C34D re p o r t  th a t  the a b so rp t io n  bands o f  H WO,
X

t h in  f i lm s ,  when a/tiealed a t 300°C s h i f t  to  low er e ne rg ie s  and become b roade r  
compared w ith  the  a b so rp tio n  bands o f  the  "as evapo ra ted " H WO f i lm s .

X  j

The r e f l e c t i v i t y  s p e c tra  o f  the  " c r y s t a l l i z e d "  f i lm s  are a lso  m  agreement 
w ith  the r e f l e c t i v i t y  o f  ou r 2-3p m .g .s . f i lm s  shown in  F ig . 3 .1 .2 8 .

The o p t ic a l p ro p e r t ie s  o f  Na WÔ  s in g le  c r y s ta l in  the v is ib le  
and near in f r a r e d  have been s tu d ie d  f o r  x -v a lu e s  la rg e r  than  0 .5 . A t these  
h ig h  co n ce n tra tio n s  o f  sodium bo th  the  a b so rp tio n  and r e f le c t io n  sp e c tra  
a re  dom inated by D rude -type  t r a n s i t io n s .  I t  has, however, been fo u n d [2 0 l,  
th a t  th e re  is  a s ig n i f i c a n t  c o n t r ib u t io n  to  the  d ie le c t r i c  fu n c t io n  from  
0 to  2.5eV from  d i r e c t  t r a n s i t io n s  w i th in  the  conduc tio n  band. C a lc u la t io n s

o f  the  j o i n t  d e n s ity  o f  s ta te s  o f  Na^ ^W0 C203 show s im i la r  c o n t r ib u t io n s  
in  the  same energy range. Camagni and Manara [35 ] have a lso  found i t

necessary to  in voke  e le c t r o n ic  t r a n s i t io n s  w ith in  th e  co ndu c tio n  band m  
o rd e r to  e x p la in  t h e i r  e le c t r o re f le c ta n c e  measurements on Na WO, s in g le  c rv s ta

An a b so rp t io n  band around 1.2 eV has a lso  been found superimposed  
on the  fxee  c a r r ie r  a b so rp t io n  o f  H WO s in g le  c r y s ta l by S a lje  and 
Hoppmann [63 - Th is a b so rp t io n  band becomes more p rom inen t as the  tem per

a tu re  o f  the  c r y s ta l is  low ered .

A b so rp tio n  bands in  the  near in f r a r e d  and v i s i b le ,  superimposed  
on the  f re e  c a r r ie r  a b s o rp t io n  have a lso  been found in  the  o p t ic a l  sp e c tra  
o f  impure MoO^ s in g le  c r y s ta ls  C423 and Re 0̂  s in g le  c r y s ta ls  [431 . Both
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o f  these ox ides have an e le c t r o n ic  s t ru c tu re  s im ila r  to  Na WO . Bandx 3
c a lc u la t io n s  o f  WÔ  and Na^WO^ s in g le  c r y s ta l [17 , 181 show th a t the

t  conduc tion  band m an ifo ld  o f  these m a te r ia ls  c o n s is t o f  two o ve r la p in g

bands. On the  ba s is  o f  these c a lc u la t io n s ,  one would expect th a t  when

the  s ta te s  o f  the  low er sub-band are occupied th e re  w i l l  be d ir e c t  o p t ic a l

t r a n s i t io n s  from  these s ta te s  to  the  h ig h e r sub-band, as shown in  F ig .

4 .1 .1 . Furtherm ore , the  same band s t ru c tu re  c a lc u la t io n s  in d ic a te  th a t

the  sodium s ta te s  in  Na WO- l i e  w e ll above the Fermi le v e l .  The samex 3
conc lu s ion  can be drawn from  the  sta tem en t o f  M ott C443 th a t  the p o te n t ia l  
o f  the  e le c tro n s  near the  la t t i c e  s i t e  o f  a sodium io n  is  re p u ls iv e .

The o r ig in  o f  the  a b so rp tio n  band o f  th in  f i lm  tungs ten  bronzes in  
the in f r a re d  has been a t t r ib u te d  to  in te rv a le n c e  t r a n s fe r  a b so rp tio n  ( I .T )  
[301 o r to  charge t r a n s fe r  a b so rp tio n  from  the va lence band to  a " s p l i t  
o f f "  W+5 s ta te  [2 J , 30] o r to  sm a ll poLaron a b so rp tio n  [2 9 ] .

A l l  th re e  models re q u ire  th a t  the e le c tro n s  donated by the  sodium  
atoms are lo c a liz e d  a t s ta te s  below the  conduction  band minimum. There 
a re , however, se ve ra l o b je c t io n s  to  t h is  hypo thes is  :

i )  The re s u lts  on the main a b so rp tio n  edge o f  Na^WO^ f i lm s  ( c f .  4 .1 .2 )

show th a t  the e x tra  e le c tro n s  occupy s ta te s  in  the conduc tion  band o f  W0^.

Th is is  a lso  con firm ed by s tu d ie s  o f  the  v a r ia t io n  o f  the  chem ical p o te n t ia l

o f  Na W0_ f i lm s  [11 . x 3
i i )  E le c tro n  sp in  resonance s tu d ie s  o f  FMVO  ̂ t h in  f i lm s  [4 5 ] ,  show th a t  
the  e le c tro n s  are no t lo c a liz e d  on s in g le  atom ic s i te s .

i i i )  The in te rv a le n c e  t r a n s fe r  and sm all po la ro n  models re q u ire  s tro n g  
c o r re la t io n  between the o p t ic a l a b so rp tio n  band and the  e le c t r ic a l  con

d u c t iv i t y  o f  the m a te r ia l [30 , 45, 4 7 ].

We found no such c o r r e la t io n  fo r  any va lue o f  x . Furtherm ore , the tem per

a tu re  dependence o f  the a b so rp tio n  band was found to  be ve ry  sm all [40 ]
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and one can e a s ily  a t t r ib u te  i t  to  the tem pera ture dependence o f  the

e le c t r o n ic  bands o f  Na WO .x 3
We th e re fo re  conclude th a t the  above mentioned models i . e .  i n t e r 

va lence t r a n s fe r ,  charge t r a n s fe r  and sm a ll po la ro n  fo rm a tio n  are no t 
a p p lic a b le  in  Na WO th in  f i lm s .X O
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4 .1 .6  A bso rp tio n  a r is in g  from w a te r (?)

F ig , 3 .1 .15  shows a sm all a b so rp tio n  band around 0.4eV , found

bo th  on WO, and Na WO, f i lm s .3 x 3
We b e lie v e  th a t  t h is  in f r a r e d  band is  due to  the OH s t re tc h in g  

v ib r a t io n  o f  the H^O molecu les which are l i k e l y  to  be trapped  m a in ly in  
the  g ra in  boundary reg ions  o f  the f i lm s  d u r in g  e vapo ra tio n  and on the  
su rfa ce  o f  the f i lm  when exposed to  a i r .

