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PREFACE 

In keeping with the ·na t i ona l energy po l i cy goal o f  fostering an adequat e  
supp ly o f  energy a t  a rea s onabl e  co s t , the U . S .  Department o f  Energy ( DOE ) 
supports a var i ety o f  programs to promo t e  a balanced and mi xed energy res ourc e 
system .  The mis s i on o f  the DOE Solar Bui lding s  Re s earch and Devel opment 
Program is to support thi s goal by providing for the deve l o pment of solar 
technol ogy a l t erna t i ve s  for the bui l d ings s ec t or . I t  i s  the goal o f  the pro­
gram t o  e s tabl i sh a proven technol ogy ba s e  to a l l ow indu s t ry t o  develop s o l a r  
produc t s  and des i gns f o r  bui l ding s  that a r e  economi c a l l y  compe t i t ive and can 
cont r i bute s i gn i f i cantly  to bui l d ing energy suppl i e s  nat i ona l l y .  Toward thi s 
end , the program s ponsors  res earch ac t ivi t i e s  related to increa s ing the effi­
c i ency ,  reduc i ng the c o s t , and improving the l ong-t erm durabi l i ty of pa s s i ve 
and act i ve s o l a r  sys tems for bui l d ing water and space heat i ng , cool ing , and 
dayl i ghting appl i cat i ons . The s e  ac t i vi t i e s  are c onducted in four major 
area s  : (1) Advanced Pa s s ive Solar Mat erial s Researc h ,  ( 2 )  Col lec tor Tech­
nol ogy Re s earch , ( 3 )  Coo l i ng Sys t ems Re s earch , and (4 ) Sys t ems Ana lys i s  and 
App l i cat i ons  Re s earc h .  Arta C!) rs ptf'..J.tt\(!..,+ 1-o t"'-; s rerort. 

Advanced Pass ive Solar Materials Research . Thi s  a c t i v i t y  area inc ludes work 
on new aperture mat e r ia l s  and dev i c e s  for c ont rol l ing s o l ar heat gains and 
enhan c i ng the use  of dayl i ght for bui l ding inter i o r  l i gh t i ng purpo s e s . I t  
a l s o  encompa s s e s  work on l ow-c o s t  t hermal s torage mater ia:l s that have high 
the rma l st orage capac i ty and c an be integrated with c onvent i onal bui l d i ng 
e l emen t s  and work on mat erial s and me thods t o  t ransport therma l energy e f f i ­
c i ent l y  between any bui l ding ext e r i or surface and the bui l d ing inter i o r  b y  
nonmec hanical mean s  . 

Col lector Technology Research . Thi s  ac ·t ivi ty area encompa s s e s  work on .advanced l ow- to medi um-temperature ( as high as 180°F useful operat ing t emper­
atur e ) f l a t-plate c o l l e ct or s  for water and space heat ing a pp l i ca t i ons , and 
med i um- to h i gh-temperature ( a s  high as 400°F useful opera t ing temperature ) 
eva cuat ed-tube c oncentrat ing col l e c t o r s  f or space hea t i ng and c o o l ing app l i ca­
t i ons . The focus i s  on des i gn innova t i ons  using new mater i a l s  and fabr i c a t i on 
techn i que s  . 

Cooling Systems Research . Thi s  act ivity area involve s  res earch on h igh­
performance dehumid i f i er s  and chi l l ers  that can operate eff i c i ently w i t h  the 
var i abl e thermal out put a.nd del i very t emperatur e s  a s soc i a t ed with solar col­
l e c t o r s . I t  a l s o  i nc l udes  work on advanced pas s i ve cool ing techn i que s . 

Systems Analysi s  and Applicat i ons Research . Thi s  act i v i t y  area encompa s s e s  
exper i mental t e s t ing , analys i s ,  and eva luat i on for s ol ar hea t i ng , cool ing , and 
dayl i ght ing s y s t ems for res i dent i a l  and nonre s ident ial  bui l d ing s . Thi s  
invo lve s  system int egrat i on s tudi e s  ; the deve l o pment of des i gn and analy s i s  
t o o l s ;  and the e s t abl i shment o f  overa l l  c o s t , performance , and durabi l i ty t ar­
get s for var i ous  t echnol ogy or sys t em opt i on s . 

Thi s work relates  t o  Advanced Pa s s ive Solar Mat eri a l s  Re s earch on the dura­
b i l i ty o f  elec troc hromic ( EC )  windows for cont r o l l ing s o l ar heat ga ins  and 
enhancing the use of dayl i ght for bui ld ing inter i o r  l i ght ing purpo s e s  . By 
d i s c u s s ing the t e s t  met hods  for evaluat ing EC windows and summa r i z ing wha t  i s  
known about the i r  

durabi l i ty t e s t i ng of EC 

111 

performance degrada t i on ,  a set o f  recommenda t i ons  i s  given 
for advanc ing windows . Repre s entat ive l i terature 
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c i tations are provided a s  a means for ·reaching the c onc lus i on s  about 
durabi l i t y t e s t ing , and to provi de gu i dance for tho s e  who s eek more depth 
about the c omp l ex i ty o f  EC windows . 

The work was performed at the L&m:-ence fre.rkel ey Laboratory in t he Appl i ed 
S c i ence D i v i s i on , and the Photovol ta i c  Mea sure:m�lllits  and Performance Branch a t  
t h e  Solar Energy Re s earch Ins t i tute . The autho r s  appreciat e the f i nanc i al 
support by t he As s i s t ant Secretary for Cons erva t i on and Renewable Energy , 
Of f i c e  o f  S o l a r  Heat Techno l ogi e s , S o l ar Bui l di ng s  Divi s i on ,  Uni ted S t a t e s  
Department o f  Energy under contra c t s  DE-AC0 2-83CH10093 and DE-AC03-76SF000 9 8  . 



TP-3537 

SUMMARY 

The pr imary purpo s e s  of thi s report are to  summa r i z e  the t e s t  me tho d s  used for 
eva luat ing e l e c t rochromi c ( EC )  windows, to  summa r i z e  wha t 1s known about 
degradat i on o f  the i r  performanc e ,  and to rec ommend me thods and proc edur e s  for 
advanc ing EC windows for bui ldings appl i cat i ons . 

A brief overvi ew i s  provided for the appl i c a t i ons  of EC devices  in var i ous 
t echno l og i e s  with a focus  on bui ldings . The parameters used for t e s t i ng EC 
windows are organ i zed into evaluat ion c r i t er i a ; performance c r i t er i a ; and 
t e s t ing me tho d s  for l aborat ory ( re s earch ) ,  prot o type , and durabi l i ty eval ua­
௧ion . Key techn i cal  i s sues that have emerged are organi zed into the c a t e­
gor i e s  o f  prac t i cal  windows , durabi l i ty t e s t i ng , and fundamental mechan i sms . 
A brief background summa r i z e s  the intere s t ,  po t ent ial , phys i ca l  configura t i on ,  
and opera t i on o f  an EC window . Evalua t i on c r i t er i a  for ranking cand i d a t e  EC 
device  mater i a l s  and for complet e  candi da t e  EC windows are d i s cu s s e d  bri e f l y .  

c .rThe performanc e  i t e r i a  for EC windows are then organ i zed i n t o  two maj o r  sec­
t i ons . I n  the f i r s t  s e c t i on ,  performance parame t e r s  used in r e s earch inve s t i ­
gat i ons  are summa r i zed . The parameters  are g rouped into opt i ca l  proper t i e s , 
inj ected charge or i ons , open c i rcui t memory , cyc l e  energy , respon s e  t ime ,  and 
s ub s t ra t e  e f f ec t s  . A l i s t  of que s t i ons  t o  be res olved for the l aboratory per­
formance evalua t i on i s  pres ent ed . The mo st important paramet er s  needed t o  
evaluate an E C  window are summari zed , i . e . , opt i c a l  proper t i e s  o f  T (A ) , R ( A ) , 
A ( A ) ;  injected charge /un i t  vo lume correlated w i t h  the opt i c a l  propert i e s  ; I -V 
curve s agai n  corre l a t ed wi th the opt i cal proper t i e s , and the t ime- t empe ra ture 
dependence o f  the r e s ponse t ime .  

The second ma j or d i s cu s s i on s e c t i on dea l s  wi t h  t e s t  methods  for evalua t i ng the 
durabi l i ty of c omp l e t e  EC windows . Performance l o s s e s  resul t from i mp o s ed 
degradat i on s t res s e s  and are summari zed unde r  the catego r i e s  o f  degrad a t ion 
effect s ,  degradat i on modes , and degradat ion mec han i sms . Degradat i on s t r e s s e s  
include UV, hldmidi  t y ,  t emperature , a i r ,  po l lutant s ,  thermal shock , cyc l i c  
t emperature , cyc l i c  charge injec t i on ,  and bl eaching . Degradat i on modes  can 
re sul t from thermal s ho c k ,  prol onged non-us e ,  c on s t ant el eva t ed t emperature s , 
and var i ou s  c yc l i c· c hange s .  Degradat i on effe c t s include gas generat i on i n  . 
s ome devi c e s , humi d i ty effec t s , int ernal wat e r  forma t i on ,  secondary reac t i on s , 
photorea c t i on s , quenching ( fading of c o l or ) ,  vol ume change s ,  and t emperature 
( dependent ) e f f ec t s .  E s tabl i s hed degradat i on mechan i sms inc lude f i lm d i s s o lu­
t i on ,  c orro s i on ,  t rans pa rent conductor etching , and hyd rogen embri t t l ement . 

Performanc e  mea surement s for real-t ime and a c c e l erated l i f e  t e s t i ng are t hen 
d i s cus sed . The s e  include mea suring the t ran smi t t ance and reflec t ance ( wave­
l ength dependence ) of an EC window in the c o l o red and bleached s ta te s , the 
a t omic percent of i nj e c t ed charge , and the t i me dependence of the change in 
percent t ransmi t tance dur ing c o l or ing and bl eaching . The propo s ed met ho d s  and 
procedures  are summar i zed for real-t ime and a c c e l erat ed l i fe t e s t ing . 

As a conclus i on ,  a s e t  of recommenda t i ons i s  made for advanc ing EC window 
t echno l ogy , e s pe c i a l l y  for durabi l i ty t e s t i ng .  The s e  recommendat i on s  are pre­
l iminary but provide a sui tabl e foundat i on for further refinement . 

v 
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1 .  0 INTRODUCTION 

Thi s  report s erve s two primary purpo s e s  . The f i r s t  1 s  to summar1 ze the cur­
rent s t a t e-of-the-art t e s t  me thods used to evaluate electroc hromi c ( EC )  
windows . The second , purpose i s  t o  recommend me thod s and proc edures t o  t e s t  
E C  windows f o r  bui l d ings appl i cat ions . Material presented here i s  a l s o  pri­
mar i l y  d i rected toward tho s e  who are act ive in EC window research and devel op­
ment . For the benef i t  of  tho s e  who are intere s ted in more depth , represen­
t a t i ve references are c i t ed as a guide for gain ing in sight into the 
c on s i derable  c omp l ex i ty of EC window technol ogy . EC device use in bui l d i ng s , 
a s  wel l  a s  sugge s t i on s  for l ow-vo l ume and high-co s t  appl i cat ions , wi l l  a l s o  be 
pres ent ed . 

1 . 1  Objectives 

The o b j e c t ives of thi s report are to pres ent adequat e  background about EC 
window appl i c a t i on s  , t o  ident i fy general eva lua t i on c r i t er i a ,  to l i s t  expected 
performance cri teri a ,  t o  iden t i fy and d i s cu s s  me thod s needed for t e s t ing pro­
totype EC windows in l aboratory research including the i r  durabi l i ty ,  to  rank 
and recommend metho d s  for eva luat ing l aboratory and prototype EC windows , and 
to make recommendat i ons for advanc ing the s t a t e  of the art beyond the l abora­
t ory s tage s through the proto type and c ommercial  produc t s t age s  . 

1 . 2 of EC Windows in 

A number of t echno l ogy areas have been ident i f i ed in whi ch EC windows have 
c l ear p o t ent i a l  f o r  appl i c a t i ons . From a U . S .  Department o f  Energy ( DOE ) 
pers pec t i ve , the goal i s  t o  cons erve energy in_ bui l ding s by us ing EC 
g l az ing s . Other appl i ca t௲ons inc l ude use  in eyeg l a s se s , informa t i on d i s p l ays , 
aero s pac e , and vehi c l e s . Ini t ia l l y ,  the l ikely marke t pene t ra t i on wi l l  
invo lve spec i a l t y  produc t s  w i th high c o s t  and l ow vo lume , wi th subs equent pen­
e t ra t i on into the hi gh-vol ume and low- c o s t  bui l d i ng s  appl i c a t i on s . 

Window g l a s s  produc t i on in the Uni ted States  i s  about four b i l l ion s quare feet -per year for bui l d i ng s , wi th about 700 mi l l i on square feet used in sealed 
insulat ing windows ·(cunningham , 1986 ) .  Al t hough no def init i ve analy s i s  of 
energy s avings pot ent i a l  ha s been made for swi t chab l e  windows , s ome an�lyses  

_( Bartovi c s  , 1 9 84; B ryan et  a l  . ,  1 984 ) have shown that  s everal kWh / f t  -year 
could be s aved by u s e  of a well-programmed , automa t ical l y-con t ro l l ed ,  swi t ch­
able . window i n  c omme r c i a l  and r e s i dent i al bui ld i ng s . The energy s av ing s 
poten t i al i s  mor e  t han 100 b i l l i on kWh/yr ( current t o t a l  U . S .  energy consump­
t i on i s  about 24 t r i l l i on kWh/yr ) .  Deta i l s  about the energy savings potent ial  
are ava i l able  ( Se l kowi t z  and Lampert , 1990 ) .  A reduc t i on wi l l  a l s o  o ccur 1n 
the peak power demand for air  condi t i on ing inc lud i ng HVAC s i z ing . 

EC windows are highly desirable for providing both a ne t energy benef i t  and 
de s i gn opt i ons  for c ommercial bui l der s . Howeve r , indu s t ry may percei ve EC 
windows as a high t e chno l ogy approach for bui l d ings appl i c a t i on s  , and some 
manufacturers are s l ow t o  innovat e .  Curren t l y ,  t echno l og i cal deve l opment o f  
a n  E C  window i s  a high-r i sk proj ect  f o r  industry but they a r e  s t rongly sup­
port ive of DOE-funded research . The :Jo s t  l i ke ly product ive c o l l aborat i ons 
wi l l  resul t f rom interact ions wi th a selected group · of manufacturers who 
recogn i z e  the s cope of t he probl ems and poten t i a l  market . Ul t ima t e  acceptance 
wi l l  depend on a cl ear demons tra t i on of economic and technical  fea s i b i l i t y .  
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A recent c ommun ication (Wol sky et  a l . ,  1 9 8 8 ) s tated௳ 

"The bu i l d ing industry wi l l  mo s t  l i kely not be a t t rac ted to us ing 
EC window unt i l  res earch and deve l opmentresul t s  in a prac t i cal 
demon s t ration of an EC window of about 1 ft 2 that i s  func t i onal , 
aes t he t i cally pleas ing , and ha s the potent ial  for ec onom i c  s c a l e­
up and l ong-term durab i l i t y .  The device  mus t  demon s trate tha t 
h i gh produc t i on rates  and an economi cal ins t a l l e d  c o s t  can b e  
achi eved wi th indu s t r i al produc t i on ,  at about twi c e  the c o st of 
present l ow E coated windows . E c onom i c  i s sues for s c a l e-up mus t  
be kept i n  exce l l ent per s pe c t i ve ,  bot h  for mater i a l s and proc e s s e s  
under s tudy . Any EC window pro j e c t  that i s  us i ng mat er i a l s  w i t h  
una c c e pt able aesthet i c s  to bui l d ing archi t e c t s  o r  l ow-pot ent i a l  
for s c a l e-up o f  the pro c e s s  wi l l  not have any r easonable chance 
f o r  adoption and produc t i on by irtdu s t ry .  11 

The l ike l y  s c enar i o  for market pene t ra t i on wi l l  be for spec i a l ty glas s 
produc t s  o r  where t here are l e s s  stringent requ i remen t s  for ma s s  u s e . The s e  
may inc lude u s e  for automo b i l e  sun roo f s  ( hi gh co s t ) ,  " s ta t u s "  bui ld ings 
app l i ca t i ons_  (l e s s  s t ringent requ i rement s ) ,  and o ther cus t om bui ld ing appl i ca­
t i ons . Near-t erm spec i a l ty and cus t om a pp l i cat i ons  wi l l  not< only hel p  general 
consumer acceptance but provide valuab l e  data about unfores een t e chni ca l  
i s sues , durab i l i ty ,  and manufac t ur i ng problems . 

1 . 3  	 Among Evaluat ion Performance Criteria , and 
Methodol ogies for EC Windows 

A l arge numbe r  of parameters are curren t l y  used by var i ous research group s  . 
The s e  paramet e r s  are organi zed i n  thi s report accordi ng t o  evaluat ion c r i ­
t er i a , performan௴e criter i a , and t e s t i ng methods .  Evalua t i on cri t e r i a  inc lude 
t ho s e  parame ters  primar i l y  influenc i ng c ommercial feas i bi l i ty .  Thes e  c r i t er i a  
i nc lude the parameters for ranking the ma ter i a l s used i n  each c omponent l ayer , 
a s  wel l  a s  f o r  a complete EC window . Performance c r i t e r i a  deal spec i f i ca l l y  
w i t h  the phy s i ca l  propert i e s  o f  EC windows that mus t  b e  met a s  one c omponent 
of meet i ng c ommercial  fea s i bi l i ty requ i r ement s .  Thes e  c r i t e r i a  a l s o  deal  w i t h  
t he rang e s  t hrough whi ch mea s urement s  a r e  made f o r  l aboratory eval ua t i on .  
Test ing met ho d s  use the e s s ent i a l  performance criteria  t o  evaluate t he dur­
abi l i ty f o r  a proto type window. Performance l o s s e s  can result  from impo s ed 
durabi l i ty s t r e s s e s  and can be categori zed a s  degrada t i on ef£ec t s ,  mode s ,  and 
mechani sms· . Te s ting methods  a l s o  inc lude the cond i t i ons  requi red f o r  real ­
t ime and a c c e l erated test ing of EC windows . The parame t e r s  and measurement s  
c an be cat ego r i zed as  l aborat ory research , prot o type eva luation , durabi l i t y . 
evalua t i on ,  and commerc ial  feas i b i l i t y .  The s e  catego r i e s  are outl i ned 1n 
Sect i on 6 . 0 .  

We espec i a l l y  emphas i ze that the evalua t i on and performance c r i t e r i a  1 n  thi s 
report are developed for bui l d ing s  appl i cat i ons . Dif fer ent cri ter i a  wi l l  
l i kely be r equi red when us ing EC devi c e s  and /or windows for other appl i ca­
t i ons , e . g . , aut omo t ive sunroof s ,  aero s pace windows , ·and rear-vi ew mi rro r s  
( Lampert and Granqvi st, 1 9 90 )  . S ince t h e  6ther appl i cat i on s  may requ i r e  us ing 
the same me thodo log i e s  and t e s t  procedures summari zed i n  thi s repo r t , thi s 
report may a l s o  serve as  a sui table foundaFi on for appl i ca t i ons  other t han for 
bui l d ing;; . 
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1 . 4  	 Technical Issues for Evaluation Cri te r i a  and Test Methods for EC 
- Windows 

Techn i cal i s sue s that have surfaced whi l e preparing thi s report have been 
organi zed into tho s e  deal ing with prac t i cal windows , durabi l i ty ,  and funda­
mental mechan i sms . The fo l l owing l i s t  of i s sue s i s  not intended to be com­
plete for a comprehens ive research program on EC windows . Tho s e  l i s t ed for 
durabi l i ty t e s ting and some of tho s e  for prac t i cal wi ndows provide a focus for 
d i s cus s i on in thi s document . 

