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Abstract 

The solar performance of electroplated, cold pressed and 

single crystal cadmium sel eni de/aqueous polysulf i de photo- 

electrochemical solar cell s was investigated by means of 

current-voltage characteristics, quantum efficiency-voltage 

dependence, and spectral respon.se. 

The el ectropl ated cadmium sel eni de f i l ms of 1022 Ym 
thickness  ere deposited on titanium substrates by 

slectrodeposi tion using an acid solution o+ cadmium sul f ate, 

selenium dioxide and sulphuric acid. Etching and annealing of 

L the electroplated +if ms improved the solar per+armance 

considerably. The surface morphology revealed a "cauliflower" 

structure with small crystallites. Some microcracks were also 

observed after annealing. 

Gal d pressing of cadmi um sel eni de powder was i nvesti gated 

as a technique for producing inexpensive, self-supporting 

photoanodes. Fhysical properties such as density, resistivity 

and surface morpholoqy were determined and related to solar cell 

performance. Pellets pressed at higher pressures showed larger 

crystallites and improved quantum efficiency; pressures above 

69 MPa produced fractures in the pellets. Fellets pressed at 46 

MPa fur 5 min were annealed at various temperatures. Annealing 

at 673 K for six hours revealed optimum solar performance. 

Since single crystals of cadmium selenide of ten show poor 

sol at- response, the effect # anneal i nq was investigated. 

-111- 



Annealing in cadmium atmosphere improved the overall solar 

response cansiderably, while annealing under vacuum produced a 

poor response for photon energies higher than 1.8 e V  and high 

quantum ef+iciencies for near bandgap energies. Annealing in a 

selenium atmosphere resulted in very poor solar response. 

Simultaneous i 1 luminatian of the electrodes with a he1 ium-neon 

laser strongly enhanced the quantum efficiency +or vacuum 

annealed crystals for near bandgap photons. 

Sur#ace treatments of cadmium selenide photoanodes may 

passivate grain boundaries and redistribute surface state 

energies. Dipping or boiling of pressed and electroplated 

- - =.*mpLes in zinc chloride salution improved the open circuit 

vol tage consl derabl y .  In contrast, electrodes dipped in 

aercuric chloride solution produced a deterioration in solar 

performance. 
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Chapter 1 

Introduction 

R e s e a r c h  i n  solar  e n e r g y  c o n v e r s i o n  h a s  been  a c c e l e r a t e d  by  

t h e  need  f o r  a l t e r n a t e  e n e r g y  s o u r c e s  d u e  t o  t h e  e n e r g y  crisis 

i n  t h e  s e v e n t i e s  and  t h e  g r a d u a l  d e p l e t i o n  of  f o s s i l  f u e l s .  

P aolar e n e r g y  h a s  a d e f i n i t e  a d v a n t a g e  o v e r  o t h e r  e n e r g y  

. s c u r c e s  i n  t h a t  i t  is v i r t u a l l y  i n e x h a u s t i b l e  and  d o e s  n o t  

p o l l u t e  t h e  e n v i r o n m e n t .  The solar  e n e r g y  r e c e i v e d  by  t h e  e a r t h  

e a c h  month e x c e e d s  t h e  t o t a l  e n e r g y  c o n t a i n e d  i n  t h e  w o r l d ' s  

s u p p l y  o f  f o s s i l  f u e l  C l l .  Man's g l o b a l  e n e r g y  r e q u i r e m e n t  f o r  

o n e  y e a r  is e q u a l  t o  t h e  e n e r g y  r e c e i v e d  i n  o n e  h o u r  o+ solar 

r a d i a t i o n .  

A p p r o x i m a t e l y  30 % of  t h e  solar e n e r g y  which  r e a c h e s  t h e  

e a r t h ' s  s u r f a c e  is  r e f l e c t e d  back  i n t o  s p a c e ,  a b o u t  47 % h e a t s  

t h e  s u r f a c e  oS t h e  l a n d  a n d  o c e a n s  o f  which m o s t  is r e - r a d i a t e d  

back  i n t o  s p a c e .  N e a r l y  23 % of  t h e  i n s o l a t i o n  is u t i l i z e d  b y  

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

f r a c t i o n  (0.02 %) is s t o r e d  a s  c h e m i c a l  e n e r g y  by p h o t o s y n t h e s i s  

t2 l .  T h i s  solar e n e r g y  s t o r a g e  p r o c e s s  p r o v i d e s  a1 1 of  o u r  f o o d  

and  f o s s i l  f u e l .  

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



o v e r  500 m i l l i o n  y e a r s  a n d  is e x p e c t e d  t o  r e m a i n  c o n s t a n t  f o r  

t h e  n e x t  50 m i l l i o n  y e a r s  C31. The rate a t  which e n e r g y  is 

r e c e i v e d  on a u n i t  s u r f a c e ,  i n  f r e e  s p a c e  a t  t h e  e a r t h ' s  mean 

d i s t a n c e  f r o m  t h e  s u n ,  p e r p e n d i c u l a r  t o  t h e  s u n ' s  d i r e c t i o n  is 

c a l l e d  t h e  solar c o n s t a n t .  The a c c e p t e d  v a l u e  is 1322 Wm-' C41. 

F o r  m o s t  solar  c a l c u l a t i o n s  i t  is s u f f i c i e n t  t o  assume t h a t  

t h e  s u n  is a b l a c k  body r a d i a t o r  a t  6OOO K. A s  s u n  l i g h t  p a s s e s  

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

s e l e c t i v e  a b s o r p t i o n  by  the a t m o s p h e r e .  F o r t u n a t e l y  l i t t l e  

c h a n g e  t a k e s  p l a c e  i n  t h e  v i s i b l e  s p e c t r a l  r e g i o n  where  solar  

cel ls are h i g h l  y r e s p o n s i v e .  

I n  an a t t e m p t  t o  s i m p l i f y  t h e  p r e s e n t a t i o n  o+ t h e  v a r y i n g  

c o n d i t i o n s  of  t h e  a t m o s p h e r e  and  its e f f e c t  on l i g h t  i n t e n s i t y ,  

the t w o  t e r m s  w a n d  a i r  m a s s  m (AMm> are w i d e l y  used .  The 

q u a n t i t y  w is measured  i n  c m  a s  t h e  p r e c i p i t a b l e  w a t e r  v a p o r  i n  

a v e r t i c a l  column i n  t h e  a t m o s p h e r e  C 5 1 ,  e .g .  w=O and  w = 2  

r e p r e s e n t  n o  h u m i d i t y  a n d  50 % h u m i d i t y ,  r e s p e c t i v e l y .  The 

d e i i n i t i o n  oS m is g i v e n  by  : 

where  z is t h e  a n g l e  be tween  a l i n e  normal  t o  t h e  e a r t h ' s  

s u r * a c e  a n d  a l i n e  c o n n e c t i n g  t h e  o b s e r v e r  a n d  t h e  s u n ,  e.g.  AM1 

r e p r e s e n t s  t h e  sun v e r t i c a l l y  o v e r h e a d ,  A M 2  60" f rom z e n i t h  a n d  

A M 0  d e s c r i b e s  solar  r a d i a t i o n  i n  s p a c e .  The solar  i n t e n s i t y  

v a r i e s  c o n s i d e r a b l y  w i t h  d i f f e r e n t  a t m o s p h e r i c  c o n d i t i o n s .  F o r  

AM1 a n d  w=O, t h e  solar  i r r a d i a n c e  a t  sea l e v e l  is 1960 Wm-=, 



while for AM2 and w=O and for AM1 and w = 2  the irradiance 

decreases to 880 Wm-Z and 890 Urn-=, respectively C51. On a 

cloudy day with the sun at zenith, the solar intensity at sea 

level was estimated to be 120 Wm-*, using the AM1-modified 

distribution for a black body radiator at 7000 K C51. 

Solar energy may be utilized in three major ways, as a 

source of heat, to produce electricity Iphotovoltaic solar 

re1 1 ! , and in electrochemical reactions (electruchemica1 solar 

cell 2. Thermal conversion is a simple process which involves 

t h e  heating of black surfaces by normal or concentrated light. 

In photovol taic devices, two dissimilar materials (p- and n-type 

semi canductor, semiconductor and metal. or different 

semi conductors) form a juncti on-barri er-; in el ectrocherni cal 

solar cells a junction is formed by immersing a semiconductor in 

an electrolyte. Illumination of the junction results in a 

photovoltage, generated between the two different materials, 

which may be used as a source of power. 

The history o+ solar cells dates back aimost 150 years to 

1839 when aecquerel discovered the photovol taic effect in an 

electrolytic cell. He immersed a AgC1 electrode connected to a 

metal counter electrode into a NaCl solution and observed an 

increased current flow by shining light on the AgCl electrode. 

The current was dependent on the wavelength of the light. The 

photovoltaic eSfect in Se was observed 34 years later by Adams 

and Day, and within 10 years the first Se solar cell was 

described by Fritts. In 1904, Hallwachs noticed that a layered 



Cu/CuO structure was photosensitive and in 1914 Goldman and 

brodsky were the first to correlate the photovoltaic effect with 

the existence of a barrier layer. By 1941, Se devices were 

converting solar energy to electricity with 1 % efficiency. The 

same year, a new process called the p-n junction technique 

enabled the production of single crystal Si photovol taic 

devices. Controlled dif#usion of dopants in Si pushed the 

efficiency to & % by I353 (Chapin, Fuller, Pearson and Prince at 

ATbT's Eel1 Lab, and Rappaport, Lofersky and Jenny at HCA). By 

1958, the solar-powered space age had begun and a new industry 

emerged. However, the law density o# solar light flux and the 

appreciable p m m r  f luctuations in daily and annual cycles, 

caused concern far large-scale terrestiai utilization of solar 

energy. 

The aim of solar energy research in the last 10 years was 

to convert sunlight into electricity on a large-scale basis, as 

well as to make solar cells cost-competitive with conventional ' 

generators. For comparison, the price for a Si module which 

produced 1 W of electricity under peak illumination at noon cost 

a 20-30 in 1973. Six years later a module with identical 

performance, although with higher e-Eficieny and longer life 

expectancy sold for 9 10-15 L A ] .  Today the most ei#icient solar 

cel 1s f cr industrial applications are single crystal Si p-n 

junction solar cells with an efficiency of 44.5 %. The cost 

however I d $  a per peak W, estimated at 8 0.60 per kwh) is so far 

not competitive with hydroelectric power I S  0.06 per kwh) since 



t h e  p r o d u c t i o n  of  s i n g l e  c r y s t a l  S i  modu le s  is a v e r y  c o s t l y  and  

w a s t e f u l  p r o c e s s .  

