
PYROLYTICALLY SPRAY DEPOSITED ELECTROCHROMIC 

W 0 3  FILMS 

Zhou Guanghui  

B.Sc .  ( H o n o u r s ) ,  Hunan Normal U n i v e r s i t y ,  1982 

THESIS SUBMITTED I N  PARTIAL FULFILLMENT OF 

THE REQUIREMENTS FOR THE DEGREE OF 

MASTER OF SCIENCE 

i n  t h e  Depa r tmen t  

o f  

P h y s i c s  

0 Zhou Guanghui  1987 

SIMON FRASER UNIVERSITY 

J u l y ,  1987 

A l l  r i g h t s  r e s e r v e d .  T h i s  work may n o t  b e  
r e p r o d u c e d  i n  whole  o r  i n  p a r t ,  by p h o t o c o p y  

o r  o t h e r  means, w i t h o u t  t h e  p e r m i s s i o n  o f  t h e  a u t h o r .  



A P P R O V A L  

Name: Zhou Guanghui 

Degree: Master of Science 

Title of Thesis: Pyrolytically Spray Deposited Electrochromic 

WOo Films 

Examining Committee: 

Chairman: L. E. Ballentine 

K. Colbow 

Senior Supervisor 

R .  F A  Frindt 

S. R. Morrison 

B. P. Clayman 

Examiner 
Professor of Physics 

Simon Fraser University 

Date Approved: 23. Julv 1987 

-ii- 



PARTIAL COPYRIGHT LICENSE 

I hereby grant  t o  Simon Fraser Un ive rs i t y  the  r i g h t  t o  lend 

my thes is ,  p r o j e c t  o r  extended essay ( t h e  t i t l e  o f  which i s  shown below) 

t o  users o f  the  Simon Fraser Un ive rs i t y  L ibrary,  and t o  make p a r t i a l  o r  

s i n g l e  copies on ly  f o r  such users o r  i n  response t o  a  request from t h e  

l i b r a r y  o f  any o ther  un ive rs i t y ,  o r  o the r  educational i n s t i t u t i o n ,  on 

i t s  own behalf  o r  f o r  one o f  i t s  users. i f u r t h e r  agree t h a t  permission 

f o r  m u l t i p l e  copying o f  t h i s  work f o r  scho la r l y  purposes may be granted 

by me o r  the Dean o f  Graduate Studies. I t  i s  understood t h a t  copying 

o r  p u b l i c a t i o n  o f  t h i s  work f o r  f i n a n c i a l  ga in  sha l l  not  be allowed 

wi thout  my w r i t t e n  permission. 

T i t l e  o f  ~ h e s i s / ~ r o j e c t / E x t e n d e d  Essay 

Author: 

(s ignature)  

Z h n i ~  Cliantfhii i 

( name 

August 13, 1 9 8 7  

(date)  



ABSTRACT 

Pyrolytically spray deposited WOa films on various 

transparent Sn02: F substrates were investigated by means of 

X-ray diffraction and the results were correlated to the 

electrochromic behavior of the films. 

The Sn02:F films with thicknesses greater than 5000A 

were also pyrolytically spray deposited onto glass slides, 

using a solution containing stannic chloride and stannous 

fluoride. The polycrystalline Sn02:F films, used as the 

substrate for electrochromic Woo films, were highly 

conducting . 
The W03 films of thicknesses 4 0 0  to 4 2 0 0 g  were deposited 

onto the Sn02:F substrates using a tungsten chloride solution. 

Through X-ray diffraction studies, the deposition parameters 

( crystallinity of substrate, carrier gas flowrate, substrate 

temperature during the deposition and deposition time 1 for 

controlling the crystallinity and preferential crystallite 

orientation of the W03 films, were qualitatively determined. 

The electrochromic performance revealed that 

polycrystalline W03 films with a larger crystallite size and 

more randomly oriented crystallites showed a larger 

transmittance change on applied voltage during coloration. 

These results partially support the hypothesis proposed by 

Svensson et a1.[151, that injected electrons in polycrystalline 



goo films with larger crystallite size are likely to show 

free electron behavior. The effects of the crystallite 

preferential orientation on the electrochromic behavior of the 

WOr films, were also discussed. 
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CHAPTER 1 

INTRODUCTION 

Electrochromism is exhibited by a number of materials, 

such as transition-metal oxides ( Woo, MoOa and VzOs 1 .  

Electrochromism is a reversible color change in a material 

caused by an applied electric field or current. This change 

can be due to the formation of color centers ( or defect 

complexes 1 or to an electrochemical reaction that produces 

colored compounds [ l l .  Among these electrochromic materials 

tungsten trioxide ( Woo 1 is one of the best examples, and 

has been widely studied. Since the electrochromic properties 

of WOI thin films were reported by Deb in 1973 [ 2 1 ,  many 

investigations have been carried out on both properties and 

preparation methods of the film for the purpose of display 

devices and radiation controlled "smart windowsw. 

Both amorphous and polycrystalline WOI thin films show 

the electrochemical coloration and that the optical properties 

of the films change during the coloration. Basically 

amorphous film can be used in display devices because of its 

fast time response of coloration, and polycrystall ine film can 

be used in windows due to its high infrared reflectance during 



c o l o r a t i o n  [ 3 1 , 1 4 1 , [ 5 1 , [ 6 1 , [ 7 1 , [ 8 1 .  

Vacuum e v a p o r a t e d  W03 f i l m s  were produced by Fanghnan e t  

a l .  i n  1975 E91. They c o n s t r u c t e d  some e l e c t r o c h e m i c a l  ce l l s  

based  o n  t h e s e  f i l m s  t o  pe r fo rm e l e c t r o c h e m i c a l  c o l o r a t i o n  and 

proposed a  d o u b l e  i n j e c t i o n  model o f  p o s i t i v e  i o n s  and 

e l e c t r o n s  f o r  t h e  mechanism o f  W 0 3  e l e c t r o c h r o m i s m .  Miyake 

e t  a 1 . [ 1 0 1  c a r r i e d  o u t  s y s t e m a t i c  measurements  o f  t h e  p h y s i c a l ,  

o p t i c a l  and e l e c t r o c h r o m i c  p r o p e r t i e s  o f  vacuum e v a p o r a t e d  W03 

f i l m s  i n  1983.  They conc luded  t h a t  t h e  p r o p e r t i e s  o f  

t h e s e  f i l m s  depend c o n s i d e r a b l y  on  t h e  s u b s t r a t e  t e m p e r a t u r e  

d u r i n g  t h e  d e p o s i t i o n  which d e t e r m i n e s  t h e  f o r m a t i o n  o f  

amorphous o r  p o l y c r y s t a l l i n e  f i l m s ;  f i l m s  p r e p a r e d  a t  a 

s u b s t r a t e  t e m p e r a t u r e  h i g h e r  t h a n  400•‹C have a  r e s i s t i v i t y  o f  

t o  10 ncm and t h e  f i l m s  p r e p a r e d  a t  a  s u b s t r a t e  

t e m p e r a t u r e  lower  t h a n  350•‹C were amorphous and t r a n s p a r e n t  

w i t h  a  r e s i s t i v i t y  o f  l o s  t o  l o 9  ncm. Both amorphous and 

p o l y c r y s t a l l i n e  f i l m s  showed e l e c t r o c h r o m i c  b e h a v i o r  [ l o ] .  

Another  method, r f  s p u t t e r i n g  from a  compressed WOI t a r g e t  

under  Ar-O2 a tmosphere ,  was used by Goldner  e t  a l .  i n  1985 [ 4 1 .  

They found t h a t  t h e  f i l m s  p r e p a r e d  a t  t h e  s u b s t r a t e  

t e m p e r a t u r e s  h i g h e r  t h a n  325OC were p o l y c r y s t a l l i n e  i n  

s t r u c t u r e  and showed a  h i g h  i n f r a r e d  r e f l e c t i o n  d u r i n g  t h e  

c o l o r a t i o n .  L a t e r ,  Kaneko e t  a l .  [ I l l  i n v e s t i g a t e d  a number o f  

p r o p e r t i e s  o f  t h e  r f  s p u t t e r e d  WO3 f i l m s .  I n  a d d i t i o n  t o  t h e  

similar r e s u l t s  o f  e v a p o r a t e d  f i l m s ,  t h e y  found t h e  p r o p e r t i e s  

o f  t h e  r f  s p u t t e r e d  f i l m s  depended o n  t h e  On c o n c e n t r a t i o n  and 



t o t a l  p r e s s u r e  o f  t h e  a tmosphere .  

Other WO3 t h i n  f i l m  p r e p a r a t i o n  methods, such a s  

e l e c t r o l y t i c  p r e c i p i t a t i o n ,  s o l g e l  [I21 and chemical  vapour 

d e p o s i t i o n  [ I 3 1  have been t r i e d  r e c e n t l y .  A p y r o l y t i c  sp ray  

d e p o s i t i o n  technique  was r e p o r t e d  by Cra igen  e t  a1 i n  1986 

[141.  I n  t h i s  method WO3 f i l m s  were d e p o s i t e d  on to  a  Sn02:F 

f i l m  s u b s t r a t e  by p y r o l y t i c a l l y  sp ray ing  a  WClslnH20 s o l u t i o n  

i n  a n  open-air  atmosphere.  They p r i m a r i l y  i n v e s t i g a t e d  t h e  

t h e  s t r u c t u r e  and e l e c t r o c h r o m i c  behavior  of  t h e  f i l m s  

prepared  by t h i s  method and found t h a t  a t  a  s u b s t r a t e  

t empera ture  of  400•‹C, W03 d e p o s i t e d  on to  g l a s s  was amorphous, 

and d e p o s i t e d  on to  p o l y c r y s t a l l i n e  Sn02:F l a y e r  was 

p o l y c r y s t a l l i n e  i n  s t r u c t u r e  i t s e l f .  They a l s o  r e p o r t e d  t h a t  

Woo f i l m s  prepared  by t h i s  method showed s i m i l a r  

e l e c t r o c h e m i c a l  c o l o r a t i o n  t o  t h e  WOs f i l m s  prepared  by o t h e r  

methods. Comparatively t h i s  method is s imple  and inexpens ive ,  

and has  t h e  p o t e n t i a l  t o  produce l a r g e  a r e a  e l e c t r o c h r o m i c  

c o a t i n g s  wi th  low c a p i t a l  and p roduc t ion  c o s t s .  

Coated window g l a s s  is be ing  used on an  i n c r e a s i n g  

s c a l e  f o r  g a i n i n g  energy e f f i c i e n c y .  E s s e n t i a l l y ,  i f  t h e  o n s e t  

o f  h igh r e f l e c t a n c e  of  t h e  c o a t i n g s  occu r s  a t  a wavelength o f  

about  0 .7  Um, such c o a t i n g s  can  be used f o r  d e c r e a s i n g  t h e  

in f low o f  i n f r a r e d  s o l a r  r a d i a t i o n  t h e r e f o r e  d imin i sh ing  t h e  

need f o r  a i r  c o n d i t i o n i n g  i n  a  w a r m  c l i m a t e .  If t h e  o n s e t  o f  

t h e  high r e f l e c t a n c e  is i n s t e a d  a t  a wavelength o f  about  3.0 

Um, t h e  c o a t i n g s  prov ide  low thermal  i s o l a t i o n  d e s i r e d  i n  a  



cold climate. Many authors l41, 171, [151, [I61 proved that 

electrochemically double injected polycrystalline WO3 films 

show a metallic, i.e. an approximate free-electron behavior 

resulting in a high adjustable infrared reflection with 

different density of injected electrons and satisfy the above 

condition. Based on the double injection model, Svensson et 

al. computed the visible and infrared reflectance of ideal 

crystalline WOa films as function of electron density . 
Their theoretical result give twice the experimental value of 

reflectance for an rf sputtered polycrystalline Woo film in 

a deeply colored state reported by Goldner et al. [41. This 

discrepancy was interpreted by Svensson et a1.[151 as a poor 

crystallinity of the film, which produces grain boundaries, 

neutral defects, dislocations, etc. 

AIMS AND STRUCTURE 

The aim of this thesis is to investigate the pyrolytic 

spray deposition parameters for controlling the degree of 

the crystallinity, such as crystallite size and preferential 

orientation of the W03 films, and the correlation between 

crystallinity and electrochromic behavior of the WOa films. 

Chapter 2 describes the basic considerations of an 

electrochromic cell. W03 crystal structure, the structure of 

WOa in the form of thin films and the models of 



electrochromism are discussed. A computation of theoretical 

reflectance modulation of polycrystalline WOa film is also 

introduced. 

Pyrolytic spray deposition apparatus and materials as 

well as experimental methods are described in chapter 3. 

Chapter 4 presents the results of this research and 

gives a detailed discussion of the deposition parameters for 

controlling the degree of the crystallinity of the WOI films. 