1 . 4 . 1  Prac t i cal Windows 

• 	 What common c r i t e r i a  are being ( or should be ) used t o  compare EC window per­
formance? 

• 	 What method s  shoul d be used t o  model EC window performance ?  

• 	 How does a n  E C  window perform? - How does performance depend o n  devi ce s i z௵ , 
sheet res i s t ivi t y ,  and the appl i ed vo l tage? 

• 	 What a௶s thet i c s  are required? 

• 	 Wha t  economi c s  are required? 

1 . 4 . 2  Durability Tes t ing 

• 	 What performance parameters could be measured , whi ch one s are r edundant ,  and 
whi ch ones are es s ent ial  for durabi l i ty s tud i e s ? 

• 	 Wha t  are the max1.mum and m1.n1.mum t e s t ing t emperat ures for var 1.ous 
appl i ca t i on s ?  

• 	 What methodo l og i es need t o  be empl oyed for real-t ime and a c c e l erated l i fe 
te s t i ng . 

• 	 At what s tage o f  EC window research and deve l opment should durabi l i ty 1. s sues 
be addre ssed? 

1œ4 . 3  Fundamental Mechanisms 

• 	 What is the mec hani sm o f  i on i n j e c t i on ?  The de'ta i l s  are not unders tood even 
t hough a transpor t  model has been developed . .

• 	 How does an ion c ross an interface? Thi s  process 1. s  not under s tood . 

• 	 What cau s e s  re s i dual colorat i on and doe s i t  l imit  durabi l i ty? 

• 	 I s  there a l o s s  i n  dynami c range. of injected charge , percent t ransmi t tance , 
and s tabi l i ty on cyc l i c  swi t ching ; are the s e  l o s s e s  related t o  durabi l i ty or 
merely a l o s s  in performance?  

3 
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2 .  0 BACKGROUND 

There i s  cons iderable intere s t  in the r e s earch and deve l o pment o f  ma t e r i a l s 
and dev i c e s  that can be used for op t i c a l  swi tching o f  large s c ale g la z ings . 
Severa l potent ial swi t ching t echno l og i e s  are ava i l ab l e  for glazing s  , inc l ud ing 
tho s e  ba s ed on elect rochromi sm,  thermochromi sm,  photochromi sm,  l i quid 
c rystal s ,  and physic-opt i c  phenomena . One of the mo s t  promi s i௤g t echno l og i e s  
f o r  opt i c a l  switching i s  e l e c t ro chromi sm . F i rs t , EC windows exhi b i t  a memory 
and requi re power only to change the i r  c o l orat i on and minima l  power t o  ma in­
t a i n  a c o l ored (or bl eached ) s t at e ; thi s techno l ogy i s  in  c ont ra s t  t o  l i qu i d  
crystal s .  Second , EC windows may have the i r  opt i c a l  propert i e s  changed at­
wi l l ,  i n  c ontra s t  t o  dev i c e s  based on thermochromi sm and phot ochromi s m .  
Furthermore , these glaz ings a r e  subject  t o  aut oma t i on because  o f  the i r  o per­
a t i ng mechani sms . - F i na l l y ,  they c onsume l ow amount s o f  power for swi t ching 
and minima l  amount s of power to maintain them in a given opt i ca l  s t a t e .  

·A l t hough EC windows have great pot ent i a l , they al s o  have a generou s share o f  
technical  uncerta int i e s  and probl ems . A few prominent degradative effec t s  
have been obs erved for many d i fferent devices ,  e . g . , r e s i dual c o l oration , l os s  
o f  dynamic  range , and l o s s  o f  s t abi l i ty o f  the d ev i c e  dur i ng long-term c yc l i c  
swi t ching . ·The origins o f  the effec t s  are only par t i a l l y  under s t oo d  a t  thi s 
t ime .  Al s o , i t  i s  very important td no t e_that the s e  effec t s  depend upon the 
cond i t i ons o f  test ing and in  s ome c a s e s  are no t permanent . Whi l e  i t  i s  t oo 
early t o  dis cus s why the s e  effec t s  o c cur , i t  i s  important t o  d i s cu s s  the s e  
observa t i ons a s  the research o n  devi c e s  move s forward . With this report we 
hope to bet t er unders t and s tabi l i ty in the s e  devi c e s  and to comment on t e s t  
methods used , l i fet ime , and cri teria f o r  evaluat ing EC windows . 

EC  dev i c e s  func t ion by the reve r s i b l e  inj e c t i on/eject i on of both e l ec t rons and 
i ons in/out of an EC mat er i a l  . A typ i c a l  EC reac t i on for a c athod i c  c o l o ring 

-material  i s :  a-wo3 + xH+ + xe ௥ a-M ௦03 , where M = Li + , H+ , Na+ , et c .  , wo3 i s  
t rans parent , and M wo3 i s  blue c o l or�d .  A typical  anodi c  c o l orat ion rea c t i on 

H+ ­i s :  Ni ( OH ) 2 .. Niodff + + e , where Ni ( OH ) 2 is  trans parent , and NiQOH 1.s 
bronz e c o l ored . Devi c e s  are des igned t o  s tore i ons and permi t them t o  be 
t rans ported back and forth into the EC l ayer when a pot en.t ial  is  appl i ed . -

To under s t and how dev i c e s  perform ,  degrade , and fai l ,  we mus t  d i s cu s s the 
s t ructure and materiala of d i f ferent device s . The EC device i s  general l y c om­
p o s ed of 4 or 5 layer s .  There are f ive genera l s t ructural type s  , de s i gnated 
a s  Types A,  B, c ,  D,  o r  E in Fi gure 2-1  . 

The s t ructur e s  of al l f i ve types beg in and end wi th a t rans parent e l ec t ron i c  
c onductor l ayer o n  a g l a s s  subs t rate . Typ i c a l l y ,  thi s conduc tor i s  ind i um t in 
oxide , In2o3 : sn ( I TO ) or  t i n  oxide doped with  antimony or fluorine , Sn02 : sb o r  
Sno2 : F . S1.nce the l i quid and electrolyte devi ces ( A  and B ,  respec t i ve ly in  
F i gure 2-1 ) are  unl ikely cand i dates  for bui l d ing s  appl i cat i ons , the rema inder 
o f  our general i zed de s c r i pt i on is for types C,  D,  and E. The second l ayer i s  
the EC l ayer . I t  ha s both ionic and e l ec troni c conduc t i on .  The typ i c a l  EC 
l ayer can be amorphous or crys t a l l ine tung s t en oxide , a-wo3 or c-wo3 ; i r i d ium 
hydroxide , I r ( OH ) 2 ; or nicke l  hydroxide , Ni ( OH ) 2• The mo st-used mat e r i a l  i s  
a-wo3 • The third layer i s  an ion conductor ( I C ) . In many EC devi c e s  prepared 
for l abor a t o ry stud i e s , l i quid electro l ytes have been used , but thi s l ayer 
s hould be a s o l id electrolyte for bui l d ings . The fourth l ayer i s  the count er 
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Figure 2-1. Schematic cross  section depict ing general ized EC window des i gns 

electrode ( CE )  mat e r ial  and may be another EC material or  an i on-s torage ma te­
r i al . I n  the c ombi ned i on s t orage and conductor des i gn s  , the fourth l ayer i s  
a c ombined e l e c t ron i c  c oriduc t o௠ and i on i c  s t orage medium ,  thus el imin௡t i ng the 
f i f th l ayer . The ion s t orage l ayer dev i c e  ( Type E )  i s  the mo s t  c ommonly 
fabr i cated devi c e .  I n  the c ompl ementary devi c e  des ign ( type D ) , the c ounter 
e l ec t rode and working elect rode are both EC mat erial s ,  where one c o l o r s  
anodi ca l l y  and t h e  other ca thod i ca l l y ;  in thi s way they c o l or together and 
bleach t ogether .  By us ing two electrochromi c mat erial s one can increa s e  the 
opt i cal dens i ty of the device  over that of the .s ingle  mat erial . In the N i s san 
devi ce ( Ka s e  e t  al . ,  1986 ) for example , cathodic a-wo3 and anod i c  . Pru s s  i an 
B l ue , ( Fe4 ( Fe ( CN ) ) 6 ) 3 are coupl ed . But by doing s o , they introduce an e l ec­
trochemi cal i mbal an c e .  T o  make a pra c t i c a l  device , another electrode mu s t  b e  
added to per i o d i ca l l y  ad jus t f o r  the charge imbalance i n  the devi ce . Probably 
the mo s t  suc c e s s ful c ompl ementary device  is  l?ased on anod i c  I r02 or I r ( OH ) 2. 
and cathod i c  a-wo3• An exampl e  of thi s dev i c e  has been made by EIC Labora­
t o r i e s . The h i gh c o s t  and l imi ted supply o f  i r i dium prec l ude i t s  con s i dera­
t i on for prac t i cal  EC windows , but it may be used for spe c i a l i zed appl i cat i on s  
such a s  in ai rcraft wi ndows . 

A ma j or problem wi th current EC window technology i s  wi th the electrolyt e . 
Both inorgan i c  and polymeric s o l i d  elec t rolytes can be con s i dered , but the 
e l e c t rolytes mus t  not compromi s e  the economi c s  of manufac tur i ng and poten t i a l  
durabi l i ty o f  the uni t s . Inorgan i c  e l e c t ro lyt e s  may require s pec i a l· 
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depo s i t i on proce s s e s  for suc ce s s ful  preparat i on ( e.g. , high l i thium 1on 
mobi l i ty in a mater i a l  may prec l ude succ e s s ful i on sput tering of that 
materia l ). The mechani sms of  i on tran s port are incompletely under s t ood i n  the 
electro de ma ter i a l s  and need further s tudy , espec i a l ly as det a i l ed bel ow. 
Mo re deta i l s  about the i on conducti ng layer are ava i l able ( Lampert and 
Granqvi s t  , 1 9 90 ). 

Some res earchers bel i eve l i thium i on s  are preferable  to H+ for i on t ransport 
H+becau s e  o f  the d i f f i cl,llty wi th c ont rol l ing the i on c oncentrat i on. Other . + + +i ons  ( e.g. , Na , K , and Ag ) have a l s o  been used succe s s fu l l y. Bat t ery 

researche r s  have a wea l t h  of exper i ence electr andwith Li +-conduc t ing olyte s  
thi s resource should be tapped when add i t i onal res earch on s o ltd pol ymer i c  

H+electrolyt e s  for EC windows i s  undert aken. Other res earchers favor u s i ng 
and research i s  underway with devices u s ing e i ther L i+ or H+. As de s c r i bed i n  
Sec t i on 5 ,  o n e  of  the key i s sues wi th H+-based devi c e s  may be the presence o f  
water. I n  e i ther ( or any othe r )  c a s e , ion tran s port data need t o  be kno wn f o r  
e stabl i shing the s o l i d  I C  layer thi c kne s s ,  whi ch c an b e  cal culated us i ng the 
opt i ca l  proper t i e s  of  cand idate IC mat e r i a l s  and thi ckne s s e s. The s e  computer 
cal cula t i on s , whi ch can be  performed us ing e s tab l i shed mul t i l ayer analysis 
model ing of the opt i c al  transmi t tance and ref l ec t anc e ,  wi l l  be helpful for 
choo s ing the thi ckne s s e s  of the var i ou s  l ayer s ,  and serve as . us e.ful guide a 
for preparing EC devi c e  t e s t  specimens wi th opt imum l ayer thi ckne s s e s. ( I f ,  
for examp l e ,  vacuum depo s i t i on proce s s e s  are adop t ed , the s e  thickne s s e s  are  
requi red for  economi c pro j ec t i on s  becau s e  of the cap i ta l  inves tment o f  d e po s i ­
t i on un i t s ,  throughput , and proce s s-dependent propert i e s  o f  f i lms ). 

EC windows wi l l  experience the great e s t  temperature f l uc tuat i ons when u s e d  in 
a configur a t i on for prevent ing s olar gain ( i.e. , absorbing and r e f l e c t ing 
phot ons with the EC l ayer). Re s earch mater i a l s should reta in the i r  perfor­
mance and have adequate l i fe time s for the ext reme s p l anned f o r  
thi s conf i gura t i on. Furthermore , the dependenc e  of t he 10n 
t ransport in both the e l e c t rolyte and e l ec t rode mat er i a l s mus t  be s t udied and 
report ed. The s e  data are needed to addr e s s  the cruc i a l  i s sue of how tempera­
ture wi l l  change the performance of real -world  dev i c e s. Except for ear l y  
work , ( e.g. , Faughnan and Cranda l l , 1 9 80 ) , the i on transport data in E C  window 
mater ia l s  have a l l  been reported at room t emperature. Recen t l y ,  s ome t empe ra­
ture-dependent res.u l t s  have been obta i ned for bat t ery appl i ca t i on s  ( Weppner 
and Schul t z , 1 98 7 ) .  
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3 . 0  EVALUATION CRITERIA FOR EC WINDOWS 

The c r i t e r i a  for eva lua t i ng EC windows are treated in two broad categor i e s  . 
The f i r s t  inc ludes the cri teria for ranking candi date ma terials u s ed in the 
var ious laye r s , i . e .  , the i onic-conduct ing layer, the e l e c t rode and counter­
e l e c t rode ma t eri al s ,  and the trans parent c onduc ting laye r s  ( Se c t i on 3 . 1 ) .  An 
excellent summary of the cand i date l ayer mater i a l s  wa s made in 1 984 ( Lampert , 
1 9 84 ) , _ and an update o f  e l e c t rochromic d i s p lays wa s made 2 years later (Oi , 
1 986 ) In  the second cat egory ( Sect i on 3 . 2 ) , criteria  for comp l e t e  wi ndows 
have been summarized-by a number of i nve s t igator s , e . g . , Be·nson et a l . ,  1 984 . 

3 . 1  Criteria for Candidate Materials 

The cand i da t e  material  cho s en.for each l ayer defines the ent i re devi ce , i . e . , 
Cover //TC / E C / I C /CE/TC / / Subs trat e .  However ,  the "be s t "  mat eria l for each l ayer 
may not nec e s sar i l y be cho s en because of· other factor s . The s e  include the 
po tent i a l  for mechan i c a l  strains from therma l  expan s i on mi smatche s , interface 
reac t i on s , and . the inf luence of the depo s i t ion proce s s e s ; the l a t t e r  wi l l  be 
d i scus s ed further bel ow .  Once each l ayer material is cho s en ,  fur ther requi re­
ments  inc lude the devi ce size ( area and thi ckne s s ) ;  t he opt imized l ayer thick­
ne s s  to _yi e l d  the requ i red qpt i c a l  proper t i e s ; the den s i ty o f  t he EC , CE , and 
I C  mater i al s ;  and the numbe r  of inj ected ions  per uni t  volume . The l a t ter 
s hould l ead t o  the change in transmi t t ance re௢ui red for the appl i ca t i on . 

The proce s s  u s ed t o  depo s i t  the l ayers o f  material s i s  important . F i rs t ,  t he 
depo s i t i on o f  mul t i l  aye r s  s houl d be done in the l aboratory us ing proc e s s e s  
that have potent i a l  f o r  economi cal , l arge- scale produc t i on . Al t erna t ive l y ,  a 
good device  c ould be produced by s everal consecutive proce s s e s  and t hen an 
economi c ,  scal ed-up method would be a devel opment objec t i ve . Thi s  i s  because  
depo s i t i on t echn i ques iniluence the  coa t i ng s t ructure , morphol o gy ,  c ompo s i­
t i on , and propert i e s  . 

Several depo s i t i on techn i q௣es have been used to form t he l ayers in EC 
devi ces  . The s e  inc lude chemi c a l  vapor depo s i t ion ( CVD ) ,  p l a sma enhanced CVD 
( PECVD ) , vacuum evapo ra t i on ,  RF and de s puttering , s o l  gel  proce s s e s , s o lut i on 
coat ing , and e l e c t rochemi c a l  depo s i t i on . Each of the s e  t echn i que s have advan­
t ages and d i sadvantage s rel ated to capi t a l  inve s tment , proc e s s  co s t  , depo s i ­
t i on rat e  and c ond i t ions , materi a l s compat ibi l i ty , and f i lm propert i e s  . A 
recent report ( Wo l s ky et  a l . ,  1 9 8 8 ) stat e s , "There are no t e chn i c a l  problems · 
a s s o c i ated wi th us ing a vacuum coater wit h  mi xed depo s i t i on procedure s ,  e . g . , 
use  PECVD f o r  rapi d  depo s i t i on o f  thi ck coat ings and s ome o ther depo s i t i on 
process wher e  PECVD may be d i f f i cu l t  to use . For examp l e ,  PECVD f o r  forming· 
the I C  l ayer may be d i f f i cul t ,  but us ing PECVD for al l of t he o ther l ayer ( s )  
may be feas i b l e ,  a s  has been d i s cus s ed ( Benson et a l . ,  1 9 8 7 ) .  Magnet ron s put­
tering and PECVD have been c ombined in exi s t ing vacuum depo s i t i on prac t i ce 
when .the pres sures  are not d i f ferent by more than 30%-40% . "  As our s olar 
experience us ing the l a t t er technol ogy has shown , the ma s s  produc t i on o f  l arge 
area arrays of a-S i : H  photovo l t a i c  cel l s  ( Carl son and Wron ski , 1 976 ; Luft'and 
Tsuo , 1988 ) has resu l t ed in an order-of-magni tude reduc t i on in the c o s t  of 

· produc ing s o l ar ce l l s  ( Madan , 1986 ) .  I t  now may be appropri a t e  to c r i t i ca l l y  
review the f i lm preparat i on proc e s s e s  f o r  E C  windows , and t o  ident i fy the · 
"be s t "  depo s i t i on proces s ( es )  . 
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3 . 1 . 1  Ionic Conducting Layer: Sol id State Inorganic or Polymeric 

Thi s  layer serve s a s  t he veh i c l e  f o r  i on t rans port  between t he electrode and 
c oun t er e l e c t rode . I t  shoul d  be colorl e s s  in the vi s i bl e  s pe c t rum , t herma lly 
s tab l e , and UV s t abl e .  For devi ce d e s i gn ,  the t ran sport ra t e  and i t s  t empera­
ture dependence mu s t  be known so a layer thickne s s  can be cho s en . Knowledge 
of  the t ransport mechani sm may he l p  avo i d  choo sing ma t er i a l s that wi l l  have 
"de s i gned- in" durabi l i t y  problems . More det a i l  about the need for thi s l ayer 
i s  g iven in Sec t i on 2 . 0 .  