F-n j u n c t i o n  solar  cel ls  are formed by  t h e r m a l  d i f f u s i o n  of  

s p e c i f i c  d o p a n t  atoms i n t o  t h e  s e m i c o n d u c t o r  material t o  a n  

optimum j u n c t i o n  d e p t h .  The d o p a n t  is c h o s e n  t o  i n v e r t  t h e  t y p e  

of t h e  s e m i c o n d u c t o r .  F o r  e f f i c i e n t  solar  e n e r g y  c o n v e r s i o n  t h e  

j u n c t i o n  b a r r i e r  must  fo rm a t  a p r e c i s e  d e p t h  be low t h e  

s e m i  c c n d u c t o r  s u r f  ace. The d i  f  f  u s i  on p r o c e s s  g e n e r a l  1 y  c a n n o t  

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

t h e r m a l  d i + + u s i o n  r a t e  i n  t h e  b u l k  and  a t  g r a i n  b o u n d a r i e s  is 

v a s t 1  y d i f f e r e n t .  The r a p i d  d i f S u s i o n  a l o n g  g r a i n  b o u n d a r i e s  

w i l l  i n t r o d u c e  s h u n t i n g  i n  t h e  p o l y c r y s t a l l i n e  mater ia l .  

T h e  g r a i  i.1 bounda r  i es i n  p o l  y c r y s t a l  1 i n e  Si h a v e  been  

p a s s i v a t e d  e + S e c t i v e l y  by H ,  and  l a r g e  scale p r o d u c t i o n  of 

p o i y c r y s t a l l i n e  Si w a s  set up r e c e n t l y  i n  t h e  U S A  ( S o l a r e x )  a n d  

i n  W e s t  Germany (Wacker Chemie and  T e l e f  unken)  . A s  w e 1  1 ,  H-doped 

amorphous S i  so lar  ce l l s  are p roduced  i n  J a p a n  (Sanyo)  and  are 

u s e d  i n  p o c k e t  c a l c u l a t o r s .  T h e s e  amorphous  and  p o l y c r y s t a l l i n e  

solar  ce l l s  are much c h e a p e r  b u t  h a v e  o n l y  been  employed i n  l o w  

power a p p l i c a t i o n s  [TI. 

I n  r e c e n t  y e a r s ,  many r e s e a r c h e r s  h a v e  been  a t t r a c t e d  t o  

p h o t o e l  e c t r o c h e m i  cal (FEE) s y s t e m s  f o r  c o n v e r s i o n  of  of so lar  

e n e r g y .  T h e s e  cel ls  are c h e a p  and  e a s i l y  made. They 

e s s e n t i  a1 1 y  c o n s i s t  of  a s e m i  c o n d u c t o r  el e c t r o d e  c o n n e c t e d  

t h r o u g h  a l o a d  w i t h  a c o u n t e r  e l e c t r o d e *  immersed i n  a r e d o x  

c o u p l e  e l e c t r o l y t e  ( F i g .  1.1). I l l u m i n a t i o n  of  t h e  s e m i c o n d u c t o r  



d r i v e s  e l e c t r o c h e m i c a l  r e a c t i o n s  a t  b o t h  e l e c t r o d e s .  A j u n c t i o n  

b a r r i e r  i 5 formed s p o n t a n e o u s 1  y  when t h e  s e m i  c o n d u c t o r  is 

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

of  p o l y c r y s t a l l  i n e  r a t h e r  t h a n  s i n g l e  c r y s t a l  material makes 

t h e s e  d e v i c e s  i n e x p e n s i v e .  T h e r e  is n o  n e e d  f a r  a d d i t i o n a l  

d o p i n g  and  d i f f u s i o n  of  t h e  d o p a n t .  l o  t h e  f r o n t  

m e t a l  l i z a t i a n  a n d  a n t i r e f  l e c t i o n  c o a t i n g s  needed  i n  sol i d  s t a t e  

celf.5 are n o t  r e q u i r e d  C81. 

F h o t o e l e c t r o c h e m i c a l  ce l l s  c a n  b e  s e p a r a t e d  i n t o  t w o  

d i f + e r e n t  t y p e s ,  t h e  w e t  p h o t o v o l t a i c  c e l l ,  where  e n e r g y  is 

c o n v ~ r t e d  i n t o  e l e c t r i c i t y ,  and  t h e  f u e l  c e l l ,  which makes 

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

or t h e  s e m i c o n d u c t o r  e l e c t r o d e .  E s p e c i a l l y  w a t e r  s p l i t t i n g  h a s  

r e c e i v e d  much a t t e n t i o n ,  s i n c e  hydrogen  is a n  i m p o r t a n t  c h e m i c a l  

p r o d u c t  of  e c o l o g i c a l  p u r i t y  C91. 

1.1 O b j e c t  o+ R e s e a r c h  and  S t r u c t u r e  o f  T h e s i s  ------ 

The p u r p o s e  a f  t h i s  t h e s i s  is t o  i n v e s t i g a t e  and  compare  

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

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

e l e c t r o l y t e .  f i n n e a l i n g ,  e t c h i n g ,  a n d  i o n  sur -Face  t r e a t m e n t s  of 

t h e  e l e c t r o d e s  w e r e  employed t o  s t u d y  t h e i r  e f f e c t  on v a r i o u s  

cel l  p a r a m e t e r s .  

C h a p t e r  2 d e s c r i b e s  t h e  p r i n c i p l e s  a n d  e n e r g e t i c s  of  l i q u i d  



junction solar cells. Factors determining the stability and 

efficiency of photoelectrochemi cal cells are discussed , and a 

model which analyzes the current-voltage characteristics is 

represented. Only n-type semiconductor/electrolyte systems are 

described, but the treatments and discussi~ns are equally valid 

for p-type semiconductors with appropriate changes of carrier 

type. 

The f ol lowing chapter reviews electrochemical photovol taic 

cells employing CdSe photoanodes. The physical and chemical 

properties o+ CdSe, methods o+ electrade preparation, and 

various suitable redux couple electrolytes are described. The 

stabi l it%{ and l i+etime of CdSe/polysuifide junction cells is 

discussed in detail, and the effect of surface etching and 

specific ian adsorption on the cell performance is described. 

Preparation of the various CdSe electrodes investigated in 

this research, construction of the photoelectrochemical cells, 

and the experimental methods used to measure the cell 

characteristics are described in Chapter 4. 

Chapter 5 presents the results of this research and gives a 

detailed di scus~,ion of the observed solar performance. The 

summary and conclusions follow in Chapter 6. 



- - :- l g w e  1 .  i S c h e r n a t i ~ s  a+ a p h o t o e i e c t r o c h e m i c a l  cel  f . 
T.L - r : i u t o g e n ~ r a t ~ d  hc j l e s  in t h e  n - t y p e  semi conductm-  

(WE) a x i d i z e  e l e c t r o c h e m i c a l  s p e c i e s  G to A" and 

e l e c t r o n s  t r a n s p o r t e d  t h r o u g h  the  e x t e r n a l  r i r c v i  t 

r e d u c e  A+ t o  A a t  the metal c o u n t e r  e l e c t r o d e  

I C E ) .  The s p e c i e s  67 and A' form a r e v e r s i 4 b l e  

r e d o x  c o u p l e .  

WE = working  e l e c t r o d e  

CE = c o u n t e r  e l e c t r o d e  



Load 

i > A &  A &  

Light 
A +  A +  

Electrolyte Solution 



C h a p t e r  2 

The E l e c t r o c h e m i c a l  P h o t o v o l  ta ic  C e l l  

---------- 2.1 Frinci~les ------------ and Energetics ----- 

The Eequerel effect C lOI was not well understood until 1755 

i l luminated GE electrode/electrof yte system with the +ormation 

of a 1 iquid junction. Pioneering work towards understanding the 

kinetics and energetics of. electron transfer across the 

semiconductor/electrolyte junction and the nature of the 

depletion region in the semiconductor are ascribed largely to 

Ger i scher ~ 1 2 1 , t 1 3 1 , C 1 4 1 , C i 5 1 , i 1 6 1 , C 1 7 1 ~  who sti mu1 ated 

increasing interest in semiconductor photoelectrochemistry. 

The semiconductor/electrolyte junction is usually model led 

as a Schottky barrier in which the electrolyte plays the role of 

the metal, a valid assumption for a highly conductive 

electrolyte. s the semiconductor is brought into contact with 

an electrolyte containing a redox couple, the Fermi level of the 

semiconductor !E+ 1 and the electrochemical potential of the 

solution IE,,,,,) equilibrate by electron transfer at the 



i n t e r f a c e ,  f o r m i n g  a b a r r i e r  of h e i g h t  d e p e n d e n t  on t h e  n a t u r e  

of t h e  s o l u t i o n  s p e c i e s  a n d  t h e  s e m i c o n d u c t o r  a s  shown i n  

F i g .  2.1. 

The i n t e r f a c e  be tween  t h e  s o l i d  a n d  t h e  s o l u t i o n  c o n s i s t s  

of  t h r e e  r e g i o n s :  

1. A s p a c e  c h a r g e  l a y e r  or  d e p l e t i o n  r e g i o n  (DRi  formed i n  

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

charge carriers. The  w i d t h  o f  t h e  DR d e p e n d s  a n  

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

and  iree carr ier  c a n r e n t r a t i o n .  

2. The He lmho l t z  l a y e r  IHL) is +orrned i n  t h e  e l e c t r o l y t e  s i d e  

be tween  t h e  s o l i d  and  t h e  o u t e r  He lmho l t z  p l a n e  (OHPI. The 

HL arises f rom a d s o r p t i a n  of  s o l v a t e d  i o n s  i n  t h e  

e l e c t r o l y t e  a n  t h e  s u r f a c e  of  t h e  s o l i d ,  and  its w i d t h  

w i l l  e x t e n d  a f ew 8 f o r  i o n i c  c o n c e n t r a t i o n s  l a r g e r  t h a n  

3. The G~uy-Chapman l a y e r  f o r m s  i n  t h e  s o l u t i o n  a d j a c e n t  t o  

t h e  OHP. 