The electrochromic behavior of the Woo films is explained in 

relation to their crystallinity. The conclusion follows in 

chapter 5, 



CHAPTER 2 

WOs T H I N  FILMS AND ELECTROCHROMIC CELL 

2 . 1  ELECTROCHROMIC CELL 

F i g . 2 . 1  shows t h e  sandwich s t r u c t u r e  o f  a t y p i c a l  

e l e c t r o c h r o m i c  ce l l  ( ECC 1 151, 161 .  G e n e r a l l y ,  a n  ECC 

o p e r a t e s  between two e l e c t r o d e  l a y e r s .  These c a n  b e  semi- 

t r a n s p a r e n t  metals, such  a s  a  50 t o  100g t h i c k  g o l d  f i l m  o r  

t r a n s p a r e n t  doped s i m i c o n d u c t o r  l a y e r s ,  such  as indium-t in-  

o x i d e  ( IT0 1 o r  F doped t i n  o x i d e  f i l m s .  For t h e  purpose  o f  

l a r g e r  area window s h u t t e r ,  t h e  two e l e c t r o d e  l a y e r s  s h o u l d  be 

a s  t r a n s p a r e n t  a s  p o s s i b l e  i n  t h e  v i s i b l e  r e g i o n  o f  t h e  s o l a r  

spec t rum and h i g h l y  c o n d u c t i v e .  I t  is i m p o r t a n t  t o  keep t h e  

e l e c t r i c a l  r e s i s t a n c e  o f  t h e  e l e c t r o d e s  a s  low a s  p o s s i b l e  t o  

minimize c u r r e n t  l o s s  and h e a t i n g  o f  t h e  window [181.  I n  b o t h  

l i q u i d  and s o l i d  e l e c t r o l y t e  ce l ls ,  i t  is i m p o r t a n t  t h a t  t h e  

e l e c t r o l y t e  o r  f a s t - i o n  c o n d u c t o r  s h o u l d  n o t  react c h e m i c a l l y  

w i t h  t h e  e l e c t r o d e s .  The i o n s  needed i n  t h e  e l e c t r o c h r o m i c  

r e a c t i o n  a r e  p r o v i d e d  by t h e  i o n  s t o r a g e  and a r e  i n j e c t e d  i n  

t h e  c o l o r a t i o n  p r o c e s s  i n t o ,  o r  withdrawn i n  t h e  b l e a c h i n g  

p r o c e s s  from , t h e  e l e c t r o c h r o m i c  l a y e r  t h r o u g h  t h e  i o n  



conductor. The electrons needed in the coloration process are 

provided by the electrochromic substrate layer. For cells 

using liquid electrolytes , the electrolyte can serve as both 

storage and conductor for ions. While in all-solid-state 

cells the ion conductor can be an appropriate dielectric and 

the ion storage can be another electrochromic layer 

( preferably anodic if the base electrochromic layer is 

cathodic, or vice versa 1.  One may also combine the conductor 

and storage media into one layer 161. The electrochromic layer 

which has been widely studied is a WO3 thin film because 

of its appropriate characteristics. Other inorganic partially 

hydrated transition metal oxides such as Moo3 1191 and 

organic substances such as CtoHeNn 1181, also have been 

tried. 

The optical properties of ECC for windows are 

continuously switchable between colored and bleached states. 

The nature of this switching can be different depending on 

the basic requirement on the cell, i.e. whether the main 

goal is to achieve control of the energy flowing through the 

window, or if daylighting and glare control are of prime 

importance.@~nder certain conditions, it may also be possible 

to have variable thermal insulation. 

There are two general approaches to achieving 

variable transmittance: modulation of absorptivity or of 

reflectivity. Either form of the modulation would result in 

benefits of thermal stability of interior space, However, 



r e f l e c t i o n  m o d u l a t i o n  i s  h i g h l y  d e s i r e d  f o r  window p u r p o s e s .  

The o p t i c a l  p r o p e r t i e s  o f  t h e  p o l y c r y s t a l l i n e  WOa f i l m  a r e  

c o n v e n i e n t l y  t r e a t e d  i n  terms o f  modulated r e f l e c t i o n  because  

t h e  i n j e c t e d  e l e c t r o n s  e x h i b i t  a n  a p p r o x i m a t e l y  f r e e - e l e c t r o n  

b e h a v i o r ,  whereas amorphous WOa f i l m s  a r e  t r e a t e d  i n  terms o f  

modulated a b s o r p t i o n  because  t h e  i n j e c t e d  e l e c t r o n s  a r e  h i g h l y  

l o c a l i z e d  i n  W+S si tes  [61,  [91 ,  [161,  [181 .  

2 .2  THE PHYSICAL PROPERTIES OF WOa FILMS 

The s t r u c t u r e  e x h i b i t e d  by a  m a t e r i a l  i n  t h e  form o f  a 

t h i n  f i l m  depends  on  t h e  f i l m  p r e p a r a t i o n  c o n d i t i o n s .  For t h e  

WOs t h i n  f i l m  p r e p a r e d  by t h e  methods d e s c r i b e d  i n  t h e  

i n t r o d u c t i o n ,  t h e  s u b s t r a t e  t e m p e r a t u r e ,  t h e  c r y s t a l l i n i t y  o f  

o f  s u b s t r a t e  , t h e  p r e s s u r e  o f  t h e  a tmosphere  and t h e  c a r r i e r  

g a s  f l o w r a t e  a r e  i m p o r t a n t  p a r a m e t e r s .  E s p e c i a l l y ,  t h e  

s u b s t r a t e  t e m p e r a t u r e  c a n  r e s u l t  i n  a n  amorphous o r  

p o l y c r y s t a l l i n e  s t r u c t u r e  o f  t h e  f i l m s  p r e p a r e d .  Both 

unco lo red  amorphous and u n c o l o r e d  p o l y c r y s t a l l i n e  f i l m s  a r e  

t r a n s p a r e n t .  I n  v i s i b l e  and i n f r a r e d  r e g i o n s  t h e  r e f r a c t i v e  

i n d e x  is a b o u t  2 . 2  [21 ,  [ l o ] ,  [ I l l ,  1201, and t h e  e x t i n c t i o n  

c o e f f i c i e n t  b e f o r e  c o l o r a t i o n  is a b o u t  0 . 1  which r e s u l t s  i n  

small a b s o r p t i o n  b e f o r e  c o l o r a t i o n  [201 .  Dur ing c o l o r a t i o n ,  

t h e  o p t i c a l  d e n s i t y  o f  e l e c t r i c a l l y  c o l o r e d  amorphous f i l m s  

i n c r e a s e s  a b o u t  7 times and f o r  p o l y c r y s t a l l i n e  f i l m s  t h e  



o p t i c a l  d e n s i t y  i n c r e a s e s  o n l y  2 t i m e s  i n  t h e  n e a r  i n f r a r e d  

r e g i o n  ( 1 . 5 e V )  1161. X-ray d i f f r a c t i o n  and e l e c t r o n  microscope 

o b s e r v a t i o n s  r e v e a l e d  t h a t  t h e  f i l m s  p r e p a r e d  by t h e  methods 

d e s c r i b e d  above a r e  composed o f  a  t u n g s t e n  mixed o x i d e  w i t h  

t h e  c o m p o s i t i o n  o f  WOa.ea, WzoOss and WOa, and a r e  ma in ly  

WOa i n  c o m p o s i t i o n  121, E41, 1101, 1141. 

S i n c e  Brakken found t h a t  WO3 h a s  p e r o v s k i t e - l i k e  

s t r u c t u r e  1221, many a u t h o r s  have  i n v e s t i g a t e d  WO3 w i t h  a  view 

t o  u n d e r s t a n d i n g  i t s  p h y s i c a l  p r o p e r t i e s  [171,  1231, 1241, 

1251, E261, 1271, 1281, E291. On t h e  b a s i s  o f  t h e  c u b i c  

a p p r o x i m a t i o n  o f  t h e  WOa l a t t i ce ,  Kopp e t  a l .  c a l c u l a t e d  t h e  

t h e  e n e r g y  band s t r u c t u r e  o f  WO3 u s i n g  t h e  G r e e n ' s  f u n c t i o n  

method 1231. The c a l c u l a t e d  band g a p s  were a b o u t  50% s m a l l e r  

t h a n  t h e  o p t i c a l  measured v a l u e s  o f  a b o u t  2 . 6  eV f o r  t h e  

i n d i r e c t  gap  and 3 . 5  eV f o r  t h e  d i r e c t  gap  r e p o r t e d  by 

Koffyberg  e t  a l .  1 241. 

WO3 s i n g l e  c r y s t a l s  a r e  t h o u g h t  t o  e x h i b i t  a t  l e a s t  f i v e  

p h a s e s  i n  t h e  t e m p e r a t u r e  r a n g e  from 900 t o  -180•‹C, chang ing  

t h r o u g h  t h e  s e q u e n c e s  t e t r a g o n a l ,  o r thorhombic ,  monoc l in ic ,  

t r i c l i n i c  and m o n o c l i n i c  d u r i n g  c o o l i n g  1171, 1251. S a l j e  

found t h a t  W03 e x h i b i t s  o r t h o r h o m b i c  symmetry w i t h  t h e  u n i t  

ce l l  d i m e n s i o n s  o f  a=7.3418,  b=7.570g and c=7 .754#  i n  t h e  

t e m p e r a t u r e  r a n g e  from 467 t o  680•‹C 1281. T a n i s a k i  found 

WOa t o  be o f  m o n o c l i n i c  symmetry w i t h  u n i t  ce l l  p a r a m e t e r s  

o f  a=7,30f?, b=7 .53a  , c=7 .68g  and /3=9O. 54" a t  room 

t e m p e r a t u r e  1251, b u t  t h e  2 a x i s  l e n g t h  is twice t h a t  



r e p o r t e d  by o t h e r s  (301 .  WOa t h i n  f i l m s  p r e p a r e d  a t  

s u b s t r a t e  t e m p e r a t u r e  from 350 t o  500•‹C were found t o  be 

t h e  m i x t u r e  o f  monoc l in ic ,  t r i c l i n i c  and o r t h o r h o m b i c  i n  

s t r u c t u r e  [ l o ] ,  [141 .  However, t h e s e  t y p e s  o f  s t r u c t u r e  a r e  

p e r o v s k i t e - l i k e  based  on t h e  c o r n e r - s h a r i n g  and p a c k i n g  o f  

W06 o c t a h e d r a  as shown i n  F i g . 2 . 2  1171. The s t r u c t u r e  

a n a l y s e s  o f  W03 have r e v e a l e d  c o n s i d e r a b l e  d e v i a t i o n s  from 

t h e  i d e a l  c u b i c  p e r o v s k i t e  t y p e .  For  t h e  o r t h o r h o m b i c  

symmetry, t h e  d e v i a t i o n  from t h e  i d e a l  p e r o v s k i t e  s t r u c t u r e  is 

c h a r a c t e r i z e d  by a z i g z a g  d i s p l a c e m e n t  o f  t h e  W atom i n  t h e  

and d c r y s t a l l o g r a p h i c  d i r e c t i o n s  a s  well a s  a  t i l t  sys tem 

w i t h  tilt a n g l e s  a round  t h e  2 c r y s t a l l o g r a p h i c  d i r e c t i o n  [281 .  

On t h e  o t h e r  hand, t h e  d i s t o r t i o n s  o f  t h e  m o n o c l i n i c  s t r u c t u r e  

c o r r e s p o n d  t o  d i s p l a c e m e n t s  o f  W atoms and mutual  r o t a t i o n s  o f  

t h e  oxygen o c t a h e d r a .  A s  shown i n  F i g . 2 . 3 ,  t h e  W-0 bonds o f  

t h e  m o n o c l i n i c  s t r u c t u r e  form z i g z a g  c h a i n s  a l o n g  t h e  t h r e e  

c r y s t a l l o g r a p h i c  a x e s ,  w i t h  W-0-W a n g l e s  o f  158+2.3O and 

0-W-0 a n g l e s  o f  166t5.6O. I n  t h e  t c r y s t a l l o g r a p h i c  

d i r e c t i o n  t h e  W-0 bonds are o f  r o u g h l y  e q u a l  l e n g t h  ( 1.9W 1 ,  

w h i l e  i n  t h e  and d c r y s t a l l o g r a p h i c  d i r e c t i o n s  t h e  W-0 bonds 

a r e  a l t e r n a t e l y  l o n g  and s h o r t  ( 2 . 1 8  and 1.75W r e s p e c t i v e l y  1 .  

A s  i n  most p e r o v s k i t e - l i k e  s t r u c t u r e  s u b s t a n c e s ,  t h e  magnitude 

o f  t h e  above d e v i a t i o n s  from t h e  c u b i c  symmetry depend on 

t e m p e r a t u r e  1171. 

The s t r u c t u r e  o f  amorphous WOJ i n  t h e  form o f  t h i n  f i l m s  

h a s  a l s o  been wide ly  i n v e s t i g a t e d  [81,  [291 .  I t  i s  composed 



o f  a  s p a t i a l  oxygen network o f  t i g h t l y  bound (W06),mH20 

 lusters wi th  a l a r g e  number o f  t e r m i n a l  oxygen W=O and W-0-W 

bonds between c l u s t e r s .  Using Raman s c a t t e r i n g ,  Gabrusenoks 

e t  a 1 . [ 2 9 1  found t h a t  t h e  c l u s t e r s  w i th  d imens ions  n o t  l a r g e r  

t h a n  20 t o  308 ( t o  p r e s e r v e  X-ray amorphousness 1 a r e  l i n k e d  

t o g e t h e r  i n  such  a manner a s  t o  g u a r a n t e e  a  porous  s t r u c t u r e  o f  

t h e  amorphous WOs f i l m s .  The c l u s t e r s  i n  t h e  amorphous W03 

f i l m s  c o n t a i n  a t  l e a s t  two t y p e s  o f  Woe-octahedra: one w i t h  

a  oxygen t e r m i n a l  and one w i t h o u t  it, which r e p r e s e n t s  a n  

a x i a l l y  d i s t o r t e d  and a g e n e r a l l y  d i s t o r t e d  oc t ahed ron ,  

r e s p e c t i v e l y  1291. 