3 . 1 . 2  Electrode and Counter Electrode Layer Material s 

The EC and CE mat eri al s mus t  provide the appro pr i a t e  absorp t i on centers  when 
an app l i ed vo l tage resul t s  in an injected charge . For thi s case , e l e c t ro­
c hemi cal  " ba t t ery" c r i t e r i a  appl y ,  i . e . , an EC window i s  s impl y  a s o l i d  s ta t e  
bat t ery that can have i t s  trans parency changed . The o ther important cri t e r i a  
for ranking E C  and CE material s include the c ount er i ons  preferred , cho o s ing 
mat erial s in crys t a l l itie or amorphous ௞tat e s , c o l or ing / b l eaching o f  bo t h  EC 
and CE , t he influence o f  cyc l i c  swi t ching , s t abi l i ty ( i . e . , not oxidizabl e ) , 
and rever s i bi l i t y .  Some devices  s tudied have acknowledged prohibitive mat e­
r i a l s c o s t s  ( Cogan and Rauh , 1 9 90 ) . There are a number of well documented 
weakne s se s  in the wo3 sys t em ( Faughnan and Cranda l l , 1 9 80 ) . Many researche r s  
have. s a i d  the pres ence of wat er i n  devi ces  should be minimi zed . Proto type 
dev i c e s  are being made us ing Li + and H+ , wi t h  res earch on Li +-ba s ed devi c e s  
increa s ing ( Goldner et al . ,  1 9 8 9 ; Cogan and Rauh , 1 9 8 9 ) .  

3 .1 . 3  Transparent Conduct ing (TC ) Layers 

The pr imary c r i t e r i a  for the TC l ayer s  are suf f i c i ent conduc t i vity ( or l ow 
sheet res i s tance ) for the device  s i ze antic i pa t ed and impermeabi l i ty t o  the 
i on i c  charge ( or injec ted charge ) in the EC and CE l ayers . I TO mee t s  the 
f i r s t  cri t er i on ,  but recent research with Li + i ons  i nd i c a t e s  degradat i on o f  
the I TO because  o f  Li + i on i n s er t i on ( Cogan and Rauh , 1 9 8 9  ) .  

3 . 2  Criteria for Ranking Candidate EC Windows 

A number of cri teria mus t  be con s i dered when ranki ng a c omp l e t e  EC window t o  
i dent i fy t he mo s t  promi s i ng cand i da te ( s ) .  The s e  are l i s t ed below i n  an order 
that s erve s a s  a rea s onable s equence for con s i derat i on .  

De s i gned Func t i on . Doe s  the d e s i gned func t i on s erve the performance needs o f  
a n  EC window f o r  the par t i cular app l i ca t i on .  For examp l e , doe s i t  func t i on i n  
a var i able ref l ec t i on ,  variable absorp t i on ,  or  mixed reflec t i on /absorpt i on 
mode ? Does it o f fer the opt i cal  proper t i e s  des i red for bo th the vi s i b l e  and 
near- infrared ( IR )  . 

Acceptable. The window shoul d  have a neut ral color ( e . g .  , 
bronze ,  grey , tan ) wi t h  minimal change in color  upon swi tching . Gla s s  com­
panie s and architec tural f i rms can make va luable input here . The devi ce 

2s ho௟ld al s o  be un i form in opt i cal dens i ty over areas  of  greater than 1 m
dur ing swi t ching ; e . g .  , bl o t chine s s  mus t  be avo i ded . 

Economi c . The EC window should  provide payback in l e s s  than 5 years ba sed on 
energy savings plus  add i t i ona l "ameni ty" values ( e . g . , replacement f o r  
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draper i e s , et c . ) .  Thi s goal many tran s l a t e  into produc t i on c o s t s  o f  up to 
several d o l l ars  per square foot for the coating .  

Minimum Performance Expe c ta t i ons . I s  the EC window effec t i ve and t s  the 
ant i c i pa t ed energy bene f i t  derived? The transmi ttance should range between 
70% to 8 0 %  ( bl eached ) to be low 10% to 20% tn the vi s ib le transmi t tance 
spect rum ( for the added value of pr ivacy)  . For solar t ransmi ttance, the range 
should be from about 7 0 %  ( bl eached ) to be l ow 10% ( co l ored )  , but thi s depends 
on the appl i ca t i on .  The operating temperature range should be 0° t o  7 0°C or 
broader . A swit ching t i me Ǿ 60 s for the change 1n s o l ar transmi t t ance i s  
acceptabl e .  

Minimum Tes t  Spec imen S i z e .  The laboratory-s tud i ed prot otype s need t o  be 
l arge enough to assure s c a l eabi l i t y  to a product i on s i ze. Prototyp e s  f o r  dur­

2ab i l i ty t e s t ing may range f rom 0 . 1 m to 5 x 5 em depend ing on the stage o f  
t e s t ing p r i o r  t o  deve l o p i ng the l arger proto type s .  

Weakne s s e s  from De s i gn/Co n s t ruc t i ona l / Prepara t i on Method s .  Are there i nherent 
l imitat i on s  in the overa l l  des ign and preparat i on that wi l l  l imi t obtaining 
105 t o  10 7 cyc l e s  , resul t i n  mechan i c a l  damage , cause corro s i on , or  prec lude 
sca leabi l i ty? 

Doe s  a non-replaceab l e  E C  window have a pro jec ted l i fet ime o f  1 5  
to 2 5  year s  ( or 5 year s  f o r  retro f i t ted "polymeri c "  E C  devi c e s  ) ba s ed on 
accelerated t e s t i ng? How many c o l o r / b l each cyc l e s  can be ant i c i pated  for the 
requi red t ransmi t t ance changes? Wha t  degradat i on in performance i s  a l l owabl e  
versus  year s  o f  us e? Doe s  d i agno s t i c  evalua t i on made during real t ime and 
accelerated t e s t ing c on f i rm that t he s ame degrada t i on mechani sms are o ccurring 
in each t e s t ing mode? 
being made? 

If not , on what bas i s  are the l i fet ime pred i c t i on s  

cand i date EC dev i c e  
Has 

to 
a systems 
subs tant i ate 

analys i s  
the 

methodo l ogy been appl i ed t o  
ranking for po tent i a l  suc c e s s ?  

each 
I f  

not , wha t  r e s earch i s  needed t o  perm i t  systems analys i s  ranking t o  b e  c arr ied 
out? 

The performance c r i t er i a  l i s t ed in ·Tabl e  3-1 were obtained from dat a c o l l ec t ed 
from s everal r e s earcher s for the Int erna t i onal Energy Agency Ta s k  10 , 
Subtask C ,  and by bes t  e௓t imates  of the nece s sary requi rement s for a bui l d ing 
window glaz ing ( Lampert , 1 99 0 c ) .  The actua l  appl i ca t i on of the swi t ching 
device  may vary f rom t he s e  i dea l i zed value s  . For exampl e ,  i n  automo t ive 
app l i ca t i on s  an EC dev i c e  i s  expec ted t o  operate at higher t emperature s than 
for a bui l d ing appl i cat i o n .  The upper-us e  temperature might be i n  exc e s s of 
90°C , but t he requ i red l i fet ime mi ght be onl y  7 years . For a sunroof appl i ca­
t i on the amount of UV rad iat i on i s  h i gher than for a ver t i cal  g l a z i ng . The 
opt i c a l  value s of the s e  data refl e c t  the performanc e  of the ent i re devi ce . 
The bl eached transmi s s i o n  propert i e s  are l im i t ed by the opt i ca l  propert i e s  o f  
the tran s parent c onduc t o r  and suostrate mat er i a l  . Two trans parent c onductors  
on glas s without t he EC l ayer s  can l ower the maximum s o lar transmi t t ance t o  
between 7 2% and 5 6 %  de pend ing o n  t h e  ma ter i a l . Becau s e  of thi s , improvement s 
in trans parent c onduc tors  are a l s o  impor tant to the· performance o f  e l e c t ro­
chromi c devi c e s . Furthermore , ·for large- s c a l e  appl i c a t i on ,  trans parent c on­
duc t o r s  mus t  have very l ow sheet res i s t ances to overc ome resi s t i ve power l o s s  
and s l ow swi t ching t ime .  

9 
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Table 3- 1 .  Performance Criteria for EC Windows . 
( Lamper t ,  1 9 9 0 c ) 

SPECTRAL RESPONSE 
V i s i b l e  Cont rol  

Solar  Control 
( when desi red ) 

Near-IR Cont rol  
( re f l ect ive devi c e )  

SWITCHING VOLTAGE 

SWITCHING TIME 

MEMORY 

CYCLIC  LI FETIME 

LI FETIME 

OPERATING TEMPERATURE 

T, ( bl eached ) = 5 0%-70% p
T ( co l ored ) = <1 0%-20% p
T ( bl eached ) = 5 0%-70% s 
T ( colored ) = 10%-20%s 

( bl ea ched ) = 10%-20%Rn i r  
( colored ) = >70%Rn i r  


1-3 V ( smal l  devi c e )  

10-24 V ( l arge devi c e )  


1-60 s 


1- 12 h 


>10K- 1M Cyc l e s  


5 - 2 0  Years 


- 30 to 7 0 ° C  

0-7 oo c ,  I f  Prot e c t ed -
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4 .0 PERFORMANCE CRITERIA FOR EC WINDOWS 

for use 
abi l i ty and durab i l i ty o f  deve l o pmental  or 

As indi cated Τn Sect i on 1 . 3 ,  we have divided the t e s t  me tho d s  used ௔n EC 
window r e s earch and deve l o pment into two categories . In thi s sect ion , we 
provide a brief summary of the t e s t  me thods used for laborat ory res earch . 
The s e  me thods  may be used t o  character i ze component f i lm ma teri a l s ,  par t i a l  
a s s embl i e s , or  a complete  window a s  we l l  a s  to unders tand the fundamenta l 
phy s i c a l  and chemi cal  proc e s s e s . Thi s sect ion i s  summarized wi th tho s e  
metho d s  t hat ·appear c ruc i a l  to estab l i sh the prac t i ca l  suit­

proto type EC windows . 

A c ommon EC device  s t ructure i s  shown in Figure 4-1 . To c o l o r  the EC f i lm ,  a 
vo l t age s ource i s  c onnected between the trans parent conduc t i ve e l ect rode s 
( hereaft er referred t o  a s  ITO for ind ium t in oxide whi ch i s  commonly used for 
thi s purpo s e )  . With a negative vo l t age on one I TO e l e c t rode , e l ectrons are 
injec ted from the I TO electrode and pro tons from the IC l ayer into the EC 
f i lm .  Thi s  c ont inue s unti l the E C  l ayer is converted to the de s i red c o l o r . 
The co lora t i on proc e s s can·be s t o pped at l ower color values than the max imum 

r norma l change . Under open-circuit  cond i t i ons the c o l or remains  in t he f i lm 
for s ome t ime . Thus , one has a l ong- term memory device . To b l each the f i lm ,  
the polarity i s  rever sed s o  that e l ec t rons return t o  the I TO from the E C  l ayer 
and protons r௕turn to the i on s t orage CE , i . e . , electrons and protons l eave 
the s ame e l e c t rode f rom whi ch they ent ered the f ilm.  Current f l ows unt i l  the 

Glass/plastic substrate 
I 

-
+ "  Transparent conductor e-

Electroch ramie A+
Low e-

·oltage lon conductor/ Bleaching Coloringelectrolyte 
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lon storage A+ 

+ 
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-
I 
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Figure 4- 1 .  Schematic structure of a cathodic EC device 
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ent i r e  fi lm i s  rest ored t o  i t s  orig i na l  s t a t e  o {  c o l o r . I t  i s  conveni ent t o  
think o f  t h e  c o l o r  and b l each proce s s  as  the charg i ng and௖ d i s charging o f  a 
ba t tery . The s e  general phys i cal  princ i p l e s  of elect rochromi sm give a rough 
i dea of how t he dev i c e  works but only hint at the comp l e x i ty of i t s  opera t i on ,  
which requires  c oncepts o f  s o l id-s tate physic s ,  chemi s t ry , imd e l ec t rochem­
i s t ry . Each aspect  of the device  opera t i on ha s beeo d i s cus sed in det a i l  to 
show how it affec t s  the overal l perf ormance and opera t i on ( Faughnan and 
Crandal l ,  1 980 ) .  

4 . 1  Parameters Measured/Used to Establ i sh EC Window Performance 

A number of d i fferent mea s urement s-or presentat i ons of data are used to eval ­
uat e  the performance o f  EC windows . We have l i s t ed tho s e  that appear mo s t  
frequently i n  the l i t erature i n  Tabl e  4- 1 .  The parame t e r s  measured /used are 
organ i z ed i n  the table i n  broad categor i e s  of opt i c a l  propert i e s  or respon s e , 
i on ins erti on or i n j e c t ed c harge , open c i rcui t memory , cyc l e  energy , response  
t ime , and sub s t rate effec t s . A review , c ompar i son , and contra s t  of t he s e  
"mea surement s "  ha s recently been made ( Lamper t ,  1990a ) .  A s  ind i ca t ed in thi s 
review ,  T (X ) , R ( X ) , and A ( X )  ver sus  injected charge are des i red rather t han 
t he more ambi guous opt i c aÍ dens i t y  or co lora t i on ef f i c i ency . 

4 . 2  Performance Cri teria for EC Windows for 

The importance of the parameters l i s ted in Tabl e  4-1 for defi ning the expec t ed 
performance of an EC window are summari zed in thi s s e c t i on .  More deta i l  i s  
ava i l ab l e  ( Lampert and Granqvi s t  , 1 9 90 ) .  

4 . 2 .1 Opt ical Properties 

I n  many EC mater ia l s ,  the opt i ca l  proper t i e s  are due t o· the pre s ence o f  a 
trapped or l oc a l i zed center fol l owing i on insert i on .  In t h i s  case , the 
var i ous opt i ca l  proper t i e s  can be interrelated through Smakul a ' s  equat i on 
( Smakula , 1 9 3 0 ); whi ch he int roduced for c o l or cent ers  i n  ·a l ka l i  ha l ide s : 

( 1 )  

where N i s  the numbe r  o f  c o l o r  cent ers formed per s quare cent imeter , n the 
index o f  refrac t i on o f  the f i lm ,  a the absorpt i on c oe f f i c i ent at the bandm
peak in rec i procal cent ime t ers , 

afhe ful l width at ha l f  maximum in eV , and 
f t he o s c i l lator s t reng t h .  Thus , opt i ca l  proper t i e s  can be det ermined by 
mea suring the absorption spectrum . 

For exampl e ,  amorphous wo3 f i lms made by d i f ferent techn i ques do not d i f f er 
qua l i tat ively in the i r  c o l o r s  or opt i c a l  abs orpt i on s p e c t ra . S imi l a r l y ,  the 
op t i ca l  propert i e s  do not vary s i gn i f i cantly for d i f ferent met al  i ons e l ec­
t r i c a l l y  inserted . The charac ter i s t i c  blue color of e l e c t rochromi c cor­
responds to an absorpt i on band centered at an energy of 
-1 eV ( 1 242 nm ) with a ful l width at hal f maximum of -1 . 5  eV ( 828 nm ) .  

Many d i fferent mod e l s  have been propo s ed f o r  the nature o f  the opt ical  t ransi­
t i on i n  e l e c t rochromi c wo3• Of the s e , th2 two mode l s  currently mo s t  wi dely 
hel d  are ( 1 )  int erva l ence charge trans i t i ons ( Faughnan et al . ,  1 9 7 5 )  and 
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Table 4-1 . 	 Parameters Related to Performance Criteria Expected for 
EC Windows-Buildings Appli cati ons 

OPTI CAL PROPERT I E S  

o Spectral T ( A ), R ( A ) , and A( A ) .  

o Angular and hemi s pher i cal opt i ca l  smea suremen.t

o Int egrated s o lar and pho t o p i c  transmi t tance 

o Dayl i ght i ng s e l ec t ivi ty 

o Fract i on of s o lar transmi t t ed 

ION INSERTION , COLOR CENTERS, OR INJECTED CHARGE 

o Ion insert i on and absorpt i on c enters 

o Injected c harge mea surௗment s  dur ing c o l ora t i on and b l eaching
#
( number o f  i on s  or i on i c  concent rat i on ) 
 #

o Charge capac i t y measurement s ,  mC/ cm2 

o De termi nat i on o f  upper and l ower colora t i on level s 

o Colorat i on e f f i c i ency ( neE ) mea surement , a s s ume s Beer ' s  Law-cm2 / c  

o Op t i cal dens i ty (OD ) 

o I-V curve s 

o Q versus 	OD 

o Pot ent i a l  u s ed to cyc l e  dev i c e s  and wave form 

o Int ernal emf vs . injec t ed charge ( q ) . An E ( q )  i s otherm i s  a fundamental 
phys i ca l  property where E ( q )  = -e ŗ ( q ) ; e i s  the electron charge and ŗ ( q )  
i s  the c hemi c a l  potent i a l  o f  the i on insert i on mat erial . 

OTHSR PROPERTI E S  

o I on i c  Conduc t i v i t y  1 n  EC , CE , and I C .  

o Respon s e  	t ime measurement ( EA Ì 0 . 5  eV f o r  s l owe s t  1on trans port ) 

o Open c i r cu i t  memory 

o Sub s t ra t e  e f f e c t s  el iminated 
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( 2 )  free-el ec t ron type absorpt i on ( Shi rmer et al . ,  1 9 7 7 ) .  In e i ther case , the 
elec trochromi sm resu l t s  from the ion- insert i on reac t i on 

( 2 )  

where M+ i s  an inserted metal  i on or a pro ton .  The r i ght s i de o f  reac t i on ( 2 )  
repre s en t s  t he blue c ompound formed upon ion inser t i on . Ac cording t o  the 
int erva l ence trans 1 t 1 on mode l , e l ec t rons injected dur ing. c o l orat i on are 

M+trapped at tungsten s i t e s , wherea s ions  are inj e c t ed into inter s t i t i a l  
po s i t i on s  and retain the i r  s t ate . The net result  i s  that durin� l i ght 

6absorp t i on ,  an electron on a s i t e  i s  transferred t o  an a d j a cent w s i t e , 
a s  1n an interva l ence t rans i t i on . Thi s model expl a i n s  qua l i tat ively t he ma in 
featur e s  o f  t he obs erved absorp t i on s pectrum . 

The blue c o l or of e l e c t rochromi c obs erved in both crys t a l l ine and amor­wo3
phous f i lms i s  due to a broad absorption band that peaks between 0 .  90 eV 
( 1 380 nm ) and 1 . 46 eV ( 85 1  nm ) depend ing on fi lm proper t i e s . Al so , i t s  ful l 
width a t  hal f  maximum ( FWHM ) var i e s  between 1 . 1  eV ( 1 1 2 9  nm ) and 
2 . 0  eV ( 6 2 1  nm ) .  Figure 4-2 shows typ ical opt ical௘abs orpt i on curve s .  

The opt i c a ௙  abs orpt ion in amorphous W03 peaks at approx ima t e l y  1 . 46 eV 
( 85 1  nm ) and the width of the absorp t i on broadens a s  the dens i ty of c o l o r a t ion 
increa s e s  to i t s  maximum , correspond i ng to x -0 . 5 .  The amorphous wo3 c urve .shown in F i gure 4-2 i s  for a thin f i lm ( -0 . 1  ]lm ) c o l ored to a high opt i ca l  
dens i ty and i s ,  therefore , broad . 

When amorphous wo3 i s  crys t al l i zed by heat ing in a i r , or  depo s i t ed in a poly­
crys t a l l ine form ,  i t s  absorpt i on peak shi f t s  to l ower energy . Thi s i s  s hown 
in F i gure 4-2 for a f i lm that has been crystal l i zed by hea t ing in a i r  at 5 00°C 
for 2 min . Thi s  shi f t s  i t s  absorp t i on peak to 0 . 9 5  eV ( 1 3 0 7  nm ) .  The c o l ora­
t ion den s i t y  is not a s  great for thi s f i l m  a s  for the amorphous f i lm and s o  
i t s  absorp t ion i s  not a s  broad ; e . g . , 1 . 2  eV ( 1 0 3 5  nm ) ins t ead o f  2 . 0  eV 
( 62 1  nm ) for FWHM . 