S im ila r  a b so rp tio n  bands have been observed in  WÔ  f i lm s  and 
have been c o r re la te d  to  the p a r t ia l  p ressu re  o f  w a te r vapour du rin g  
evapo ra tio n  [4 8 ].

I t  shou ld be p o in te d  ou t th a t the ab so rp tio n  bands o f  F ig .

3 .1 .15  occu r a t sm a lle r energ ies than the s t re tc h in g  v ib r a t io n  o f  OH in  
gas phase w a te r which occurs a t 0.45eV [4 9 ]. S im ila r  s h i f t s  in  the  
v ib r a t io n a l frequenc ies  OH have been observed to  occu r when the  OH groups 
are in  l iq u id  o r s o l id  envirom ents [50 ] as a r e s u l t  o f  the in te ra c t io n  
w ith  ne ighbou ring  m o lecu les . I t  is  th e re fo re  expected th a t  the OH groups 
are s t ro n g ly  bound to  the W0^ f i lm s .  Tho exact form  o f  the in te ra c t io n  
o f  w a te r w ith  W0  ̂ is  no t known and the unde rs tand ing  o f  t h is  process as 
w e ll as i t s  q u a n t i ta t iv e  a n a ly s is  re q u ire s  fu r th e r  in v e s t ig a t io n .
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4 .2  E le c t r ic a l  p ro p e r t ie s

4 .2 .1  In t ro d u c t io n

For the purpose o f d is cu ss io n  o f  the e le c t r ic a l  p ro p e r t ie s

the "as evapora ted" W0„ and Na WO f i lm s  are tre a te d  as a c o lle c t io no x
o f  c r y s ta l l in e  p a r t ic le s  embedded in  a m a tr ix  o f  g ra in  boundary m a te r ia l,  
(see s e c t io n  4 .1 .1 ) .

I t  is  expected th a t the d is o rd e r in  the g ra in  boundary m a te r ia l 
g ives r is e  to  a la rg e  number o f  de fe c ts  which in  tu rn  form  a la rg e  number 
o f  lo c a liz e d  e le c t r o n ic  s ta te s  in  the fo rb id den  gap o f  the g ra in  boundary 
m a te r ia l.  These s ta te s  can cap tu re  f re e  c a r r ie rs  the reby  c re a t in g  a 
p o te n t ia l b a r r ie r  and reduc ing  the c o n d u c t iv ity  o f  the f i lm  as compared 
to  th a t o f  the s in g le  c r y s ta l .

A one d im ens iona l ske tch o f  the  band diagram in  p o ly c r y s ta l l in e  
Na WO f ilm s  is  shown in  F ig . 4 .2 .1 . I t  is  assumed th a t  a l l  the g ra in s

X j

have the same dimensions and th a t the th ickn ess  o f  the  g ra in  boundary is  
sm a ll compared w ith  the  m .g .s .

The r e s i s t i v i t y  and Seebeck c o e f f ic ie n t  o f  the  f i lm  can be 
approximated by the fo l lo w in g  re la t io n s  :

p =
. L . pg +

f21  ̂

. L ,

s = [L- 2V _ +

C
M

. L JSg i L J

where L is  the mean g ra in s iz e , 2 /z^o

gb

gb

(4 .2 .1 )

(4 .2 .2 )

the  g ra in  boundary dep le ted  from  fre e  c a r r ie rs  , p and S are the r e s i s t i v i t y
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grain boundaries

F ig . 4 .2 .1  : Sketch o f  the  band diagram  in  p o ly c r y s ta l l in e
Na WO, f i lm s  x 3

F ig . 4 .2 .2  : Sketch o f  the  band d iagram  in  p o ly c r y s ta l l in e  
NaxW°3 f l lm s  around a g ra in  boundary , show ing the  q u a n t i t ie s  
used m  the  c a lc u la t io n  o f  the  space charge.
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and Seebeck c o e f f ic ie n t  o f  the m a te r ia l a t the cen tre  o f  the g ra in  and 
p , S are the co rrespond ing  q u a n t i t ie s  o f  the m a te r ia l in  the reg iono ©
o f  the g ra in  boundary dep le ted  from  c a r r ie r s .

The e le c t r ic a l  p ro p e r t ie s  o f  the degenerate m a te r ia l o f  the  g ra in  
are determ ined by the p o s it io n  o f  the  Fermi le v e l r e la t iv e  to  the conduction  
band. On the o th e r hand the e le c t r ic a l  p ro p e r t ie s  o f  the d e p le tio n  re g ion  
are determ ined by the p ro p e r t ie s  o f  the p o te n t ia l b a r r ie r .  The shape and 
h e ig h t o f  the p o te n t ia l b a r r ie r  can be ob ta in ed , in  the  one d im ens iona l case, 
under c e r ta in  s im p l i f y in g  approx im a tions from a space charge c a lc u la t io n  
o f  the g ra in .

I t  is  assumed th a t the  e le c tro n  d is t r ib u t io n  a t the cen tre  o f  
the  g ra in  is  no t a f fe c te d  by the presence o f  the space charge re g io n  and th a t  
the  d is t r ib u t io n  o f  sodium is  u n ifo rm  th roughou t the g ra in  r ig h t  up to  the  
in te r fa c e  w ith  the next g ra in . Any n o n -u n ifo rm ity  in  the d is t r ib u t io n  o f  
sodium is  igno red  f o r  the purpose o f  t h is  c a lc u la t io n .  Under these  
assumptions we fo l lo w  the space charge c a lc u la t io n  o f  Seiwatz and Green

[5 1 ].

The energy and p o te n t ia l terms used are shown in  F ig . 4 .2 .2 .

E^ is  the Fermi le v e l,  E and Ey are the energ ies a t the bottom  and top  F c
o f  the conduction  and va lence bands re s p e c t iv e ly  and E j is  the energy th a t  
Ec would assume i f  the g ra in  were i n t r i n s i c .  The fo l lo w in g  q u a n t it ie sr

are used:

u
hT

g
Ec

kT

£F
Ec

kT

(4 .2 .3 )

(4 .2 .4 )

(4 .2 .5 )
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The charge density, p , at any point inside the grain is given

by

p = eN__ - eN Kc D e (4 .2 .6 )

where e is  the e le c t r o n ic  charge, is  the co n ce n tra tio n  o f  the sodium  
atoms which are assumed to  be io n iz e d  a t a l l  tem pera tures and is  the  
e le c tro n  co n ce n tra tio n  in  the conduction band.

We assume th a t  the co n ce n tra tio n  o f  the  a c c e p to r - lik e  im p u r it ie s  
and the ho le  c o n ce n tra tio n  are n e g l ig ib ly  sm a ll.