The c r y s t a l  s t r u c t u r e  o f  t u n g s t e n  b ronze  h a s  been s t u d i e d  

e x t e n s i v e l y  [181, 1301, (311 .  By t h e  i n j e c t i o n  o f  d i f f e r e n t  

c a t i o n s ,  one c a n  form d i f f e r e n t  t u n g s t e n  b ronzes  such  a s  

LixW03, NaXWO3, K,W03 and HxWO3 [ 18 I ,  where g e n e r a l l y  

0 < x < 3 .  Wiseman e t  a l .  used a deu t e r i um ana logue  t o  de t e rmine  

t h e  s t r u c t u r e  o f  HxW03 1311. From n e u t r o n  d i f f r a c t i o n  

s t u d i e s  t h e  a u t h o r s  conc luded  t h a t  t h e  c r y s t a l  s t r u c t u r e  o f  

HxW03 has  a  s i m i l a r  s t r u c t u r a l  p r o g r e s s i o n  from d i s t o r t e d  W03 

t o  t h e  c u b i c  p e r o v s k i t e  t y p e  s t r u c t u r e  a t  h i g h  x v a l u e .  The W 

a toms are a r r a n g e d  on a s i m p l e  c u b i c  l a t t i c e  and a r e  

su r rounded  by a l m o s t  r e g u l a r  o c t a h e d r a  of  0 atoms l i n k e d  

t o g e t h e r  by c o r n e r  s h a r i n g .  The o c t a h e d r a  a r e  t i l t e d  11•‹ and 

form t h e  W-W d i r e c t i o n ,  p roduc ing  a n  0-0 d i s t a n c e  between 

a d j u n c t  o c t a h e d r a  o f  3 .2648.  S t a t i s t i c a l l y  t h e  deu t e r i um atoms 

a r e  a t t a c h e d  t o  a l l  0  atoms w i t h  a bond l e n g t h  o f  1 , l X  l o n g  



and a  d i sp lacement  o f  1 1 . 8 x  o f f  t h e  s t r i g h t  l i n e  t o  t h e  

neighbouring 0  atom. The d e v i a t i o n  from a  normal 0-H bond 

l e n g t h  ( 1.08 1 may be s i g n i f i c a n t  s i n c e  i t  is q u i t e  f e a s i b l e  

t h a t  t h e  0  atoms a r e  r e l a x e d  from t h e i r  average  p o s i t i o n s  

whenever a  deuter ium atom is a t t a c h e d .  So by analogy t h e  atoms 

i n  H,WOI form a n  OH bond wi th  one of i t s  su r round ing  0-* 

neighbors ,  s o  t h a t  t h e  chemical  formula o f  t h e  hydrogen bronze 

should be (OH)xWO~-x. I n  t h e  l i m i t i n g  c a s e  of  x=3, a  t u n g s t e n  

hydroxide W ( O H  1 3  would r e s u l t  and t h e  "hydrogen t u n g s t e n  

bronze s t r u c t u r e v  was indeed found f o r  t h e  t r i v a l e n t  hydroxides  

In(OH13 and Sc(OH13 E311. 

2 .3  ELECTROCHROMISM OF WOa FILMS 

Many i n v e s t i g a t i o n s  have been c a r r i e d  o u t  i n  t h e  e f f e c t  t o  

unders tand t h e  e lec t rochromism o f  Woo f i l m s .  U n t i l  about  

1975 it  was b e l i e v e d  t h a t  a  c u r r e n t  a p p l i e d  t o  Woo produced a 

redox r e a c t i o n  t o  form a  blue-colored ox ide  produc t  . The 

r e a c t i o n  was proposed t o  be [321: 

A s i m i l a r  model f o r  t h i s  system was sugges ted  a t  same 

time by Hurdi tch e t  a l .  [331, which d i c u s s e s  t h e  format ion  o f  

a  complex of  WOx+ and OH-, i . e .  t h e  e x t r a c t i o n  of  oxygen 



according to the following reaction: 

wo3 + yH+ t ye- - WO3-, (OH 1 , ( 2 . 2  1 

Another model proposed by Faughnan [ 9 1  fits most 

experimental data [ 3 4 1 .  It involves intervalence transition 

absorption for electrocoloration of WOa. Coloration of the 

film was achieved by simultaneous injection of cations and 

electrons into interstitial sites in the WOa atomic lattice, 

forming a tungsten bronze, according to the following 

equation : 

Woo + xM+ + xe- - MXWo3 ( 2 . 3  1 

where M is a positive ion, in the simplest case a proton, H'. 

In amorphous films this model accounted for coloration by 

intervalence transfer absorption [81 ,  stated as: 

0 

where A and B are two different lattice sites. Another model 

closely related to Faughnamfs theory suggests that the 

presents of a polaron, which is an electron loosely bound to 

its accompanying lattice distortion, causes coloration of the 

WOa films [l61. In both models coloration is -attributed to the 

tight localization of conduction band electrons to Ws+ sites. 



The Ws' s p e c i e s  form a  d e f e c t  band t h a t  is l o c a l i z e d  w i t h i n  

t h e  da03 bandgap. However, c o l o r a t i o n  c o u l d  a l s o  be e x p l a i n e d  by 

& l o c a l i z e d  e l e c t r o n s  and f r e e  e l e c t r o n  plasma a b s o r p t i o n  

[181. T h i s  e f f e c t  h a s  been r u l e d  o u t  because  i n  amorphous 

f i l m s  a b road  a b s o r p t i o n  peak is n o t e d  o v e r  t h e  r a n g e  o f  1 . 2  

eV t o  1 . 5  eV, r a t h e r  t h a n  t h e  s h a r p  peak c h a r a c t e r i s t i c  o f  a  

plasma [ 16 I .  

Some o f  t h e  e x p e r i m e n t a l  r e s u l t s  s u p p o r t e d  t h e  d o u b l e  

i n j e c t i o n  model.  Nishimura e t  a l .  [351 measured t h e  i n f r a r e d  

a b s o r p t i o n  s p e c t r a  o f  WOI cel ls  a t  c o l o r a t i o n ,  t h e y  o b s e r v e d  

a r a t h e r  s t r o n g  a b s o r p t i o n  a t  s h o r t e r  wavelength  and a s c r i b e d  

t h e  peak t o  WS+, which peaks  a t  a p p r o x i m a t e l y  1 . O ~ m .  A weak 

b u t  clear a b s o r p t i o n  peak a t  4.3 u m  is o b s e r v e d  o n l y  i n  t h e  

c o l o r e d  samples ,  which c a n  b e  a s c r i b e d  t o  t h e  0-H s t r e t c h i n g  

v i b r a t i o n  [351. Dickens  e t  a l .  s t u d i e d  t h e  e n t h a l p y  changes  

f o r  hydrogen i n s e r t i o n  i n t o  W03 f i l m  by u s i n g  s o l u t i o n  

c a l o r i m e t r y  ( 3 6 1 .  The r e s u l t s  s u p p o r t e d  t h e  d o u b l e  i n j e c t i o n  

model. Schi rmer  e t  a 1 . [ 1 6 1  p o i n t e d  o u t  t h a t  s i n c e  a l l  t u n g s t e n  

s i tes  a r e  n o t  e q u i v a l e n t  i n  a n  amorphous m a t e r i a l ,  t h e  

i n j e c t e d  e l e c t r o n s  w i l l  be  p r e f e r e n t i a l l y  t r a p p e d  a t  d e e p e r  

s i tes .  T h i s  v a r i a t i o n  i n  t r a p  d e p t h s  w i l l  add  a n  a d d i t i o n a l  

term Eo t o  t h e  e n e r g y  o f  t h e  t r a n s i t i o n .  T h i s  i s  s u p p o r t e d  by 

t h e  f a c t  t h a t  t h e  o p t i c a l  a b s o r p t i o n  s h i f t s  t o  lower  e n e r g y  i n  

c r y s t a l l i n e  daO3 f i l m s  1161. C r a n d a l l  e t  a1 .1371 measured t h e  

v a r i a t i o n  o f  t h e  chemica l  p o t e n t i a l  ( ~ 1 ~ 1  o f  hydrogen i n  

amorphous f i l m s  o f  HXWOa and r e p o r t e d  t h a t  as t h e  c o l o r a t i o n  



proceeds an internal electromotive force appears which is a 

function of the stoichiometric parameter x value in HxW03. 

Some of the experimental results could not be explained 

by the double injection model, for instance, coloration under 

UV illumination and annealing in a vacuum without hydrogen 

( or cation ) injection [21. Muramatsu et al. [381 compared 

SIMS ( Secondary Ion Mass Spectroscopy results of 

electrochemically colored and bleached WO3 films and found 

that the spectra peak heights of hydrogen atoms were the same 

in both cases, and the OH- and Hz0 contents were also the 

same in both cases. In addition, they compared the XPS ( X-ray 

Photoelectron Spectroscopy 1 results of Woo films colored and 

bleached by the same method and showed that the stoichiometry 

of the films from the peak height ratio of oxygen to tungsten 

were the same in both cases, and there was no extraction of 

oxygen from the W03 during the coloration at least at the 

surface of the film 1371. Recent electron resonance studies 

argued against both intervalence transfer and small polaron 

models 1381. In this point electrons are not uniquely 

localized in HXWO3 in either amorphous or polycrystalline 

films. If Ws+ is formed during coloration, the donated 

electrons must be delocalized over a number of tungsten sites 

[161. In the fine grained polycrystlline film a model was 

proposed by Dautrement-Smith et a1.[391 which follows the 

double injection model with consideration of localized 

electrons in deep donors in grain boundaries 1391. Although the 



understanding of the mechanism of the coloration of W03 films 

is not completed now, the double injection and intervalence 

transfer model which was first proposed by Faughnam et a1.[91 

seems the most reasonable explanation and is widely accepted. 

2.4 REFLECTION MODULATION OF Woo FILM 

On the basis of the double injection theory, the 

theoretical reflectance of polycrystalline WO3 film was first 

computed by Svensson et al. [61, [ 7 1 .  Introduction of 

electrons and positive ions into the WO3 film gives an 

electron density NE and an equal density of ions NI, Electrons 

with NE in excess of the Mott critical density 1401 are 

assumed to occupy the W03 conduction band in the form of an 

electron gas. Damping of the free electrons occurs, in 

principle, from scattering by ionized impurities, neutral 

point defects, dislocations, crystallite boundaries etc. For a 

sufficiently ideal film one may neglect all but the ionized 

impurities - an unavoidable consequence of the double 
injection model 171, [91. The dielectric function can be 

written as [51: 



with  

Here E ~ O B ~ S  t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  WOJ h o s t  l a t t i c e ,  

hw is t h e  pho ton  energy ,  E, is t h e  p e r m i t t i v i t y  o f  f r e e  space ,  

~ = f l + i P ,  is t h e  complex dynamical  r e s i s t i v i t y  o f  t h e  damped 

e l e c t r o n  g a s ,  and Z is t h e  c h a r g e  o f  t h e  p o i n t - l i k e  d e f e c t s ,  

which a r e  s c r e e n e d  by a  d i e l e c t r i c  f u n c t i o n  E ~ .  E~ i s  

dependen t  on  wavevector  k  and f r e q u e n c y  w,  and c a n  be g i v e n  

by t h e  random phase  a p p r o x i m a t i o n  1411. wp d e n o t e s  t h e  plasma 

f requency  . 
F i g .  2 . 4  i l l u s t r a t e s  t h e  r e f l e c t a n c e  a t  normal i n c i d e n c e  

o f  a  2000W t h i c k  c r y s t a l l i n e  W03 f i l m  w i t h  e l e c t r o n  d e n s i t y  

NE from l o 2 '  t o  1022/cm3 computed by Svensson e t  a l .  

a c c o r d i n g  t o  e q u a t i o n s  ( 2 . 5  and ( 2 . 6  1 .  I n  F i g . 2 . 4  t h e  

dashed  c u r v e  r e p r e s e n t s  t h e  r e f l e c t a n c e  o f  a n  r f  s p u t t e r e d  

p o l y c r y s t a l l i n e  W 0 3  f i l m  w i t h  h i g h  d e n s i t i e s  o f  H+ and e -  

. s t a t e  a s  measured by Goldner  e t  a l .  141. Cogan e t  a l .  r e p o r t e d  

t h e  r e f l e c t a n c e  o f  t h i s  f i l m  w i t h  i n j e c t e d  L i  i o n s  [421,  and 

o b t a i n e d  t h e  similar r e s u l t  a s  Goldner  e t  a 1 . [ 4 3 .  The 

e x p e r i m e n t a l  v a l u e s  were lower  t h a n  t h e  t h e o r e t i c a l  computed 



values. This difference was interpreted by some researchers 

[ 4 1 ,  [61, [ 7 1  as being caused by the assumption of ideal 

ionized scattering. The actual film is of polycrystalline 

structure-and the crystallinity, such as crystallite size and 

morphology may affect the electron scattering mechanism and the 

electrochromic behavior of the films. 



Fig.2.1 The sandwich structure of an electrochromic cell. 





P i g . 2 . 2  The o x y g e n  o c t a h e d r o n  p a c k i n g  o f  t h e  WOI c r y s t a l  : 

s t r u c t u r e  

0 : W a t o m s  

0 : 0 a t o m s  





F i g .  2 . 3  The monocl i n i c  WO? s t r u c t u r e  showing t h e  

d i s t o r t e d  WOE, o c t a h e d r a  p r o j e c t e d  a l o n g  

t h e  y  a x i s .  

Only W a toms between y + 0 . 3 b  are shown; a toms 

a t  y=O are s o l i d ,  a toms a t  yz+1/4b  are  dashed ,  

t h o s e  a t  ya-1/4b are d o t t e d  [ 171 .  





Fig .  2 . 4  Re f l ec t ance  s p e c t r a  computed f o r  t h e  

c o n f i g u r a t i o n  g iven  i n  t h e  i n s e t .  