I n  F i g .  2. 1, a n  e n e r g y  d i a g r a m  f o r  a n  n - type  

s e m i  c o n d u c t o r i l  i q u i d  j u n c t i o n  i s shown. The Gouy-Chapman 1 a y e r  , 

e x t e n d i n g  f r o m  t h e  i n t e r f a c e  i n t o  t h e  i n t e r i o r  of  t h e  

e l e c t r a l y t s  h a s  been  o m i t t e d ,  s i n c e  t h e  l a y e r  becomes e x t r e m e l y  

t h i n  f o r  c o n c e n t r a t e d  e f  ectrol y t e s  as  u s e d  i n  

p h o t o e l e c t r o c h e m i c a l  cel ls  1191. A s  r e f e r r e d  t o  i n  F i g .  2.1, t h e  

b a r r i e r  h e i g h t  or bandbend ing  I'db> of  t h e  s e m i c o n d u c t o r  may b e  



expressed i n  terms of  the  workf unct ion of the semiconductor 

(a,,! and the  redox p o t e n t i a l  of  the  s o l u t i o n  IC),,~,,! and a lso  

as a funct ion o f  t he  f la tband energy (E9-), i .e .  t he  electrode 

p o t e n t i a l  energy a t  which the  semiconductor bands are f l a t .  The 

b a r r i e r  he ight  i s  given by 

where E+ i s  t he  Fermi energy of  the  semiconductor. The e f f e c t  

oS the  Helmholtz layer  on the  bandbending i s  contained i n  the  

expression +ar the f l  atband energy, expressed w i th  respect t o  

the normal hydrogen electrode INHE) , i. e. 

where qVH i the  energy drop i n  the  Helmholtz layer.  The term 

4.5 eV represents the  d i f f e rence  between the  MHE and the vacuum 

Level. 

The f latband p o t e n t i a l  i s  determined experimental 1 y by 

photocurrent o r  capacitance measurements from the changing 

p roper t ies  o f  t he  i n t e r f a c e  as the  bands are made f l a t  by 

i l l u m i n a t i o n  w i th  intense l i g h t  or  forward bias. The f la tband 

energy depends on the  p roper t ies  of  the  semiconductor, s ince EG 

i s  con t ro l l ed  by bandgap and doping, and on the  composition o f  

t he  e lec t ro l y te ,  s ince the  i o n i c  double l aye r  i s  formed by 

s p e c i f i c  i n t e r a c t i o n  w i th  ions, which i n  t u r n  changes the work 



required for electron transfer from the semiconductor into the 

electrolyte. 

The semiconductor/electrolyte interface may form four 

different types of barriers E181, depending on the redox 

potential with respect to the semiconductor Fermi level, appl ied 

voltage, and surface properties of the semiconductor. 

r ' rrgure 2.2 shows the depletion layer, accumulation layer, 

inversion layer, and deep depletion layer Eial. Minority 

carriers are essenti al 1 y absent in the nan-i l l umi nated 

  em icon duct or and the depletion layer (Fig. 2.h) is depleted o+ 

majority carriers. The accumulation layer (Fig. 2.2b) 

originates when carriers are inject~d +ram the surface of the 

 emi icon duct or, so that the excess majority carriers form a space 

charge at the surface. This situation occurs when an n-type 

semiconductor is made extremely negative with respect to the 

counter electrode, so that the conduction band at the surface 

dips below the Fermi energy. An inversion layer (Fig. 2.2~) 

results when an excessive number of majority carriers is 

extracted at the interface, resulting in large bandbending and 

causing inversion of n-type to p-type at the semiconductor 

surface. This situation may arise in reverse bias, or when 

EFmd,, lies below the intrinsic Fermi level of the 

semiconductor. The deep depletion layer (Fig. 2.2d) depicts a 

non-equilibrium situation and results from applicatian of a high 

reverse bias to the semiconductor. 

For efficient photoelectrochemical cells, the semiconductor 



s h o u l d  b e  d e p l e t e d  or weak ly  i n v e r t e d  s i n c e  t h e  m i n o r i t y  

carriers are d r a i n e d  away + r a m  t h e  s u r f a c e  by  t r a n s f e r  t o  t h e  

e l e c t r o l y t e .  I n  f a c t ,  t h e  n e c e s s a r y  c o n d i t i o n  f o r  e f f i c i e n t  

o p e r a t i o n  is t h a t  t h e  rate o f  carrier t r a n s f e r  is e q u a l  t o  or  

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

which r e s u l t s  i n  weak i n v e r s i o n  or d e p l e t i o n  1197. 

F i g u r e  2.34 d e p i c t s  t h e  e n e r g e t i c s  of  a n  n - t y p e  

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

e q u i l i b r i u m  i n  t h e  l a r k .  F o r  n - type  s e m i c o n d u c t o r  e l e c t r o d e s ,  

t h e  r e d o x  p o t e n t i a l  must  b e  l a r g e r  t h a n  t h e  f  l a t b a n d  p o t e n t i a l  

and  t h e r e f o r e  E,,d,, s h o u l d  b e  s i t u a t e d  be tween  t h e  c o n d u c t i o n  

and  v a l e n c e  b a n d s  of t h e  s e m i c a n d u c t a r  i n  s u c h  a manner a s  t o  

maximize t h e  b a r r i e r  h e i g h t .  I n  t h e  d a r k ,  t h e  d e v i c e  b e h a v e s  

i d e a l l  y l i k e  a d i o d e  w i t h  break-down a t  a f o r w a r d  a p p l i e d  

v o i t a g e  e q u a l  t o  V,. 

F i g u r e  2-38 d e p i c t s  t h e  i n t e r f a c e  e n e r g e t i c s  of  a n  

e l e c t r o c h e m i c a l  solar  cell  w i t h  a n  i l l u m i n a t e d  pho toanode .  When b 

t h e  s e m i c o n d u c t o r  e l e c t r o d e  is i 1 l u m i n a t e d  w i t h  l i g h t  of e n e r g y  

h v  E,, i .  e. t h e  bandgap  o-f t h e  s e m i c o n d u c t o r ,  t h e  p h o t o n s  

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

The b u i l t - i n  electric f i e l d  s e p a r a t e s  t h e  c h a r g e s  and  t h e r e b y  

r e d u c e s  t h e  b a r r i e r  h e i g h t ,  c a u s i n g  t h e  band e d g e s  i n  t h e  b u l k  

t o  a s sume  new v a l u e s  E,* and  E,". I n  t h e  a b s e n c e  of  

r e c o m b i n a t i o n ,  t h e  h o l e s  rise t o  t h e  t o p  o f  t h e  v a l e n c e  band b y  

t h e r m a l  e q u i l i b r i u m  a n d  are t h e n  f i l l e d  b y  a n  e l e c t r o n  f rom t h e  

s o l u t i o n  r e d u c t a n t ,  o x i d i z i n g  s p e c i e s  A t o  A'. The e x c i t e d  



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

d o w n h i l l  i n  t h e  electric f i e l d  t h r o u g h  t h e  b u l k  of t h e  

s e m i c o n d u c t o r  and  t h e  e x t e r n a l  c i r c u i t .  They are i n j e c t e d  i n t o  

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

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

t h a t  a t  t h e  c o u n t e r  e l e c t r o d e ,  and  t h e  n e t  c h e m i c a l  c h a n g e  of  

t h e  e n t i r e  s y s t e m  is z e r o .  

Dur ing  i l l u m i n a t i o n  oS t h e  c e l l ,  t h e  p o t e n t i a l  d i f f e r e n c e  

be tween  t h e  s e m i c o n d u c t o r  and  c a u n t e r  e l e c t r o d e  is e q u a l  t o  t h e  

change i n  b a n b b e n d i n g ,  a s s u m i n g  t h a t  t h e  v o l t a g e  d r o p  across t h e  

S E ~  mhol t z  l d y e r  i s i n d e p e n d e n t  of b i  as.  Thus  t h e  p h o t o v o l  t a g e  

is d e t e r m i n e d  by t h e  d i s p l a c e m e n t  of E+* of  t h e  i l l u m i n a t e d  

s e m i c o n d u c t o r  r e l a t i v e  t o  E+ of  t h e  d a r k  el e c t r o d e .  The h i g h e s t  

o b t a i n a b l e  p h o t o v o l  t a g e ,  i .  e. t h e  open  c i r c u i t  v o l t a g e  (V,,), 

may r e s u l t  u n d e r  s t r o n g  i l l u m i n a t i o n  and  is g i v e n  by: 

Under c l o s e d  c i r c u i t  c o n d i t i o n s  E,,-,, a n d  E+ e q u a l i z e ,  a n d  t h e  

p h o t o v o l t a g e  is z e r o  e v e n  t h o u g h  a n e t  c h a r g e  f l o w s ,  g i v i n g  rise 

t o  a p h o t o c u r r e n t  I .  I d e a l l y ,  t h e  h o l e s  react a t  t h e  

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

e l e c t r o n  d o n o r s  (Red)  of  t h e  r e d o x  s y s t e m .  

The c h a r g e  f l o w  of t h e  i 1 l u m i n a t e d  p h o t o e l e c t r o c h e m i c a l  

cel l  is summar ized  i n  F i g .  2.4. I n  t h e  s e m i c o n d u c t o r  t h e  c h a r g e  

+ l o w  is p a r t l y  d u e  t o  b o t h  e l e c t r o n  a n d  h o l e  t r a n s p o r t ,  a n d  i n  

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



electrolyte is characterized by ion transport via diffusion, 

drift and convection. In the semiconductor/liquid interface and 

in the metaliliquid interface the charge flow occurs by hole and 

electron transf er, respectively. The slowest rate of charge 

flow will determine the photocurrent. Ideally, pair generation 

i the rate limiting process, although under strong 

i l l umi nation, el ectrochemi cal systems with high ionic redox 

electrolyte concentrations often reveal the transfer across the 

semiconductorielectrolyte interface to be rate limiting C171, 

resulting in siuppressi on of the photocurrent. 

The transier across the interfaces is believed to occur by 

tunnelling C171. Tunnelling takes place Srom a filled state to 

an empty one at roughly the same energy. For high transfer 

t-ates across the interface the energy level of the acceptor ion 

must be located near the Fermi level of the counter electrode 

and the energy level of  the donor ion must be near the minority 

rarrier Sand edge at the surf ace. 

Figure 2.5 shows the energy level diagram for an n-type 

s~miconductor/electrolyte interface with a distribution of 

energy bands of oxidized and reduced species. The electronic 

levels of the redox species in polar solvents are broadened with 

Gaussian distribution due to the polarization uf the solvent 

molecules surrounding the ions C 181. This polarization will 

affect the equilibrium potential of the ion with respect to the 

semiconductor. Thermal fluctuations in the polarization at the 

surface of the ion will cause the energy levels to fluctuate 



a b a u t  t h e  m o s t  p r o b a b l e  e n e r g y  v a l u e .  

Charge  t r a n s f e r  by  e l e c t r o n s  o r  h o l e  i n j e c t i o n  a c r o s s  t h e  

semiconductor/electrolyte j u n c t i o n  c a n  o n l y  o c c u r  when t h e  

unoccup ied  r edox  states (A') are a t  t h e  s a m e  e n e r g y  l e v e l  as  t h e  

o c c u p i e d  s e m i c o n d u c t o r  s ta tes  o r  when t h e  o c c u p i e d  r edox  s ta tes  

( A )  are a t  t h e  s a m e  e n e r g y  l e v e l  a s  t h e  u n o c c u p i e d  s e m i c o n d u c t o r  

s ta tes  r e s p e c t i v e l y .  