The e le c tro n  c o n ce n tra t io n , N , a t any p o in t  in s id e  the g ra in  
is  g iven by [51 ] :

Ne 4tt
2m kT'l 3 /2

,
Fj. (u-g) (4 .2 .7 )

*where m is  the e f fe c t iv e  mass o f  the e le c tro n  and the  fu n c t io n  F (u -g ) is
h

de fin ed  by the r e la t io n

FjCn)
r°°

0
x3dx

1+exp (x -r|)
(4 .2 .8 )

Equ. (4 .2 .7 ) is  a p p lic a b le  to  s o lid s  w ith  p a ra b o lic  conduction  
bands and th e re fo re  can be a p p lie d  to  Na WÔ  s ince  sucn an app rox im a tion  
was shown to  be v a l id  (see s e c t io n  4 .1 .2 ) .

P o isson ’ s equa tion  in  one dimension can be w r i t te n  as

e 5 /£ s£0kT ( 4 . 2 . 9 )

where egand are the p e rm i t iv i t ie s  o f  WÔ  and fre e  space.
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Using equ. (4 .2 .6 ) and equ. (4 .2 .7 ) ,  equ. (4 .2 .9 ) can be

w r i t te n  as

j2d u
dz

j  = -A + B F ju -g ) (4 .2 .1 0 )

wnere
e \

A =
V o kT

and

(2m*hT)5 / 2 
e247T h 2

esC0kT

(4 .2 .1 1 )

(4 .2 .1 2 )

Equ. (4 .2 .1 0 ) can be in te g ra te d  us ing  the  r e la t io n

3F.(n)
--- = j F (n) (4.2.13)
3n 3-1

duand the fa c t  th a t  a t the cen tre  o f  the g ra in  = 0 and u = g + ep

to  g ive  :

du 4B
d? = {2ACg + eF~u) + r lF3/lU-g) - F3/2(£F)J}'

(4 .2 .1 4 )

Equ. (4 .2 .1 4 ) eva lua ted  a t z = 0 g ives

du
dz -{2A (eA+ep) + 3 I F3/ 2 ^ 'eA') ~ F3/2^£F)' ^

. . .  (4 .2 .1 5 )
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where e = g - u a t z=0 is  the a c t iv a t io n  energy over the p o te n t ia lA
b a r r i e r  in units of kT.

The num erica l e v a lu a t io n  o f  — ■ re q u ire s  th a t  the fu n c tio n s  
Fj Ol) be known fo r  p a r t ic u la r  va lues o f  q , These fu n c tio n s  have been 
eva lua ted  f o r  j = h and 3/2 in  the range q = -4 to  20 by McDougall and 
S tone r [52 ] and ta b le s  f o r  t h e i r  e v a lu a t io n  can a lso  be found in  r e f  [51] 
and [5 3 ] .  For va lues o f  q o u ts id e  the range -4 to  20 the l im i t in g  forms 
o f  F .(q ) can be used.

l im  Fx (q) = h n'1 (4 .2 .1 6 )
q

and

lim  F (n) = O + l ) ' 1 nJ+1 • (4 .2 .1 7 )
q - 00

F3/2C-eA}

For the e x p e r im e n ta lly  found va lues o f  and e^ 
<< ^3 /2 ^eF  ̂ anc* eclu * (4 .2 .1 5 ) can be w r i t t e n  as

(see Table 3 .2 .3 )

du
dz z=0 {2A (€a +£f }

4B
3 ~ 3 /2 (4 .2 .1 8 )

The e le c t r ic  f i e l d  Es a t the in te r fa c e  is  g iven by the r e la t io n

Es
kT
e

du
dz z=0

(4 .2 .1 9 )

Using Gauss’ law we can o b ta in  the ne t space charge pe r u n it  
in te r fa c e  area

-

2e e, kT s 0
e

du
dz z=0

(4 .2 .2 0 )
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which can be re la te d  to  the d e n s ity  o f  f i l l e d  in te r fa c e  s ta te s .

The d is t r ib u t io n  o f  the in te r fa c e  s ta te s  in  Na WO, is  no t known.x 3
For the purpose o f  t h is  d is cu ss io n  we s h a l l assume th a t  the  m o b i l i t y  gap 
o f  the g ra in  boundary m a te r ia l is  the same as the i n t r i n s i c  gap o f  the  
g ra in  m a te r ia l and th a t bo th  the conduc tion  and va lence bands d e n s it ie s  
o f  s ta te s  o f  the g ra in  boundary m a te r ia l have t a i l s  which extend towards 
the  m idd le o f  the gap and which va ry  e x p o n e n t ia lly  w ith  energy. T he re fo re , 
the conduc tion  band t a i l  w i l l  be o f  the  form  :

where is  the number o f  in te r fa c e  s ta te s  pe r u n i t  area a t E = and E 
is  a cons tan t w ith  the u n its  o f  energy.

Assuming th a t each s ta te  can accommodate one e le c tro n , the  
number o f  f i l l e d  s ta te s , above E^, is  g iven  by

(4 .2 .2 1 )

Nss Ns (E )f(E )dE (4 .2 .2 2 )
EI

where f(E ) is  g iven by

f  (E) = (1 + exp ( -pp^-) } 1 (4 .2 .2 3 )

ta k in g  f(E ) « 1, equ. (4 .2 .2 2 ) can e a s i ly  be in re g ra te d  to  g ive

N = E exp ss 0 s
'(g -e A) k f

(4 .2 .2 4 )

The in te r fa c e  charge g iven by equ. (4 .2 .2 0 ) is  re la te d  to  Nss by

the fo l lo w in g  equa tion  :
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Q = e Nss (4 .2 .2 5 )

wh ich , u s ing  equ. (4 .2 .2 4 ) ,  (4 .2 .2 0 ) and (4 ,2 .1 8 ) can be w r i t te n  as

exp
-e .kT\ e £n kT : S U

e2N E 0 s

exp
gxT
F.s k

2A(e^ + £p) —  F (e ) 3 3/2 1 Fj

. . (4 .2 .2 6 )

Equ. (4 .2 .2 6 ) can be used to  c a lc u la te  e , once Nq and Eg are

known.

The c a lc u la t io n  o f  the shape o f  the p o te n t ia l b a r r ie r  can on ly  be 
achieved by s o lv in g  the d i f f e r e n t ia l  equ. (4 .2 .1 4 ) .  However, th is  is  
no t e a s i ly  done.

In  the re g io n  0 < z < Z^, the  fo l lo w in g  app rox im a tion  can be made

F3 /2 (u -g ) «  F3 /2 U f ) . (4 .2 .2 7 )

The p h y s ic a l meaning o f  the app rox im a tion  (4 .2 .2 7 ) is  th a t the  
de n s ity  o f  f re e  c a r r ie r s  in  the re g io n  0 < z < Ẑ  is  much sm a lle r than the  
d e n s ity  o f  the fre e  c a r r ie r s  in  the re g io n  Z^ <_ z <_ L-f. .