The e l e c t r o c h r o m i c  Woo l a y e r  has t h e  shown 

magnitudes of  e l e c t r o n  d e n s i t y  NE. The shaded 

a r e a  deno te s  t h e  luminous e f f i c i e n c y  o f  t h e  eye 

and t h e  t h i n  curve  r e p r e s e n t s  a  t y p i c a l  s o l a r  

i r r a d i a n c e  spectrum.  The dashed curve  r e p r e s e n t s  

t h e  r e f l e c t a n c e  measured by Goldner e t  a l .  [41, [171.  
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CHAPTER 3 

MATERIALS AND METHODS 

3 . 1  PREPARATION OF Sn02:F FILM SUBSTRATE 

The method o f  p r e p a r a t i o n  o f  SnQ2:F f i l m s  i s  e x a c t l y  

t h e  same a s  t h a t  used f o r  WOS f i l m s  and w i l l  be d e s c r i b e d  

i n  d e t a i l  l a t e r .  20 Sn02:F f i l m s  ( s u b s t r a t e :  7.5X2.5 c m 2  

microscope g l a s s  s l i d e s  1 were p r epa red  a t  a  time. 

For each  t y p e  o f  SnQ2:F s u b s t r a t e ,  30 grams o f  hyd ra t ed  

s t a n n i c  c h l o r i d e  powder ( SnClrm5Ha0, 97 .5%,  BDH Chemical L t d .  1 

and 2 . 4  grams o f  s t a n n o u s  f l u o r i d e  powder ( SnF2, BDH 

Chemical L t d .  were d i s s o l v e d  i n  d i s t i l l e d  wa te r  t o  produce 

80 m l  s o l u t i o n .  Th i s  s o l u t i o n  was t h e n  sp r ayed  u s i n g  a n  u l t r a s o n i c  

n e b u l i z e r ,  which was de s igned  and assembled i n  o u r  l a b o r a t o r y .  

P y r o l y s i s  o f  SnCls is  t h e  b a s i c  r e a c t i o n  i nvo lved  i n  

t h e  p r o c e s s :  

The s u b s t r a t e  t empe ra tu r e  was c o n t r o l l e d  between 300 O C  

-23- 



and 500 O C  t o  o b t a i n  d i f f e r e n t  t y p e s  of  s u b s t r a t e s  f o r  t h e  WOa 

f i l m s .  The sp ray  t ime was s u f f i c i e n t l y  long  t o  make f i l m s  

t h i c k  enough t o  e l i m i n a t e  t h e  s i z e  e f f e c t  on e l e c t r i c a l  

c o n d u c t i v i t y  of  Sn0z:F f i l m s .  

3 . 2  APPARATUS A N D  PROCEDURES OF PYROLYTIC SPRAY DEPOSITION 

For each WOs f i l m  sample, 3  grams of  WC16 powder 

( Johnson Matthey I n c .  were weighed us ing  a  t r i p l e  beam 

ba lance  i n  a d ry  box. The powder was then  d i s s o l v e d  i n  50 m l s  

of  N-Dimethyl formamide ( C O N ( C H J ) ~ ,  98.415%, BDH Chemical 

Ltd .  1 s o l u t i o n .  The s o l u t i o n  which was dark  r e d  i n  c o l o r  was 

then  immediately sprayed .  

The chemical  r e a c t i o n  may be w r i t t e n  a s  : 

F i g . 3 . 1  shows t h e  d e s i g n  of  t h e  p y r o l y t i c  sp ray  

d e p o s i t i o n  oven which was b u i l t  i n  our  l a b .  An EN 145 

e l e c t r o n i c  n e b u l i z e r  ( Medigas P a c i f i c  L td . ,  Burnaby, B.C.  1 

was used a s  t h e  a e r o s o l  g e n e r a t o r .  The s p r a y  tube  was a s t a i n l e s s  

s t e e l  c y l i n d e r  wi th  a  16x0.3 c m 2  s p r a y i n g  s l i t .  The d i s t a n c e  

between sp ray ing  s l i t  and t h e  e l e c t r i c  h e a t e r  was about  3  c m ,  and 

t h e  a n g l e  o f  t h e  s l i t  wi th  r e s p e c t  t o  t h e  f i l m  s u b s t r a t e  was about  

45O. A 3PN116 powers t a t  v a r i a b l e  t r ans fo rmer  was used t o  supply  



power f o r  t h e  e lectr ic  heater.  The t e m p e r a t u r e  of  t h e  e lectr ic  

h e a t e r  was v a r i e d  by c h a n g i n g  t h e  v o l t a g e  o f  t h e  t r a n s f o r m e r .  The 

s p r a y  t u b e  and t h e  e l e c t r i c  h e a t e r  were c o n t a i n e d  i n  a  wooden 

box w i t h  a  g l a s s  window t h r o u g h  which t h e  s u b s t r a t e s  and t h e  

WOa samples  c a n  be  t a k e n  i n  and o u t  r e s p e c t i v e l y .  N2 was 

passed  t h r o u g h  a n  a i r f l o w  meter and used  a s  t h e  c a r r i e r  g a s .  

P r i o r  t o  s p r a y i n g ,  t h e  h e a t e r  w i t h  t i n  b a t h  was h e a t e d  

t o  t h e  r e q u i r e d  t e m p e r a t u r e  which was measured u s i n g  a n  

i n f r a r e d  g a l v a n i c  d e t e c t o r .  The Sn02: F  s u b s t r a t e  was t h e n  

p l a c e d  on  t h e  h e a t e r  f o r  20 m i n u t e s  h e a t i n g  p r i o r  t o  s p r a y i n g .  

The t i n  b a t h  s e r v e d  as the rmal  c o n t a c t  between h e a t e r  and 

s u b s t r a t e  t o  be s p r a y e d .  

3 . 3  X-RAY DIFFRACTION STUDIES 

The X-ray d i f f r a c t i o n  e x p e r i m e n t s  were c a r r i e d  o u t  u s i n g  

a compute r i zed  d i f f r a c t o m e t e r  w i t h  CuKa l i n e  r a d i a t i o n .  The 

d i f f r a c t i o n  p a t t e r n s  were compared w i t h  t h e  r e s u l t s  o f  

p u b l i s h e d  l i t e r a t u r e  191, 1431 and t h e  d i f f r a c t i o n  peaks  were 

p r e d i c t e d  by 

and t h e  Bragg c o n d i t i o n  



A =  2d Sine 

The average crystallite size t of WOa films was 

calculated by the Scherrer formula ( 4 4 1  

and 8 is the diffraction angle, Bn is the broadening 

( radians 1 of the diffraction peak measured at half its 

maximum intensity. There are two factors contributing the 

broadening Bn: one is the instrumental broadening Bs ( O.ZO 1 

and the other is pure diffraction broadening B when the 

crystallite size of the film is less than about 1000g 

( 0.1 pm 1 .  Pure diffraction broadening increases with 

decreasing crystallite size and at sizes less than 100A the 

back-reflection peaks disappear entirely and the low-angles 

peaks become very wide and more diffused [441. 

It was worth noting that the crystallite size calculated 

by this method leads to a determination of the average 

crystallite size only. 

In order to check the structure of the pyrolytically 

spray deposited WOa films, X-ray diffraction 



measurements were c a r r i e d  o u t  a n  a few samples o f  t h e  t u n g s t e n  

c h l o r i d e  s o l u t i o n  sprayed on to  g l a s s  s l i d e s ,  H2W0, powder 

hea ted  i n  t h e  p y r o l y t i c  sp ray  d e p o s i t i o n  oven f o r  a few hours  

and pure u n t r e a t e d  H2WO4 powder ( 98%, BDH Chemical L t d . ) .  

The chemical  r e a c t i o n  of  h e a t i n g  H2W04 i s  thought  t o  be: 

By comparing t h e  d i f f r a c t i o n  p a t t e r n s  o f  t h e  t u n g s t e n  c h l o r i d e  

s o l u t i o n  sprayed on to  g l a s s  s l i d e  wi th  t h e  hea ted  HzW04 powder 

we can  i d e n t i f y  t h e  c h a r a c t e r i s t i c  d i f f r a c t i o n  peaks o f  t h e  

p y r o l y t i c a l l y  s p r a y  d e p o s i t e d  t u n g s t e n  t r i o x i d e  f i l m s .  

3 . 4  MEASUREMENT OF FILM THICKNESS 

The t h i c k n e s s e s  of  t h e  Sn02:F and WO3 f i l m s  were 

measured by a n  i n t e r f e r e n c e  s t e p  method us ing  a  microscope wi th  

a n  i n t e r f e r o m e t e r  a t t achment  ( Wild Heebrugg L t d , ,  Swi t ze r l and  1 .  

A ho l e  s t e p  was made on t h e  sample by p l a c i n g  a  smal l  amount 

of  Zn powder on t h e  f i l m  and adding  a small amount o f  

concen t r a t ed  HC1 a c i d .  Af t e r  t h e  r e a c t i o n  t h e  f i l m  was r i n s e d  

from with  d i s t i l l e d  wate r .  A few f i l m s  were re-measured 

us ing  a  mechanical " t a l y - s t e p  If t echnique  ( Taylor-Hobson, 

Model 3 1 and approximate ly  t h e  same r e s u l t s  were o b t a i n e d .  



3.5 MEASUREMENT OF SHEET RESISTANCE 

The electrical resistance of Sn02:F films was 

measured by two methods. Using indium-gallium eutectic 

and two copper wires to make two ohmic contacts to the film, 

the resistance between these two contacts of the film were 

measured using a multimeter. Follwing calibration, a 

two-point probe method ( the separation of the probes 

was 1.0 cm was used to measure the sheet resistance 

of the films. 

3.6 ELECTROCHROMIC MEASUREMENT 

The fabrication of the experimental ECC is shown in 

Fig.3.2. It consisted of a working electrode ( WE 1, a counter 

electrode ( CE ) and an Ag/AgCl reference electrode ( RE 1.  

The CE was a highly conductive Sn02:F film ( with sheet 

resistance of 20Sz/n ) and the WE was palycrystalline WOa 

film on the Sn02:F substrate. These two electrodes were fixed 

parallel to each other in a plexiglass frame leaving a 2 mm 

thick space, into which the electrolyte ( 10% H2S04 in water 



by volume 1 was p l a c e d .  The RE was made by immersing a  Ag wire 

i n  s a t u r a t e d  KC1 s o l u t i o n  and a p p l y i n g  a  v o l t a g e  o f  1 . 0  t o  

1 . 5  V t o  t h e  Ag wire w i th  r e s p e c t  t o  a  c a rbon  c o u n t e r  

e l e c t r o d e  i n  t h e  s o l u t i o n .  

The e l e c t r o c h e m i c a l  p r o p e r t i e s  o f  t h e  e x p e r i m e n t a l  ECC 

were s t u d i e d  u s i n g  a n  i n s t r u m e n t a l  a r rangement  o f  a  l o c k - i n  

a m p l i f i e r  ( model HR-8 1;  a p o t e n t i o s t a t  ( model 173 1 ;  a n  

u n i v e r s a l  programmer ( model 175 1 ;  and a n  e l e c t r o m e t e r  probe 

( model 178 1 ,  a l l  are produced by P r i n c t o n  Appl ied  Research  

Co . .  A x-y r e c o r d e r  ( 7000 A R ,  Hewlett Packard  1 and a  

monochromator ( I n d u s t r i e s  Co., Metuchen, N.J. 1 were a l s o  

used i n  t h e  e x p e r i m e n t s .  A PIN-6LC S c o t t k y  b a r r i e r  s i 1 , i con  

p i n  pho tod iode  ( Uni ted  D e t e c t o r  Technology I n c . ,  S a n t a  

Monica, C a l .  1 which ha s  a l i n e a r  r e sponse  t o  v i s i b l e  and 

n e a r - i n f r a r e d  l i g h t s  was used  t o  measure t h e  l i g h t  i n t e n s i t y  

t r a n s m i t t e d  th rough  t h e  c e l l .  F i g . 3 . 3  shows t h e  b lock  diagram 

o f  t h e  a p p a r a t u s  used i n  t h e  e l e c t r o c h e m i c a l  measurements.  The 

i n c i d e n t  l i g h t  s o u r c e  was a t u n g s t e n  ha logen  lamp ( Wild, 

S w i t z e r l a n d  1 which h a s  a  s t e a d y  o u t p u t  i n t e n s i t y  spec t rum.  

The v o l t a g e  a p p l i e d  was between -0.5 and -1.5 V wi th  

r e s p e c t  t o  t h e  Ag/AgCl r e f e r e n c e  e l e c t r o d e .  The t r a n s m i t t a n c e  

o f  e ach  e x p e r i m e n t a l  ce l l  was measured b e f o r e  and wh i l e  t h e  

v o l t a g e  was a p p l i e d .  The o u t p u t  spec t rum o f  t h e  monochromator 

w i t h o u t  t h e  ce l l  was used a s  t h e  r e f e r e n c e  spec t rum.  Also t h e  

t r a n s m i t t a n c e  o f  a  r e f e r e n c e  ce l l  made o f  two h i g h l y  

c o n d u c t i v e  Sn02:F ( w i t h o u t  WOo l a y e r  f i l m s  was measured 



before and while the voltage was applied. 

White light was used to study the coloration time 

response of the cell during the voltage applied and to measure 

the transmittance as a function of the applied voltage. 

As shown in Fig. 3.3, the potentiostat in conjunction with 

the universal programmer was used ( dotted line ) in measuring 

the I-V characteristic of the cell. 