The m o s t  p r o b a b l e  d i  s p l  acement  o-f o x i d i z e d  and r e d u c e d  

s p e c i e s  f rom E,,d,, is e q u a l  t o  t h e  r e o r q a n i z a t i o n a l  e n e r g y  h , 
i .e. t h e  work r e q u i r e d  + o r  r e o r i e n t a t i o n  of t h e  d i p o l e s  of t h e  

solvent  {see F i q .  2.5). F o r  a t y p i c a l  i o n ,  r t  is on t h e  o r d e r  of  

1. eii 11.87. 

I n  summary, t h e  f o l l o w i n g  c r i te r ia  s h o u l d  u s u a l l y  b e  

s a t i s f i e d  by t h e  s e m i c o n d u c t o r  e l e c t r o d e ,  t h e  c ~ u n t e r  e l e c t r o d e ,  

and t h e  r edox  c o u p l e  e l e c t r o l y t e ,  f o r  e + + i c i e n t  o p e r a t i o n  i n  a n  

e l e c t r o c h e m i  t a l  p h o t o v o l  t a i c  cel l  : 

1. The s e m i c o n d u c t o r  must  e f f i c i e n t l y  c o n v e r t  t h e  a b s o r b e d  

l i g h t  i n t o  e l e c t r i c i t y .  Only pho ton  e n e r g i e s  of hV Z E, 

are u s e f u l ,  t h u s  t h e  s e m i c o n d u c t o r  must  b e  chosen  t o  h a v e  

a bandgap t h a t  o p t i m i z e s  t h e  c o n v e r s i o n  e f f i c i e n c y  w i t h  

r e s p e c t  t o  t h e  solar  spec t rum.  

2. The o p t i c a l  a b s o r p t i o n  d e p t h  loC-l i  of  t h e  s e m i c o n d u c t o r  

s h o u l d  b e  on t h e  o r d e r  of t h e  d e p l e t i o n  l a y e r  t h i c k n e s s  i n  

o r d e r  t o  a b s o r b  m o s t  of t h e  l i g h t  i n  t h e  DR. Fo r  d i r e c t  

bandgap t r a n s i t i o n s  t h e  d e p l e t i o n  l a y e r  d e p t h  I W )  d e p e n d s  



on t h e  d o p i n g  l e v e l  a n d  t h e  d i e l e c t r i c  c o n s t a n t  of  t h e  

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

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

must  b e  a b s o r b e d  i n  t h e  t o p  l a y e r s  o f  t h e  g r a i n s  C201. 

3. P h o t o g e n e r a t e d  h o l e s  beyond t h e  d e p l e t i o n  r e g i o n  are 

t r a n s p o r t e d  by d i f f u s i o n .  W i t h i n  t h e i r  l i f e t i m e ,  t h e  

n o n - e q u i l i b r i u m  carriers c o v e r  a d i s t a n c e  on t h e  o r d e r  o f  

t h e i r  d i f + u s i o n  l e n g t h  fL,). Thus  m i n o r i t y  carriers 

g e n e r a t e d  e v e n  d e e p e r  i n  t h e  s e m i c o n d u c t o r ,  i.e. 

r e c o m b i n e  b e + o r e  t h e y  h a v e  a c h a n c e  t o  r e a c h  t h e  

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

p h o t o c u r r e n t .  Most e + f  i c i e n t  c h a r g e  s e p a r a t i o n  is 

a t t a i n e d  when t h e  p h o t o g e n e r a t i o n  r e g i o n  of  t h e  m i n o r i t y  

carriers 1 ies e n t i r e l y  w i t h i n  t h e  d e p l e t i o n  r e g i o n .  

4. The l o c a t i o n  of t h e  s e m i c o n d u c t o r  e n e r g y  b a n d s  r e l a t i v e  to ' 

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

s i n c e  i t  d e t e r m i n e s  t h e  maximum open  c i r c u i t  v o l t a g e  IV,,) 

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

e l e c t r o d e .  

5. The m o s t  c r i t i c a l  p r o p e r t y  is t h e  s t a b i l i t y  of  t h e  

s e m i c o n d u c t o r  a g a i n s t  d e c o m p o s i t i o n  r e a c t i o n s ,  i.e. 

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

p o s i t i o n  of  t h e  r e d o x  c o u p l e  r e l a t i v e  t o  t h e  s e m i c o n d u c t o r  

band e d g e s  w i l l  d e t e r m i n e  t h e  e l e c t r o d e ' s  thermodynamic  



stability in a particular redox system. However, some 

thermodynamically unstable semiconductors appear stable if 

the rate of decomposition is slow enough. 

6. The counter electrode must provide fast charge transfer to 

secure reversibility of the photoelectrode's reaction. 

7. The counter and the semiconductor electrode should be 

separated by a thin solution layer to facilitate fast 

transport of oxidized and reduced species o the redox 

system between the cathode and the anode, and to reduce 

light absorption in the electrolyte, which often contains 

colored redox couples. 

8. The redox system must provide good reversibility, so that 

no net chemical change exists within the cell. The 

electrolyte must be of low ohmic resistance, which is 

provided by electrolyte concentrations of greater than 

10-= M. 

2.2 Efficiency ------------- 

The photoresponse of a solar cell may be chacterized by the 

power conversion ef f i ci ency 1 and/or the quantum efficiency 29 - 
The power conversion efficiency q, represents the fraction of 

incident illumination that is converted into electrical power, 

1.e. 



where  I, a n d  Vm are t h e  c u r r e n t  a n d  v o l t a g e  a t  t h e  p o i n t  of  

maximum power ,  r e s p e c t i v e l y ,  of  t h e  so lar  ce l l ,  A is t h e  

i l l u m i n a t e d  area of  t h e  p h o t o e l e c t r o d e  and  Pi is t h e  i n c i d e n t  

so la r  f l u x  i n t e g r a t e d  o v e r  t h e  e n t i r e  so lar  s p e c t r u m .  The power 

c o n v e r s i m  e f  + i c i e n c y  d e p e n d s  on t h e  c u r r e n t - v o l  t a g e  (I-V) 

c h a r a c t e r i s t i c s  of  t h e  so lar  cell  as  &awn i n  F i g .  2.6, and  t h u s  

11 d e s c r i b e s  t h e  q u a l i t y  of t h e  s d a r  ce l l .  

E q u a t i o n  i2 .b)  can b e  r e w r i t t e n  i n  t e r m s  o f  t h e  s h o r t  

c i r c u i t  c u r r e n t  (I,,), t h e  open c i r c u i t  v o l t a g e  i V , , i ,  and  t h e  

f i l l  f a c t o r  I f f )  of t h e  ce l l ,  i.e. 

The optimum f i l l  f a c t o r  I f f  = 1) d e s c r i b e s  a r e c t a n g u l a r  I-V 

c h a r a c t e r i s t i c s  of  t h e  solar cell .  The f i l l  f a c t o r  ( f f )  is 

g i v e n  by: 

The quantum e f f i c i e n c y  9, of  t h e  solar cell r e p r e s e n t s  t h e  

r a t i o  of  p h o t o c u r r e n t  d e n s i t y  and  i n c i d e n t  p h o t o n  i n t e n s i t y  of  

e n e r g y  h3. 



The p h o t o r e s p o n s e  of  p h o t o e l  e c t r o c h e m i c a l  cel l  s may b e  

a n a l y z e d  as  a t w o  s t e p  p r o c e s s :  

1. M i n o r i t y  carriers g e n e r a t e d  i n  t h e  DR and  t r a n s p o r t e d  t o  

t h e  i n t e r f a c e  

2. E l e c t r o c h e m i c a l  r e a c t i o n s  o c c u r i  ng a t  

semiconductor/electralyte i n t e r f a c e  

t h e  

The f i r s t  s t e p  is c o n t r o l l e d  by  t h e  p r o p e r t i e s  of  t h e  

s e m i c o n d u c t o r ;  t h e  s e c o n d  s t e p  is d e p e n d e n t  on b o t h  

s e m i ~ o n d u c t o r  a n d  e l e c t r o l y t e .  F o r  m o s t  s e m i  c o n d u c t o r  / 

e l e c t r o l y t e  s y s t e m s ,  o n e  of  t h e s e  s t e p s  w i l l  b e  t h e  r a t e  

l i m i t i n g  f a c t o r .  The p r e d o m i n a n t  p r o c e s s  c a n  b e  d e t e r m i n e d  by  

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

i n t e n s i t y .  A l i n e a r  b e h a v i o u r  is o b s e r v e d  i f  t h e  t r a n s p o r t  of  

m i n o r i t y  carriers t o  t h e  s e m i c o n d u c t o r  s u r f a c e  is t h e  

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

carriers are n o t  t r a p p e d  i n  t h e  s p a c e  c h a r g e  l a y e r  and  d o  n o t  ' 

r ecombine .  fi s a t u r a t i n g  p h o t o c u r r e n t  u n d e r  h i g h  l i g h t  

i n t e n s i t i e s  i n d i c a t e s  t h a t  t h e  e l e c t r o c h e m i c a l '  k i n e t i c s  is t h e  

rate l i m i t i n g  p r o c e s s .  F o r  a l a r g e  number o f  w e t  p h o t o v o l t a i c  

ce l l s  u n d e r  AM1 i n s o l a t i o n ,  t h e  r e d o x  r e a c t i o n  k i n e t i c s  p l a y  

o n l y  a s m a l l  role; t h u s  t h e  solar cell  b e h a v e s  l i k e  a s o l i d  

s t a t e  S c h o t t k y  b a r r i e r  s y s t e m .  

F o r  s o l i d  s t a t e  solar cells, t h e  m o s t  i m p o r t a n t  f a c t o r  

d e t e r m i n i n g  t h e  e f f i c i e n c y  is c o n t r o l  l e d  b y  ' t h e  t h r e s h o l d  

e x c i  t a t i o n  e n e r g y  (E,) of  t h e  s e m i c o n d u c t o r .  The t h e o r e t i c a l  



maximum a t t a i n a b l e  power c o n v e r s i o n  e f f i c i e n c y  a s  a f u n c t i o n  o f  

E, and  t e m p e r a t u r e  f o r  AM1 a n d  w=O i l l u m i n a t i o n  i.e., t h e  s u n  a t  

z e n i t h  a n d  n o  h u m i d i t y  r e s p e c t i v e l y ,  is shown i n  F i g .  2.7 CZ11. 