In the s ame figure , we show t he o pt i ca l  absorp t i on ar1 s 1ng from a s i ng l e­
c ry s t a l  p l a t e l e t  . Thi s crystal  wa s c o l ored by imme r s ing in hea t ed HCl i n  t he 
presence o f  Zn pel l et s . Ana l ys i s  by s econdary i on ma s s  spec t r o s c opy s hows 
that it wa s c o l ored t o  a den s i ty corres pond ing to x = 0 . 5  in a surface l ayer 
0 . 2 7  ]lm deep . The depth of thi s surface l ayer increas e s  wi th increased t ime 
o f  imme r s ion in t he HC 1 : Zn .  Intere s t ingly,  the propert i e s  o f  the s ingle­
crys t a l  absorpt ion are very s imi l ar t o  the crys t a l l i zed f i lm and t o  the amor­
phou s f i lm except for the s h i f t  in the peak by approximately 0 . ௜ eV 
( 2484 nm ) .  The opt i c a l  propert i e s  described above are cons i s t ent wi th equa­
t i on ( 1 ) .  
Thus , Spectral T ,  R ,  and A mu s t  be t aken over the appropr iate  wavel ength spec­
trum . For dayl ight ing , thi s is 3 9 0 - 7 7 0  nm ; for s o lar relevance , th i s  i s  
285-2600  nm . Figure 4-2 i l l u s t ra t e s  the reason for requir ing T ( A ) ,  R( A ) ,  and 
A( A ) .  T ( A )  ha s max ima at d i f ferent wave l engths f o r  d i f fe rent extent s o-f ion 
insert i on .  The frac t i on of solar  rad iat ion transmi t t ed is hel pful when 
a s s e s s ing the energy input to t௚e s t ructure , but i s  a subset of T ( A ) , R ( A ) ,  
and A( A ) .  The angular and hemi spher i cal  opt i ca l  measurement s are only needed 
where s pecul arity o f  t he EC window is importan t .  The integrated and pho t o p i c  
transmi t t ance i s  retri evable from T ( A ) .  
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Figure 4-2 . Opt ical absorpt ion i n  amorphous _and crystall ine wo3 . 
The 0 . 2 5  mm-thick s ingl e  c rystal  wa s c o l ored to a thi ckne s s  o f  0 . 2 7  11m 
in HCl : Zn for  5 min at 45 ° C  to yield  an 00 of 3 . 0 .  The 0 . 5  11m-thi c k  
evapora t ed f i lm ( short dashe s )  was heat treated in a i r  f o r  1-2 min a t  
5 00 ° C  and c o l ored e l ec t ro l yt i cal l y  t o  a n  0 0  o f  1 . 45 . ௝he 0 . 1  11m-thick 
evaporat e  f i lm ( l ong dashe s ) was c o l ored in HCl : Zn for 5 min at 45 ° C  
t o  a n  00 o f  0 . 85 .  ( After  Faughnan and Crandal l , 1 980 ) 

Opt i ca l  mea s urement s are nec e s s ary t o  det ermine the effect ivene s s  o f  the e l ec­
t rochromi sm of c omponent f i lms and can be used to cal cula t e  color change s •  The 
wave l ength-dependent T ,  R ,  and A a l s o  depend on f i lm thickne s s ( e s ) .  A com­
p l e t e  mul t i l ayer EC window i s  no t a s impl e  resul t of the opt i ca l  charact er­
i s t ic s  of i t s  c omponent layers because  of mul t i ple  ref l ec t i on and interference 
effect s ,  thu s  , making the c a l cula t i on of the opt i cal  re sponse of a c omp l e t e  
dev i ce somewhat d i f f i cu l t . Therefore , t h e  wavel ength dependence o f  T ,  R ,  and 
A are a l s o  neces sary for an EC devi ce . As summarized e l s ewhere ( Lampert , 
1 99 0a ) ,  reference s t andard s are requi red for s o l ar and v i s i b l e  wei ght i ng s  and 
c o l or coord inate - c a l culat i ons. The recommendat i ons made for reporting f i lm 
thi ckne s se s , sub s t ra t e  used , s pecular and d i f fuse  mea surement s ,  e t c . are 
needed for o f  work from d i f ferent re s earch groups ( Lampert , 
1 99 0a )  . 

The f o l l owing d i s cu s s i on on ref l e c t ivi t y  modulat i on and mea surement s 1 s  ba s ed 
on a recent c ommuni cat i on and re sul t s  ( Go l dner et a l . ,  1990 ) .  

" I dea l l y ,  t o  avo i d  unnec e s s ary absorp t i o n ,  whi ch can l ead t o  l ong 
term degrada t i on as we l l  as thermal rad i a t i on t rans fer · inef f i ­
c i enc ie s  , t h e  E C  layer in a n  e l e c t rochromi c window shoul d have a 
s pectral re f l ec t ivi ty whi ch i s  a s t ep-func t ion.  Below a cri t i ca l  
wave l ength , \ , the ref l ectance should b e  zero ( 1 00% t rans ­
mi s s iv i ty )  , arfd above \ p  the re f l ec t ance shoul d  be 1 00% ( zero 

c ompari s ons 
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transmi s s ivi ty ) and A should be contro l l abl e .  An ideal free 
e l ectron ( Drude ) s o l id' with no damping ( no e l ec t ron s c a t t ering ) 
would exhibit the des ired reflect ivity s t ep func t ion , wi th A p
c orres ponding t o  the p l a sma wave l engt h .  That i s ,  A = ( 2nc/w ) ,  
( c  = vacuum vel o c i ty of l i ght w/ = ( [ n ] q2 / m*e: 0 ) ,  [ E ] = densftye e
of free electrons , .q = e l e c t ront c ·  charge , m'>'௉ = electron effect i ve 
ma s s ,  e: 0 = vacuum d i e l e c t r i c  con s t ant ) .  Therefore , for the ideal 
Drude s o l i d ,  a s t ep-l ike spectrally sel e c t i ve ref l e c t ance modul a­
t i on can be ac c omp l i shed by modulat ing the fொee electron dens i t y .  
In any real f i lm ,  however , t here i s  s ome free e l e c t ron s c a t t er ing . 
Thi s  i s  introduced into the Drude model by the use o f  the damping 
or energy l o s s  parameter , E ˰ , whi ch l argely det ermine s the ோhape 
and he i ght of the ref l e c t ivtty s t e p .  Al s o , for fi lms , as E i s  
reduced , the requi red f i lm thi ckne s s  t o  a t t a i n  a des i red reflec­
t ance s t ep is l ikewi s e  reduced . Thi s c·an s t rongly af fect  the eco­
nomi c s  a s  wel l  a s  the phy s i cal  propert ies of elect rochromi c win­
dows . In par t i cular , reduced thi ckne s s  t ran s l a t e s  into d imini shed 
materi a l s  and f abr i c a t i on c o s t s  , and shorter switching t ime ; and 
f inal ly , redcued E r  and thi ckne s s  t ran s l a t e  t ogether into signi ­
f i cant ly reduced heat ing from o p t i c a l  absorpt i on ( recal l that opt­
ical  absorpt i on is a func t i on of  the o f  the thi c kne s s  and 
ab sorp t i on coef f i c i ent ) .  Therefore , being able t o  i dent i fy the 
causes  o f  Er , and removing them, i s  both an interest ing s c i en t i fi c  
cha l l enge as  we l l  a s  of technological  import anc e . "  

/ 
· "Recent re s earch [ Go l dner e t  a l . ,  1 9 90 ] ind i c a t e s  that the pot en­

ti ally  achi evabl e  reflectance for Li . W03 f i lms c an approxima t e  
that found f o r  N a  wo3 bulk c rystal s d'n whi c h  E r  < 0 . 2 5 eV , when 
x > 0 . 5 ;  and whi c� has infrared reflect ivi t i e s  > 90% ) . Thu s ,  the 
spectral reflec t ivi t y ,  R( A ) , i s  an important mea surement .  In par­
t i cular , one can f i t  the R ( A )  data wi th a Drude model to obtain E r  
whi ch ,  i n  turn , wi l l  prov i de the inve s t igator wi th the feedback 
needed t o  f ine- tune the depo s i t i on ;proce s s  t o  minimi ze Er [ or 
maximi ze R ( A ) ] . "  

4 . 2 . 2  Ion Insertion , Color Centers ,  or Injected Charge 

A number of parameters  or terms , s ome fundament a l  and s ome derived , are a l l  
related t o  the opti cal absorpt ion that causes  the decrea s e  i n  t ransmi t tance in 
the v i s ible spectrum when a vo l t age is appl i ed t o  an EC window . Charge neu­
t ral i t y i s  cons erved by transport of ions and electrons . The interre l at ion­
shi p s  of the absorp t i on and transmi ttanc e  have been d i s cus s ed ( Ben i and Shay , 
1982 ; Lampert , 1990c ) .  

The vo l tage requi red t o  drive an EC device i s  typ i ca l  of that for a ga lvan i c  
c e l l  ( - 1  V )  and the opt i cal den s i ty ( OD )  ( l og 10 of induc ed abs orpt i on )  i s  pro­
por t i onal to the injec ted ion concentra t i on and to the o s c i l l a tor s t rength o f  
the o p t i ca l  trans lt t on .  I t  i s  easy t o  show that if  the i on wi th c hange<! 
val ency in an electrochromi c material  ha s the s ame or nearly the same sur­
round ings as .the unperturbed i nn ,  then s t rong opt i ca l  charge trans fer abs orp­
t i on bands nece s sari ly exi s t  ( Robin and Day , 1 9 6 7 ) .  Thuௌ , in  s o l i d s  i n  whi c h  
a val ency change i s  ea s y  to  perform ,  a st rong abs orpt i on i s  almo s t  always 
pres ent . 
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An important property o f  an i on-ins ert i on mat erial i s  i t s  int erna l e l e c tro­
mo t i ve force ( emf ) .  To define i t ,  the capac ity of the ion- ins ert i on material  
mu s t  be con s i dered fir s t  . Thi s is  the maximum number N o f  ions  that  can be  . . . . max . . 
inserted ln a unl t vo lume . When N lons per un 1 t vo lume are 1nserted 1 n  the 
ma terial  , the relat ive ion-oc cupancy q = NIN det ermi nes the chemi cal  poten­
t i a l  iJ ( q )  of an . ion in the ion-ins ert i on %�1 erial . In turn , the chemi cal  . 
potential  i s  related to the interna l emf E ( q ) , whi ch varies  with the  tempera­
ture ; at a g i ven temperature the func t i on E ( q )  i s  usua l l y  referred to as an 
i s o therm of the i on- in sert i on materi a l . I s o therms of electrochromi c s  are mea­
surable and have been s tud i ed exten s i vely ( Cranda l l  et  al . ,  1 9 7 & ;  Cranda l l  and 
Faughnan , 1 9 7 7 ; H i t chman , 1 9 7 7 ;  Beni and Shay , 1980 ; Beni et al . ,  1 9 8 0 ) .  The 
d q )  i s otherm i s  the mo s t  fundamental property for characteri z ing the i on­
insert i on ma terial  ( s ee , for exampl e ,  Cranda l l  and Faughnan , 1 9 7 6 ) .  

The symme t r i c  c e l l  shown in F i gure 2-1  dep i c t s  electron i c  conduc tors  in s haded 
l ayer s 1 and 5 ;  l ayer s 2 and 4 are ion- ins ert i oh mixed conduc tors  , and l ayer 3 
i s  the el ectrolyt e . For s imp l i c i t y ,  l e t  l ayers 1 and 5 and l ayer s  2 and 4 be 
i den் i c a l  . Let us  as sume a l s o  that the relative i on oc cupanc i e s  o f  l ayer 4 q4
and o f  l ayer 2 ௎re such that + = 1 .  The pot ௏ntial  d i fference between q2 q2 q4 
l ayer s 1 and 5 1s ƘE = e [ ௐ C q4 - ŗ ( q2 ) ] .  Thus , 1f l ayers  1 and 5 are 
ext erna l l y  c onnec t ed and if * q4 ' ions  wi l l  be trans ferred between l ayer s 4 
and 2 acro s s  the e l ectro lyt e unt l l  = = 1 /2 and A E  = 0 .  Such a c e l l  i sq 2 q4 
i n  thermodynamic  equi l i brium and can b e  d i s p l aced from equi l i brium by applying 
an ext ernal vo l tage between l ayers 1 and 5 .  I f , by appl i cat i on o f  the appro­
priate vol t age , a conf i gura t i on + = 1 )  i s  obtained , thi s c on f i g­q4 ( q2 q4·urat ion pers i s t s  after opening ext erna l c i rcui t s ince charge c anno t be 
t rans ferred unl e s s  l ayers 1 and 5 are c onne c t ed . This property o f  the c e l l  i s  
referred t o  a s  open- c i rcuit memory ( OCM )  , which i s  time dependent because  s ome 
EC devi c e s  are s e l f-di s charg ing . 

4 . 2 . 3  Open Circui t Memory and Calculation of Cycle Energy 

The time dependence of the OCM can be used a s  a measure of the cyc l e  energy 
c onsumed in the u s e  of EC windows . I n  prac t i c e , a short OCM wi 1 1  be indic­
a t i ve o f  i ncreased power con s umpt i on · o f  the device . I n  l aborat ory s t ud i e s , 
the cyc l i c  energy input into an EC window make s such a minor contribu t i on t o  
the l i fe cyc l e  c o s t  that i t  need no t be determined unl e s s  the O C M  become s 
extremel y  s hort for  some unu sual rea sons . 

4 . 2 . 4 Res ponse Time 

The EC re s ponse  t ime s , i . e ,  the t ime s requi red for col orat i on and b l eaching , 
are determined primar i l y  by the mob i l i ty o f  the injected ions at t he f i lm­
e l e c t ro lyte interface ( and in the f i lm i t s e l f ) ,  and the int ernal emf due t o  
i on inser t i on .  There i s  a trade-off be tween OCM and respon s e  t ime ,  where a 
l ong OCM ( l ow power consump t i on )  a l s o  means a l ong respon s e  t ime ( s l ow 
swit ching speed ) ( Benson , 1 98 9 ) .  F.or wo3 i t  has been e s tabl i shed ( Faughnan 
et a l  . ,  1 9 7 5  ) that the co l oring and bleach1ng speed s are governed by d i fferent 
effec t s . Col orat i on i s  control led .by the kine t i c s  of i on _ injec t i on at the 
wo3-elec trolyte interface , whereas the s peed i s  det ermi ned by s pac e-charge 
l imited trans port . .  The asymme try between the proc e s s e s  of charge inj e c t i on 
and extrac t i on i s  due to the int erna l emf a s soc ia ted wi th the pre s ence o f  the 
inj ected i on s  . During c o l ora t i on ,  the int erna l emf bui l d s  up t o  oppo s e  the 
app l i ed catho d i c  poten t i a l  that drives cat ions  into W03 " However ,  dur ing 
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bl eaching the int ernal emf decre a s e s  and thus fac i l i t a t e s  the extrac t i on o f  
p o s i t ively charged i ons  from the electrochromi c f i lm .  Crandal l  and Faughnan 
( 1 9 7 5 , 1976 ) and Faughnan et a l  ( 1 9 7 5 ) have devel oped a theory for the 
dynami c s  o f  co l orat i on and bl eaching in wo3 • They a l s o  conc l ude that for good 
e 1 e c t rochromi c performance in a s o l i d  at room tempera ture , the a c t i va t i on 
energy for the s l owes t  carrier mu s t  be l ow ,  0 . 4 eV or l e s s . S i nce the s l owe s t  
carr i er i s  usua l l y  the ionic carr i er ,  thi s p l a c e s  the s earch f o r  good E C  mate­
r i a l s wi thin the c l a s s  o f  fa s t - i on ( or super i oni c )  conduc t o r s . 

Amo r phous f i lms o f  tung s t en or molybdenum t r i oxide are good EC devi ce mate­
r i al s  for two reasons . Inj e c t i on proper t i e s  o f  i ons  and e l ectrons and h i gh 
i on mob i l i t i e s  resul t in a s t rong opt i ca l  absorp t i on in the vi s i bl e .  A h i gh 
i on mobi l i ty ௑  i s  required because col orat i on · ent a i l s  inj e c t i on o f  po s i t i ve 
i o n s , and bl eaching enta i l s  extract i on o f  po s i t ive ions . I on s  such a s  Li + , 
Na+ , and Ag+ have been used in EC devi c e s  in place o f  H+ , however , wi th 
s ome sacr i f i ce in respons e  t ime colorat i on e f f i c i ency . 

There are a number o f  var iabl e s  invo lved that cause  the res ponse  t ime t o  
depend o n  the device s i ze . y Thu s , the respon s e  t ime var i e s  w i t h  devi ce s i z e , 
sheet res i s t ivi ty , appl i ed vol t age , I -V charac ter i s t i c s , and thickne s s .  When 
I TO i s  used , e l e c t ron t ransport and re s i s t i ve l o s se s  l imi t the re s ponse t ime 

2f o r  s i ze s  exc eeding 10 to 100 cm ( Lampert and Granqvi s t  , 1 9 90 ) .  

A number o f  t e s t  methods  are used for studying e l ec trochromi c devi ces  , and a l l  
o f  the me thod s known are not s t andard i z ed . The type o f  me tho d s  used include 
cyc l i c  vo ltamme t ry and square wave cyc l ing . Cyc l i c  vo l tamme t ry i s  a mea sure 
of the cyc l ic current and vol tage res pons e  of the devi c e . A triangle poten­
t ia l  i s  used as the driving potential  ( usua l l y  under + / -2V ) and a reference 
e l e c t rode i s  used t o  correlate  po tent i a l s to known electrochemi cal  proce s s e s . 
Cyc l i c  vo l t amme try i s  very good for det ermining chemi cal  change s  in the e lec­
t rode a s  i t  cycle s . In genera l , a de vol t age i s  used to drive ac tual devi c e s . 
S quare wave cyc l ing i s  used t o  s imulate an accelerated cyc l i c  de  poten t i a l  
r e s pons e .  However , because e l e c t rochromi sm i s  a current-contro l l ed phenomenon , 
current source s  wi th contro l l ed vo l t age have a l s o  been used for t e s t ing . 