F i g . 3 . 1  The d iagram showing t h e  c o n s t r u c t i o n  o f  t h e  

p y r o l y t i c  s p r a y  d e p o s i t i o n  oven 

A :  Spray  Tube ( a e r o s o l  s o u r c e  

B: Aeroso l  P a t h  

C: E l e c t r i c  H e a t e r  w i t h  Molten T i n  Bath  

F: S u b s t r a t e  



A: Spray Tube 

8: Aerosol Path 

C: Electric Heater 

F : Deposited Film 



F i g . 3 . 2  The d iagram o f  t h e  c r o s s - s e c t i o n a l  geometry  

o f  t h e  e x p e r i m e n t a l  c e l l  



- 
electrolyte GLASS 



Fig.3.3 The block diagram of electrochemical measurements 

A: Tungsten Halogen Lamp 

B: Filter 

C: Chopper 

D: Slit 

E: Lens 

ECC: Experimental Cell 1:working electrode, 

2:reference electrode, 3:counter electrode 

F: Detector 

Dotted lines were connected when measuring the I-V 

characteristic of the cells. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 PYROLYTICALLY SPRAY DEPOSITED Sn02:F FILM 

Fig.4.1 shows the X-ray diffraction patterns of four 

types of Sn02:F films deposited at substrate temperatures Ts 

=300, 400, 450 and 500•‹C. It can be seen that the Ta dominates 

the film structure which shows amorphous,low polycrystalline, 

polycrystalline and highly polycrystalline structure 

respectively in the Ta range of 300•‹C to 500•‹C. Sn02:F films 

are nonstoichiometric n-type semiconductors, their 

conductivity is due to the presence of a F donor level, C1 

impurities, 0 vacancies and interstitial tin 1451. Table 

4.1 lists the measured sheet resistance of several types of 

Sn02:F films. Polycrystalline films ( Ta = 450, 500•‹C 1 

have a low sheet resistance of 20-50Q/o and amorphous film ( T. 

= 300•‹C has a high sheet resistance of lO7SZ/u. The reaction 

SnC14 t 2H20 --, SnOz + 4HCl is only complete at substrate 

temperature equal to or greater than 500•‹C, below 500•‹C the 

pyrolytic hydrolysis process of SnC14 presumably results in 

the formation of Sn02, SnO, Cl2, HZ and 0 2  1461. It seems 



that films deposited at TS = 500•‹C are slightly less 

conductive than films deposited at Ts = 450•‹C. This may be 

due to a higher probability of Na+ ions diffusing from the 

glass substrate into the SnOz:F film and thereby creating 

acceptor centers and forming larger NaCl crystals in the films 

deposited at a higher substrate temperature during the 

deposition. The acceptor centers in the film can decrease the 

net carrier concentration and therefore decreasing the 

conductivity [451, Further, the degree of crystallinity of 

Sn02:F films increases with the increase of Ts up to 500•‹C, 

the X-ray diffraction peaks showed the same preferred 

orientation along the normal direction of the (200) plane 

perpendicular to the surface of the film for all polycrystalline 

Sn02:F films. This observation is consistent with the results of 

Fantini et al. [471. 

As shown in the Table 4.1, the thicknesses of all types of 

Sn02:F films deposited are greater than 50008, which are 

thick enough to eliminate the size effect on conductivity of 

the film at thickness h i u t  4000W [451. 

Fig. 4.2 presents the transmittance spectra of a SnO2:F film 

deposited at Ts = 500•‹C with a thickness of 5380g . 
The average visible transmittance is greater than 80% which is 

highly desirable as the substrate for electrochromic coatings. 

The F doping concentration may be used to control both 

conductivity and transmittance of Sn02:F films, Islam et 

al. 1451 found that an increasing doping impurity 



concentration results in an increased conductivity and 

decreased transmittance of Sn02:F films. SO by choosing a 

proper doping level and appropriate substrate temperature, 

high quality transparent conducting Sn02:F films can be 

obtained and used as substrate films for electrochromic 

layers and as a counter electrode in ECCs. 

4.2 PYROLYTICALLY SPRAY DEPOSITED WOs FILM 

As shown in Fig.4.3, the angle positions of X-ray 

diffraction peaks of HlWO4 powder before and after being 

heated at a temperature of 450•‹C for 10 hours are completely 

different. According to eq. ( 3.7 1, this might imply that 

WzW04 powder becomes WOa powder and water vapor during 

heating. By comparing the diffraction patterns of the heated 

H2W04 powder and the W03 film deposited onto a glass from a 

tungsten chloride solution at a substrate temperature of 450•‹C 
-- - 

( Fig.4.3 1, it was found that the main peaks corresponding to 

the W03 crystal planes [0011, [0201 and [I111 at the positions 

20 = 23.2, 23.8 and 28.3O respectively compare well in these 

two samples. In addition, some peaks at positions 20 = 21.7, 

38.8 and 56.Z0 in the diffraction pattern of the WOa film 

deposited onto a glass slide from a tungsten chloride 

solution may be assigned to the sub-oxides W03-, ( o<x<3 1 

[lo], [Ill. However, the pyrolytically spray deposited 

-36- 



tungsten oxide films have a main composition of tungsten 

trioxide. This was also confirmed by XPS measurement by 

Craigen et a1 . [ 14 1 .  

X-ray diffraction also revealed that W03 films deposited 

onto glass slides at TS = 350 and 400•‹C are amorphous and at 

Ts = 450•‹C are polycrystalline in nature; WO3 films 

deposited onto Sn02:F at TS from 36D to 470•‹C are 

polycrystalline in nature. This is consistent with the prior 

report of pyrolytically spray deposited W03 films 1141. It 

was also found that the main peaks of the diffraction 

patterns of all pyrolytically spray deposited WO3 films 

correspond to the WO3 crystal planes [OOlI, [0201, 12001 and 

(1111 at the angle positions 28 = 23.2, 23.8, 24.4 and 28,3O 

respectively. However, other peaks such as W03 10211, [2211, 

[002!, etc. and some peaks ~f other types of tungsten oxides 

were also observed in the diffraction patterns of some films. 

These observations show excellent agreement with those of 

evaporated and sputtered WO3 films [91, [lo]. 

4.2.1 Thickness and Resistivitv of WO3 Films 

Table 4.2 lists the measured values of thicknesses of 

W03 films deposited using different deposition parameters. 

Thicknesses of films ranging from 380 to 4140+20% 8 are 

related to the deposition time and carrier gas N2 



f l o w r a t e .  But i t  is n o t  a  l i n e a r  r e l a t i o n s h i p  w i t h  r e s p e c t  t o  

t h e s e  two p a r a m e t e r s .  I t  seems t h a t  t h e  s u b s t r a t e  t e m p e r a t u r e  

d u r i n g  d e p o s i t i o n  i n f l u e n c e s  t h e  c r y s t a l l i n i t y  o f  t h e  f i l m s ,  

and a l s o  a f f e c t s  t h e  t h i c k n e s s  o f  t h e  f i l m .  T h i s  may be due t o  

t h e  f a c t  t h a t  a d i f f e r e n t  d e g r e e  o f  c r y s t a l l i n i t y  o f  t h e  Woo 

f i l m s  may r e s u l t  i n  a  d i f f e r e n t  d e n s i t y  o f  t h e  f i l m s  I l l ] .  

The u n c e r t a i n t y  i n  t h e  t h i c k n e s s  measurements  is  a b o u t  20%. 

The t h i c k n e s s  measurements  by t h e  mechanica l  lf t a l y - s t e p  " 

t e c h n i q u e  compared well w i t h  t h o s e  by t h e  i n t e r f e r e n c e  s t e p  

t e c h n i q u e  w i t h i n  t h e  u n c e r t a i n t y  o f  a b o u t  20%. 

The r e s i s t i v i t y  o f  WOa f i l m s  was o b t a i n e d  by measur ing  

t h e  s h e e t  r e s i s t a n c e  o f  f i l m s  o f  t u n g s t e n  c h l o r i d e  s o l u t i o n  

d e p o s i t e d  o n t o  g l a s s  s l i d e s .  The f o l l o w i n g  t h r e e  WOa f i l m s  

were o b t a i n e d  by d e p o s i t i n g  t h e  t u n g s t e n  c h l o r i d e  s o l u t i o n  t h e  

o n t o  g l a s s  s l i d e s  w i t h  a  Nz f l o w r a t e  o f  1 6 . 5  1. /min f o r  10 

minu tes  a t  v a r i o u s  s u b s t r a t e  t e m p e r a t u r e s :  

sample I Te("C1 I t h i c k n e s s ( g )  I s h e e t  r e s i s t a n c e ( f i / o )  

X-ray d i f f r a c t i o n  p a t t e r n s  r e v e a l e d  t h a t  WG1 and WG2 a r e  

amorphous and WG3 is  p o l y c r y s t a l l i n e  i n  n a t u r e .  From t h e  

s h e e t  r e s i s t a n c e  and t h i c k n e s s  a s  w e l l  a s  t h e  d i m e n s i o n s  of  



above three films it is estimated that the amorphous film has 

a resistivity of about 2.3X104 ncm and the polycrystalline 

film has a resistivity of about 0.3 ncm. These~values are a 

little lower than those of vacuum evaporated films reported by 

Miyake et al. [lo]. Possibly this was due to the incomplete 

decomposition of WC16 in our case. 

The sheet resistance of the WO3 films deposited onto 

Sn02:F were not determined since the SnO2:F film has a much 

lower resistivity than the WOa films and thus acts as a short. 

4.2.2 Crvstallinitv of WOs Film 

The carrier gas N2 flowrate has a prominent effect on 

the crystallinity of Woo films. Fig.4.4 illustrates the 

difference in the X-ray diffraction patterns of three WO3 

films deposited onto highly polycrystalline ( TS = 500•‹C 1 

Sn0a:F at a substrate temperature of 400•‹C for 7 minutes with 

N2 flowrates~f 7.5, 16.5 and 38 l./min respectively. 

Although all these three films were polycrystalline in nature, 

the film deposited with a N2 flowrate of 16.5 l./min has a 

more randomly oriented crystallite structure since more 

diffraction peaks appeared. Further, as shown in the following 

table, the film deposited with a N2 flowrate of 16.5 l./min 

has the largest crystallite size ( corresponding to the [0011 

plane 1 in structure. 



The nebulization rate was determined by measuring the 

initial and final volume of the tungsten chloride solution. 

The speed of the aerosol droplets which is proportional 

to the carrier gas flowrate affects the deposition rate and 

hence the structure of the deposited films [481. There may be 

an optimum value of nebulization rate for the crystal1 ite 

size and orientation randomness of films within the range of 

the nebulization rate used . The dependence of crystallite 
size on the nebulization rate ( related to deposition rate 1 

shows a maximum value which is consistent with the prediction 
-/ 

of Chopra for vapor-deposited polycrystalline films 1481. 

Fig.4.5 shows the difference of the X-ray diffraction 

patterns between WOa films deposited onto four types of 

Sn02:F substrates ( shown in Fig.4.1 1 at Ts = 400•‹C with 

Nz flowrate 16.5 l./min for 7 minutes. It was found that the 

higher crystallinity of the Sn02:F substrate results in a 

higher crystallinity of the Woo film itself; films deposited onto 

the Sn02:F at Ts = 450•‹C show a more randomly oriented 

crystallite structure than those deposited at other 



t e m p e r a t u r e s  a s  c a n  be  s e e n  i n  F i g ,  4 . 5 .  The dependence o f  

t h e  c r y s t a l l i t e  s i z e  c o r r e s p o n d i n g  t o  t h e  main p e a k s  on  t h e  

n a t u r e  o f  s u b s t r a t e  is shown a s  f o l l o w i n g :  

The n a t u r e  and smoothness  o f  t h e  s u b s t r a t e  s u r f a c e  c a n  

i n f l u e n c e  t h e  a t o m i c  m o b i l i t y  and d i f f u s i o n -  o f  s u r f a c e  atoms 

d u r i n g  t h e  d e p o s i t i o n  and hence t h e  c r y s t a i l i n e  s t r u c t u r e  o f ,  

f i l m  d e p o s i t e d  [ 4 7 1 .  

The s u b s t r a t e  t e m p e r a t u r e  is  a n  i m p o r t a n t  d e p o s i t i o n  

pa ramete r  which i n f l u e n c e s  t h e  c r y s t a l l i n i t y  o f  
-/ 

p o l y c r y s t a l l i n e  f i l m s .  The a v e r a g e  c r y s t a l l i t e  s i z e  

c o r r e s p o n d i n g  t o  10011 p l a n e  v s  s u b s t r a t e  t e m p e r a t u r e  o f  
B 

f i l m s  d e p o s i t e d  o n t o  amorphous ( Ts = 300•‹C and h i g h l y  

p o l y c r y s t a l l i n e  ( Ts = 500•‹C 1 SnOz:F s u b s t r a t e  is  

p r e s e n t e d  i n  F i g . 4 . 6 .  Using t h e  measurement u n c e r t a i n t y  o f  

d28) = 0.O5O i n  measur ing  t h e  h a l f  maximum broaden ing  o f  t h e  

d i f f r a c t i o n  peaks ,  t h e  a v e r a g e  c r y s t a l l i t e  s i z e s  c a l c u l a t e d  by 

e q .  ( 3 .5  1 and ( 3 . 6  were on  t h e  o r d e r  o f  200 t o  760 x .  
However, t h e  c r y s t a l l i t e  s i z e  o f  some well c r y s t a l l i z e d  f i l m s  



may be l a r g e r  t h a n  760 i n  t h e  l i m i t i n g  c a s e  when BM a p p r o a c h e s  

Bs. A s  shown i n  F i g .  4 .6 ,  t h e  c r y s t a l l i t e  s i z e  o f  f i l m s  

d e p o s i t e d  o n t o  a  amorphous s u b s t r a t e  s l i g h t l y  d e c r e a s e s  w i t h  

t h e  i n c r e a s e  o f  Ta  from 400 t o  470•‹C, and f o r  h i g h l y  

p o l y c r y s t a l l i n e  s u b s t r a t e s  i n c r e a s e s  w i t h  t h e  i n c r e a s e  o f  TS 

from 360 t o  420•‹C and t h e n  d e c r e a s e s  w i t h  t h e  i n c r e a s e  o f  TS 

from 420 t o  470•‹. T h i s  dependence o f  c r y s t a l l i t e  s i z e  on  t h e  

s u b s t r a t e  t e m p e r a t u r e  o f  WOa f i l m s  is somewhat d i f f e r e n t  from 

t h e  o b s e r v a t i o n  r e p o r t e d  f o r  some f i l m s  d e p o s i t e d  by o t h e r  

methods, such  as SnOz f i l m  1491. Chopra [481 p r e d i c a t e d  

t h e o r e t i c a l l y  t h a t  t h e  c r y s t a l l i t e  s i z e  o f  most p o l y c r y s t a l l i n e  

f i l m s  would i n c r e a s e  w i t h  s u b s t r a t e  t e m p e r a t u r e  d u r i n g  

d e p o s i t i o n  o r  a n n e a l i n g .  Maudes e t  a l .  [491 r e p o r t e d  t h a t  t h e  

c r y s t a l l i t e  s i z e  o f  p o l y c r y s t a l l i n e  SnOz f i l m  i n c r e a s e d  w i t h  

i n c r e a s i n g  s u b s t r a t e  t e m p e r a t u r e .  I n  c o n t r a s t  t o  Chepra,  

Achrya e t  a1 .1501 showed t h a t  t h e  c r y s t a l l i t e  s i z e  o f  Mn02 

f i l m s  d e c r e a s e s  w i t h  a n n e a l i n g  t e m p e r a t u r e s  from 113 t o  305OC 

and t h e n  i n c r e a s e s  w i t h  a n n e a l i n g  t e m p e r a t u r e s  from 305 t o  413OC. 