Using the r e la t io n  (4 .2 .2 7 ) ,  equ. (4 .2 .1 4 ) can be w r i t te n  as :

—  = {2A(g+ep-u ) - —  F ^ /2 (^ p ) } f o r  0 < z <

. . . (4 .2 .2 8 )

Equ. (4 .2 .2 8 ) can be s im p l i f ie d  making the s u b s t i tu t io n
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V = (2A (g + £p) - F (ep) - 2Xu}H (4 .2 .2 9 )

4 ^  = -A 0 < z < l „  . (4 .2 .3 0 )dz — — U

Equ. (4 .2 *30 ) can be so lved , ta k in g  in to  account th a t  a t z = 0 
u = g - e , to  g ive

2B c r , 1
U g + £F 3A F3/2 £F 2A [2A(eA+eF) - 34B, 3/ 2 (eF) ]  Az

r-2

(4 .2 .3 1 )

which g ives the shape o f  the p o te n t ia l b a r r ie r  in  the re g io n  0 _< z <_ Z^ .

Making use o f  the fa c t  th a t  u = g a t z = £ q , an exp ress ion  fo r  
£ can be ob ta in ed  from  equ. (4 .2 .3 1 ) ,  in  terms o f  e^ and €p.

^0 A ^ 2A('£A+ ^  '  3 F3 /2 ^6F ^  ^2A£F " 3 F3 /2 ^GF ^  * *

. . .  (4 .2 .3 2 )
The va lues o f  eA and Z^ ob ta ined  from  equ. (4 .2 .2 6 ) and (4 .2 .3 2 )  

re s p e c t iv e ly  are expected to  p ro v id e  reasonable approx im a tions to  the a c t i 

v a tio n  energy and the w id th  o f  the d e p le t io n  re g io n  a t low sodium con

c e n tra t io n s . A t h ig h e r x -v a lu e s , se ve ra l c o n d it io n s  used in  the d e r iv a t io n  
o f  these two equa tions are no t s a t is f ie d :

a) For x > 0.08 , e > e. and the app rox im a tion  o f  £ ob ta ined  from  
equ. (4 .2 .3 2 ) f o r  x > 0 .08 cannot be conside red as accu ra te .

b) I t  was shown in  s e c t io n  (4 .1 .2 ) th a t f o r  x > 0.05 the band gap o f  
Na W0 changes w ith  x. T he re fo re , equ. (4 .2 .2 6 ) cannot be used f o r

X o

x > 0.05 w ith o u t ta k in g  in to  account the changes in  the  band gap.

c) I t  shou ld  a lso  be p o in te d  ou t th a t the  e le c t r ic  f i e l d  a t the
7 -1in te r fa c e  is  expected to  assume q u ite  la rg e  va lues (~ 10 V cm )
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as x in c reases above 0 ,05 . A t these h igh  va lues o f  the e le c t r ic  f ie ld

the  energy spectrum  o f  Na WO is  expected to  d is p la y  S ta rk  s p l i t t i n g  o f  theX o

o rde r o f  se ve ra l kT [50] the reby making a sim ple d e s c r ip t io n  o f  the band 
s t ru c tu re  in v a l id .

Bearing the above l im i ta t io n s  in  m ind, equs.(4 .2 .2 6 )  and (4 .2 .3 2 )  
can be used in  o rd e r to  c a lc u la te  the e le c t r ic a l  p ro p e r t ie s  o f  the  
d e p le t io n  re g io n  and th e re fo re  the e le c t r ic a l  p ro p e r t ie s  o f  the  Na WO

X j

f i lm s  can be compared w ith  the  e x p e r im e n ta lly  ob ta in ed  ones.
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4 .2 .2  R e s is t iv i t y  o f  Na W0_ f ilm sx 3

The r e s i s t i v i t y  o f  Na WO f ilm s  can be approximated by
X  j

equ. ( 4 .2 .1 ) .  The r e s i s t i v i t y ,  p , o f  the c e n tra l p a r t  o f  the g ra in ,g
< z < is  g iven by the  r e la t io n

P = 1 (4 .2 .3 3 )
^ eu N e e

where p is  the m o b i l i t y  o f  the e le c tro n s  and N is  the d e n s ity  o f  e le c tro n s  e e
in  the conduc tion  band.

In  the range o f  x -va lue s  0.0056 < x < 0 .2 2 , the  Fermi le v e l is  
above the conduc tion  band minimum, ( c . f .  s e c t io n  4 .1 .2 )  and th e re fo re  Ne
is  g iven by equ. (4 .1 .2 6 ) . The e le c tro n  m o b i l i t y  is  no t known a t low x-

2va lu es , i f  however, we use the va lue  o f  15 cm /Vsec found fo r  Na^ ^W0 
s in g le  c r y s ta l [5 5 ], equ. (4 .2 .3 3 ) becomes :

Pg
2 . 2x 10

x 0, cm (4 .2 .3 4 )

p is  th e re fo re  seve ra l o rde rs o f  magnitude sm a lle r than the r e s i s t i v i t y  o f
o

the f i lm  found e x p e r im e n ta lly  (see ta b le  3 .2 .3 ) .  Equ. (4 .2 .1 ) can be 
w r it te n  as

P
r 21  ^

gb
(4 .2 .3 5 )

There are two p o s s ib le  c u rre n t t ra n s p o r t mechanisms in  the reg ion  
o f  the b a r r ie r :  te rm io n ic  em iss ion ove r the b a r r ie r  and e le c tro n  tu n n e l l in g

through the b a r r ie r .  We b e lie v e  th a t bo th o f  these mechanisms c o n tr ib u te  
to  the e le c t r o n ic  c u rre n t in  the re g ion  o f  the p o te n t ia l b a r r ie r .  The
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r e la t iv e  p ro p o r t io n  o f  the  c u rre n t d e n s ity  due to  the  two mechanisms 
depends on the  th ickness  and h e ig h t o f  the b a r r ie r  as w e ll as on the  
tem pera ture and e le c t r ic  f i e l d  a p p lie d  to  the sample.

For sm all e le c t r ic  f ie ld s ,  a t tem pera tures above 300°K the  
th e rm io n ic  em ission c u rre n t is  expected to  be the dominant component.

At lower tem pera tures and /o r low and th in  p o te n t ia l b a r r ie r s ,  the tunne l 
l in g  component is  ecpected to  be s ig n i f ic a n t  to o .

The re fo re  the r e s i s t i v i t y ,  p o f  the  d e p le t io n  re g io n , f o r  
T > 300°K, w i l l  be o f  the form :

Pgb = Pgb
f n Ae*p( FT ) (4 .2 .3 6 )

as in  the case o f  d iscon tin uous  th in  metal f i lm s  [56 ] . The cons tan t 
i-s a fu n c t io n  o f  the p ro p e r t ie s  o f  the p o te n t ia l b a r r ie r  and the  

sodium co n ce n tra tio n  o f  the  f i lm .