Examp l e s  o f  idea l i zed respon s e s  for cathodi c ௒  and anod i c  t ype elec trochromi c 
devi c e s  are shown in F i gure 4-3 . A mea sure o f  performance i s  CE expre s s e d  a s  
cm2 / c .  T o  obtain thi s value , the change i n  O D  wi th the t o t a l  i n j ected / e j e c ted 
charge as  a func t i on o f  uni t  area mus t  be known . Thi s  mea surement does not 
y i e l d  the injected charge /un i t  vo lume . F i lm den s i ty and thi ckne s s  mea s ure­
men t s  would a l l ow the needed quant i ty to be cal culated from the usua l l y  pre­
s ented va lues of C / cm2 • However , even charge /un i t  vo lume does not addre s s  the 
i s sue of po s s ible  concent rat ion gradient s in injected charge in-depth from the 
e l e c t rode / electro l yt e  interfac e .  The l a t t er informa t i on c an be obtained by 
integra t i on of vo l t amme try data or by the use  of a coul omb met er . Informa t i on 
on t he amount o f  charge requi red for col orat i on compared to b l eaching wi l l  
a l s o  g ive the eff i c i ency o f  each ha l f  cyc l e . The change i n  surface den s i t y of 
charge , mC / cm2 , ( many autho rs  a l s o  refer to thi s quantity a s  charge , charge 
capac i ty ,  or charge per un i t  area ) is mon i t ored during cyc l i c  t e s t i ng . In 
s ome cases the c o l ora t i on and the bleaching cyc l e  require d i f ferent amoun t s  o f  
charge to give t h e  s ame change in opt i cal  dens i t y .  The rat e s  at whi ch -a devi ce 
co l or s  and bleache s are usua l l y  dif ferent , a s  described earl ier . Co lora t i on 
ef f i c i ency shou l d  be used wi th reserva t i on on s ingl e  component f i lms , but i t  
i s  good for compari son purpo s e s . I t  does not neces sar i l y  pred i c t  the res ponse  
o f  a complete device unl e s s  mea sured for  a complete  device . 
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Figure 4-3 .  	 Response of an ideal i zed electrochromic tungsten oxide 

switching device . The dr iving potent ial  and current 

with re sul t ing t ransmi t t ance response  are shown ( af t er 

Lampert , 1990c ) 


The change i n  opt i ca l  den s i ty ( ƘOD ( A ) )  can b e  obta ined from the relat i onship 
between inj e c t ed charge (Q)  and the c o l orat i on ef f i c i ency : ƘOD ( A )  = Q / n cE ( A )  . 
Al so , opt i ca l  den s i t y can be obtained by ƘOD( A )  = where 
Tb ( A )  is the bl eached t ransmi t t ance and T ( A )  i s  . the t ransmi t t ance . c 

For trans parent devi ces  , the abso lute va lues of OD mus t  be g i ven , defined 
a s : OD = l og ( T  ( A ) / T ( A ) ,  where T0 ( A )  is the inci dent or ref erence trans­
mit tance and T (� ) is  lhe mea sured transmi ttance va lue o f  the devi ce . 

X 

Becau s e  we are intere s t ed in the mod i f i ca t i on o f  the pho t o p i c  and s o l a r  
spec tra , b o t h  spec tral and integrated d a t a  should be repor ted . 

1 9  
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I n  summary , t he electrochemi cal  mea suremen t s  on c omponent f i lms and / or c om­
p l e t e  EC windows are u s ed : 

• 	 to es tabl i sh rever s i b i l i t y  o f  t he i on inser t i on reac t i on s  

• 	 t o  mea sure the kinet i c s  o f  i on insert i on ( d i ffus iv i t y )  
• 	 t o  e s t abl i sh the vo l tage range over whi ch f i lms are s t able  

• 	 to e s t abl i sh the vo l t age range over whi ch component f i lms are  compat i bl e  
( free o f  i r rever s i b l e  reac t i ons ) with each o ther 

• 	 to det e c t  inc i p i ent s i gn s  of degradat i on and thus s erve as an abbreviated 
l i fet ime pred i c tor . 

The e l e c t ro chemical mea surement s  on component f i lms and / or c omplete EC windows 
should be mea sured over the app l i ca t i on temperature range ( e . g .  , 0 to 70 ° C  for 
an indoor EC window)  . 

4 . 2 . 5  Substrate and Other Effects 

It i s  wel l  known that the s t ructure /morpho l ogy/proper t i e s  relat i onshi p s  of 
depo s i ted f i lms / coat ing s be alt ered becaus e  o f  sub s trate effec t s  or i nfl u­
enc e s . For the purpo s e s  o f  thi s report , we a s sume tha t any adverse  influence s  
a t  t he TC / sub s t rate  interface are el iminated b y  the cho i c e  of the normal ly 
used I TO and substrate mat er i al , as we l l  a s  for po s s i b l e  problems ar i s i ng from 
depo s i t i on o f  the other layer s  in the devi ce . Sub s t rate  effe c t s  are not 
re s t r i c t ed t o  the obvious s t ruc ture /morphol ogy/propert i e s  rel a t i onships  a t  t he 
TC/ sub s t rate i nt erfaces shown in Figure 4-1 . The I TO ip turn s erve s a s  a 
" subs t rate" for the next layer , etc . The o p t i cal  proper t i e s  o f  the dev i c e ; 
i on tran sport in the EC , I C ,  and CE materi al s ;  and s tabi l i ty of the interfaces  
from int erd i f fu s i on may a l l  be affected in a mul t i l ayer s t ack . Aga i n , we 
a s sume the s e  potent ial  problems are el iminated by the c ho i c e s  of the l ayer 
material s and depo s i t i on proce s s e s  f o l l owing l aboratory res earch 
i nve s t i ga t i on s  . 

4 . 3  	 Performance Evaluat ion 

A number o f  que s t i ons mus t  be an swered about mea suremen t s  and s t andard i z ed 
proc edures made for l aboratory performance eva lua t i on .  

( a )  	 How d o  l arge-area ver sus  sma l l -area dev i c e s  affect eva l ua t i on? 

How are s o l ar and vi s i b l e  transmi t t ance measured ? Are integrated va lues 
u s ed ?  

How i s  t he amount o f  injec ted charge measured dur i ng coloration and 
bleachi ng ?  I s  i t  g i ven by C / cm2 , C / ŗm- cm2 , or s ome other uni t ?  Doe s  i t  
invo lve i ntegra t i on o f  the current and contro l o f  the vo l t age wi th a 
reference electrode when po s s ible , and . what i s  the power dependence 
( l imi tat i on of current and vo l tage ) ?  F ina l l y ,  is the amount of inj e c t ed 
charge rever s i ble dur ing cyc l ing? 

( d )  	 What type of potent i a l  is appl i ed ( form and · magn i tude ) ?  At wha t rat e ?  
Dur ing what peri o d ?  Are re s t  per i od s  used? How many current -vo l t age 
( I -V ) cyc l e s  should be used ? 

( e )  	 What i s  the effec t o f  us ing d i f ferent types of potent i a l s ?  

2 0 
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( f )  	 How 1 s  charge capacity (mC / cm2 ) mea sured ?  

( g )  	 How 1 s  c o l o ra t i on effi c i ency ( cm2 / c )  mea sured ? Shoul d  i t  b e  an inte­
grated va lue?  Is energy/un i t  area divided by the opt i ca l  dens i t y a 
sui tabl e expre s s i on ?  What wave l ength i s  used? 

( h )  	 How shoul d i on i c  conduc t i vi ty b e  mea sured ? 

( i )  	 What i s  the crys tal l ine and / o r  amo rphous content of the ma t e r i a l ( s ) ?  

( j ) 	 # How i s  dev i c e  re sponse t i me mea sured , and under what cond i t i ons ? I s  the 
col orat i on t ime adequate for . reduc ing the init ial  t ransmi t t ance T0
( where T > 50%  for an EC window ) t o  0 . 3  T0 ? I s  a bl eaching t ime for 
increas igg t he transmi t tance up t o  0 . 9  T0 adequate?  Are both needed? 

( m )  

How i s  cyc l e  energy calculated?  ( u s e  open c ircui t )  

Should I R  s pe c t ra be mea sured i f  water incorporat i on o c cur s ?  

What i s  t h e  depth d i s t r i but i on o f  injec ted charge ? How d o e s  thi s vary 
with cyc l e  t ime and app l i ed vo l tage? 

( n )  	 What i s  t he morphology o f  t he E C  and C E  f i lms ? Thi s  info rma t i on i s  
e s s ent i a l  t o  c on s i der the paths the injec ted charge wi l l  mo s t  l i ke l y  
f o l l ow .  

Effort s t o  answer s ome of the above que s t i ons  are being mad e  ( Lampert ,  
1 9 90 ) .  The s e  ans we r s  are very important for use  in durab i l ity t e s t ing . 

4 . 4  Ranking of the Most Parameters from Table 4-1 . 

As a summary o f  S ec t i on 4 ,  the mo s t  important parameters /mea surement s l i s t ed 
in Tab l e  4-1 and data needed to evaluate the performance of EC windows are a s  
f o l l ows : .  

( b )  

T ( A ) ,  and R ( A ) ,  and A( A )  even when an E C  window 1 s  prima r i l y  refl ect i ve 
or absorpt i ve 

The inj e c t ed c harge/un i t  volume o r  charge capa c i ty ,  and correlated wi t h  
opt i cal  c hanges in ( a )  

( c ) I -V curve s where V i s  cyc led between the vo l tages requ i red to provide 
the c o l o red and bleached s t at e s . Degradat i on of performanc e  wi l l  be  
moni t ored from the opt i cal  measurement s in ( a ) . The deta i l ed I -V curve s 
vary f o r  devi c e s  o f  d i f f erent type s  , but should be reproduc i b l e  for a 
given dev i c e  t ype . 

( d ) .  	 The t emperature dependence o f  a respons e  t ime , where d e f i n i t i on s  o f  the 
c o l o r / b l each l imi t s  are e s tabl i shed . 

Al l o f  the above mea surement s should  be done s imul taneou s l y .  

Measurement s t hat a r e  of l imi ted u s efulne s s  include colorat i on ef f i c i ency , 
opt i ca l  den s i ty ,  and cyc l e  energy consump t i on .  Many of the s e  depend on the 
appl i ca t i on .  I s o therms of d q )  are fundamental but may not be requi red t o  
evaluate devic? performanc e .  

2 1  
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5 . 0  TEST METHODS AND PROCEDURES 
STABILITY AND/OR 

FOR EVALUATING EC WINDOW 
DURABILITY 

5 .  1 Introduction to Degradation 

Thi s sec t i on deal s wi th t e s t  methods and proc edures f o r  evaluating the dur­
abi l i ty of comp l e t e  EC windows . For the pot en t i a l  of EC windows to be 
rea l i zed , a number of probl ems mus t  be resolved that deal wi th degradat i on in 
thei r  performance . Some o f  the s e  effec t s  include re s i dual c o l orat i on , l o s s  of 
dynamic range , and s tabi l i ty o f  the dev i c e  during prol onged cyc l i c  use . Per­
formance l o s s e s  resu l t  from imp o s ed degradat i on parame t e r s  and we have cho s en 
t o  d i scu s s  t hem under the categori e s  o f  degradat i on s t re s s e s , effec t s , mode s , 
and ாechan i sms . Degradat i on s t r e s s e s  refer t o  cond i t i on s , i mp o s ed or natura l , 
that influence or cau s e  a degrada t i on mechan i sm ,  effec t , or  mode . Degradat i on 
s t r e s s e s  i n c l ude UV ,  humi d i ty ,  temperature , ai r ,  pol lutant s ,  thermal s hock , .
cyc l i c  t emperature , and cyc l i c  charge injec t i on and b l eaching . 

refer t o  observed changes that oc cur dur ing EC window u s e  and that 
adversely  i n f l uence the performance of the devi ce , but wher e  the causes  ( at a 
mol ecular leve l ) are not c l early e s tabl i shed . Degradat i on effec t s  inc lud e  ga s 
genera t i on 1 n  s ome devi ce s , humi d i ty effec ts , int ernal wa ter format i on ,  
secondary reac t i ons , pho t oreac t i ons , quenching ( fad i ng o f  color ) ,  vo l ume 
change s , and t emperature ( dependent ) effect s .  Degradat i on modes refer to per­
formance l o s se s  that resul t from imposed parame t r i c  var iat i on s  on an EC wi ndow 
and that may be related to a degrada t i on mechani sm or an effect . Degradat i on 
modes  can re sul t from t he rmal sho c k ,  prol onged non-u s e  , cons tant elevated 
t emperatur e s , and vari ou s  cyc l i c  change s .  mec han i sms deal s pe­
c i f i ca l l y  w i t h  not only an e s tabl i shed cause for the l o s s  i n  performance , but 
a l s o  where the cause can be related t o  s ome phys i ca l  or  chemi cal  proc e s s  at a 
mo l ecular l eve l . Establ i shed degrada t i on mechani sms i n c l ude f i lm d i s s olut i on , 
corro s i on ,  tran s parent c onduct or et ching , and hydrogen embr i t t l ement . S ome 
performance l o s s e s  from degrada t i on are spec i f i c  t o  par t i cular EC window ma te­' r i al s ,  as wi l l  be evident below. 

Performance mea suremen t s  for real-t ime and accelerated l i fe t e s t ing are then 
di s cus sed . The s e  inc lude measuring the transmi t tanc e  and ref lect'ance ( wave­
l ength dependence )  of an EC window in the col ored and bl eached s tates , the 
at omi c percent of inj e c t ed charge , and the t ime dependence of the change in 
percent t ransmi t tance duri ng c o l or ing and bl eaching . The propo sed metho d s  and 
proc edur e s  are summari zed for real-t ime and accel erated l i f e  t e s t i ng . 

5 . 1 . 1  Degradat ion Stresses  

Degrada t i on s t re s se s  that can be  imposed on EC  windows or  are part of real­
t ime use include expo sure to UV, humidity,  ai r ,  po l l utant s ,  tempera ture , 
cyc l i c  temperature , thermal shock ( c l oud cover ) ,  cyc l i c  charge injec t i on and' bl eaching ( cyc l i c I-V inpிt ) ,  dus t , sand , and dirt . We shall  el imina te the 
latter three for the rema i nder o f  thi s report , but they may be impor tant in 
ac tual appl i ca t i ons . Sand can cause  abra s i on of windows , a l t er ing i t s  specu­
l a r i t y .  Dirt  and dus t  may adhere to the glas s surfac e s , caus ing scattering 
and a general reduc t i on in avai lable so l ar transmi t t anc e . The s t r e s s e s  may be 
impo sed dur i ng real-time t e s t ing ,  by us ing accelerated t e s t  procedures such a s  
expo sure in Weather-Ome ter or . QUV t e s t  fac i l i t i es ( s ee Sec t i on 5 . 4 ) ,  or under 
s t a t i c  cond i t i ons  ( shel f  s t orage ) .  

2 2  
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Furthermore , t he range o f  val ue s  for the s t r e s s e s  impo sed mus t  be cho s en t o  
corre spond t o  the var i a t i on expec t ed a t  vari ou s  u s e  l ocat ions . For examp l e , 
i dent i cal s i lvered po lymer s  being s tudied for s o lar ref l ector  appl i ca t i ons  -
have been found t o  degrade in the c l imates  of  Ar i zona ( hot , dry ) and F l o r i da 
( ho t ; wet ) but do not degrade in Col orado and Minne sota c l imat e s , where the 
ext reme s in humi d i ty and temperature are not a s  great ( Jorgens en and Schi s s e l , 
1 98 9 ) .  

5 .  1 . 2  Degradat i on Modes 

Degradat i on mod e s  can result from thermal s hock ( abrupt ƘT because of c l oud 
c over ) ,  prol onged shut down ( s t orage or nonus e ) ,  an el evated s tagnat i on t em­
perature , cyc l i c  tempe rature dur ing use , and cyc l i c  changes Ln charge. 

c ீ pa c i t y ,  e l e c t rochemi cal instabi l i t y ,  and ுpt i cal  propert i e s  •
#

The cyc l i c  degradat i on mode can be i l lus t rated by work done at  RCA on a-wo3
d i s p l ay devi c e s . The device  l i f e t ime !s short ened a s  larger col ora t i on 
changes are impo s e d ; a s  shown i n  Figure 5 - 1 . Furthermore , the degree o f  
degradat ion i s  very dependent o n  the electro l yte type and operat ing condi ­
t i ons . I f  a devi ce i s  t o  l a s t  1 0 6 cyc l e s  ( from the RCA woூk ) , then i t s  c on­
t r a s t  rat i o  mu s t  be wi thin the range of 2 : 1 to 4 : 1 .  The cont ra s t  rat i o  i s  
def i ned i n  the RCA s t udy a s  the rat i o  o f  reflectances compared to a whi t e  
background a s  : CR( w )  = Rb ( w ) /R ( w ) , where Rb ( w )  i s  the ref l ec tance in thec
b leached s tate and R ( w )  L s  the refl ec tance 1n the colored s t a t e . Work onc
l i quid  e l e c t ro l yt e devices  c ontaini ng large amount s o f  water ha s sugges ted 
that cyc l i c  degradat i on i s  an ext en s i on o f  t he d i s s olut i on proces s or vol tage 
enhanced corro s i on .  I n  pro t onic  devices  that have been cyc led for many 
thousands of cyc les  and di sas s embl ed , the a-wo3 f i lm has been found to be 
granular and i s  l e s s  adherent to the substrat e .  I t  i s  suspected that the f i lm 
has suffered mechanical l y  from hydrogen embr i t t l ement . The mo s t  obvi ous change 
dur i ng cyc l i ng i s  the gradua l reduc t i on of charge per un i t  area dur ing 
bleaching and c ol oration o f  the f i lm .  Thi s re sul t s  in  a decl ine o f  the c hange 
Ln t he opt i cal  den s i ty of the f i lm .  

I n  so-cal led aprot i c  s y s t ems , a-wo3 corr o s i on i s  s l owed by the proce s s e s  o f  
l ow i oni zabi l i ty o f  large organ i c  mol ecul e s  and inh i b i ted tung s t en ion forma­
t i on .  Af ter 1 0 , 000 cyc l e s  of c ol orat i on and bl eaching a-wo3 electrodes 
cyc l ed Ln LiCl04-propyl ene carbonate ( PC ) , a decrea s e  in i n j ec t ed charge 
den s i ty i s  noted . The charge den s i ty began at 10 mC / cm2 and dropped to 
6 mC / cm2 after 1 M  cyc l e s  . An exampl e of th i s  i s  shown in . F i gure 5-2 . Only an 
e l e c t rochemi cal emf change wa s no t ed in the f i lm .  Aft er cyc l ing , l i thium i on s  
were found bound i n t o  the f i lm s t ruc ture and were j udged respons i ble for the 
emf shi ft but not ac t i ve in col orat ion . Af ter cyc l ing , the f i lm in the 
bleached s t ate become s more ion conduc t i ve as the result of l i thium inco rpora­
t i on (Naga i et  al . ,  1984 , 1 9 86a , 1 986b ; Kamimori  et al . ,  1 9 8 7 ) .  There appear 
to be two ac t i ve s i t e s  for l i thium i on s ; one for co l ora t i o n :  a-wo3 + xLi + + 
xe-<-->a-Li wo3 and ano ther for ion exchange according to : W-0-H+Li + <-­
> W-0-Li + §+ . The O/W rat i o  a l s o  increa s ed during cyc l ing . Thi s  resul t may 
mean that the may form a metatungstate  s t ruc ture " ( M + 

6 < w1 2o39 ) "  where 
. 

M = H ,  Li , etc  . ,  can s erve a s  an i on exc ௃ange s i t e .  A charge de cay 
fac t or of two ha s been noted after 100 h of cyc l ing ( 9  x 104 cyc l e s )  of a 
a-wo3 /Li C௄o4-Pc /Li wo3 devi ce . I t  wa s found that by i rrad i a t i ng the cell  wi th 
UV hght whL l e  applying a bleaching vo l tage , the decl ine in the charge inj ec­
t i on level wa s reduced ( Knowl e s J 1 9 7 7 ) .  
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Figure 5-l . 	 Relat i onship between contrast rat i o  and l i fet ime for a 
tungs t en oxide electrochromic device ( ITO/a-wo3 /electrolyte/ 
metal ) .  Two device respon s e s  are shown : ( A )  standard vacuum 
evaporated f i lm and ( B )  f i lms produced by an improved pro c e s s  
( Faughnan and Crandal l ,  1980 ) .  
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Figure 5-2 . 	 Long term cycl ing of tungsten oxide devi ces ( ITO/a-wo3 /LiCl04 + 
Redox/ITO ) .  The dec l i ne in charge capac i ty ( charge per un i t  
area ) and henc e o p t i cal  dens i t y  can be s een after l ong cycl ing . 
Thi s effect  i s  seen in many device t ype s . ( Nagai e t  al . ,  1 9 84 , 
1 986a , 1 9 8 6 b , Kamimori et al . ,  1987 ) .  
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Prel iminary work on the cyc l ing o f  sputt ered e l e c t rochrom i c  Ni ( OH ) 2 ha s s hown 
onl y a smal l change in t he transmi t tanc e  after 1 04 cyc l e s  ( Svens s on and 
Granqvi s t , 1 9 8 7 ) .  Work on cathod i c  e l e c t rochemically depo s i ted - N i ( OH ) 2 ha s 
shown early res idual col orat i on af ter cycl ing ( Carpent er et al . ,  1 9 8 7 ) .  But 
work on anod i ca l l y  depo s i t ed Ni (OH )  f i lms and devi c e s  ha s s hown good s t a­
bi l i ty ( Lampert , 1 9 90b ; Yu et  al . ,  1�8 7 ; Penn i s i  and Lampert , 1 988 ) .  In the 
near future , c ommercial  s t ud i e s  on Ni ( OH ) 2 or  NiO wi l l  be publ i shed that s how 
a s tabi l i ty has been obtained for > 1 06 cyc l e s  for NiO s o l i d  s tate  devi ces  . 