The c r y x t a l l i t e  s i z e  o f  p y r o l y t i c a l l y  s p r a y  d e p o s i t e d  WOa f i l m s  

h a s  a  maximum v a l u e  a t  t h e  s u b s t r a t e  t e m p e r a t u r e  o f  a b o u t  

420•‹C a s  s e e n  i n  F i g . 4 . 6 .  For l a r g e  s c a l e  p r o d u c t i o n  o f  

e l e c t r o c h r o m i c  c o a t i n g s  a  lower  s u b s t r a t e  t e m p e r a t u r e  is  

d e s i r a b l e  t o  m a i n t a i n  low c o s t s .  Moreover, a t  h i g h  s u b s t r a t e  

t e m p e r a t u r e s ,  t h e  N a *  i o n s  may d i f f u s e  from t h e  g l a s s  s u b s t r a t e  

i n t o  t h e  Sn02:F f i l m ,  t h e r e b y  r e d u c i n g  t h e  c o n d u c t i v i t y  o f  

SnOt:F f i l m .  However, a h i g h  s u b s t r a t e  c o n d u c t i v i t y  is  v e r y  



i m p o r t a n t  f o r  e l e c t r o c h r o m i c  windows. 

Chopra [483 a l s o  e x p e c t e d  t h a t  t h e  c r y s t a l l i t e  s i z e  o f  

p o l y c r y s t a l l i n e  f i l m s  i n c r e a s e s  w i t h  t h i c k n e s s e s  up t o  a  

c e r t a i n  v a l u e  and t h e n  keeps  c o n s t a n t  w i t h  i n c r e a s i n g  f i l m  

t h i c k n e s s  [481 .  A s  shown i n  F i g . 4 . 7 ,  t h e  [0011 p l a n e  

c r y s t a l l i t e  s i z e  o f  W03 f i l m s  d e p o s i t e d  o n t o  h i g h l y  

p o l y c r y s t a l l i n e  ( Ts = 5OO0C ) Sn02:F s u b s t r a t e  shows no t r e n d  w i t h  

i n c r e a s i n g  f i l m  t h i c k n e s s  up t o  a b o u t  1000% b u t  i n c r e a s e s  t o  a  

p l a t e a u  a t  g r e a t e r  f i l m  t h i c k n e s s e s .  Amorphous ( Te = 300•‹C 1 

Sn02:F s u b s t r a t e  a l s o  shows t h e  same c r y s t a l l i t e  s i z e  

d i s t r i b u t i o n  o f  W o n  f i l m s  w i t h  d i f f e r e n t  f i l m  t h i c k n e s s e s  

a l t h o u g h  t h e r e  a r e  n o t  s u f f i c i e n t  e x p e r i m e n t a l  d a t a  a v a i l a b l e .  

T h i s  o b s e r v a t i o n  a g r e e s  w i t h  Chopra E481 i n  s p i t e  o f  t h e  f a c t  

t h a t  s u b s t r a t e  t e m p e r a t u r e  and t h e  n e b u l i z a t i o n  r a t e  were n o t  

k e p t  c o n s t a n t  d u r i n g  t h e  d e p o s i t i o n .  The c r y s t a l l i t e  s i z e s  

c o r r e s p o n d i n g  t o  t h e  main d i f f r a c t i o n  peaks  o f  WOa f i l m s  

d e p o s i t e d  o n t o  p o l y c r y s t a l l i n e  ( Ts = 450•‹C Sn02:F s u b s t r a t e  

a t  Ts = --- 420•‹C w i t h  Nz f l o w r a t e  1 6 . 5  1. /min seem t o  be 

independen t  o f  f i l m  t h i c k n e s s  from 1200 t o  4300W e x c e p t  f o r  a 

few s c a t t e r e d  p o i n t s  o f  t h e  [0011 and lo201 p l a n e s  

( F i g . 4 . 8  1 .  T h i s  may be b e c a u s e  t h e  t h i c k n e s s e s  o f  t h i s  g r o u p  

o f  f i l m s  a r e  g r e a t e r  t h a n  c r y s t a l l i t e  s i z e .  

So f a r  i t  is conc luded  t h a t  W03 f i l m  d e p o s i t e d  o n t o  

p o l y c r y s t a l l i n e  ( Te  = 450•‹C 1 Sn02:F f i l m  a t  s u b s t r a t e  

t e m p e r a t u r e  420•‹C w i t h  N2 f l o w r a t e  o f  1 6 . 5  l . / m i n  shows t h e  

l a r g e r  c r y s t a l l i t e  s i z e  and more randomly o r i e n t e d  c r y s t a l l i t e  



structure. The following discussion will therefore concentrate 

on films deposited under these conditions but with different 

deposition times, i.e. different thicknesses of the W03 films. 

Preferential orientation of crystallites is an important 

phenomenon in polycrystalline thin films, especially the 

thickness effects on the orientation [ 48 I .  A preferentially 

oriented crystal face corresponds to the lowest surface free 

energy of the crystal. W03 films, which have a hexagonal 

close-packed ( octahedron crystal structure , are expected 

to show a 10011 preferential orientation 1511. As shown in 

Fig.4.9 the diffraction peak intensities of the [0011 and 

[0201 planes are stronger than those of the 12001 and [1111 

planes for WOa films deposited onto polycrystalline Sn02:F 

at Te = 450•‹C with a N1 flowrate of 16.5 1. /min . However, the 
intensities of the [OOlI, [2001 and [I111 planes had the same 

distribution with a maximum value at thicknesses of 

about 2500g and the intensity of the [020 1 plane increased . 

rapidly with thicknesses greater than 25008. By taking the 
- -1 

ratio of diffraction peak intensities of the [0011 and [0201 

planes to other planes respectively ( Fig.4.10 and 

Fig.4.11 1, it was found that the [0011 plane showed a 

preferred orientation for film thicknesses of 1200 to 25008 

while the lo201 plane was highly preferential oriented for 

film thicknesses 3000 to 4300W..Further, films of thicknesses 

of approximately 2900W showed a more randomly oriented 

crystallite structure although they still showed a slight 



the 1 020 1 preferred orientation, 

4.3 ELECTROCHROMIC BEHAVIOR OF WOa FILM 

4.3.1 Visible and Near Infrared Transmittance 

As shown in Fig.4.2, the visible average transmittance 

of a polycrystalline W03 film deposited onto highly 

polycrystalline ( TS = 500•‹C SnO2:F film at substrate 

temperature of 440•‹C with a thickness 440g is about 70%. The 

remaining 30% may be due to reflection [I81 or absorption 

1161, or both. After applying a voltage ( measured between 

WE and RE 1 to the ECC, it was observed that WOa films 

deposited onto hi~hly conducting ( Te = 450, 500•‹C ! SnQ2:F 

substrates showed a blue coloration . The degree of color 
depends on the voltage applied and with the increasing 

negative bias of the working electrode the transmittance reduced 

remarkaHF; WO3 films deposited onto amorphous ( Ts 

= 300•‹C 1 substrate showed no visible coloration and the 

transmittance changed little. This maybe due to the high 

resistivity of the substrate (see Table 4.1). 

Fig.4.12 illustrates the thickness dependence on the 

transmittance change at three wavelengths ( 5500, 6330 and 

9000W 1 for films deposited onto highly conducting ( TB = 

450•‹C 1 Sn0a:F at a substrate temperature of 420•‹C with N2 



f l o w r a t e  o f  1 6 . 5  l . / m i n .  The v o l t a g e  a p p l i e d  was -0.5V. I t  was 

found t h a t  t h e  c r y s t a l l i t e  o r i e n t a t i o n  o f  t h e  f i l m s  h a s  a  

s t r o n g  i n f l u e n c e  on t h e  t r a n s m i t t a n c e  change d u r i n g  t h e  

c o l o r a t i o n  . The v i s i b l e  ( 55008 '1 t r a n s m i t t a n c e  change 

i n c r e a s e d  from a b o u t  10% t o  65% and t h e n  d e c r e a s e d  t o  20%; 

and t h e  n e a r  i n f r a r e d  ( 9000W 1 t r a n s m i t t a n c e  change 

i n c r e a s e d  from a b o u t  50% t o  90% and t h e n  d e c r e a s e d  t o  50%. The 

t r a n s m i t t a n c e  change was o b t a i n e d  by comparing t h e  t r a n s m i s s i o n  

s p e c t r a  o f  b e f o r e  and d u r i n g  c o l o r a t i o n  f o r  e a c h  e x p e r i m e n t a l  

c e l l .  Because t h e  t r a n s m i s s i o n  s p e c t r a  o f  e v e r y  ce l l s  do n o t  , 

show i n t e r f e r n c e  e f f e c t s ,  i n  F i g . 4 . 1 2  t h e  peaks  a t  f i l m  

t h i c k n e s s  a b o u t  3000x c a n  n o t  be  due t o  i n t e r f e r n c e  e f f e c t .  

The v a r i a t i o n  i n  t r a n s m i t t a n c e  change c o r r e s p o n d s  t o  t h e  

c r y s t a l l i t e  o r i e n t a t i o n  chang ing  from [0011 p r e f e r r e d  

o r i e n t a t i o n  t o  a  randcmly o r i e n t e d  c r y s t a l l i t e  s t a t e  : s l i g h t  

[0201 p r e f e r r e d  o r i e n t a t i o n  1 and t h e n  t o  t h e  h i g h l y  lo201 

p r e f e r r e d  o r i e n t a t i o n  s t a t e .  I t  seems t h a t  t h e  l0011 

c r y s t a l l i t e  p r e f e r r e d  o r i e n t a t i o n  h a s  a  s t r o n g e r  i n f l u e n c e  on 

t h e  e e c t r o c h r o m i c  b e h a v i o r  t h a n  t h e  [0201 c r y s t a l l i t e  

p r e f e r r e d  o r i e n t a t i o n  o f  t h e  WOJ f i l m .  Joo  e t  a l .  [521 

measured t h e  l i t h i u m  d i f f u s i o n  c o e f f i c i e n t s  i n  

e l e c t r o c h e m i c a l l y  grown K O . ~ ~ W O ~  s i n g l e  c r y s t a l  a l o n g  t h e  

-. 
a  and 2 c r y s t a l l o g r a p h i c  d i r e c t i o n .  They r e p o r t e d  t h a t  t h e  

3 l i t h i u m  d i f f u s i o n  c o e f f i c i e n t  f o r  t h e  c c r y s t a l l o g r a p h i c  

d i r e c t i o n  i s  10'Bcm2/sec, which is one o r d e r  o f  magnitude 

lower  t h a n  t h a t  a l o n g  t h e  2 c r y s t a l l o g r a p h i c  d i r e c t i o n .  The 



l i t h i u m  d i f f u s i o n  c o e f f i c i e n t  i n  Ko.zeW03 s i n g l e  c r y s t a l  

a l o n g  t h e  b  c r y s t a l l o g r a p h i c  d i r e c t i o n  h a s  n o t  been  r e p o r t e d  y e t .  