The re fo re  equ. (4 .2 .3 5 ) can be w r i t te n  as

2V  0 ea
— )p gb exp ( kT 3 ( 4 .2 . 3 »

fo r  T > 3000 K

Equ. (4 .2 .3 7 ) is  o f  the fo rm  o f  the expe rim en ta l equa tions (3 .2 .1 ) p rov ided

th a t E. is  id e n t i f ie d  as the  the rm a l a c t iv a t io n  energy and p o f
A 21 U

^0 0equ. (3 .2 .1 ) is  se t equal to  ( —j—)p ,

A t tem pera tures low er then 300°K the tu n n e l l in g  c o n t r ib u t io n  
becomes in c re a s in g ly  im po rta n t and the r e s i s t i v i t y  d e v ia te s  from  Equ.

(4 .2 .3 7 ) ,  see F ig . ( 3 . 2 . 6 )  to  (3 .2 .1 0 ) .  Furtherm ore , th is  d e v ia t io n  
becomes la rg e r  and se ts  in  a t h ig h e r tem pera tures as the sodium co n ce n tra tio n  
o f  the f i lm s  in c reases . T ins is  in  agreement w ith  the  fa c t  th a t  the



187

tu n n e l l in g  c u r re n t in c reases  as the  h e ig h t and w id th  o f  the  p o te n t ia l  
b a r r ie r  become sm a lle r ,

Equ. (4 ,2 .3 7 ) cannot be used to  c a lc u la te  the  va lue  o f  the  re s 

i s t i v i t y  o f  the  f i lm s  because p^, is  no t known. I t  does, however,
gb

p r e d ic t  c o r r e c t ly  the dependence o f  the  r e s i s t i v i t y  on the  mean g ra in  s ize  
o f  the  f i lm s .  As can be seen from  ta b le  ( 3 ,2 .3 ) ,  the  r a t io  o f  the  room

tem pe ra tu re  r e s i s t i v i t y  o f  the  50A m .g .s . Na WO f i lm s  to  th a t  o f  the  2-3y
X w)

m .g .s . f i lm s  w ith  the  same x -v a lu e  is  e qua l, to  w i th in  a fa c to r  o f  f iv e ,  
to  the  in v e rs e  o f  the  r a t io  o f  t h e i r  m .g .s .

OThe va lues o f  th e  the rm a l a c t iv a t io n  energy o f  the  50A m .g .s .

Na WO f i lm s ,  p repared under the  same c o n d it io n s , o f  ta b le  (3 .2 .3 )  are shown
X j

m  F ig . ( 4 .2 .3 ) .  The l in e  th rough  the  e xpe r im en ta l p o in ts  m  F ig . (4 .2 .3 )  
is  o b ta in e d  from  equ. (4 .2 .2 6 ) .  The q u a n t i t ie s  used in  t h is  c a lc u la t io n  
are as fo l lo w s  :

g = 63 in  kT u n its  a t 500°K has been o b ta in ed  from  the  o p t ic a l gap o f
O

50A WO_ f i lm s  ( c . f .  see 4 .1 .2 )

£ the  r e la t iv e  p e rm i t iv i t y  o f  WO is  taken to  be 8, from  measurements s 6
o f  WO, p o ly c r y s ta l l in e  p e l le t s  [5 7 ] .  Measurements o f  the  d ie le c t r ic

p ro p e r t ie s  o f  !V0_ f i lm s  [58 ] a ls o  show th a t  £ v a r ie s  from  4 to  30 dependings
on the  d e n s ity  o f  the f i lm s  and the  frequency a t wh ich the  measurement 
was ta ken . I t  sh ou ld , however, be p o in te d  ou t th a t  the  r e la t iv e  p e rm i t iv i t y  
o f  s in g le  c r y s ta l W0^ is  re p o rte d  to  be ve ry  la rg e  (230 K e5 < 1000) a t 
room tem pe ra tu re  [59 , 6 0 ].  T h is  la rg e  va lue  o f  the r e la t iv e  p e rm i t iv i t y  
o f  s in g le  c r y s ta l W0, is  p o s s ib ly  due to  sm a ll amounts o f  hydrogen o r  
o th e r im p u r i t ie s  which are in c o rp o ra te d  in  the W0^ fo rm ing  a d i lu t e  b ronze .

In  such a case, the  c r y s ta l is  expec ted to  behave l ik e  a m eta l and the



i i lm s .  The curve th rough  the  e xpe r im en ta l p o in ts  is  c a lc u la te d  from  
Fon 4 .2 .^ 8 .
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measured r e la t iv e  p e rm i t iv i t y  w i l l  be q u ite  la rg e .

e , the reduced Fermi energy is  c a lc u la te d  from  the r e la t io n  
r

eF
1 .3x2 /3

'rp=r- which was found from  the o p t ic a l p ro p e r t ie s  o f  Na WO K 1 X 3

to  be v a l id  f o r  x -va lues a t le a s t up to  0.05 ( c . f ,  s e c t io n  4 .1 2 ) .  
m* is  taken equal to  the fre e  e le c tro n  mass

E = 0.782 eV s
35 - 2 - 1Nq = 9.94x10 m J

and have been ob ta in ed  by f i t t i n g  equ. (4 .2 .2 6 ) to  the  
expe rim en ta l re s u lts  a t the  low x -va lu e  s ide  o f  F ig , ( 4 .2 .3 ) ,  where the  
assumptions in  the  d e r iv a t io n  o f  equ. (4 .2 .2 6 ) are a t t h e i r  b e s t.

Using the above q u a n t i t ie s  equ. (4 .2 .2 6 ) becomes

exp(-0 .033  eA) = 0.02 {10

(4 .2 .3 8 )

Taking in to  account the l im i ta t io n s  o f  equs.(4 .2 .2 6 )  and

(4 .2 .3 8 ) ( c . f .  s e c tio n  4 .2 .1 ) ,  the th e o re t ic a l curve ob ta ined  from  equ.

(4 .2 .3 8 ) is  in  s a t is fa c to r y  agreement w ith  the expe rim en ta l r e s u lts .

Equ. (4 .2 .3 8 ) p re d ic ts  th a t  as x 0 , E. tends to  the va lue  o f  h a l f  the
A

O
o p t ic a l gap o f  50A m .g .s . W0^ f i lm s  which was found to  be 1.625 eV. This  
is  a lso  in  agreement w ith  the va lue  o f  the a c t iv a t io n  energy o f  W0^ f i lm  A1 
(see ta b le  3 .2 .3 ) found to  be 1.4eV, co n s id e r in g  th a t  W0^ f i lm s  con ta in  sm all 
amounts o f  hydrogen which w i l l  decrease t h e i r  the rm a l a c t iv a t io n  energy.

A t h igh  x -v a lu e s , x ~ 0 .2 , equ. (4 .2 .3 8 ) p re d ic ts  th a t  the  
a c t iv a t io n  energy tends to  zero as i t  is  expected to  happen when a l l  the  
lo c a liz e d  in te r fa c e  s ta te s  are f i l l e d .  Note th a t  the expe rim en ta l data  
tend to  zero as w e l l ,  b u t a t h ig h e r x -v a lu e s , see ta b le  (3 .2 .3 ) .
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I t  is  expected th a t when the  a c t iv a t io n  energy becomes zero 
the r e s i s t i v i t y  o f  the Na WO f ilm s  w i l l  become m e ta llic  and i t  w i l l  be g iven

X ^

by equ. (4 ,2 .2 3 ) approach ing the r e s i s t i v i t y  o f  the  s in g le  c r y s ta l Na^WO^.