E l e c t ro chromic d i s plays u s i ng a sput tered i r idium oxide/ Sno2 / g l a s s  anode i n  a 
0 . 5  M H2 so4 s o lut i on have been subjected t o  cyc l i c  l i fet i me t e s t i ng at 22 and 
73 ° C  ( Daut remont-Smi th et a l . ,  1980 ) .  At 22 ° C ,  2 x 1 0 7 coloring bl eaching 
cyc l e s  were obtained w i t hout a perce ived change in c ontra s t  . The ful ly 
c o l o red or bl eached s t ate wa s reached during about hal f  of the cyc l e s  . A 
decrea s e  in the injec t ed charge ( llQ )  and llOD o f  about 3 %  wa s recorded at  2 2 ° C  
whi l e a 5 %  decrea s e  i n  the s e  quan t i t i e s  o ccurred dur i ng 2 x 1 05 cyc l e s  . 

5 . 1 . 3 Degradation Effect s  

Degrada t i on effec t s  include gas  generat i on in s ome devi ce s , humi d i ty effect s ,  
i nt ernal water forma t i on ,  s ec ondary reac t i ons , pho toreac t i ons , quenching , vo l ­
ume change s ( dens i t y  change s ) ,  s t ruc tural changes , d i ffus i on of "f i xed" atoms 
( e . g .  ; W ,, 0 ) ,  trapping o f  mob i l e  i on s , and temperature dependence . Al l of 
t he s e  effec t s  may reduc e the performance o f  EC devi c e s . As exp lained below , 
mo s t  o f  the s e  effec t s  are devi ce-spe c i f i c  except perhaps the temperature \dependence . 

At el evated temperature s , i t  i s  wel l  known that chemi cal reac t i on s  are accel­
e rated , or  become · fas t enough to  result in measurable  effec t s . The accel e ra- · 
t i on fac t o r  can be calculated from the Arrhenius relat i onship  i f  both the pre­
exponent i a l  and ac t i va t i on energy are known . -us e  of thi s rel a t: i onship  
r equires it  t o  be val i d  ( fo r  the s ame mechani sm)  over the t empera ture range o f  
i nt erest  . For the favorab l e  reac t i ons  , prol onged expo sure to high tempera­
t ures wi l l  accelerate the degrada t i ve effec t s  on the material s .  Intui t ivel y ,  
p r o l onged expo sur e s  o f  the mat er i al s t o  80 ° C  i n  an a l l-s o l i d  s tate  E C  windows 
s hoேl d  not re sul t i n  degradat i ve react i ons  , even for s o l i d  polyme r i c  e l e c t ro­
l yt e s  if they are properly cho s en ( e . g .  , UV and T s table) . However , the 
s ynerg1. sm o f  el evated T ,  humi d i ty ,  UV ,  and pol lutan t s  may result in unde s i red 
react i ons that l imi t the l i fe t ime of an EC window . The st ronge s t  · synerg i sm 
noted for ex i s t ing dev i c e s  i s  between UV and T .- Thus , el evated temperatures , 
s eparately and as a combina t i on o f  imposed parameters  , mus t  be used i n  a 
t e s t ing program for EC windows . 

Gas Generat ion . Int ernal gas  genera t i on 1. s  a very serious  devi c e  degradat i on 
and fai lure effec t .  For a-wo3 devi ces  inj ected with H+ , there i s  a danger of 
generat ing gas if the vo l t age acro s s  the device  i s  too high . Al s o , if theH2
a-W03 f i lm 1. s colored to H wo3 beyond X "' O  . 28 ' then an el ect rode-el e c t ro l yt e 

_int erface react i on can occu: caus ing d i s s ? lut i on of H WOj a?d formaை i on o f  H2x
gas ( Faughnan and Cranda ll ,  198 0 ) . Gas 1. s  a l s o  generated 1.n the L1.C2.04 + PC 
devices  ( Ka s e  et al  . ,  1 9 86 ) ,  whi ch f i t s  a pat t ern of problems encountered 1.n 
l i quid-based devi c e s  . 

I n  I TO/ a-wo3 / I C /Au devi ces  , water in the device apparent ly d i s s o c i at e s  at the 
Au interface dur ing c o l ora t i on . Dur i ng bl eaching , gas bubbles  are obs erved at 
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the Au int erface dur ing app l i cat i on o f  a -1 · V potent ial  ( Yo s himura et  a l  . ,  
198 2 ) .  For electrochromi c Ti02 the colorat ion peak ococur s after the oxygen 
evolut i on p,o tent ial . Thi s  make s Ti02 imprac t i cal for use wi t h  wa ter-ba s ed 
electrolytes  becaus e  o f  gas generat i on .  

Water and Dependence . Ano ther impor tant effect o c curs in  I TO/ 
a-wo3 / I C /  Au devic.e s  . The s e  dev i c e s  have been reported to be very dependent 
upon ambient humi d i ty .  The ma s s  change s  that oc cur dur ing c o l o rat i on and 
bleaching c orre spond to ads orpt i on and des orpt i on of water in the c e l l  and i t s  
surround ing s  . Ma s s  spect rome ter mea surements  have shown that oxygen l eave s 
the cel l dur ing co l orat i on and hydrogen l eave s the c e l l  dur ing bleaching . 
Col orat i on doe s not oc cur unt i l  a thresho l d  vol t age , whi ch corres pond s t o  the 
electrolys i s  of wa t er ,  i s  reached acro s s  the insulat ing layer . Thi s e l e c t r i c  
charge d i sa s s o c i a t e s  the water in the insulat ing layer thereby prov i d i ng the 
neces sary protons for col orat i on ( Hughe s and Ll oyd , 1 9 7 7 ; Haj imo t o  e t  a l . ,  
1979 ; Stocker et a l . ,  1 9 7 8 ) . 

The c o l orat i on and b l eaching proce s s  wa s s tud i ed in an ITO /  a-wo3 / a-S io2 / Au 
device ( Lus i s  et  a l . ,  1982 , 1984 ) . According t o  the s e  autho r s , the gold  
interface s erve s a s  a surface for  catalyt i c  d i s sociat i on o f  wat er .  When the 
devi ce vo l tage exceed s 1 . 3  V ,  a hydroxi de l ayer i s  formed on t he gold surface 
f o l l owing : Au + 30H---> + 3 e- . At thi s s tage colora t i on take s place 
in the a..:..wo3 l ayer . Above V the thresho l d  for oxygen d i s c harge i s  
reached . On the negat ive current cyc l e , the reduc t i on o f  g o l d  hydroxide 
o ccur s at 0 . 8  V and bl eaching begin s ; water is reformed at -0 . 1  V.  Final 
bl eaching of the a-wo3 f i lm is obs erved at .,-0 . 4  V.  At -3  V oxygen evo lut i on 
occurs . The pre s ence o f  water in thi s device i s  import ant t o  i t s  operat i on 
and the gold l ayer s erve s a s  the catalyt i c  surface . 

Reac t i ons  . The organic  vi o l ogen system ha s always been attra c t i ve 
for swi tching devi c e s  becau se i t s  absorp t i on spectrum can be ad j u s t ed at  any 
vi s i b l e  wavel ength , i t  ha s high charge eff i c i ency ( 2 . 5  t imes bet t er than wo3 ) ,  
and swi t che s fas t . The problem wi th the viologenஹ i s  that t hey show unex­
pected secondary i rrever s i bl e  reac t i ons  wi th use ( Masumi et a l . ,  1 9 8 2 ) .  
Becaus e  the s e  reac t i on s  are s een in c onjunct i on wi th l i quid  e l ec trolyt e s , 
there i s  a po s s ib i l i ty o f  suppre ss i on wi th s o l i d  e l ec t ro lyt e s  ( Ha r i  and Tani , 
1983 ) .  

Phot oreac t i ons . I t  i s  known that i s  pho t ochromic when expo sed t o  UV 
rad i a t i on ( G i s s l er and Memming , 19 7 7 ;  and Mains , 1982 ) .  The photo­
current r i ses  dramat i ca l ly for wave l engths below 400 nm . For annea l ed f i lms 

+6th5 pho tocurrent ri s e s  between 400 and 480 nm . In a-wo3 , w i s  c onver t ed to 
w+ unqer irrad iat ion of UV l ight at 253 nm in vacuum at 2 2 ° C .  An e l ectro­
chromic devi ce ba s ed on a-wo3 wi l l  have i t s  bl eaching and col o rat i on kinet i c s  

+5retarded by the effect  o f  phot ochrom i c  tran s i f {on s t o  w Thi s  may be a rea­
s on why indoor and outdoor t e s t s  give d i f ferent rate kinet i c s  ( Nagai et al . ,  
1986b ) . After 100 h of UV i rradiat i on in a Weather-Ometer . at 6 3 ° C ,  the 
injected charge dropped from 1 3  t o  8 mC / cm2 • S i nce the mea sured outdoor 
UV-flux is negl i g i b l e  below 28 5  nm ( Webb et al . ,  1 9 84 ) ,  o ther influence s  may 
cause the observed kinet i c  d i f ferences , i . e . , 2 5 3  nm i s  imp o s i ng an energy 
that i s  greater than enc ount ered in rea l i ty .  

Phot ochromi sm can a l s o  be used t o  regenerate aged a-wo3 devi c e s .  Af ter l ong 
cycl ing the EC l ayer or el ectrolyte contains trapped charge , whi ch cau s e s  the 
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charge i n j ec t i on l eve l s  to fal l  , and a n  emf shi f t  i s  noted o f  - 1 7 0 mV . A c on­
tra s t  rat i o  o f  4 : 1  was s een before cyc l ing . The peak ஺urrent dens i ty wa s 
4 mA/ cm2 b l eached and -S mA/ cm2 c o lored . After 100 h ( 9x l 04 cyc l e s ) ,  the peak 
c urrent wa s 1 mA/ cm2 bl eached and -4 mA/ cm2 col o red . After UV regenerat i on 
t he bl eaching currents  became 2 mA/ cm2 and -S mA/ cm2 col ored . By i rrad iat i on 
and b i a s ing the device  in the bleached s tate , t he energy of inci dent UV i s  
t hought t o  free t rapped charge and part i a l ly res tore the dynami c s  o f  the· 

uncyc l ed d ev i c e  ( Knowl e s , 1 9 7 7 ) .  


Onc e  an EC device ha s been c o l ored , i t  wi l l  rema1n c o l ored i f  i t  
h a s  the abi l i t y  t o  s t ore charge . I n  pract i ce a l l  devices  have l eakage cur­
r ent s and wi l l  quench a f ter some per i o d  of t ime . OCM i s  based on the ab i l i ty 
o f  t he devi c e  t o  s t ore charge . The parameters  t o  det ermine OCM are no t 
genera l l y  wel l  defined . Both prot on- and l i thi um-ba s ed devi c e s  ( Mohaptra , 
1 9 7 8 ) in i norgan i c  s o l i d  sys tems can show good OCM , l a s t ing s everal hour s . 
The proper t i e s  o f  quenching in devi c e s  are very much related t o  the mat er i a l s 
and c ons t ruc t i on o f  the devi ce .  

Volume Change s .  Volume change s have been repo rted for s put tered iridium oxide 
anodes (Hackwood et a l . ,  1981 ) .  I r i d i um oxide thi ckne s s e s  on quartz sub­
s trates were mea sured as depo s i ted , after  immers ion in O . S  M a f t er H2 solj. , 
succe s s i ve c o l oring and bl eaching , and on further immers i on after two 
col oring-bl eaching cyc l e s . The experiment s  showed the anodes expand on inc or­
porat i on of water ; the kinet i c s  o f  wat e r  uptake i s  grea t l y  increased by the·
col oring and b l eaching cyc l e s . Hydrat i on increas es the respon s e  t ime . The 

. anode vo lume expand s on coloring and contra c t s  on b l eaching , but there i s  a 
net vo lume increase dur ing each c omp l e t e  cyc l e  for the f i r s t  few cyc l e s  unt i l  
a st eady s ta t e  thi ckne s s  i s  reached . The vo lume change s  are a t t r i buted t o  the 
porous nature of the f i lms . 

and The . temperature dependence o f  
cyc l i c  swi t ching i s  important t o  the l i f e t ime of the e : ectrochromi c devi ce .  A 
device c on s i s t i ng of + Redox / ITO/gla s s  ha s been s tud i ed 
for therma l aging ( Naga i et al  . ,  Kamimor i  et  a l  . ,  198 7 ) .  As shown i n  
Fi gure S-3 , c o l o r  /bleaching cyc l e s  were performed us ing a d e  potent i a l  o f  
1 . 0  V or - 1 . 0  V at 60 s i nt erval s f o r  more than l OS cycl es . Cel l s  were cyc l ed 
for more t han 30  days at d i fferent t emperatures o f  22 , S O , 60 , and 9 0 ° C .  At 
hi gher temperature s ,  the response t ime of the devi ce became s l ower and there 
wa s a decl ine i n  ஻harge injection l eve l s .  After a few days a c on s t ant charge 
in j e c t i on -l evel was achieved . As s hown , the inj ected charge per un i t  area 
drops to 14 mC/ cm2 from about 1 6  mC / cm2 a t  2 2 ° C .  However , the injec t ed charge 
drops and become s constant at 6 mC/ cm2 a t  90 ° C .  

As sugge s t ed by s tud i e s  that have been performed on L i Ci04 + PC ( Ka s e  e t  a l  . ,  
1 9 8 6 ) ,  therma l s t abi � i஼y may a l s o  be imporjant for devi ces wi th polymer e l ec­
t r o l yte s . Decompo s 1 t 1 on wa s noted at 10  h at 6 0 ° C ,  300 h at 7 0 ° C ,  200 h 
at  80 ° C ,  and lS  h at 90 ° C .  Gas bubbl e s  usua l l y  formed in the device dur ing 
de c ompo s i t i on .  

5 . 1 . 4 Degrada t i on Mechani sms 

Several mechani sms for spec i f i c  EC devi ces  have been e s t abl i shed . The s e  
inc lude f i lm d i s solut i on , corro s i on , trans parent c onduc tor ( ITO ) e t ching , and 
hydrogen embr i t t l ement . 
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Figure 5-3 . 	 The decline in charge capac ity ( charge per uni t  area ) wi th 
t ime and temperature for a tungsten oxide electrochromic device 
( ITO/a-wo3 /LiCl04 + Redox/ITO )  . Thi s devi c e  wa s cyc l ed a t  
+ / - 1  V potent i a l  at 60  s int erva l s  over t he per i od o f  t e s t ing 
( Naga i et  a l . ,  1 984 , 1 986a , 1 9 8 6 b ;  Kamimori et  a l . ,  1987 ) .  

F i lm Di s s o lut i on .  Many authors have noted the d i s s o lut i on o f  a-wo3 f i lms in  
water and i n  a c i d i c  environment s ,  f o l l owing the reac t i on :  a-wo3 + 6H+ 

--->w6+ ( so l ut i on ) + The d i s so lut i on of c-wo3 i s  c on s i derably s l ower .  
The d i s so l ut i on rate a-wo3 in water has been e s t ima ted as  2 . 5  ŗm/ day 
( Rand i n , 1 9 7 8 ) .  The d i s s olut i on rate ( R )  i s  a func t i on o f  the electrolyte pH , 
e . g .  	 1 at pH=O and 1 03 ŗm/yr at pH = 6 ,  fo l l owing the equat i on R = 

At higher pH values the rate increas e s . For a pH = 9 the rate i s  
ŗm/yr , f o l l owing the equa t i on R = k2 1 0° • 66 PH . The s e  va lue s ( shown i n  

F i gure 5 -4 ) were obtained f o r  a f l owing e l ectrolyte ( Faughnan and Cranda l l  , 
1 9 80 ) .  For a s t a t i c  sealed e l ec t rolyte  the s e  rat e s  decrea s ed by an order o f  
magni tude t o  i t o 2 . 5  nm/ day at 5 0 ° C  in  a g lycerin-H2 so4 s o l ut i on ( Rand i n ,  
1 9 7 8 ) .  Thi s  effect  can pose  a she l f l i fe problem for the s e  devi ces . 

f t  i s  thought that f i lms are i n  the form of tr imer i c  c lu s t ers  that are 
weakly bound to each wi th water bri dge bond s . Thi s  resul t s  in a very 
open mi cro s t ruc ture and high proton mob i l i t i e s , gǝvǝng hi gher swi t ching 
speeds . Thi s  s t ruc ture ha s been i den t i f i ed as the xeroge l  s t ruc ture , con­
s i s t ing of a hi ghly-porous , l ow-den s i ty oxi de ( Schl otter  and Pi ckel mann , 
1 9 8 2 ) .  Unfortunat஽ly thi s struc ture i s  sub ject  to d i s so lut i on and cyc l i c  ero­
s i on .  When the f i lm d i s so lves , it forms me tatung state or polytungstate i on s  
( Arno ldu s s en ,  1 9 7 8 ) .  T o  reduce thi s problem ,  alkal i sal t s  in apro t i c  ( non­
aqueous ) e l e c t ro lyt e s  have been used , but thi s dec rea ses  device  respons e .  

Although the d i s s o l ut i on mechan i sm i s  e s t ab l i shed and under s tood , i t  i s  sp.e­
c i f i c  to wo3 and aqueous electrolytes . Thi s  inf orma t i on mi ght be us eful where 
s o l i d  electrolytes  are used for the IC when con s i dering degradat ive interface 
reac t i ons . 
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Figure S-4 . 	 Etch rate ( R )  vs pH for W03 films iDDDersed in different buf­
fered electrolyte solutions . (After Faughnan and Cranda l l  , 
1 9 80 )  . 
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Two di fferent mechani sms of degradat i on of I TO 
As sugge s t ed ear l i er ,  the trans parent 

conduc tor I TO ha s some o f  the be st  opt ical  and c onduc t i on proper t i e s  but i s  
sen s i t ive t o  et ching i n  ac ids  . I TO ha s a reduc t i on potent ial o f  - 1  . 0  V t o  
-2 . 5  V ( SCE ) depend ing o n  the pH o f  the el ectro l yte ( Kamimori et al . ,  1 9 8 7 ) .  
I TO can be reduced by d i s so lut ion in ac i d ,  6H+ 

-+- 2In3+ + 3 H2o 3+
by· 

·electrochemical di s s o lut i on ,  In2o3 + 6H+ + 6e-
+ 

+ + 3H2o ,  and I n  _..., I n + 
3e- . Doped Sno2 has a much better etch re s i s tance , _ but I TO ha s bet t er opt i ca l  
and e l e c t r i c a l  proper t i e s . However , i n  s t rong aci d s , doped Sno2 can b e  reduced 
e l ectrochemi c a l l y  by Sn02-->Sn+4 + + 4e- ( Randin , 1 9 7 8 ) .  In the Sn02 / a-wo3 /o2
P-AMPS / C  devi c e , the reduc t i on of Sno2 i s  s een at potent i a l s  above 1 . 0 V .  To 
so lve thi s problem ;  a pro tect ive cover ha s been used for area s in d i re c t  con­
tact with the acidic  e l ec trolyte ( Cogan et al . ,  1 9 8 7 ) .  However , knowing thi s 
mechan i s m ,  aga1n , may be o f  l imi ted usefulne s s  an a l l - s o l id-state EC  
window . 