However i t  may be  h i g h e r  t h a n  t h a t  a l o n g  t h e  c 

c r y s t a l l o g r a p h i c  d i r e c t i o n  because  i n  a  hexagonal  c l o s e -  

packed ( o c t a h e d r o n  ) s t r u c t u r e  t h e  c r y s t a l  f a c e  o f  t h e  c 

c r y s t a l l o g r a p h i c  d i r e c t i o n  E0011 c o r r e s p o n d s  t o  t h e  l o w e s t  

s u r f a c e  f r e e  energy ,  t h e r e b y  t h e  smallest a t o m i c  d i f f u s i o n  

c o e f f i c i e n t  a l o n g  t h i s  d i r e c t i o n .  The d i f f e r e n c e  o f  i n f l u e n c e  

on  t h e  t r a n s m i t t a n c e  change between t h e  W03 f i l m s  w i t h  [0011 

and E0201 p r e f e r r e d  c r y s t a l l i t e  o r i e n t a t i o n  is c o n s i s t e n t  w i t h  

t h e  r e s u l t s  r e p o r t e d  by J o o  e t  a l .  1521. R e f e r r i n g  t o  F i g . 4 . 9 ,  

t h e  unusua l  low p o i n t s  a t  t h i c k n e s s  25508 i n  F i g . 4 . 1 2  may be 

r e a s o n a b l e  b e c a u s e  t h i s  f i l m  showed a n  unusua l  h i g h  E0011 

p r e f e r r e d  c r y s t a l l i t e  o r i e n t a t i o n  s t r u c t u r e .  The i n f r a r e d  

t r a n s m i t t a n c e  changed more t h a n  t h e  v i s i b l e  t r a n s m i t t a n c e  b e c a u s e  

i n j e c t e d  e l e c t r o n s  i n  p o l y c r y s t a l l i n e  Woo f i l m  show n e a r  f r e e  

e l e c t r o n  b e h a v i o r  [41 ,  171, E151. The t r a n s m i t t a n c e  change 

dependence on c r y s t a l l i t e  o r i e n t a t i a n  o f  t h e  f i l m s  c a n  be 

undeTstood phenomenolog ica l ly :  p o l y c r y s t a l l i n e  f i l m s  c o n s i s t  o f  

c r y s t a l l i t e  domains, p r e f e r e n t i a l l y  o r i e n t e d  c r y s t a l l i t e s  have  

a s m a l l e r  a n g l e  between g r a i n  b o u n d a r i e s ,  Then w i t h  t h e  same 

v o l t a g e  a p p l i e d  , f i l m s  o f  randomly o r i e n t e d  c r y s t a l l i t e  w i t h  

l a r g e r  a n g l e  between g r a i n  b o u n d a r i e s  c o u l d  have  more c a t i o n s  

and e l e c t r o n s  i n j e c t i n g  i n t o  f i l m  t h r o u g h  g r a i n  b o u n d a r i e s  

t h a n  f i l m s  w i t h  p r e f e r e n t i a l l y  o r i e n t e d  c r y s t a l l i t e s  and t h u s  

r e s u l t s  i n  h i g h e r  r e f l e c t i o n  and t h u s  a  l a r g e r  t r a n s m i t t a n c e  



change .  

F i g . 4 . 1 3  shows t h e  dependence  o f  t h e  t r a n s m i t t a n c e  

change on  c r y s t a l l i t e  s i z e  f o r  f o u r  f i l m s  w i t h  t h i c k n e s s e s  

o f  2550, 2600, 2780 and 31008. The t r a n s m i t t a n c e  change 

i n c r e a s e d  r a p i d l y  w i t h  i n c r e a s i n g  c r y s t a l 1  i te  s i z e ,  The 

e l e c t r o n s  i n j e c t e d  i n t o  f i l m s  w i t h  l a r g e r  c r y s t a l l i t e  s i z e  

show more l i k e l y  f r e e - e l e c t r o n  b e h a v i o r  ( less g r a i n  boundary 

s c a t t e r i n g  ) which r e s u l t s  i n  h i g h e r  r e f l e c t i o n  and t h u s  a  

l a r g e r  t r a n s m i t t a n c e  change .  Although t h e r e  were o n l y  f o u r  

e x p e r i m e n t a l  d a t a  p o i n t s  a v a i l a b l e  i n  F i g . 4 . 1 3 ,  t h e  t endency  o f  

t h e  r e l a t i o n  between t r a n s m i t t a n c e  change and c r y s t a l l i t e  s i z e  

s u p p o r t e d  t h e  h y p o t h e s i s  o f  Svensson e t  a 1  161, [ 7 1 .  On t h e  

. b a s i s  o f  s p e c t r o s c o p i c  e l l i p s o m e t r y  s t u d i e s  and a n  a n a l y s i s  o f  

t h e  dynamical  r e s i s t i v i t y  o f  c o l o r e d  p o l y c r y s t a l l i n e  Woo 

f i l m  and s i n g l e  c r y s t a l  Na.W03, Goldner  e t  a l .  1531 e s t i m a t e d  

t h a t  t h e  r e f l e c t i o n  o f  t h e  s i n g l e  c r y s t a l  Na,W03 is t w i c e  as 

t h a t  o f  t h e  p o l y c r y s t a l l i n e  WOa f i l m  i n  t h e  v i s i b l e  and n e a r  

inf rar -d  r e g i o n .  T h i s  may a l s o  imply t h a t  t h e  h i g h e r  

c r y s t a l l i n i t y  o f  p o l y c r y s t a l l i n e  WO3 f i l m s  r e s u l t s  i n  h i g h e r  
e 

r e f l e c t i o n  d u r i n g  c o l o r a t i o n .  

A s  e x p e c t e d ,  t h e  t r a n s m i t t a n c e  o f  t h e  r e f e r e n c e  ce l l  

( w i t h o u t  WOa l a y e r  1 d i d  n o t  change w i t h  a p p l i e d  v o l t a g e .  

Schi rmer  e t  a l .  [ 1 6  1 r e p o r t e d  t h a t  t h e  o p t i c a l  d e n s i t y  o f  

p o l y c r y s t a l l i n e  WO3 f i l m  i n c r e a s e s  50% o n l y  d u r i n g  

e l e c t r o c h e m i c a l  c o l o r a t i o n ,  t h u s  i t  was b e l i e v e d  t h a t  t h e  

t r a n s m i t t a n c e  change o f  p y r o l y t i c a l l y  s p r a y  d e p o s i t e d  



p o l y c r y s t a l l i n e  WO.1 f i l m  d u r i n g  t h e  c o l o r a t i o n  was mainly  

due t o  a n  i n c r e a s e  i n  r e f l e c t i o n ,  which was conf i rmed  by u s  

i n  some p r e l i m i n a r y  measurements  u s i n g  a  He-Ne l a s e r .  

4 . 3 . 2  I - V  C h a r a c t e r i s t i c s  o f  ECC 

A t y p i c a l  c y c l i c  voltammogram o f  a  WOa e l e c t r o c h r o m i c  

c e l l  is  p r e s e n t e d  i n  F i g . 4 . 1 4 .  The wO3 f i l m  o f  t h i s  c e l l  

was d e p o s i t e d  o n t o  h i g h l y  c o n d u c t i n g  ( TS = 450•‹C Sn02:F 

a t  a  s u b s t r a t e  t e m p e r a t u r e  o f  420•‹C w i t h  a  N n  f l o w r a t e  o f  1 6 . 5  

l . / m i n .  T h i s  f i l m  h a s  a  t h i c k n e s s  o f  2780A w i t h  randomly 

o r i e n t e d  c r y s t a l l i t e s  s t r u c t u r e  ( 7608 c r y s t a l l i t e  s i z e  

c o r r e s p o n d i n g  t o  main c r y s t a l  p l a n e s  1 .  The e f f e c t i v e  a r e a  o f  

t h i s  ce l l  was 0.2cm X 0.25cm. A s  shown i n  F i g . 4 . 1 4 ,  t h e  v o l t a g e  

sweep s t a r t s  from t h e  s p o n t a n e o u s  p o t e n t i a l  o f  -0.12V v s  

Ag/AgCl, which was found t o  be t h e  rest p o t e n t i a l  under  open- 

c i r c u i t  c o n d i t i o n .  A t  t h e  t h r e s h o l d  p o t e n t i a l  o f  a b o u t  -0.3V, 

t h e - c a t h o d i c  c u r r e n t  c a u s e s  a  c o l o r a t i o n  r e a c t i o n  o f  t h e  W03 

f i l m ,  which was a l s o  r e p o r t e d  by o t h e r  a u t h o r s  1541. A t  t h e  

t u r n i n g  p o i n t  ( -10.5V 1 ,  t h e  c a t h o d i c  c u r r e n t  a t t a i n s  a  peak 

v a l u e  o f  4mA/cm2, A t  t h e  p o t e n t i a l  o f  -0.75V t h e  a n o d i c  

c u r r e n t  which i s  a s s o c i a t e d  w i t h  t h e  b l e a c h i n g  r e a c t i o n  b e g i n s  

t o  a p p e a r ,  i t  i n c r e a s e s  t o  a  peak v a l u e  o f  2.3A/cm2 a t  t h e  

p o t e n t i a l  o f  a b o u t  -0.65V and t h e n  d e c r e a s e s  d r a m a t i c a l l y  u n t i l 1  

b l e a c h i n g  is n e a r l y  comple te  a t  t h e  p o t e n t i a l  o f  a b o u t  -0.5V. 



After one voltammogram cycle is completed, the cell returns to 

its initial state with a small residual anodic current of 

about 0.2mA/cm2. The second cycle is almost the same as the 

first one. 

The I-V characteristics of the cell are consistent with 

the white light transmittance of the cell as a function of 

the voltage applied as shown in Fig.4.15. The transmittance 

begins to drop at a potential of about -0.3V, which 

corresponds to the onset of coloration in Fig.4.14. The 

transmittance did not return to its initial value because the 

rather high scan rate ( 20mV/Sec.) results in incomplete 

bleaching. 

Fig.4.16 presents the time response of the same 

experimental cell discussed above. The white light 

transmittance decreased 56% within 25 secends after a bias of 

-0.5V applied and then reached a nearly steady transmission 

value of 20% in about 2 minutes. Due to the high ion mobility 

of the liquid electrolyte used, ,the bleaching time 
-' 

corresponding to 56% of the transmission was about 60 seconds 

under short circuit condition and 50 seconds with t0.5V 

applied, After +O. 5 voltage applied for 5 minutes the cell 

returned to its initial clear state. Although the time response 

is much slower than that of amorphous WO3 electrochromic 

display devices [551, it is acceptable for the purpose of 

" smart windows ". 



Table  4 . 1  Sn02:F f i l m s  d e p o s i t e d  o n t o  g l a s s  s l i d e s  w i t h  a N2 

f l o w r a t e  o f  38.0 1. /min 



Table 4.2-1 W03 films deposited onto amorphous Sn02:F 

( Ts =300•‹C, R = 7X106f~/a, thickness = 



Table 4.2-2 WOJ films deposited onto low polycrystalline 

Sn02:F ( Ts = 400•‹, R = 1 0 0 ~ / ~ ,  thickness 

= 85008 



Table 4 . 2 - 3  WOs films deposited onto highly polycrystalline 

Sn02:F ( T e  = 500•‹, R = 5 0 n / u ,  thickness = 

5 3 8 0 8  1 



Table 4.2-4 WOJ films deposited onto polycrystalline Sn02:F 

( Ts = 450•‹C, R = 20SZh. thickness = 7700W at a 

substrate temperature of 420•‹C with a Nz flowrate 

of 1 6 . 5  1. /min 

time ( min. 1 I thickness ( 2 1 t 20% 

1 I 1160 

2  I 1 4 7 3  

3  I 1680  

6  I 2310 

8  I 2550 

1 0  I 2600 

1 0  I 2780 

13 I 3100 

1 5  I 3312  

20 I 4140 



F i g . 4 . 1  X-ray d i f f r a c t i o n  p a t t e r n s  o f  f o u r  t y p e s  o f  SnQ2:F 

f i l m s  d e p o s i t e d  o n t o  g l a s s  s l i d e s  w i t h  a  N2 f l o w r a t e  

o f  38.0 l . / m i n  

t y p e  s u b s t r a t e  t empe ra tu r e  ( OC 1 





Fig.4.2 Normal transmittance spectra of a highly 

polycrystalline SnO2:F film deposited onto glass 

with thickness 53808 and a WOa film deposited onto 

the above Sn02:F film with a thickness of 440g 

A: Sn02:F film 

B: YO3 film on Sn02:F 



WAVELENGTH ( x ) 



F i g . 4 . 3  X-ray d i f f r a c t i o n  p a t t e r n s  

A :  WOa d e p o s i t e d  on to  a  g l a s s  s l i d e  a t  Ts = 450•‹C 

with  a  N2 f l o w r a t e  o f  1 6 . 5  l . / m i n  f o r  7 minutes  

B: HzW04 powder hea ted  a t  t empera ture  450•‹C f o r  

1 0  hours  

C: HnW04 powder u n t r e a t e d  





F i g . 4 . 4  X-ray d i f f r a c t i o n  p a t t e r n s  o f  WOa f i l m s  d e p o s i t e d  

o n t o  h i g h l y  p o l y c r y s t a l l i n e  ( TS = 500•‹C 1 Sn02:F 

a t  a s u b s t r a t e  t empe ra tu r e  o f  400•‹C f o r  7 minutes  

A :  N2 f l o w r a t e  1 6 . 5  1. /min 

B: Nn f l o w r a t e  7 . 5  1. /min 

C: Nz f l o w r a t e  3 8 . 0  1. /min 





F i g . 4 . 5  X-ray d i f f r a c t i o n  p a t t e r n s  o f  WOa f i l m s  d e p o s i t e d  

o n t o  f o u r  t y p e s  o f  Sn02:F s u b s t r a t e s  ( a s  shown i n  

F i g . 4 . 1  ) a t  Ts 400•‹C w i th  N1 f l o w r a t e  1 6 . 5  l . / m i n  

sample T s o f  Sn02:F ( O C  

A 300 

B 400  

C 450 

D 5 0 0  





Fig.4.6 Dependence of crystallite size ( corresponding to the 

COO11 plane 1 on the substrate temperature of WOJ 

films 

0 A: deposited onto amorphous ( TS =300•‹C 1 SnO2:F 

9 B: deposited onto highly polycrystalline ( TS = 

500•‹C 1 Sn02:F 
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F i g . 4 . 7  Dependence o f  t h e  c r y s t a l l i t e  s i z e  ( c o r r e s p o n d i n g  t o  

t h e  [0011 p l a n e  ) on t h e  t h i c k n e s s  o f  WOa f i l m s  

d e p o s i t e d  a t  s u b s t r a t e  t e m p e r a t u r e s  r a n g i n g  from 360 

t o  470•‹C 

A: h i g h l y  p o l y c r y s t a l l i n e  ( TS = 500•‹C 1 

Sn02: F s u b s t r a t e  

0 B: amorphous ( Ts = 300•‹C 1 Sn0a:F 

s u b s t r a t e  





F i g . 4 . 8  Dependence o f  t h e  c r y s t a l l i t e  s i z e  on t h e  t h i c k n e s s  

o f  WOa f i l m s  d e p o s i t e d  o n t o  p o l y c r y s t a l l i n e  ( TS 

= 450•‹C ) Sn02:F a t  a  s u b s t r a t e  t e m p e r a t u r e  o f  

420•‹C w i t h  N2 f l o w r a t e  1 6 . 5  1. /min 

r o o 1 1  

0 [2001 

A [I111 

For 10201 p l a n e  t h e  c r y s t a l l i t e  s i z e s  o f  a l l  f i l m s  

a r e  a b o u t  7608. The e r r o r  b a r s  f o r  some p o i n t s  c l o s e  

t o  e a c h  o t h e r  a r e  n o t  shown, and a r e  s i m i l a r  t o  t h e  

e r r o r  b a r s  i n d i c a t e d .  