I t  shou ld be p o in te d  ou t th a t the d e n s ity  o f  in te r fa c e  s ta te s  
was conside red to  be the same fo r  a l l  the  f i lm s .  Th is however, may no t 
be the case; The in te r fa c e  s ta te s  a r is e  from  incom p le te  bonding in  the  
re g ion  o f  the g ra in  boundary and t h e i r  d e n s ity  is  expected to  be a sen

s i t i v e  fu n c t io n  o f  the c o n d it io n s  o f  p re p a ra tio n  o f  the  f i lm s ,  and t h e i r  
subsequent h is to r y ,  e .g . heat tre a tm en t. This is  w e ll i l l u s t r a t e d  by the  
fa c t  th a t  the  a c t iv a t io n  energy o f  the 2-3y m .g .s . f i lm s  is  much sm a lle r

Othan the a c t iv a t io n  energy o f  the 50A m .g .s . f i lm s  w ith  the  same x -v a lu e ,  
in d ic a t in g  th a t the  d e n s ity  o f  the  in te r fa c e  s ta te s  in  the annealed f i lm s  
is  sm a lle r . T he re fo re , the  d e v ia t io n  o f  the expe rim en ta l p o in ts  from  
the  th e o re t ic a l curve in  F ig . (4 .2 .3 ) can be p a r t ly  a t t r ib u te d  to  sm a ll 
v a r ia t io n s  in  the co n d it io n s  o f  p re p a ra tio n  o f  the  f i lm s .

The e f fe c t  o f  the w a te r vapour p a r t ia l  p ressu re  du rin g  eva

p o ra t io n  on the r e s i s t i v i t y  o f  the WO f i lm s ,  see F ig . ( 3 .2 .2 ) ,  as w e ll 
as the  e f fe c t  o f  the hea t trea tm en t o f  the f i lm s  in  vacuum and a i r ,  F ig s . 
( 3 .2 .2 ) ,  (3 .2 .4 ) and (3 .2 .5 ) can be e xp la ined  in  terms o f  hydrogen bronze  
fo rm a tio n . We b e lie v e  th a t  w a te r molecu les adsorbed on the  su rface  o f  
the f i lm s  and in  the g ra in  boundary re g io n s , a t low p re ssu re s , a c t as a 
source o f  p ro tons  which d if fu s e  in s id e  the f i lm  to  form  d i lu te  hydrogen  
b ron ze .

I t  is  expected th a t  the hydrogen bronze fo rm a tio n  is  more fa v 

ou rab le  when the WÔ  f i lm  is  oxygen d e f ic ie n t  so th a t the  re a c t io n  o f  
w a te r w ith  the WÔ  is  as fo llo w s ;

| h 2o + WO 3-y Hx WO
3 -y+ X.

2
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Heat trea tm en t o f  these hydrogen bronze f i lm s  in  a i r  re s u lts  in  p a r t ia l  
o u td if fu s io n  o f  the hydrogen the reby in c re a s in g  t h e i r  r e s i s t i v i t y  and 
a c t iv a t io n  energy. In  the case o f  la rg e  g ra in  WÔ  f i lm s ,  the process  
o f  H WÔ  fo rm a tio n  is  much s low e r because the  d i f fu s io n  o f  hydrogen in  
and ou t o f  the f i lm  is  much s low e r.

In  view o f  the above d is cu ss io n  we conclude th a t  the r e s i s t i v i t y  
o f  the Na WO f ilm s  is  m a in ly  dererm ined by the presence o f  the p o te n t ia l

X  j

b a r r ie r s  in  the g ra in  boundary re g io n .

There are no e le c t r ic a l  measurements o f  Na W0_ f ilm s  in  thex 3
l i t e r a t u r e  aga in s t which to  compare ou r r e s u l ts .  There i s ,  however, 
good agreement between the behav iou r o f  the r e s i s t i v i t y  o f  ou r f i lm s  and 
the r e s i s t i v i t y  o f  H WO f ilm s  [61, 62, 63] which are expected to  behaveX j

in  a way s im i la r  to  Na WO f i lm s .
X j

The dependence o f  the r e s i s t i v i t y  of H WO f i lm s  on the  e le c t r ic
X j

f i e ld  a p p lie d  to  the f i lm ,  [63 , 64, 6 5 ], shows th a t  the  r e s i s t i v i t y  de-
3 -1creases as the e le c t r ic  f i e ld  inc reases above ~ 10 V cm and th a t  the  

decrease o f  the r e s i s t i v i t y  is  la rg e r  a t low er tem pera tu res . Th is is  in  
agreement w ith  the model o f  the e le c t r ic a l  p ro p e r t ie s  o f  Na^WO^ f ilm s  
discussed above, s ince  the tu n n e l l in g  c o n t r ib u t io n  to  the e le c t r ic  c u rre n t  
is  expected to  be f i e l d  dependent.

R e s is t iv i t y  measurements o f  s in g le  c r y s ta l bronzes [6 , 27, 55, 
66, 67, 68, 69] in d ic a te  th a t they are m e ta l l ic  i . e .  t h e i r  r e s i s t i v i t y  
increases w ith  tem pe ra tu re , in  agreement w ith  ou r assumption th a t the  
c e n tra l p a r t  o f  the  g ra in s  o f  Na WO f ilm s  behave as degenerate semi con- 
du c to rs . I t  has been re po rte d  th a t  the s in g le  c r y s ta l bronzes w ith  
x < 0.25 e x h ib i t  sem iconducting behav iou r [5 , 55, 6 6 ]. These re p o r ts ,  
however, are based on the r e s i s t i v i t y  measurements o f  a few c ry s ta ls  w ith  
x -va lue s  lower than 0.25 and in  view o f  the  d i f f i c u l t i e s  in v o lv e d  in  
o b ta in in g  good s in g le  c ry s ta ls  o f  tungs ten  bronzes w ith  low x -v a lu e s , have
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to  be tre a te d  w ith  c a u tio n . There a re , f o r  example, e le c t r ic a l  s tud ie s  o f  
Rb WO [68 ] and Ag WO [27 ] s in g le  c ry s ta ls  which show th a t these

bronzes are m e ta l l ic .