More recen t l y ,  l i thium ions have pa s s ed through electrode mate­
reduc ing the performance of I TO l ayer s (Cogan and Rauh , 1 9 89 ) .  

resul t s  and . further res earch should be conducted t o  determine 
of  the probl em .  

5 . 1 Œ 5  Other Degradation Problems 

Other forms o f .  performance l o s s e s  may result  when used in bui l ding s  . The s e  
l o s s e s  , whi ch may re su l t  from rel iabi l i ty and / o r  durab i l ity probl ems not 
addre s s ed in Sect i ons  5 . 1 . 1  through 5 . 1 . 4 ,  include s crat che s and the i r  concom­
mi tant inf luence on mechanical  s tabi l i ty ,  delaminat ion at  int erface s ,  bui l d ing 
vi brat i ons , rapid thermal expan s i on or c ontrac t i on ,  electrica l  i s o l a t i on 
( safety ) , . and c ontinui ty o f  the e l ec t r i c a l  connec t i on s  ( e . g . , rupture or c or­
ros ion of the conduc t o r s  ) .  The latter s hou l d  not pre s ent d i f f i cul t i e s  becaus e  
o f  pa s t  succe s s ful expe r i ence wi th elec t r i c a l l y  heated windows and wi th photo­
vol ta i c  modu l e s . Other problems such a s  the deve l o pment o f  b l o t chine s s , fai l ­
ure during u s e  below 0 ° C ,  and hot spot s in the e l ec t r i cal connect i on s  are 
qua l i ty a s surance i s sue s .  The s e  other rel iabi l it y ,  durabi l i ty , and qual i ty 
a s surance problems wi l l  need t o  be addre s s ed at some future date , but are pre­
mature for the purpo s e  of thi s document . 

5 . 1 . 6 Summary of Degradat i on Stres ses , Modes , Effects , and Mechani sms 

Var i ous EC windows 
cyc l i c  vo l tage and current , t emperature , 

outdoor exposure , s t a t i c  cond i t i ons , 
the degradat i ve mode s ,  ·effect s ,  or 

summari z ed from vari ous art i c l e s . The s t r e s s e s  
the d i fferent device  types a s  summari zed 

have been sub j ected t o  the f o l l owing degradat ive s t re s s e s  
or cond i t ions : humi d i ty , UV radia­
t i on ,  int erna l water , or Weat her-Ometer . 
The s e  have produced s t re s s e s  l i s t ed in 
Table 5 - l  as or c ond i t i on s  
have been imp o s ed o n  i n  Tabl e  S-2 . 
As s een in Table  5-1  , mo s t  of the ty"pes o f  degradat i on have been t r i ggered 
us ing cyc l i c  vo l tage and current , s everal have been caused by temperature and 
int ernal water , and bnly one type of degradat i on ha s resul ted from the o ther 
s t res s e s . The stre s s e s  or cond i t ions mo s t  frequen t l y  appl i ed to d i fferent 
device type s have been cyc l i c  vo l tage and current ( i n nearly a l l  c a s e s ) ,  tem­
pera ture , UV radiat ion , and int ernal wa ter . The number of inve s t igat ions that 
have stud ied the degradat i  ve inf luence o f  humi d i t y ,  s t a t i c  cond i t i on s , e l e­
vated ( s tagnat i on) t empera tures ,  outdoo r  exposure ( real-t ime t e s t ing ) , and 
Weather-Ometer environment s  ( accel erated ) t e s t ing i s  min imal . ·  The four l a t t er 
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Table 5-l G 	 Mat rix of Various Studi es* in whi ch a Degradation Mechani sm , Effect , or Mode has Resul ted from Vari ous Ill

Degradative Stres ses or Cond i t i ons Imposed (Adapt ed from Lamper t ,  1990c ) .  N 
-

,_½ - ¾  

S t re s s  o r  Cond i t  ion 

Degrada t i on Mode 
E f f ec t ,  o Ŏ  Mechan i sŏ 

Cyc l i c  Vb l t ag e  
and Current Temperature Humi d i ty 

uv 
Rad i a t i o n  

Outdoor 
Exp o s ure WOM+ 

S t a t  i c  
Cond i t  i o n s  

I n t ernal 
Wa t e r  

A .  F i l m  Di s s o l ut ion 1 , 4 , 1 7 , 22* 4 , 2 2  1 , 2 2  4 , 2 2 

B. Cyc l i c  Chang e s  ( Charge Ca pa c i ty 
and Opt i c al ) 1-4 , 1 2 , 1  7 , 23 1 0 , 2 0  1 8  

C .  Cyc l i c  Change s ( emf and I on 
Trapp i n g )  1 0  , 1 7-20 

D .  Mechan i ca l  ( Hyd rogen 
Embri tt lement ) 2 2  

E .  T rans parent Conductor E tc h i ng 6 , 1 0 2 2  

F .  Gas Generat i o n  A , 26 1 1  

G .  Hum i d i t y Dependence 8 '  9 ,:14 ' 1 5 '  24 8 , 9  , 24 8 , 9 , 1 4 ,  
15 , 2 4 

H. Sec ondary Chemi cal Reac t i on s  1 6  1 0 ,  1 2  , 1 7 , 20 

I .  U V  Phot ochrom i s m  1 2  1 0 , 2 0  

J .  Thermal Dependence and 
Dec ompo s i t i on 1 1  

+w ea ther-Ome t e r .  

*Numbered references above c orre s pond to b i b l i og raph i c  r ef er en c e s  as f o l l ows : 
l .  Naga i ,  e t  a:l . ,  1 98 6a Arno l d u s s e n ,  1 9 7 8  1 0 . Kamimor i ,  	e t  a l . ,  1 9 8 7· .
2 .  Ca rpen t e r ,  e t  al . ,  1 9 8 7  1 1 . Kas e ,  e t  al . ,  1 986 	 2 0 .  Naga i , e t  al . ,  1 986b 
3.  Cogan·, e t  al . ,  1 9 8 7  1 2 . Knowl e s , 1 9 7 7  	 2 1 .  Penn i s i ,  Lampert , 1988
4 .  Faughnan , Cranda l l , 1 9 80 1 3 . Lampert , 1990b 	 2 2 .  Rand i n , 1 9 7 8
5.  Fl ei s c h ,  Mai n s , 1982 14 . Lus i s ,  e t  a l . ,  1982 	 2 3 .  Schl o t t e r ,  P i c ke lman n ,  1 98 2  

Ht-O
6.  G i gl ia , Haacke , 1982 1 5 . Lus i s ,  e t  a l . ,  1 9 84 2 4 .  S t oc ke r ,  e t  al . ,  1 9 7 8  
7 .  Gi s s 1 e r ,  Memmi ng , 1 9 7 7  	 16 . Masum i , e t  al . ,  1 98 2  Sven s s on ,  Granqv i s t ,  1 987 
8 .  Haj i mo t o , e t  a l . ,  1 9 7 9  	 1 7 . Mor i t a ,  Washi da , 1982 
9.  Hugh e s , Ll oyd , 1 9 7 7 	 P 18 . Nagai , e t  al . ,  1 9 84 . 

2 6 .  Yo shimura , e t  al . ,  1 982 wVlYu , e t  al . ,  1 98 7  w-...J 
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I l l
NTabl e 5-2 . Matrix of Various Studies* in which a Spec ific Device ha s had Vari ous Degradat ive Stre s ses -

or Condi tions Impo sed (Adapted from Lampert , 1990c ) .  .-,_ǻ - Ǽ  

>-3'\:! 
wV1w-...J 

S t r e s s  or Cond i t i on 

Devi ce S tu d i ed 

Cycl i c  
Vol tage 

and 
Current Temperature Humi d i ty 

uv 
Rad i a t i o n  

Outdoor 
Expo sure WOM+ 

Stat ic 
Cond i t  ions 

I nt ernal 
Wa t e r  

A .  

B .  

C.  

I TO / a-wo3 / L i C t04 + Redox/ I TO , Met a l  

Sn02 / aW03 / L i C tD4 ,+ PC /L iW03 / sno2 

l TO / aWO) LiCW4 + PC/Me t a l  

10 , 1 8-20 

1 2  

1 7  

10 , 1 8-20 

1 2  

1 2  

10 , 1 0 , 20 

12 

12 

10 , 1 9 , 20 10 , 1 9 , 20 1 9 , 2 0  1 8  

l,.)
N 

D .  

E .  

F .  

G .  

sno2 / awo3 / L i C t04+PC /Pru s s  ian B l u e Sno2 

I TO/a-wo3 / P o l y-AMP S / a- I r0 2 / ITO 

Sn02 / a-W0 3 / Po 1 y-AMP S / Ca rbon 

sňo2 / a-wo 3 / El ec tr o 1 yt e/Metal 

1 1  

.3 

6 

1 , 22 , 2 3  

1 1  

6 

2 2  

1 1  1 1  

1 '  1 2  

6 

1 ,  2 2 , 23 

H .  I TO ,  Sn02 /a-W03 /MgF2 , Li F / Au 24 , 2 6  24 , 2 6  24 9 ,  2 6  

I .  I TO / a-wo3 /a-Sio2 / Au 9 , 14 , 1 5  1 4 '  1 5  

J .  I TO ,  Sn02 /Ni ( OH )2 /KOH / P t  2 ,  1 3 , 2 1 , 2 5 , 2 7  

K .  a-wo3 , a-Moo3 5 , 7  

L .  I TO / V i o 1 ogen/Metal 16 

*See numbered references i n  Tab l e  5 - 1  for key to b i b l i ogra ph i c  r ef erenc e s  in thi s Tabl e .  ' 
+Wea ther-Ome t e r  
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s t res s e s  c l early repre s ent cho i c e  opportun i t i e s  for t e s t ing the s t abi l i ty/ 
durabi l i ty o f  EC windows in future work.  

5 . 2 Performance Measurements for Real-Time and Accelerated Life Tes ting 

I n  princ i ple , a c omp l e t e  character i zat ion of an EC window by a l l  the mea sure­
men t s  men t i oned in Sect ion 4 . 2 . 1  mi ght be nec e s sary to e s tabl i s h a l l  a s pec t s  
o f  performance l o s s e s  by the devi ce . In prac t i c e , s c i ent i s t s  mus t  find ways 
to s ecure adequate informat ion about EC window durabi l i ty at a minimum co s t  . 
For example , in a s i l ver-g l a s s mi rror t e s t ing program ( Ma s terson et  a l . ,  
1 983 )  , a - c omplete t e s.t matrix o f  s ix di fferent mirrors and the measurement of 
a l l  the mirror charac t e r i za t i on parameters over the t e s t ing period wou l d  have 
r equi red obtaining more than 7 7 , 600 s eparate data input s .  Stat i s t i ca l  
procedures  were app l i ed , and after a 2-year effort , i t  wa s determined that the 
c on s t ancy of one mea surement - wa s adequate for c onc l uding the mi rror had no 
l os s  in t he primary performanc e  requi rement . ( T!J_e latter was the s pe cular 
r e f l e c t ance o f  all s o l ar energy , which included rad i a t i on from 200 t o  2600  nm , 
t ha t  could be used in a mirror f i e l d  for cent ral rece iver appl i cat i ons  . )  The 

-s impl i f ied approach found for s i lver-g las s mi rrors may not be techn i c a l l y  
ava i l able f o r  EC windows , but i t  i s  a goaய worth pur suing . Several cruc i a l l y  
i mport ant measurement s requi red during the t e s t ing o f  proto typர EC windows are 
d i s cu s s ed below. 

5 . 2 . 1  	 Wavelength Dependence of Transmi ttance and Reflectance 1n 
Colored/Bleached States 

Transmi t tance i s  c l earl y  the mo s t  important performance parameter for a func­
t i oning EC window . The ambigu i t y  or r i sk for mi s interpretat i on of  moni t or ing 
only a s ingle wavel ength i s  evi dent by inspect ing the data in F i gure 4-2 at a 
part i cular wavel ength . Al though the data in F i gure 4-2 are for three d i f­
ferent wo3 f i lms , i t  i s  po s s i ble  s imi lar wave l ength d i f ference s  wi l l  result  in 
a s ingle f i lm a s  it degrade s .  However , i t  may be po s s i bl e  to s e l ec t  certain 
wavel engths for real ற t ime mon i t o r ing as  gui des for e s t imat ing when a perfor­
manc e  l o s s  occur s . - Thi s c an be s een from F i gure 5 -5 , where %T i s  s t rongly 
temperature dependent below 500 nm . I t  may even be po s s ible for an abso rpt i on 
maximum to shi f t  in wave l ength for a device that i s  s t i l l  performing properly.  

Reflec tance as  a func t i on o f  wavelength is  a l s o  an important performance 
parameter . There i s  insuff i c i ent h i s tory on R ( A )  mea surements  becaus e  not a l l  
research groups mea sure i t ,  nor i s  there a hi s t ory of correl a t i ng R ( A )  wi t h  
performance degradat ion . 

5 . 2 . 2 Atomic Percent of Injected Charge 

The லeasure of  inj ected charge i s  not quan t i f i ed 1. n  absolute terms a s  d i s­
cus s ed 1.n Sect.ion 4 . 2 . 1 .  To corre late the transmi t tance change with the 
number cif  color centers requ i r e s  knowing the number of ions injected ·into a 
lat t i ce of a known - amount . For a given devi ce , Q in C / cm2 i s  used by mo s t  
group s and it  may even b e  a s t andard . However , the ambigu i ty o f  thi s quant i ty 
i f  thi ckne s s  , dens i t y ,  or compo s i t i onal changes oc cur i s  obvious . Some better 
measure of injected charge i s  needed ; in the mean t ime ,  the s c i ent i f i c  com­
munity mus t  agree on some measurement o f  inj e c t ed charge that provi des  the 
least  ri sk for mi s int erpret a t i on .  

3 3  
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Figure 	5-5 . Opt i cal transmi s s ion spectra of a Li thin film on soda-l ime­xwo3
s i l i ca glas s .  ( After Benson and Sven s s on ,  1 9 90 ) .  

5 . 2 . 3  	 Time Dependeőt Change in the Transmit tance and Reflectance During 
Coloring/Bleaching 

Performance degrada t i on at the cho s en end-po i n t s  of an app l i ed poten t i a l  that 
yields  t he c o l ored / b l eached s tate may be moni t ared b y  tracking the rate at 
whi ch col oring or bl eaching occur s . Thi s  might be accomp l i shed from res p onse  
t ime mea surement s ,  but  woul d  be  best  accomp l i shed by monitor ing lli.T ( t )  or  
li%A( t ) .  A set o f  curve s is  shown in Figure 5-6 to i l lus trate the concep t .  
Thes e  data are for a n  a-wo 3 / r ro 2 E C  devi ce us ing H+ counter ions that was 
swit ched t o  1 . 2V and he ld a t  t hat vol tage . For each o f  the 8000 cyc le s ,  the 
vol tage wa s swi t ched t o  provide the maximum and minimum opt ical l imi t s  ( Cogan , 
1 9 90 ) .  The c hanges i n  tran smi t tance and ref l e c t ance have been reported . for an 
I TO/wo3 / L iNb03 / r n2o3 / I TO device  before and after 3000 cyc l e s  for col or i ng and 
bleach1ng at 3 . 0  V ( Seward et a l . ,  1 9 8 7 ) .  Kinet i c  data as the t o  the 
f inal s t a t e  o f ten ind i ca t e  changes in the rat e  o f  approach , even though the 
same fina l  s tate i s  reached in l e s s t han 2 min . Thus , t he s e  data may be early 
ind i cators  that a degradat i on in performance s can be ant i c i pated . As has been 
shown , response t ime mea surement s are t emperature dependent ( Ha ckwood et  a l  . ,  
1 98 1 )  for s put tered i r i d ium oxide f i lms ( F igure 5- 7 ) .  Their report s t a t e s , 
"the respon s e  time s  , being e l ec t rolyte independent , are repre s entat ive of a 
proc e s s  t aking place within the electro chromi c ma teri a l . "  For a l l  c ond i t i ons  
s tudied in wo rk , t he ini t ial charge injec t i on or ext rac t i on var i e s  w i t h  
t ime s a s  sugge s t ing a di ffus i on-l imi ted proc e s s . They found an 
act iva t i on energy o f  -0 .5 eV , whi ch i s  a l ow value for an i on d i f fus ion 
proce s s , lying in t he range o f  typi cal f a s t - i on conduc tor s . Thi s value i s  
a l s o  at the l ow end o f  a c t i va t i on energ i e s  for grain boundary d i f fus i on ,  whi ch 
typi cal ly range from 0 . 5  to 1 . 25 eV ( Poate et ' a l . ,  1 9 7 8 ) .  The data in 
Figure 5 - 7  extrapo late  to a respons e t ime that i s  four orders of magn i t ude 
di fferent between 80 ° C  and -3 0 ° C .  Measuring the ki net i c s  of the response 
t ime s at the s e  two ext reme s mi ght be a frui t ful area for laborat ory s t ud i e s  , 
espec i a l l y  at the l ower temperatures where the kine t i c  proce s s e s  are much 
s l ower . 

3.4 
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Figure 5-6 . Change in absorbance with swi tching t ime before and after 
potent iostat cycl ing through 8000 cycles (after Cogan, 1990) . 
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• Bleach, Ta, 4M H2S04 

· 	 e Color, Ta, 4M H2S04 

0 Bleach, l r, 4M H2S04 
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Temperature dependence of the coloration and bleaching times of 
-200-A-thick sputtered iridium oxide fi lms deposi ted on tantalum 
and iridium subs trates ,  and studied in concentrated acidic and 
basic aqueous solut ions . The colora t i on and b l eaching t ime s are 
def ined as  the t ime s requi red t o  insert or extra c t  20 mC / cm2 o f  
charge f o l l owing a vo l t age s t ep of 1 V amp l i tude ( from Hackwood 
et al . ,  1980 ) .  
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5 . 3  Methods /Procedures for Rea l -Time Tes t ing 

As far as we can det ermi ne , there are no uni f ormly accepted procedure s  or 
me thods for the rea l - t ime t e s t ing of  an EC window. However ,  we can sugg e s t  
wha t procedures mi ght b e  u s e d  for c omparing the relat ive durab i l i ty o f  d i f­
ferent EC windows or  s imi lar EC wi ndows made by dif ferent l aboratories . The 
a s pec t s  ii1 need of s t andard izat ion inc lude the s i ze of the devi ce and the 
sheet res i s t ivity o f  the TC . The layer thi ckne s s e s  of the en t i re mul t i l ayer 
s t ack a l s o  need to be the same when comparing EC windows made f rom the same 
ma ter i a l s but by di fferent l aboratories  or under di f f erent proces s ing 
cond i t i on s  . 