The masimum s o l a r - t o - p o w e r  c o n v e r s i o n  e f f i c i e n c y  C51 is g i v e n  

by: 

where  q i t h e  e l e c t r o n i c  c h a r g e ,  nPh is t h e  number of  p h o t o n s  

t h a t  g e n e r a t e  e l e c t r o n - h o l e  p a i r s  i n  t h e  s e m i c o n d u c t o r  w i t h  

bandgap  E,, V, is t h e  vcil % a g e  a t  t h e  p o i n t  oS maximum power 

p o i n t ,  and  Nph and E,, are t h e  number o+ i n c i d e n t  p h o t o n s  a n d  

t h e i r  a v e r a g e  e n e r g y ,  r e s p e c t i v e 1  y. With i n c r e a s i n g  E, , T,,, 
d e c r e a s e s  d u e  t o  t h e  smaller number o+ a b s o r b e d  p h o t o n s .  I n  

a d d i t i o n  i n c r e a s e s  t h r o u g h  Vm as  t h e  bandgap  i n c r e a s e s ,  d u e  

t o  t h e  d e c r e a s e  i n  d a r k  c u r r e n t .  The i n c r e a s e  i n  r p ,  w i t h  

d e c r e a s i n g  t e m p e r a t u r e  arises i r o m  t h e  t e m p e r a t u r e  d e p e n d e n c e  of  

t h e  d a r k  c u r r e n t .  

Semi c o n d u c t o r s  w i t h  a bandgap  be tween  1.1 a n d  2.1 e V  are 

e f f i c i e n t  so lar  e n e r g y  c o n v e r t e r s  w i t h  optimum t h e o r e t i c a l  

c o n v e r s i o n  e f f i c i e n c y  of  25 - 30 % f o r  AM1 a n d  w=O i l l u m i n a t i o n  

a t  room t e m p e r a t u r e  i51. 

The s i m p l e s t  model t o  d e t e r m i n e  t h e  o p e r a t i o n a l  quantum 

e f f i c i e n c y  (rp) of  t h e  solar cell is d e s c r i b e d  by  G Z r t n e r  C223 

and  B u t l e r  1231. T h i s  model a s s u m e s  t h a t  t h e  p h o t o c u r r e n t  

d e n s i t y  arises o n l y  f r o m  carriers g e n e r a t e d  i n  t h e  d e p l e t i o n  



r e g i o n  (JDR) a n d  carriers g e n e r a t e d  i n  t h e  b u l k  of  t h e  

s e m i c o n d u c t o r  which d i f f u s e  i n t o  t h e  d e p l e t i o n  r e g i o n  (J , ,%++).  

Recombina t ion  and  t r a p p i n g  of  c h a r g e  carriers, a n d  r e a c t i o n  

k i n e t i c s  a t  t h e  semiconductor/electrolyte i n t e r f a c e  are n o t  

a c c o u n t e d  f o r  i n  t h i s  model .  The p h o t o c u r r e n t  d e n s i t y  (Jph)  is 

g i v e n  by: 

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

i n  t h e  DR is g i v e n  by: 

where  q is t h e  e l e c t r o n i c  c h a r g e ,  x is t h e  d i s t a n c e  f r o m  t h e  

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

d e p l e t i o n  l a y e r  w i d t h .  The e l e c t r o n - h o l e  g e n e r a t i o n  rate g ( x  

is g i v e n  by: 

where  #I is t h e  p h o t o n  f l u x .  The a b s o r p t i o n  c o e f f i c i e n t  of t h e  

s e m i c o n d u c t o r  is of  t h e  form: 

f o r  n e a r  bandgap  p h o t o n  e n e r g i e s  and  d i r e c t  bandgap  t r a n s i t i o n s  

C241,[251; A is a c o n s t a n t -  The d e p l e t i o n  l a y e r  t h i c k n e s s  W is 



g i v e n  by: 

where  V is t h e  a p p l i e d  v o l t a g e  a n d  V+, t h e  f l a t b a n d  p o t e n t i a l ;  

b o t h  measured  r e l a t i v e  t o  a r e f e r e n c e  e l e c t r o d e .  The t e r m  W, is 

g i v e n  by: 

a s suming  on1 y t h e  p r e s e n c e  of  d o n o r  i m p u r i t i e s .  The d i e l e c t r i c  

c o n s t a n t  of the s e m i c o n d u c t o r  is r e p r e s e n t e d  by H , ND is t h e  

d a n o r  d e n s i t y ,  E, is t h e  p e r m i t t i v i t y  of  f r e e  s p a c e ,  and  y is 

t h e  e l e c t r o n i c  c h a r g e .  

The c u r r e n t  d e n s i t y  JDR a t  a n  a p p l i e d  v o l t a g e  V is o b t a i n e d  

by  s u b s t i t u t i n g  eq .  (2.12) i n t o  eq.  (2.11) and  i n t e g r a t i n g ,  

which r e s u l t s  i n :  

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

d e p l e t i o n  r e g i o n  ( J D i + + )  is g i v e n  by: 

where  L, is t h e  d i f + u s i o n  l e n g t h  o f  t h e  m i n o r i t y  carriers. The 

d e r i v a t i o n  o f  JDi++ is shown i n  Appendix 4. Cctmbining eq .  (2.161 



and eq. (2.17) yields the total photocurrent: 

The quantum efficiency 7, may be found from: 

If d W  i.:: I and otL, <<: 1, q ,  can be approximated by 7, .i O L W -  

Thus the ~artner/~utier model can be used to find the flatband 

potential of the semiconductor. fi plot of (?,)= as a function 

of applied voltage t-esults in a straight line: the intercept on 

the voltage axis yields V+,. The GSrtneriButler model can also 

be used to find E, for direct bandqap semiconductors by using 

the expression for d given in eq. (2.10) together with the above 

conditionsi ( 4 w  .::<: 1, aLp -:I<: I ,  and plotting ( r ~ , h v ) =  as a 

function of photon energy hv. 

In summary, the quantum efficiency 2, of the solar cell , as 
described by the simple Gartner/Butler model, depends on the 

dielectric constant, absorption coefficient, minority diffusion 

length, free carrier density, and f latband potential of the 

semiconductor. The variation of p on E, results from the 

wavel enqth dependence of A. A1 though the above analysis ignores 

surface states, recombination and trapping of charge carriers, 

and the internal cell resistance, it provides a good fit to 



experimental results at low forward bias and low light 

intensities. 

2.3 ------------ Stabi i i ty 

The stability of the semiconductor electrode is a major 

concern +or practical appl ications of electrochemical solar 

cells. The electrode must be stable against dissolution, 

electroi ytic decomposi ti or?, and photocorrosian. The predominant 

Sactor is the intrinsic thermodynamic stability of the 

semi +onductor. Gerischer C2&1,i271 and Bard and Wrighton C 2 8 1  

have praposed simple models for the thermodynamic stability of 

the photoelectrode. Photodecomposition occurs when minority 

charge carriers generated by illumination accumulate at the 

sur+ace oi the semiconductor to such an extent that oxidation or 

reductilm of the semiconductor becomes possible. Corrosion of 

the electrode can also arise in the dark by accumulation of 

majority carriers at the surface with a suitable voltage applied 

to the semiconductor tlll. 

The position of the semiconductor bandedges at the 

semi conductor/el ectrolyte interface relative to the 

decomposition potential, provides direct information about the 

thermodynamic stabi 1 i ty of the photoelectrode. Figure 2.8 

i l lustrates the various energy correlations between the 

semiconductor band edges and the decomposition Fermi levels for 



holes (-Ed) and electrons (,Ed). The (absolute) stable situation 

in Fig. 2.8a and the energetics susceptible to cathodic 

decomposition in Fig, 2.8d have not been encounter~d in 

combination with aqueous electrolytes. All efficient solar 

cells seem to be thermodynamically prone to anodic 

photodecomposition in aqueous electrolytes C271 and can be 

represented by the situations depicted in Fig. 2.8b and 

Fig. 2.8~. 

A fast and convienient method to investigate the 

thermodynamic stability of a particular semi conductor electrode 

in an aqueous electrolyte was presented by Park and Barber C291. 

They calculated Pourbai x (patenti al energy/pH) diagrams, whlch 

illustrate semiconductor stability and decomposition products 

aver . wide pH range for various semi conductor/aqueous 

electrolyte systems. The Pourbaix diagram for CdSe is shown in 

Fig. 2.9. 

The occurrence of photodecomposition depends largely on ' 

kinetics. A relatively high degree of stability of 

thermodynamically unstable semiconductors can be achieved if a 

redox couple electrolyte is chosen with appropriate energetics 

and kinetics. If the decomposition energy of the semiconductor 

is more positive than the reversible redox couple energy* the 

electrode will be unstable; it will be stable if the 

decomposition energy is more negative than E,,d,, C281. 

Miller and Heller t301 and Ellis et al. 1 3 1 1 ,  C321 were 

the first to demonstrate the stability of n-CdS with polysulfide 



r e d o x  e l e c t r o l y t e s ,  and  o b t a i n e d  c o n v e r s i o n  e f f i c i e n c i e s  o f  

1 - 2 % . S t u d i e s  on CdS, CdSe, and  CdTe employ ing  c h a l c o g e n i d e  

r e d o x  e l e c t r o l y t e s  (S'-/Sn2-, Se-'/Sen2-, TeZ-/TeZZ-) r e v e a l e d  

t h a t  o n l y  CdTe i n  SZ-/Sm2- is h i g h l y  u n s t a b l e  C291,[301. 

Observed  c o n v e r s i o n  e f f i c i e n c i e s  w i t h  CdSe and  CdTe s i n g l e  

c r y s t a l  e l e c t r o d e s  are on t h e  o r d e r  of  8 % . S e m i c o n d u c t o r  

e l e c t r o d e s  o f  G a A s ,  Gap, a n d  I n P  h a v e  a lso  been  s t u d i e d  w i t h  

c h a l c o g e n i d e  e l e c t r o l y t e s  t331, C341. An e f f i c i e n c y  of  8 % w a s  

r e p o r t e d  f o r  a s i n g l e  c r y s t a l  n-GaAsi Se-2/Se=-2 /C cel l  C357. 

C o a t i n g  an  u n s t a b l e  s m a l l  bandgap  s e m i c o n d u c t o r  s u r f a c e  

w i t h  a t h i n  l a y e r  of  a more s t a b l e ,  h i g h e r  bandgap  s e m i c o n d u c t o r  

m i d e  w a s  a t t e m p t e d  by Wagner et  a l .  C 3 & 1  T h i s  a p p r u a c h  o f f e r s  

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

e l e c t r o n  a f f i n i t y  of b o t h  materials  are a p p r o p r i a t e ,  i .e. 

X rc < r m r l  x iz X rc <lrrQlr EQ,,  t h e n  a h i g h e r  V,, may r e s u i t .  