Fig.4.9 Diffraction peak intensity distribution with 

thickness of the same WOa films as in Fig.4.8 

A D: [ 0 2 0 1  The actual intensity is 8 larger than shown. 





F i g . 4 . 1 0  Dependence o f  t h e  i n t e n s i t y  r a t i o  on t h e  t h i c k n e s s  

o f  t h e  same W03 f i l m s  a s  i n  F i g . 4 . 9  





F i g . 4 . 1 1  Dependence o f  i n t e n s i t y  r a t i o  o n  t h i c k n e s s  o f  t h e  

same WOa f i l m s  as  i n  F i g . 4 . 1 0  





Fig.4.12. Transmittance change at three different wavelengths 

vs thickness of the same 

W03 films as in Fig.4.11 





Fig.4.13 Transmittance change vs crystallite size 

corresponding to the [0011 plane ) of four 

WOa films deposited onto polycrystalline 

Sn02:F ( Ts = 450•‹C at substrate temperature 

of 420•‹C and Nz flowrate 16.5 l./min. 

The film thicknesses were 2550, 2600, 2780 and 

31008. 





Fig.4.14 Current--voltage characteristics of a typical 

experimental ECC 

CE: polycrystalline ( TS = 450•‹C 1 Sn02:F 

film onto glass 

WE: WOa film of thickness 2780W on the EC film 

RE: Ag/AgCl 





Fig.4.15 Dependence of white light transmittance on 

applied voltage of the same cell as in Fig.14 



VOLTAGE (V) 



Fig.4.16 Time response of the same cell as in Fig.4.16 



TIME (Sec) 



CHAPTER 5 

SUMMARY AND CONCLUSIONS 

P y r o l y t i c a l l y  s p r a y  d e p o s i t e d  WO3 f i l m s  on  Sn02:F f i l m  

s u b s t r a t e s  were i n v e s t i g a t e d .  

X-ray d i f f r a c t i o n  p a t t e r n s  r e v e a l e d  t h a t  Sn02:F f i l m s  

d e p o s i t e d  o n t o  g l a s s  s l i d e s  a t  a  s u b s t r a t e  t e m p e r a t u r e  o f  

300•‹C a r e  amorphous and a t  s u b s t r a t e  t e m p e r a t u r e s  h i g h e r  t h a n  

350•‹C t h e y  a r e  p o l y c r y s t a l l i n e .  The d e g r e e  o f  t h e  c r y s t a l l i n i t y  

e f  t h e  f i l m s  is p r a p a r t i o n a l  t o  t h e  s u b s t r a t e  t e m p e r a t u r e  d u r i n g  

d e p o s i t i o n .  The amorphous Sn02:F f i l m s  a r e  h i g h l y  r e s i s t i v e  

w i t h  s h e e t  r e s i s t a n c e s  on  t h e  o r d e r  o f  l o 6  ohms p e r  s q u a r e  

( S1/ 1 and t h e  p o l y c r y s t a l l i n e  Sn02:F f i l m s  are h i g h l y  

c o n d u c t i n g  w i t h  s h e e t  r e s i s t a n c e  o f  20 t o  25 Sl/a. Both 

amorphous and p o l y c r y s t a l l i n e  Sn02:F f i l m s  a r e  t r a n s p a r e n t  
0 

i n  t h e  v i s i b l e  l i g h t  r e g i o n  w i t h  a n  a v e r a g e  t r a n s m i t t a n c e  o f  

a b o u t  80% f o r  p o l y c r y s t a l l i n e  f i l m s .  I n  o r d e r  t o  g e t  h i g h l y  

c o n d u c t i n g  t r a n s p a r e n t  Sn02:F f i l m s  f o r  s u b s t r a t e s  o f  WOj 

f i l m s ,  p y r o l y t i c a l l y  s p r a y  d e p o s i t e d  Sn02:F f i l m s  o n  g l a s s  

s l i d e s  a t  a  s u b s t r a t e  t e m p e r a t u r e  o f  450•‹C 'with a  Nz f l o w r a t e  

o f  1 6 . 5  l . / m i n  f o r  10 minu tes  may be t h e  b e s t  c h o i c e .  

W03 f i l m s  were d e p o s i t e d  w i t h  d i f f e r e n t  d e p o s i t i o n  



p a r a m e t e r s  such  a s  t h e  c r y s t a l l i n e  n a t u r e  o f  t h e  s u b s t r a t e ,  t h e  

s u b s t r a t e  t e m p e r a t u r e  and t h e  c a r r i e r  g a s  f l o w r a t e  a s  w e l l  a s  

t h e  d e p o s i t i o n  t i m e .  X-ray d i f f r a c t i o n  s t u d i e s  showed t h a t  f i l m s  

o f  t h e  t u n g s t e n  c h l o r i d e  s o l u t i o n  s p r a y  d e p o s i t e d  o n t o  t h e  Sn02:F 

f i l m s  a t  s u b s t r a t e  t e m p e r a t u r e s  r a n g i n g  from 360 t o  470•‹C a r e  

p o l y c r y s t a l l i n e  w i t h  a v e r a g e  c r y s t a l l i t e  s i z e s  r a n g i n g  from 200 

t o  800A and mainly  t u n g s t e n  t r i o x i d e  i n  c o m p o s i t i o n .  

WO3 f i l m s  d e p o s i t e d  o n t o  p o l y c r y s t a l l i n e  ( TS = 450•‹C 1 

Sn02:F r e v e a l e d  t h e  l a r g e s t  c r y s t a l l i t e  s i z e  among t h e  f o u r  

t y p e s  o f  Sn02:F s u b s t r a t e  f i l m s  ( amorphous TS = 3OO0C; 

low p o l y c r y s t a l l i n e  Ts = 400•‹C; p o l y c r y s t a l l i n e  TS = 

450•‹C; h i g h l y  p o l y c r y s t a l l i n e  TS = 500•‹C 1 used  w i t h  o t h e r  

p a r a m e t e r s  k e p t  c o n s t a n t .  T h i s  may be  due t o  t h e  natu.re and 

smoothness  o f  t h e  s u b s t r a t e  s u r f a c e  which i n f l u e n c e s  t h e  a t o m i c  

m o b i l i t y  and d i f f u s i o n  o f  t u n g s t e n  atoms and hence t h e  c r y s t a l  

s t r u c t u r e  o f  t h e  WOa f i l m s .  WO3 f i l m s  d e p o s i t e d  w i t h  a  

N2 f l o w r a t e  o f  1 6 . 5  l . / m i n  have t h e  l a r g e s t  c r y s t a l l i t e  

s i z e  and a  more randomly o r i e n t e d  c r y s t a l l i t e  o r i e n t a t i o n  

among t h e  t h r e e  v a l u e  o f  N* f l o w r a t e  ( 7 . 5 ,  1 6 . 5  and 

3 8 . 0  l . / m i n  1 used  w h i l e  o t h e r  p a r a m e t e r s  were k e p t  

c o n s t a n t .  T h i s  is  most l i k e l y  due t o  t h e  p r o p e r  

speed  o f  a e r o s o l  d r o p l e t s  t h e r e b y  t h e  p r o p e r  d e p o s i t i o n  r a t e ,  

which a f f e c t s  on  t h e  c r y s t a l  s t r u c t u r e  o f  t h e  f i l m s .  F i x i n g  

o t h e r  p a r a m e t e r s  e x c e p t  t h e  s u b s t r a t e  t e m p e r a t u r e ,  W03 

f i l m s  d e p o s i t e d  o n t o  amorphous Sn0z:F s u b s t r a t e  showed a n  

a l m o s t  c o n s t a n t  a v e r a g e  c r y s t a l l i t e  s i z e  w i t h  a n  i n c r e a s e  i n  



s u b s t r a t e  t e m p e r a t u r e  from 400 t o  47Q3C; WOJ films deposited 

o n t o  h i g h l y  p o l y c r y s t a l l i n e  Sn02:F s u b s t r a t e s  showed a maximum 

a v e r a g e  c r y s t a l l i t e  s i z e  a t  a s u b s t r a t e  t e m p e r a t u r e  o f  4200C, 

w i t h  a n  i n c r e a s e  i n  s u b s t r a t e  t e m p e r a t u r e  from 360 t o  470•‹C 

d u r i n g  d e p o s i t i o n .  

X-ray a n a l y s i s  r e v e a l e d  t h a t  t h e  t h i c k n e s s  o f  t h e  f i l m s  

d i d  n o t  a f f e c t  t h e  c r y s t a l l i t e  s i z e  when t h e  f i l m  was t h i c k e r  

t h a n  12008 b u t  t h e  t h i c k n e s s  o f  t h e  f i l m s  a f f e c t e d  t h e  

p r e f e r e n t i a l  o r i e n t a t i o n  o f  c r y s t a l l i t e s .  For  f i l m s  

d e p o s i t e d  o n t o  p o l y c r y s t a l l i n e  SnO2:F s u b s t r a t e s ,  t h e  [ 0 0 1 ]  

p l a n e  was p r e f e r e n t i a l l y  o r i e n t e d  f o r  t h i c k n e s s e s  from 1200 

t o  2500g and t h e  [0201 p l a n e  was p r e f e r e n t i a l l y  o r i e n t e d  i n  

t h i c k n e s s e s  r a n g i n g  from 3100 t o  42008. T h i c k n e s s e s  on  t h e  

o r d e r  o f  29008 f i l m s  showed a  s l i g h t l y  [0201 p r e f e r r e d  

o r i e n t a t i o n  b u t  had a  more randomly o r i e n t e d  c r y s t a l l i t e  

s t r u c t u r e  t h a n  f i l m s  w i t h  o t h e r  t h i c k n e s s e s .  

The e l e c t r o c h r o m i c  performance  showed t h a t  f i l m s  which 

have a  l a r g e r  c r y s t a l l i t e  s i z e  and more randomly o r i e n t e d  

c r y s t a l l i t e  s t r u c t u r e  showed most r emarkab le  c o l o r a t i o n  and a  

n e a r  i n f r a r e d  t r a n s m i t t a n c e  change o f  90%; which most l i k e l y  

r e s u l t s  from a n  i n c r e a s e  i n  r e f l e c t i o n .  I n j e c t e d  e l e c t r o n s  i n  

t h e  f i l m  w i t h  l a r g e r  c r y s t a l l i t e  s i z e  show more l i k e l y  

f r e e - e l e c t r o n  b e h a v i o r  and i n  a d d i t i o n  l e s s  g r a i n  boundary 

s c a t t e r i n g ,  which r e s u l t s  i n  a l a r g e r  r e f l e c t i o n  . F i l m s  which 

a r e  more randomly o r i e n t e d  have l a r g e r  a n g l e s  o f  g r a i n  

b o u n d a r i e s  such  t h a t  more c a t i o n s  and e l e c t r o n s  a r e  i n j e c t e d  



i n t o  t h e  f i l m s ,  which a l s o  r e s u l t s  i n  a n  inc reased  

r e f l e c t i o n .  

The E0011 p l a n e  p r e f e r e n t i a l  o r i e n t a t i o n  o f  t h e  woa film 

h a s  a  l a r g e r  i n f l u e n c e  on t h e  e l e c t r o c h r o m i c  b e h a v i o r  t h a n  t h e  

[ 0 2 0 1  p r e f e r e n t i a l  o r i e n t a t i o n .  T h i s  is  p r o b a b l y  due  t o  t h e  

[ 0 0 1 ]  p l a n e  c o r r e s p o n d i n g  t o  t h e  l o w e s t  s u r f a c e  f r e e  e n e r g y  

c r y s t a l  p l a n e  f o r  hexagonal  c losed-packed ( o c t a h e d r o n  ) 

c r y s t a l  t h e r e b y  t h e  hydrogen d i f f u s i o n  c o e f f i c i e n t  is t h e  

s m a l l e s t  a l o n g  t h e  c r y s t a l l o g r a p h i c  d i r e c t i o n .  

P y r o l y t i c a l l y  s p r a y  d e p o s i t e d  t u n g s t e n  o x i d e  o n t o  

p o l y c r y s t a l l i n e  ( Ts = 450•‹C Sn02:F a t  a  s u b s t r a t e  

t e m p e r a t u r e  o f  420•‹C and a Nz f l o w r a t e  o f  1 6 . 5  l . / m i n  w i t h  

f i l m  t h i c k n e s s  a b o u t  30008,  r e v e a l e d  t h e  optimum 

e l e c t r o c h r o m i c  b e h a v i o r  which is d e s i r a b l e  f o r  t h e  p r e p a r a t i o n  

o f  If s m a r t  windows ". 
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