5 . 3 . 1 .  Cyc l i c  Tes t s  Emphas iz ing Electrical Propert ies o f  EC Windows 

E l e c t r i cal proper t i e s  mus t  be empha s i zed for cyc l i c  te s t s .  Vol t amme t ry curve s 
produced by potent i o s ta t s  tha t  s imul a t e  use  cond i t ions are needed , but how 
they wi l l  be s t andardized i s  a problem .  Var i ables  inc lude the vo l t amme try 
cyc l e  t ime , cyc l e s /un i t  t ime ( are there relaxa t i on effec t s ? ) ,  the magni tude of  
the ext remes of  cyc l i c  po t ent i a l , and the wave f orm of  the dri ving potent ial . 
As ind i c ated in Sect i on 4 . 2 . 1 ,  the s e  important que s t ions require an swers  for 
s t andardi zat ion . The po t en t i a l  ext reme s corresponding to tho s e  needed to 
provide the de s i gned ( or cho s en )  c o l ored and bl eached s t a t e s  should  be 
s t r i c t l y  used , becau s e  s imul a t ed real t ime use would be compremi s ed .  

The t ransmi t tanc e response during cyc l i c  te s t s  us ing vo l t amme t ry mus t  be mea­
sured . Assuming the ent ire I -V dynami c s  and range are s t andardi zed , the same 
T ( \ )  shoul d  be reproduced a t  each point during t he cyc l e . The obvi ous need i s  
t o  take T ( \ )  a t  the extremes i n  app l ied potent i al. When a l arge number of  
cyc l e s  are empl oyed T at a X might be a sui t ab l e  probe , perhaps ,  wi th a l a s e r , 
det e c t or , and f i ber opt i c  for in- s i tu moni tor ing . Comp l e t e  T ( \ )  data would -then be required a.f t er a l ar ge number of  cyc l e s , e . g . , for a devi ce to  be 
cyc l ed 1 00 , 000 t imes , T ( \ )  a f t er 100 , 300 , 1000 , 3000 , 10 , 000 , 1 8 , 000 , 3 0 , 000 , 
5 6 , 000 and 100 , 000 cyc l e s  coul d narrow the t ime domain in whi c h  performance 
degradat i on occurs . 

Fina l l y ,  s truc tural or morpho l o g i c a l  change s  may occur in t he EC , CE , and I C  
f i lms dur ing real-t ime use . The s e  can have a profound effec t o n  t he d i f fu s i on 
rates o f  inj ected c harge , a s  has been known for decades for  thin f i lms ( e . g .  , 
Poat e  e t  a l  . ,  1 9 7 8 ) .  Thus , a non-de s t ruct i ve moni t or t o  probe the s t ruc ture 
and morphol ogy of the thin f i lms in an EC device  woul d  be needed to avo i d  mi s ­
int erpretation o f  response t ime dat a . 

5 .3 . 2  Cyc l i c  Test s  Under Use or Storage Cond i t ions 

The s tandardized cyc l i c  t e s t s  out l ined in the previous s ec t i on mus t  be used 
unde r  at  l ea s t  two s imulated real-t ime condi t i ons . The f i r s t  is s imul a t ing 
use in a bui l ding appl i cat i on . Here , the variables  are cyc l i c  UV ,  cyc l i c  T 
corres pond ing to  di urnal cyc l e s  , and "ca t a s t rophic liT excur s i on s "  corre­
s pond ing to  c l oud c over and sudden expo sure of  the sun . Temperature ext reme s 
mu s t  be ident i f i ed ,  the rate o f  liT excurs i ons mus t  be s imul ated , and the UV 
inten s i t y  matched to  solar inci denc e .  As work by Webb et al  ( 1 984 ) has shown , 
spec ial  care mus t  be taken with s o l ar s imulators  that produce UV wavel engths 
to  we l l  below 285 nm . Con s i derable damage c an be done by shorter wave l ength 
UV that doe s no t s imulate rea l i t y ,  and can l ead to  a mi s interpret a t i on of  the 
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t rue device  l i fe t ime .  The second real-t ime cond i t i on i s  t o  s imulate  
s hel f l i fe . The var i abl es  here are  probably a cons t ant T (- 22 ° C ) ,  no  UV,  but 
may include high relat i ve humi dity ( RH )  c oncent rat i ons of po l l utant gase s . 

5 . 4 Methods and Procedures for Accelerated Tes t ing 

The int roduc tory paragraph in Sec t i on 5 . 3  a l s o  applies here , as does the d i s ­
cளs s i on in Sect ion 5 . 3 . 1 .  However , a vo l tammet ry cyc l i c  accelerated t e s t  pre­
s en t s  a mo s t  intriguing experimental probl em .  I f  an EC window is cyc l ed Qnc e  
every 1 0  h and s t ored f o r  14 h ,  what ef fect d o e s  us ing cyc l i c  vo l tammet ry once 
every 6 min ( ac c e l erat i on factor of at l ea s t  100 ) do to the phys i ca l  pro c e s ses  
o ccurring in the materi a l s  in the EC window? Are the mechani sms that resul t 
i n  performance degradat i on perturbed?  Do the cyc l i c  t e s t s  provide a proper 
bas i s  for l i fet ime pro j e c t i ons or dழ they yield  a val i d  indicat i on o f  relat ive 
durabi l i ty of d i ff erent EC windows ? 

Acce lerated t e s t ing c an a l so be accomp l i shed us ing el evated temperature , RH , 
and exposure t o  UV .  Two widely used techn i ques are Weather-Omet.ers, and QUV 
t e s ting devi ces  . Wea t he,r-Omet er and QUV are regi s t ered trademarks o f  the 
At las- E l e c t r i c  Devi c e s  Co . and the Q-Pane l  Go . ,  re spect ively.  Each devi c e  ha s 
a chamber for moun t ing spec imens that can be sub j ec t ed t o  el evated tempera­
t ure , contro l l ed RH or a water condensate , and UV rad i a t i on .  In a. Wea ther­
Ometer used for s i l ver / po l ymer mirror t e s t ing ( Schi s s e l  and Ne idl inger , 1 9 8 7 ) ,  
s pecimen s  are typ i c a l l y  subjected t o  UV ( or no UV )  , 60 ° C ,  and 80% RH . A xenon 
arc lamp wi th a f i l t e r  cut off to mat ch the terres t r i a l  s o l ar spectrum suppl i e s  
the UV l ight . The QUV t e s t  cyc l i c a l l y  u s e s  4 h o f  UV exposure ( f rom f luores ­
cent l amp s ) a t  6 0 ° C  and 4 h o f  condensed water exposure at 40 ° C  ( ASTM , 
G5 3- 7 7 )  . The accel erat ed weathering devi c e s  are used for compari s on onl y ;  i t  
i s  not po s s i bl e  t o  s t a t e  which device  provides the harsher te s t  for any par­
t i cular mirror mat e r i a l  or how the accelera t ed te s t s  compare wi th outdoor 
( real-t ime ) weather ing . The spectral d i s tr i but i on for the i rrad i a t i on used in 
the two devi c e s  is c ompared wi th solar rad iat ion ( a i r  mas s  1 . 5 )  in Figure 5-8 . 

For Wea ther-Ometer and QUV accel erated t e s t ing , we ask que s t i on s  about 
mechani sms s imilar to tho s e  in the f i r s t  paragraph in thi s sec t i on . Wha t  i s  

·the poten t i a l  o f  a n  a c c e l erated test  for caus ing a change i ri  mol ecular mecha­
n i sms tha.t depart s from rea l i ty?  The se que s t i on s  apply when one i s  temp t ed t o  
choose an elevated T o f  1 20 ° C  when real-t ime u s e  i s  be tween 0 and 80 ° C ,  and t o  
u s e  temperature cyc l e  t ime s of 1 h or  even 6 m i n  when real-t ime u s e  i s  once 
every 10 h .  For UV exposure t e s t s  ( a t  a properl y  mat ched · UV  inten s i t y versus 
wavelength ) , how many "equiva l ent suns" can be used?  1 0 ?  100?  1000?  If RH 
i s  a factor , what meaning does a dew-po int QUV cyc l e  have on a .  devi ce that 
wi l l  norma l l y  be expo sed to water vapor at RHs of 40% to 90%? For urban 
envi ronment s ,  what "enhanced" concentrat ions of po l l utants  ( so2 , NO ' CO , 03 ,x
etc . )  c an be used t o  accelerate a performance l o s s  , and not change a 
mechanism.  F inal l y ,  t he synerg i sm o f  combi ned te s t s  of T ,  cyc l i c  T ,  UV ,  RH , 
pol lutant s ,  and po s s i bly even freez e / thaw treatmen t s  mu s t  be con s i dered . I t  
mus t  be evi dent at thi s s t age that the calculat i on of accelerat i on fac tors  can 
only be techni c a l l y  fea s i b l e  when adequate research and test ing has been 
carr ied out to support l i fe t ime pro j e c t i ons under real-t ime use from the 
accel erated l i fe t e s t ing o f  the device ( s ) .  We can only rai se the s e  Τ s sues as 
quest ions for reso l ut i on f or durabil ity test ing of E C  wi ndows . 
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I. I 
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Wavelength ( n m )  

Figure 5-8 . 	 A comparison o f  the relat ive spectral distribution of power 
from sunlight at air mass 1 . 5  (A} , Weather-Ometer ( B ) ,  and 
QUV ( C )  l ight sources .  
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6 . 0  RECOMMENDATIONS 

Prel iminary recommenda t i ons . are made in thi s s ec t ion . The s e  recommenda t i ons 
provide a f oundat i on for further d i s cus s i on o f  the i s sues o f  the required 
parame t e r s  and t e s t  methods for s tudi e s  that are ( 1 ) primari ly for l aboratory 
r e s earch and eva luat i on ,  ( 2 )  for pro to type eva l uat i on , and ( 3 )  for durab i l i ty 
eva l uat i on under real-t ime and accel erated t e s t ing c ond i t ions . The natural 
progre s s  of ( 1 )  through ( 3 )  i s  s hown s chema t i ca l l y in F i gure 6-1 . A l arge 
numbe r  o f  d i f ferent EC windows , component s ,  and material s are repre s ented for 
laborat ory res earch ; o f  the s e ,  s ome sys tems wi l l  be cho s en for prototype eval­
uat ion . The latter wi l l  be comp l e t e  EC windows wi th a defined s i z e  of 1 ft 2 

( 3 0 x 3 0  em) , defined material s ,  and def ined l ayer thi ckne s s e s . Proto type s 
may s imply be l arger ver s i on s  o f  sma l l er devi c e s  s tudied in ( 1 ) .  During 
pro t o type evaluat i on ,  addi.t ional research i s sue.s will .be generat ed , and add i­
t i onal l aboratory r e s earch may be a.ece·s,s-ary to  improve the· pro totyp e .  Some of 
t he pro t o type s wi l l  succes s fu l l y  pas s  the performance cri teria  requi red o f  an
EC window , and the s e  wi l l  be subj ected to durabi li ty/ s tabi l i ty/ li fet ime 
t e s t ing ( 3 ) .  During durab i l i t y  t e s t ing , add i t i onal res earch i s sues wi l l  mo s t  
l ikely r:e s uJ!.tr £r'0ID analys i s  o f  the resul t s  , and addi t i onal l aboratory research 
may he· neces s.ary t o  improve the device before proceeding wi th further 
t e s ting . Suc c e s s ful prototypes f rom the durabi l i ty t e s t ing ( 3 )  wi l l  become 
c andidates  f o r  commerci al izat i on . For thi s purpo s e , the parameters  and mea­
s uremen t s  from Tab l e  4-1 are l i s t ed in Tabl e  6- 1 .  

The parameters and mea s urements  l i s t ed in Table 6-1 have been reduced t o  t ho s e  
d e emed e s s en t i a l  to  EC window r e s earch and development for the progre s s ion 
s hown in F i gure 6-1 . Our recommendat i ons f or thes e  are categori zed as mo s t  
i mportant ( 1) ,  important ( 2 ) ,  and hel pful ( 3 )  for a given device . Tho s e  that 
a re a property of a mat erial , part of a device des i gn ,  or a parameter from 
r educ t i on of o ther data are l abe l ed NA . We have a l s o  added surface ana lys i s  
( Czanderna , 1 9 7 5 ) a s  important for di agno s t i c  evalua t i on o f  compo s i t i onal 
c hange s  and related phenomena , ranging from ded·uc ing mechani sms to e s t ab­
l i s hing causes  in performance l o s s e s . A recommended t e s t  mat r i x  i s  g i ven in 
T a b l e  6-2 for s t age s ( 1 ) ,  ( 2 ) ,  and ( 3 )  of Fi gure 6-1 . 
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Evaluation Evaluation 
Evaluation 

of materials, 
components, 

of complete 
EC windows 

from (1 ) 
of prototypes 

from (2)
under static, 

Commercialization 
candidate 

EC windows 
other variables, including real-time, and based on 

and complete 
EC windows 

scale-up and 
production 

accelerated 
test 

results in 
(3)

feasibility conditions 

(1 ) Laboratory (2) Prototypes (3) Durability of (4) Commercially 
research (1 ft2) Prototypes feasible EC windows 

Figure 6-1 . 	 Flow of EC window testing from ( 1 )  laboratory research and 
evaluation ,  to ( 2 )  prototype testing , to ( 3 )  durab i l i ty 
testing , and finally to ( 4 )  commercial ization 
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Table 6-1 .  	 Categorization of Parameters and Measurements for Different Stages of EC Window R and D 
( 1  = highest pri ority to 3 lowes t priori ty, D = derivable from other measurement s ,  = 
E = es tabl ished from earlier laboratory research , _and NA = not applicable* ) 

Opr i cal Meas uremen t s  T e s t i ng Laborat ory Re s earch Prot o t yp e s  Durabi l i ty 

Spectral T ( :l.  ) ,  ( 28 0  t o  2 60 0  nm )+ 1 1 1 
Spec t ral R ( :\.  ) '  ( 28 0  t o  2 60 0  nm ) + 
Spec t ral A ( :\.  ) '  ( 28 0  t o  2 60 0  nm )+ 

1 
1 

1 
1 

1 
3 

Layer Th i c kn e s s e s  1 NA NA 

Solar We ight ed S p e c t ra l  Dat a  
( 2 80 t o  2 6 00 nm) + 1 /NA 1 /NA 1 / NA 

Pho t o p i c  Wei gh t e d  S p e c tral Data
(3 90 to 7 7 0  nm) 

Hemi s phe ri cal and Angu:tar De.pendence· 

1 /NA 

3 

1 /NA 

NA 

1 / NA 

NA 

Day1 ight i ng S e l ec t  i v i t y  NA NA NA 

Op t i ca l  Un i f ormi t y  ove r  Dev i c e  Area 1 1 1 

E l ec trochem i c a l  Meas uremen t s  Tes t i ng Laborat ory Re search Pro t o t yp e s  Durabi l i ty 

Vo l t ammograms 1 1 

Q-V Cyc l es 1 

I;-V Cycl es 1 1 

V L i mi t s  , Cyc l e  Frequenŉy ,  1 NA NA 

I ,  D r i v i ng P o t en t i al Type or 

Wave Form** 1 E E 

Q ( C/cm2 ) or Ŋ n j ec ted Charge 1 1 

OD , Q vs O D ,  Col orat ion E f f i  c i en c y  D D D 

I on i c  o f  I C  ( T )  1 NA . NA 

T i me 1 1 1 

C i r c u i t  1 1 2 

S u b s t r a t e  E f fe c t  s , El iminated 1 NA NA 

Ō-kThese parame t e r s  	 are e s sent i a l , and when determined f rom l abora t or y  r e search , mu s t  be u s ed wi thout 
var i a t i on f or pro t o type and d urab i l i t y  t e s t ing . 

*NA .i s  becau s e  the q uant i t y  may be f o r  a prev i o u s l y  e st ab l i shed ma t e r i a1 or d ev i c e  d e s i gn or may be 
derived by redu c i ng data from s ome other mea s urement . 

+r n  the i deal c a s e  for a refl ec t i ve f i l m ,  A( :\. )  c an be d e r i ved from T ( :\. ) and R ( :l. ) ,  but i t  i s  b e s t t o  
mea sure A ( :\.  ) exper imen ta l l y  to as sure non-i deal l o s s  mecha n i sms a r e  not pre sent . Mea surement s made 
f rom 3 5 0  to 2 2 0 0  nm w i l l  resul t in l o s s es of 1% and 3% o f  the avai l a b l e  s olar energ y ,  r e s p .  
( Hul s trom , e t  a l . ,  1985 ) .  
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Tabl e 6-2 . Recommended Test Mat rix at Various Stages of EC Window Research and Development 
" 

Mea s urement or S ta bi l i ty /Dōrab i l i t y  Te s t ing 
Degradat ive R&D Laboratory ... +St r.e s s  Ǵ S t ag e  Re search Prot o t ype Real-Ti me Weat her-Omet er QUV 

T ( A ) ,  R( A ) ,  A( A )  

Op t i cal Un i f ormi ty 

Layer t h i c kne s s e s  

Surface Ana l ysi s 

Vo l t ammograms 
I -V Cyc le s 
V Limi t s  
I Used 
Drivi ng P o t en t i al Form 

N Cyc le Frequency Var iable 

I n j e c t ed Charge ( C / c m2 ) 

Respon se t ime ( t , t B )c 
Open C i rcu i t  Memory 

Temperature 

uv 
Humi d i t y  

Po l l utants 

280-2600 nm 280-2600 nm 2 8 0- 2 6 0 0  nm* 280-2600 nm* 280-2600 nm* 

Spec tral S p e c t ra l  V i s ua l  Vi sual V i s u a l  

-- c ompare l ayer t h i ckne s s  vs 2 5 ° C  a f t er exposure t o  1 00 ° C  - - - - - - - - - - - - - - - - - - - - - - - - - ­
Use d i agno s t i ca l l y  and for depth p ro f i l i ng a t / through interfaces 

Yes Yes Ye s Yes Ye s 
Va riable 
Va ri able Val u e s  are f i xed from l aborat ory r e s e arch and eva l uat ion and are no t 
Vari ab l e  changed a rb i t rari ly 
Var i ab l e  

0 . 1 , 1 , 1 0 / h  0 . 1 , 1 , 10 /h o . 1·, 1 , 1 o I h 0 . 1 , 1 , 10 /h 0 . 1 , 1 , 1 0 / h  

integrate t i me and current same s ame same 

Variable U s e  84 t o  16%++ change s  f rom 100% o f  the po s s i bl e  percen.t chang e i n  T 

Measure N o t e  Note Note No te 

0 , 2 7 , 60 , 1 00 ° C  0 , 27 , 6 0 , 1 0 0 ° C  Variable 6 0 , 100 ° C  40 , 6 0 ° C 

1 7  s un s ,  xenon s imul a t i o n ,  2 8 5  - 7 00 nm, except f o r  real -t ime and QUV 

Normal 8 0% Var i ab l e  80% Conden sa t i on 
Cyc l e  

NA NA Variable s o2 , No2 None 
S i t e  Spec i f i c Chl o r i d e , o ther 

+Rea l - t i me t e s t  ing i n c l ud e s  outdoor expo sure , 
s imul ated s to rage c ond i t i on s  

" 'T ( A )  only may . b e  moni tored per i o d i c a l l y  at 
succe s s fu l  

w i t h  and 

var iable 

w i t hout 

A .  An 

shut t e r s  , c on s t an t  e leva ted 

on- l i ne cont inuous mon i t or 

s tagnant T, 

at a f i xed 

and under 

A may be 

++The s e  corres pond t o  t w o  s t andard d ev i a t i on s  
t-3 
"'IwV'lw-J 
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