The a u t h o r s  o b s e r v e d  a n  i n c r e a s e d  e f f i c i e n c y  by a f a c t o r  of 1.5 

f o r  n-GaAs e l e c t r o d e s  w i t h  a 25 pm s u r f  ace l a y e r  of  CciS CZ6l. 

An e l e c t r o n i c  e n e r g y  l e v e l  ( L, 1 l o c a t e d  a t  t h e  

s e m i c o n d u c t o r  s u r f a c e  is c a l l e d  a s u r f a c e  s t a te .  I f  E,, l i e s  

w i t h i n  t h e  bandgap  of  t h e  s e m i c o n d u c t o r ,  t h e  s u r f a c e  s t a t e  c a n  

act  as  a d o n o r  or a c c e p t o r  l e v e l  a n d  t r a p  a n d  r e c o m b i n e  

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



of the solar cell. A surface state can also function as an 

intermediate state in the electron transfer between 

semiconductor bands and ions in solution. Capture of carriers 

at surface states is a dominant step in photodecomposition 

processes. 

Surface states can arise from a weakened bond by 

interuption of the periodicy at the semiconductor surface, from 

lattice dislocatian, and from grain boundari es in 

pol ycrystalline materials C371. They also originate Srom 

adsorbed impurity species at the semiconductor surface, and in 

fact, nonadsorbed ions sufficiently close to the semiconductor 

surface fur electron transfer with the bands, can act as surface 

states C l E I l .  

Occupation of the surface states by electrons or holes 

depends on their position relative to the semiconductor Fermi 

level at the surface, and thus a variation in bandbending can 

lead to a change in the occupation of the surface states. If a 

surface state lies between El- and the bulk conduction band 

energy, a reduction in bandbending by illumination of or voltage 

applied to the electrode can cause electrons from the bulk of 

the semiconductor to tunnel to the surface state (Fig. 2.10a). 

With a perfect shunt, the photovoltage of the solar cell cannot 

exceed E,, - E,, and thus the open circuit voltage is reduced. 

Imperfect shunting results in a reduced + i l l  factor. 

A high density of sur#ace states located near the center of 

the bandgap may pin the Fermi level of the semiconductor. This 



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

c o n c e p t  of Fermi l e v e l  p i n n i n g  is known f r o m  s o l i d  s t a t e  

S c h o t t k y  b a r r i e r  s y s t e m s ,  i n  which  t h e  bandbend ing  of  a 

s e m i c o n d u c t o r  i n  c o n t a c t  w i t h  a v a r i e t y  of  m e t a l s  is e s s e n t i a l 1  y  

i n d e p e n d e n t  of  t h e  work f u n c t i o n  of t h e  m e t a l .  Most g r o u p  111-V 

s e m i c o n d u c t o r s ,  as w e l l  a s  CdSe and  CdTe, i n  c o n t a c t  w i t h  a 

m e t a l  are known t o  e x h i b i t  Fermi l e v e l  p i n n i n g  C381,C393,C401 . 
Eard  et  a l .  C411 a s s o c i a t e d  Fermi l e v e l  p i n n i n g  w i t h  

semiconductor/electrolyte s y s t e m s  i n  which t h e  bandbend ing  o f  

LL 
~ i : e  s e m i c o n d u c t o r  i 5 e s s e n t i a l  1 y i n d e p e n d e n t  US t h e  s o l u t i o n  

p o t e n t i a l .  The a u t h o r s  showed t h a t  a s u r S a c e  s t a t e  d e n s i t y  o+ 

1016 m-' is s u S S i c i e n t  t o  r e s u l t  i n  pinning of  t h e  Fermi l e v e l .  

S e v e r a l  semiconductor/electrolyte s y s t e m s  h a v e  been  f o u n d  t o  

e x h i b i t  Fermi l e v e l  p i n n i n g ,  f o r  e x a m p l e  n- and  p-GaAs 

C421,C431,C441 and  M o X z  s e m i c o n d u c t o r s ,  w i t h  X = S, Se, Te C451. 

A d s o r p t i o n  o f  i o n s  on t h e  s e m i c o n d u c t o r  s u r f a c e  c a n  

i n f l u e n c e  t h e  p o s i t i o n  of  t h e  s u r f a c e  states a n d  t h u s  t h e  

p e r f o r m a n c e  of  t h e  solar ce l l .  H e l l e r  e t  a l .  Cal p r o p o s e d  t h e  

f o l l o w i n g  model i l l u s t r a t e d  i n  F i g .  2 .10b ,c :  Weakly a d s o r b e d  

i o n s  s p l i t  t h e  s u r f a c e  e n e r g y  l e v e l  i n t o  t w o  e n e r g y  states 

s l i g h t l y  d i s p l a c e d  f r o m  E,,. A s  b e f o r e  e l e c t r o n s  f r o m  t h e  b u l k  

of t h e  s e m i c o n d u c t o r  c a n  t u n n e l  t o  t h e s e  states. T u n n e l i n g  t o  

r r,,-lon w i f  1 f u r t h e r  r e d u c e  t h e  open  c i r c u i t  v o l t a g e  s i n c e  

E,,-%,, l ies closer t o  E, t h a n  E However,  s t r o n g  i o n  

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

l o c a t i n g  E,,-l,,* n e a r  t h e  c o n d u c t i o n  band e d g e  a t  t h e  s u r f a c e  



and locating Em,-*,, below or more positive than the conduction 

bandedge of the bulk. In this case tunnelling becomes unlikely, 

and thus strongly chemisorbed species will result in an open 

circuit voltage determined by E+b - Ecrdou. 

The above model was supported experimentally with a single 

crystal n-GaAs/ (SeZ-/SepZ-) /OH-) /C solar cell t46J. Strong1 y 

chemisorbed ions of Fiu3+ and Fb2+ increased the efficiency of 

the cell from 7 % to 1 2  % . Ions such as Ca2+, SrZ+, and ba2+ 

were not adsorbed, and weakly adsorbed Bi3+ caused deterioration 

in cell performance. Experiments with pol ycrystal l ine Gafis have 

shown that diffusion o+ strongly interacting Ru3+ ions into 

grain boundaries increased the efficiency by a factor of four 

C477. Dipping the polycystalline GaAs electrode into the aqueous 

cation solutions resulted in passivated grain boundaries in the 

top 103 A light absorbing region and proved to be adequate for 

maxi mum improvement ~f V,, 137) . 

2.5 The Mathematical Model .......................... 

Several authors C481,C221,C237,C4?1,t5i11 have analyzed the 

current-voltage (I-V) characteristics of the semiconductor/ 

electrolyte solar cell. However, no model included a1 1 the 

important parameters that affect the perSormance of the device. 

Reiss t481 derived an analytical model #or the I-V 

characteristics, neglecting recombinatinn in the depletion 



r e g i o n  (Dfi). The E A r t n e r / B u t l e r  e x p r e s s i o n  C221, C231 is o n l y  

a p p l i c a b l e  u n d e r  r e v e r s e  a n d  l o w  f o r w a r d  b i a s ,  a n d  i g n o r e s  t h e  

r e a c t i o n  k i n e t i c s  a t  t h e  s u r f a c e  as w e l l  a s  carrier 

r e r u m b i n a t i o n  i n  t h e  DR. Wi lson  C497 i n c l u d e d  r e a c t i o n  k i n e t i c s  

a t  t h e  i n t e r f a c e  i n  t e r m s  of a c o n s t a n t  c h a r g e  t r a n s f e r  v e l o c i t y  

+or m i n o r i t y  carriers a n d  s u r f a c e  r e c o m b i n a t i o n  v e l o c i t y .  

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

i - j i thout  i n c l u d i n g  t h e  o p p o s i n g  d a r k  c u r r e n t ,  a n d  a l so  n e g l e c t e d  

r e c o m b i n a t i o n  i n  t h e  DR. Reichman C501 i n c l u d e d  a d i s c u s s i c n  of  

carrier r e c o m b i n a t i u n  i n  t h e  d e p l e t i o n  r e g i o n ,  b u t  d i d  n o t  

c n n s i d e r  r e c o m b i n a t i o n  a t  t h e  s u r f a c e .  

E l  G u i b a l  y and  Colbow CZl7, C52l p r e s e n t e d  mode l s  which  

i n c o r p o r a t e d  t h e  above-ment ioned  p r o c e s s e s  i n  a d d i t i o n  t o  t h e  

e+iects 09 series r e s i s t a n c e  and  s h u n t  r e s i s t a n c e  of  t h e  cel l  on 

t h e  o b s e r v e d  quantum e f f i c i e n c y  v a r i a t i o n  w i t h  v o l t a g e .  The 

model a s s u m e s  t h a t  t h e  s u r f a c e  r e c o m b i n a t i o n  c u r r e n t  is 

p r o p o r t i o n a l  t o  t h e  e x c e s s  h o l e  c o n c e n t r a t i o n  a t  t h e  s u r f a c e ,  ' 

w i t h  t h e  r e c o m b i n a t i o n  v e l o c i t y  as  t h e  p r o p o r t i o n a l i t y  c o n s t a n t  

C511,C531. T h i s  r e s u l t s  i n  t h e  a s s u m p t i o n  t h a t  t h e  quas i -Fe rmi  

l e v e l  f o r  h o l e s  a n d  e l e c t r o n s ,  EFp a n d  Ep, , r e s p e c t i v e l y ,  are 

f l a t  t h r o u g h o u t  t h e  DR a s  shown i n  F i g .  2.11. 

The quas i -Fe rmi  l e v e l s  v a r y  w i t h  p h o t o n  f l u x  a n d  a p p l i e d  

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

c o n d i t i o n s  C531: F o r  h i g h  d o p i n g  l e v e l s  (>laz4 m - = ) ,  EF- w i l l  b e  

f l a t  t h r o u g h o u t  t h e  DR. E F ~  w i l l  b e  c o n s t a n t  i n  t h e  d e p l e t i o n  

r e g i o n  i f  t h e  e l e c t r o n  c u r r e n t  d e n s i t y  i n  t h e  b u l k  !Jn) is much 



l a r q e r  t h a n  t h e  e x c h a n g e  c u r r e n t  d e n s i t y  w i t h  t h e  c o n d u c t i o n  

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

i l l u m i n a t i o n  of t h e  s e m i c o n d u c t o r  (JZ,) is much s m a l l e r  t h a n  t h e  

e l e c t r o n  c u r r e n t  d e n s i t y  w i t h  a p p l i e d  v o l t a g e  i n  t h e  b u l k ,  i.e. 