Severa l models pu t fo rw a rd  in  o rd e r to  e x p la in  the  e le c t r ic a l  
p ro p e r t ie s  o f  tungsten bronzes th in  f i lm s  have been in f lu e n c e d  by the above 
re p o rts  o f  sem iconducting behav iou r o f  the s in g le  c r y s ta l bronzes w ith  
x < 0 .25 . Crandal e t .  a l [6 2 ], M anfred i e t . a l . [ 7 0 ]  and D a llacasa  e t .  a l . 
[65 ] propose th a t e le c t r ic  conduction in  HxW0„ f i lm s  takes p lace  in  a se t 
o f  lo c a liz e d  le v e ls  below the conduction  band by v a r ia b le  range hopping  
Gould ing e t .  a l . [63 ] suggest th a t the conduction  occurs by sm a ll po la ron  
hopping near the Fermi le v e l in  an im p u r ity  band. G ritsen ka  e t .  a l . [61 ] 
e x p la in  the  na tu re  o f  the  r e s i s t i v i t y  o f  H W0„ f i lm s  in  terms o f  th e rm a lly

a c t iv a te d  tu n n e l l in g  between deep cen te rs .

There are se ve ra l o b je c t io n s  to  the above models.

i )  They do no t take  in to  account the p o ly c r y s ta l l in e  na tu re  o f  the  
f i lm s  and the e f fe c t  o f  the g ra in  boundaries on t h e i r  e le c t r ic a l  p ro p e r t ie s .  
In s te a d , they cons ide r the  f i lm s  to  be amorphous and homogenious.

i i )  They cannot e x p la in  the  la rg e  v a r ia t io n  o f  the  the rm a l a c t iv a t io n  
energy w ith  x.

i i i )

in d ic a te  th a t  the e le c tro n s  occupy conduction  band s ta te s  ra th e r  than  
lo c a liz e d  s ta te s  in  the  gap.

M ott [42] e x p la in s  the  expe rim en ta l re s u lts  o f  L ig h tse y  e t .  a l . 
[55] and the e le c t r ic a l  p ro p e r t ie s  o f  Na^Ta^W^ y ^ 3  i nvest;ig a te d  6y 
Doumerc [71 , 72] in  terms o f  an Anderson type t r a n s i t io n  to  a no n -m e ta lic  
s ta te  when x < 0 .2 . A lth ough , the tan ta lum  s u b s t i tu t io n  may cause enough 
d is o rd e r in  the  la t t i c e  o f  the sodium bronzes f o r  an Anderson t r a n s i t io n

The o p t ic a l p ro p e r t ie s  o f  Na W0^ f i lm s  ( c . f .  s e c t io n  4 .1 .2 )

to  be p o s s ib le , th e re  is  no evidence from  our measurements th a t  such a
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m eta l-nonm eta l t r a n s i t io n  occurs in  Na WCL f i lm s ,x 3
Fuchs [73 ] and Webman e t .  a l . [74 ] propose a model based on 

nonrandom c lu s te r in g  o f  the a lk a l i  atoms in to  m e ta lic  reg ions  in  o rde r  
to  in te r p r e t  the e le c t r o n ic  p ro p e r t ie s  o f  a lk a l i  tungs ten  b ronzes. This  
model is  however, d iscoun ted  by T u n s ta ll [75 , 76) on the  ba s is  o f  n u c le a r-  
resonance measurements and x - ra y  re s u lts  and has been c r i t i c i z e d  by o the rs  
as w e l l .

Crowder e t .  a l . [77] e x p la in  the  e le c t r ic a l  p ro p e r t ie s  o f  WO 
s in g le  c r y s ta l in  terms o f  a sha llow  donor le v e l and s tro n g  e lec tron -phonon  
in te r a c t io n .  P o la ro n ic  conduction  a t low tem pera tures in  WÔ  has a lso  
been proposed by G eh lic  e t .  a l . [5 7 ], The r e s i s t i v i t y  o f  WO f i lm s  
is  dominated by the presence o f  the p o te n t ia l b a r r ie rs  in  the g ra in  boundary 
re g io n  and th e re fo re  the  na tu re  o f  the  c a r r ie rs  in  the g ra in s  cannot be 
determ ined unambiguously. However, in  view o f  the fa c t  th a t  the  e le c t r ic a l  
p ro p e r t ie s  o f  s in g le  c r y s ta l WO are ve ry  s e n s it iv e  to  oxygen subs to ch io -  
m etry and the  fo rm a tio n  o f  c r y s ta l lo g ra p h ic  shear p lanes [7 1 ] ,  fu r th e r  
in v e s t ig a t io n  o f  the p ro p e r t ie s  o f  WÔ  s in g le  c r y s ta l is  needed.
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4.2.3 Thermoelectric power of Na^WO3 films

The Seebeck coefficient of Na WO films is given by Equ. (4.2.2.).
X  j

We expect that the Seebeck coefficient, S , of the undepleted part of the 

grains of the films will be given by the usual equation for a degenerate 

semiconductor [S3]

S
£

I I I  ]i (3 / 2  +As)
3 e r

(4.2.39)

where k is Boltjman's constant, e is the electronic charge and A iss
a constant depending on the scattering process of the charge carriers in 
the semiconductor.

The scattering mechanism in Na WO is not known but it will
X *5

be assumed to be the sodium ions. In such a case A takes the value ofs
3/2 [53] and equ. (4.2.39) becomes :

S = - —  yV K_1 . (4.2.40)
« £F

The use of e m  equ. (4.2.39) and (4.2.40) is only correct insofar, the
r

extension of the space charge inside the undepleted part of the grain is 
very small. It is expected that because of the large number of free
carriers, the space charge does not penerate more than 2-3A inside the 

undepleted part of the grain.
The Seebeck ceofficient of the depleted region, S is not 

easy to calculate exactly. An approximate expression for S ^ can be 
obtained as follows;

The depleted region is treated as an extrinsic semiconductor.
The Seebeck coefficient of an extrinsic semiconductor is given by [53]
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s = ± 7  I n -  ( V f ) ] (4.2.41)

where q is the reduced potential energy of the carriers

In the case of the depleted region around the grain boundary, 
q is a function of the distance from the interface (see Fig. 4.2.2) and 

it is equal to (u-g), where u is given by equ. (4.2.31). The Seebeck 
coefficient dS ^ of a slice of the depletion region of thickness dz and 

at a distance z from the interface is given by:

ds„u = F tu(z) - g - 4] dzgb t
(4.2.42)

where we set as before X s = 3/2 

and
l

gb
0
dSgb (4.2.43)

After substituting equs.(4.2.42) and (4.2.31) into equ. (4.2.43) 

and performing the integration we obtain :

Ai £ 4R v

Sgb = '  86’ 2W  + ~~6~ " 2~ ^2A( êA+eF') " T~ F3 /2 ('£F') -* *

. . . (4.2.44)

where is given by equ. (4.2.32) and S ^ is given in yVK
Equs. (4.2.40) and (4.2.44) are used in conjunction with equ.-

(4.2.2) in order to calculate the Seebeck coefficient of Na W0„ films atx 3
300°k - The parameters used in this calculations are as follows:

1.3x 
kT

2/3

8
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m* is taken as the free electron mass
is the experimentally found activation energy in units of kT (see 

table 3.2.3).
The results of the calculation are shown in table (4.2.1).