.. .. Jx, -:.::.. J,exp (qV/kT).  E x p e r i m e n t s  h a v e  shown t h a t  f o r  Si and  

G a A s ,  t h e  v a r i a t i o n  o f  EFn i n  t h e  d e p l e t i o n  r e g i o n  w a s  

n e g l i g i b l e  (<kT/q)  f o r  a n  a p p l i e d  v o l t a g e  c o m p a r a b l e  t o  t h e  open  

c i r c u i t  v o l t a g e  C541. 

The model p r e s e n t e d  be low C52l,C531,C551 a s s u m e s  t h a t  t h e  

quas i -Fe rmi  l e v e l  f o r  b o t h ,  h o l e s  a n d  e l e c t r o n s  i f l a t  

t h r o u g h o u t  t h e  DH. I t  i g n a r e s  c o u p l i n g  be tween  e l e c t r o n s  a n d  

h o l e s  c a u s e d  by r e c o m b i n a t i o n  c e n t e r s .  The model i n c l u d e s  

r e a c t i o n  k i n e t i c s  a t  t h e  i n t e r f a c e ,  e l e c t r o n  and  h o l e  

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

e + f e c t s  of  t h e  series and  s h u n t  r e s i s t a n c e s  o f  t h e  cel l  on t h e  

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

F i g u r e  2.11 shows  a n  e l e c t r o n  e n e r g y  l e v e l  d i a g r a m  n e a r  t h e  

s e m i c o n d u c t o r  s u r f a c e  t553. The p h o t o a n o d e  is i l l u m i n a t e d  and  a 

f o r w a r d  b i a s  V is a p p l i e d  across t h e  d e p l e t i o n  r e g i o n .  The 

e l e c t r o l y t e  c o n c e n t r a t i o n  is assumed t o  b e  s u f f i c i e n t l y  h i g h  so 

t h a t  t h e  c a p a c i t a n c e  o f  t h e  He lmho l t z  l a y e r  (HL) is a t  least a n  

o r d e r  of m a g n i t u d e  l a r g e r  t h a n  t h e  d e p l e t i o n  r e g i o n  

c a p a c i  t a n c e .  T* t n u s ,  t h e  v o l t a g e  d r o p  across t h e  HL is 

i n d e p e n d e n t  o+ b i a s ,  a n d  t h e  a p p l i e d  v o l t a g e  a p p e a r s  e n t i r e l y  

across t h e  OR and  t h e  series r e s i s t a n c e  (R,) of  t h e  ce l l .  

The e q u i  v a l  e n t  c i r c u i t  f o r  t h e  e l e c t r o c h e m i c a l  p h o t o v o l  t a i  c 



ce l l  is shown i n  F i g .  2 .12  C551. The p h o t o c u r r e n t  is r e p r e s e n t e d  

by a c u r r e n t  s o u r c e  I1 ( V )  and  t h e  c u r r e n t  of t h e  f o r w a r d  b i a s e d  

d i o d e  j u n c t i o n  is g i v e n  by Id ( V ) .  S e r i e s  r e s i s t a n c e  of t h e  cel l  

is r e p r e s e n t e d  by t h e  f i x e d  resistor R, and  is assumed t o  arise 

+ram t h e  b u l k  r e s i s t i v i t y  of t h e  s e m i c o n d u c t o r .  The back 

c o n t a c t  of t h e  ce l l  is assumed t o  b e  ohmic,  and  t h e  e l e c t r o l y t e  

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

r e s i s t a n c e  Rlh may r e s u l t  f rom s u r f a c e  l e a k a g e  a l o n g  t h e  e d g e s  

of t h e  ce l l  a n d / o r  by s m a l l  e l e c t r o l y t i c  b r i d g e s  a l o n g  

m i c r c c r a c k s .  

From Fig. 2.12,  t h e  t e r m i n a l  c u r r e n t  ! Io)  and v o l t a g e  (V,) 

can  b e  w r i t t e n  as: 

and 

vo = 0 - ( 1 %  - Id)!?- (2 .21 )  

Far a g i v e n  f o r w a r d  b i a s  ( V )  a p p l i e d  across t h e  DH, t h e  t o t a l  

and  d a r k  j u n c t i o n  c u r r e n t s  p e r  u n i t  area, J1 and  Jd, 

r e s p e c t i v e l y ,  are: 

and 



St q  v v - U / 2  q'J 
Jd = J,,-- e x p  (--I  + Bexp ( q  -------- + J,,Cexp(--) - 1 3  (2 .23 )  

S kT kT kT 

where 

v,, - v v,, - v + U/2 
S = St + Sp + e x p  (-q ------ ) + a e x p  (-q ------------ I . i2.24) 

kT kT 

The w i d t h  of t h e  d e p l e t i o n  l a y e r  ( W )  w a s  d e f i n e d  by eq .  (2.14) 

anti eq. (2 .15 )  on p a g e  22. The i n c i d e n t  pho ton  f l u x ,  @, is 

i m - r e c t e d  f o r  l o s s e s  d u e  t o  r e f l e c t i o n  and  e l e c t r o l v t e  

a b s o r p t i o n .  The h o l e  d i f f u s i a n  l e n q f h  L, depends  on t h e  

d i $ f u s i v i t y  D and h o l e  l i f e t i m e  T i n  t h e  b u l k  of  t h e  

s e m i c o n d u c t o r ,  i . e. L, = (Dm lH2. The r e v e r s e  s a t u r a t i o n  f l u x  

d u e  t o  h a l e  d i f + u s i o n  i n  the b u l k  J,, is cjiven by 

JP, = p,D / L,, where  p, r e p r e s e n t s  t h e  e q u i l i b r i u m  h o l e  d e n s i t y  

i n  t h e  b u l k  and J,, d e s c r i b e s  t h e  e l e c t r o n  exchange  f l u x  a t  

e q u i l i b r i u m .  The t e r m  St = st / (D/L,> is t h e  n o r m a l i z e d  h o l e  

s u r f  a c e  t r a n s f e r  v e l o c i t y  st w i t h  r e s p e c t  t o  t h e  " d i f f u s i o n  

v e l o c i t y "  D/L,. The normal  i red reco rnb ind t i  on v e l o c i t y  a t  t h e  

~ e m i c o n d u c t o r / e l e c t r 0 1  y t e  i n t e r +  ace S, is g i  ven by 

S, = s, / (D/L,). The bandbendinq  p o t e n t i a l  i n  t h e  d a r k  is 

r e p r e s e n t e d  by  ' J D ,  and  t h e  s e p a r a t i o n  be tween  t h e  quasi-Fermi 

l e v e l s  is g i v e n  by U. 

The e x p r e s s i o n  f o r  S i n  equ. (2 .24 )  c o n t a i n s  v a r i o u s  t e r m s ,  

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



r i g h t  hand s i d e  c o r r e s p o n d s  t o  t h e  ease of communica t ion  be tween  

t h e  e l e c t r o l y t e  and t h e  v a l e n c e  bandedqe  a t  t h e  s u r f a c e  of t h e  

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

mechanisms t h a t  r e s u l t  i n  d e t e r i o r a t i o n  of t h e  o u t p u t  p a r a m e t e r s  

a f  t h e  ce l l .  The s e c o n d  t e r m  c o r r e s p o n d s  t o  t h e  loss  of 

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

d e p e n d s  on t h e  d e n s i t y  and  e n e r g y  d i s t r i b u t i o n  of  s u r f  ace s ta tes  

C431,C511. The t h i r d  t e r m  d e s c r i b e s  lass  of  p h o t o e x c i t e d  h o l e s  

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

d i S f u s i u n  t o w a r d s  t h e  i n t e r + a c e .  The last t e r m  d e p i c t s  l a s s  of 

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

and i t  i n v o l v e s  t h e  p a r a m e t e r  E whish  d e s c r i b e s  t h e  

r e c o m b i n a t i o n  i n  t h e  DR; B is g i v e n  by: 

where  

The p o t e n t i a l  d i + f  e r e n c e  be tween  t h e  t w o  quas i -Fermi  l e v e l s  is  

r e p r e s e n t e d  by U, where: 

The f a c t  t h a t  t h e  m i n o r i t y  carrier c o n c e n t r a t i o n  i n  t h e  DR is 



l a r g e r  i n  t h e  i l l u m i n a t e d  s e m i c o n d u c t o r  t h a n  i n  t h e  b u l k  y i e l d s  

a s e p a r a t i o n  be tween  t h e  q u a s i - f e r m i  l e v e l s  (U)  which is l a r g e r  

t h a n  t h e  f o r w a r d  a p p l i e d  v o l t a g e  ( V ) .  F o r  a g i v e n  pho toanode  

material U d e p e n d s  g r e a t l y  on t h e  i l l u m i n a t i o n  i n t e n s i t y  and  t h e  

s u r f a c e  t r a n s f e r  v e l o c i t y  St. E l  G u i b a l y  and  Colbow h a v e  shown 

t h a t  f o r  a CdSe pho toanode  U n e v e r  e x c e e d s  V by m o r e  t h a n  0.2 V 

f o r  l i g h t  i n t e n s i t i e s  smaller t h a n  AM1 E551. 

The s e p a r a t i o n  between t h e  s e m i c o n d u c t o r  Fermi l e v e l  i n  t h e  

b u l k  and bo t tom of t h e  c o n d u c t i o n  band is r e p r e s e n t e d  bv A. The 

hole l i f e t i m e  i r r  t h e  b u l k  is g i v e n  by and re is t h e  e f - f e c t i v e  

h o l e  l i f e t i m e  i n  t h e  DR g i v e n  by: 

The c a p t u r e  cross s e c t i o n  f o r  e l e c t r o n s  o r  h o l e s  lassumed t o  b e  

e q u a l )  f o r  r e c a m b i n a t i o n  c e n t e r s  o-f d e n s i t y  N, w i t h  e n e r g y  l e v e l  

a t  o r  n e a r  t h e  i n t r i n s i c  Fermi l e v e l  Es is g i v e n  by 6 and veh is 

t h e  carr ier  t h e r m a l  v e l o c i t y .  The t e r m s  k and T  a r e  t h e  

Eoltzmann c o n s t a n t  and t h e  a b s o l u t e  t e m p e r a t u r e ,  r e s p e c t i v e l y .  

The f u n c t i o n  S i n c r e a s e s  w i t h  f a r w a r d  a p p l i e d  v o l t a g e  

ma in ly  d u e  t o  t h e  e x p o n e n t i a l  i n c r e a s e  o-f t h e  t h i r d  and f o u r t h  

t e r m s  w i t h  b i a s ;  S may a l so  i n c r e a s e  d u e  t o  i n c r e a s i n g  S,, which 

is b r o u g h t  a b o u t  by f i l l i n g  t h e  s u r f a c e  s t a t e s  w i t h  e l e c t r o n s .  