There is reasonably good agreement between the experimental and the cal

culated values of the Seebeck coefficient and furthermore the main features 

of the model discussed above are shown to be correct :
The contribution of S , to the total Seebeck coefficient of

gb
the films is significant for the small grain size with low x-values.
As x increases and the barrier becomes smaller and thinner, the

electrons can tunnel through it and the Seebeck coefficient is dominated

by the contribution of the undepleted region of the grains.
In the case of the large grain films, the Seebeck coefficient

is again dominated by the undepleted region of the grains both because
of tunellmg and the large dimensions of the grains. The above points
can be further illustrated by the temperature dependence of the Seebeck
coefficient. As can be seen from Figs. (3.2.11) and (3.2.12) the Seebeck

coefficient decreases in absolute magnitude with decreasing temperature.
This is due to the fact that at temepratures below 300° K, tunnelling
becomes significant thereby reducing the contribution of S to the totalgb
Seebeck coefficient which subsequently approaches the temperature depend
ence of S given by equ. (4.2.40). In the case of the films A17, B2 and g
B3 where the contribution of S ^ is negligible, the Seebeck coefficient 
follows the temperature dependence of Equ. (4.2.40) very well. From the 
slope of the curves A17, B2 and B3 of Figs.(3.2.11) and (3.2.12) their 

reduced Fermi energy,e, is calculated to be 22.7, 8.23 and 21.3. Theser

values can be compared with 18.36, 6.84 and 10.85 obtained from the equation 
1 3x^ ^e = — 1------  (c.f. section 4.1.2), bearing in mind that the x-values of

F kT



Table 4.2.1

Quantities used in the calculation of the Seebeck coefficient from equ. (4.2.44)

Film X eF £a
cal. equ.(4.2.32)

Sgb(pVK-5 
equ. (4.2.44)

S(VJVK l )  

equ.(4.2.40)
S(yVK_1) 
equ.(4.2.2)

S(yVK 1) 

experimental

A19 9*10~3 2.18 15.5 10.5 - 892 - 390 - 601 -550160

A9 5.5xl0‘2 7.29 21 4.15 -1120 - 116.7 - 283 -212±25

All 8.2xl(f 2 9.51 8.53 1.5 - 689 - 89.5 - 125.5 -100+10

A14 l.lxlO-1 11.57 6.2* 0.9 - 603 - 73.5 - 92.5 -120+7

A15 1.2xlo“1 12.26 13.68 1.67 - 898 - 69.4 - 124.7 - 7218

A12 8.4xl0'2 9.66 12.4 2 - 840 - 88.1 - 113 -185+10

A17 2.2xl0_1 18.36 4.07 - - - 46.35 - 46.35 - 20+2

B2 ~ 5xl0'2 6.84 2.94 0.8 - 474.-2 - 124.4 - 24.4 - 76+3

B3 -10-1 10.85 1.59 - - 78.4 - 78.4 - 20+2

*
This value of has been calculated from equ. (4.2.38).

vO
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films B2 and B3 are only approximately known.

The values of Seebeck coefficient of Na WO obtained experiment-
X  j

ally are in good agreement with the Seebeck coefficient of H^WO^ films 

[63, 79].
There are no measurements of the Seebeck coefficient of single

crystal tungsten bronzes with low x-values in the literature. However,
the Seebeck ceofficient measurements of single crystal sodium tungsten

-2/3bronzes with x > 0.25 [66] show that S varies as x with the sodium 

concentration, and that its small negative magnitude varies linearly with 

temperature which are in agreement with the behaviour of the Seebeck co

efficient of films A17, B2 and B3.
We therefore conclude that the Seebeck coefficient of the 

Na WO films shows that the charge carriers in the grains of the films
X  j

are free electrons occupying conduction band states.
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4,3 Conclusion

The optical and electrical properties of WO^ and Na^WO^ thin 

films discussed in the previous section permit us to draw the following 

conclusions about the bulk electronic structure of these compounds:

i) The conduction band minima and valence band maxima of WO^ 

are parabolic in energy for a limited range of energies and they are sep
arated by both an indirect and a larger direct gap. The magnitude of the 

gaps depends on the crystal structure.
ii) The conduction band consists of at least two subbands. The 

energy difference between the minima of the two subbands is approxi

mately 0.8eV.
iii) Sodium in Na W0„, does not contribute in the formation of thex 3
conduction and valence bands. The electronic band structure of Na W0_ canx 3
be treated in a "rigid band" approximation for x < 0.05. Sodium atoms 

are ionised forming a set of empty electronic states, 1.8GV above the 
minimum of the lower conduction subband which is partially filled by 

the liberated electrons. For x > 0.05, the "rigid band" approximation 
is not valid because of changes in the band structure of the W0^ caused 
by the deformation of the crystal structure under the influence of the 
high sodium concentration.
iv)
electrons, throughout the x-values range i.e. 0 < x < 1 .

The above observations are in agreement with the model proposed 

by Goodenough [80, 81, 82] in order to explain the mechanism of band form
ation in tungsten bronzes and other oxides with the perovskite structure. 
According to this model the conduction band of W0^ and Na^WO^ arises from 

the overlapping of 5d t tungsten orbitals via the 2p oxygen orbitals and

The charge carriers in Na W0 can be treated as quasi-freeX j
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the sodium atoms act as donors to this, otherwise empty, conduction band.

Furthermore, the experimental evidence of optical and electrical 

properties of Na^WO^ films, presented in the previous sections, indicates 
that models which introduce localization of the electrons in order to 

explain the properties of tungsten bronzes and other related compounds 

with x < 0.25 [30, 43, 29] are not applicable in the case of Na WO .
The use of thin films in the investigation of tungsten bronzes 

is very promising. However, in order to be able to extract quantitive 

information about the properties of the bronzes, the effects of the grain 

boundaries must be known to a satisfactory extent. To this purpose a 
systematic study of the properties of Na WO thin films as a function

X  j

of their grain size will be very useful.
Further information about the band structure of the bronzes can

be obtained by investigating the optical properties of related compounds.
The optical properties of tungsten bronzes with different alkali metals,
in the visible and near infrared can produce information about the nature
and position of the alkali states above the conduction band. On the
other hand, information about the conduction band, can be obtained by
studying the optical properties of mixed oxides bronzes (Na Mo W 0 orx y i-y o
Na Ta W, 0^ etc), in the region of the main absorption edge, x y 1-y 3

It should be pointed out that both of these studies are expected 
to yield useful informatiom about the improvement of the efficiency of 
electrochromic devices based on W0^ films, since the position of the 
absorption band giving rise to the blue colour of tungsten bronzes depends 
on the energy difference between the conduction subbands and the alkali 
states.

Finally, infromation about the scattering mechanism of the
carriers in the conduction band can be extracted from Seebeck coefficient
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and free carrier optical absorption measurements performed on large grain 
Na WO films where the effect of grain boundaries is small.

X  j
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