The e x p r e s s i o n  f o r  p h o t o c u r r e n t  i n  e q ,  (2.22) is s imi la r  t o  t h e  

G a r t n e r / B u t l e r  e x p r e s s i o n  on p a g e  24, w i t h  t h e  e x c e p t i o n  of  t h e  



e x t r a  t e r m  St/S, which g i v e s  t h e  number of  h o l e s  a r r i v i n g  a t  t h e  

i n t e r f a c e  t o  c o n t r i b u t e  t o  t h e  p h o t o c u r r e n t .  When t h e  t e r m  S  

i n c r e a s e s  w i t h  a p p l i e d  v o l t a g e ,  t h e  r a t i o  St/S w i l l  q u i c k l y  

d e c r e a s e ,  c a u s i n g  d e t e r i o r a t i o n  i n  t h e  p h o t o r e s p o n s e  o# t h e  

ce l l .  F i g u r e  2.13 C521 i l l u s t r a t e s  t h e  v a r i a t i o n  i n  t h e  quantum 

e f f  i c i e n c y ,  i.e. 7, = J x  / q O ,  of t h e  cell  w i t h  o u t p u t  v o l t a g e  

V, f o r  v a r i o u s  v a l u e s  of h o l e  t r a n s + e r  v e l o c i t y  St f o r  a CdSe 

photoanode .  From F i q .  2.13, i t  is a p p a r e n t  t h a t  t h e  

p h o t o r e s p o n s e  of t h e  cell  d e c r e a s e s  r a p i d l y  &ter V, r e a c h e s  a 

t h r e s h o l d  v a l u e ,  which is  d e p e n d e n t  on t h e  r a t i o  S t i s .  The 

S-shape b e h a v i o u r  a f  t h e  p h o t o c u r r e n t  w i t h  f o r w a r d  b i a s  is 

o b s e r v e d  e x p e r i m e n t a l  l y .  

The d i o d e  c u r r e n t  i n  equ.  (2.23) is o p p o s i t e  t o  t h e  

p h o t o c u r r e n t  and  c o n t a i n s  t h r e e  components ;  t h e  h a l e  

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

t e r m ,  and  t h e  e l e c t r o n  exchange  c u r r e n t .  The l a s t  component of 

3, is g e n e r a l l y  s e v e r a l  o r d e r s  of magn i tude  l a r g e r  t h a n  t h e  ' 

o t h e r  t w o  t e r m s ,  s i n c e  t h e  c o n c e n t r a t i o n  of e l e c t r o n s  a t  t h e  

s u r f a c e  is much l a r g e r  t h a n  t h e  h o l e  c o n c e n t r a t i o n .  I n  

a d d i t i o n ,  f o r  n- type s e m i c o n d u c t o r s  t h e  o v e r l a p  be tween  t h e  

c o n d u c t i o n  band and t h e  e n e r g y  s ta tes  of o x i d i z e d  s p e c i e s  of t h e  

e l e c t r g l y t e  is g r e a t e r  t h a n  t h e  o v e r l a p  be tween  t h e  v a l e n c e  band 

and t h e  e n e r g y  s ta tes  of t h e  r e d u c e d  s p e c i e s  C177. 

F i g u r e  2.14 C 5 1 1  r e p r e s e n t s  a f i t  of E l  G u i b a l y  and 

Col bows 's model t a  t h e  e x p e r i m e n t a l  1 y  o b s e r v e d  quantum 

e f + i c i e n c y  dependence  on a p p l i e d  v o l t a g e  f o r  a s i n g l e  c r y s t a l  



n-CdSe/ (9- /SnZ-1 /OH- / P t  cell ( c u r v e  a )  C441. C a l c u l a t e d  

quantum e f f i c i e n c i e s  +or  t h e  s a m e  v a l u e s  of and d, f rom t h e  

R e i s s  model ( c u r v e  b )  and  t h e  ~ & t n e r / ~ u t l e r  model ( c u r v e  c )  d o  

n o t  e x h i b i t  t h e  e x p e r i m e n t a l l y  o b s e r v e d  S-shape b e h a v i o u r .  

The e f f e c t  of t h e  series r e s i s t a n c e  (R,) of t h e  

e l e c t r o c h e m i c a l  p h a t o v o l  t a i c  ce l l  on t h e  I-V c h a r a c t e r i s t i c s  is 

i l l u s t r a t e d  i n  F ig .  2.15a.  The series r e s i s t a n c e  (R,) d o e s  n o t  

a f S e c t  t h e  open c i r c u i t  v o l t a g e ,  b u t  t h e  f i l l  +actor and  the 

power c o n v e r s i o n  e f f i c i e n c y  are  s e e n  t o  b e  a p p r e c i a b l y  r educed .  

T h e r e  is  a lso a s l i g h t  r e d u c t i o n  i n  s h o r t  c i r c u i t  c u r r e n t  d u e  t o  

t h e  v a l t a g e  d r o p  a c r o s s  t h e  series r e s i s t a n c e .  The +orward  b i a s  

r e d u c e s  t h e  p h o t o c u r r e n t  i n  eq. !2.22!  t h r o u g h  t h e  t e r m  

e x p  i -ocW? . 
F i g u r e  2.15b shows t h e  e f f e c t  uf s h u n t  r e s i s t a n c e  (R,,) on 

t h e  o u t p u t  I-V c h a r a c t e r i s t i c s ;  R,, h a s  no  e f f e c t  on t h e  s h o r t  

c i r c u i t  c u r r e n t ,  b u t  r e d u c e s  t h e  c e l l ' s  open c i r c u i t  v o l t a g e ,  

+ i l l f a c t o r ,  and  power c o n v e r s i o n  e+f  i c i  ency .  

I n  a n  a n a l y s i s  of t h e  cell  per+ar rnance ,  i t  is nf t e n  assumed 

t h a t  t h e  d a r k  c u r r e n t  d e t e r m i n e s  t h e  s h a p e  of  t h e  I-V 

c h a r a c t e r i s t i c s .  T h i s  b e h a v i o u r  is cal l e d  t h e  s u p e r p o s i t i o n  

p r i n c i p l e .  F i g u r e  2 .16  C561 i l l u s t r a t e s  t h e  dependence  of t h e  

I - V  c u r v e s  on t h e  s u r f a c e  t r a n s f e r  v e l o c i t y  St. The 

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

t r a n s f e r  v e l o c i t i e s  as shown i n  F i g .  2.16a.  The s i t u a t i o n  shown 

i n  F i g .  2.17 C561 i l l u s t r a t e s  t h e  e f f e c t  of  s u r f a c e  states on 

t h e  s u p e r p o s i t i o n  p r i n c i p l e .  These  s u r f  ace states ac t  a s  



trapping sites, but in addition, they may become ionized upon 

illumination, causing a reduction in bandbending of the 

semiconductor. A s  a result, the photocurrent approaches zero 

before the dark current becomes appreciable. 



Figure 2.1 Ene rgy  d i a g r a m  +or  an  n - type  s e m i c a n d u c t o r / r e d o x  

e l e c t r o l y t e  j u n c t i o n .  

X = e l e c t r o n  a f f i n i t y  

= s e m i  c o n d u c t o r  w o r k + u n c t i  on 

I vb I = bandbend ing  p o t e n t i a l  

E+@ = f l a t b a n d  p o t e n t i a l  

E, = b u l k  c o n d u c t i o n  bandedge  o f  the 

s e m i  c o n d u c t o r  

E* = Fermi e n e r g y  

E, = b u l k  v a l e n c e  bandedqe  of t h e  

s e m i  c o n d u c t o r  

E, = s e m i c o n d u c t o r  bandgap  

W = d e p l e t i o n  l a y e r  w i d t h  

OHP = o u t e r  He lmho l t z  plane 

7 
=,-do- = e n e r g y  o f  t h e  r edox  s y s t e m  

i$,,do, = p o t e n t i a l  e n e r g y  of t h e  r e d o x  s y s t e m  

VH = Helmho l t z  p o t e n t i a l  

SS  Scale = s o l i d  s ta te  e n e r g y  scale 

NHE Scale = e l e c t r o c h e m i c a l  p o t e n t i a l  scale 

r e l a t i v e  t o  t h e  normal  H e l e c t r o d e  
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Fiqure  2.2 Illustration o i  the d i f f e r e n t  types oS s p a c e  

charge i-egions i n  an n - t y p e  semiconductor/ 

e:ectrol y t e  s y s t e m :  

(a1 d e p l e t i o n  l a y e r  

(b! a c c u m u l a t i m  l a y e r  

( c )  inversion l a y e r  

! d l  deep  d e p l e t i o n  l a y e r  

(Far a b b r e v i a t i o n s ,  see Fig. 2.1.) 





Figure 2.3 Energy l e v e l  d i a g r a m  + o r  an  e l e c t r o c h e m i c a l  

p h o t o v o l  t a i c  cel l  w i t h  an n- type  s e m i c o n d u c t o r  

ef e c t r o d e  a t  e q u i  1 ib r iurn  i n  the d a r k  ! A ) ,  and 

u n d e r  i l l u m i n a t i o n  I E j .  

E,, = c o n d u c t i o n  band e n e r g y  at the 

s e m i c o n d u c t o r  s u r + a c e  

E,, = valence band e n e r g y  a t  t h e  

s e m i  c o n d u c t o r  s u r f  ace 

hv = pho ton  e n e r g y  (-E,) 

e- = p h o t o q e n e r a t e d  e l e c t r o n  

h* = p h o t o g e n e r a t e d  h o l e  

E,* b E,* = new assumed c o n d u c t i o n  

and v a l e n c e  bandedges  i n  t h e  bulk of 

the s e m i c o n d u c t o r  due t o  i l l u m i n a t i o n  

o f  t h e  pho toanode  w i t h  hv A E,. 

( F a r  a b b r e v i a t i o n s ,  see Fig.  2.1. i 
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- .  
?lgurs 2.5 Energy level diagram -Far an n-type 

s e m i  conduc tor i redox  e l e c t r o l y t e  i n t e r f  ace. T h e  

d i s t r i b u t i a n  a+ e n e r g y  bands o f  t n e  eiectrol y t e  

EFmd,, a r i . i e  from sol v a t &  i o n s .  The s e p a r a t i o n  

o f  2 h b e t w e e n  the t w o  m o s t  p r o b a b l e  s t a t e s  of  

reduced  and m i d i z e d  s p e c i e s  iE,,d and E,, , 

r e s p e c t i v e l y )  arises from p o l a r i z a t i o n  

d i f f e r e n c e s  o+ t h e  s o l v e n t .  
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Figure 2.8 I1  lustration of the semi conductor decomposition 

energetics for anodic and cathodic decamposition 

IpEd and nEd, respective1 y 1 

(a) stable aqainst both anodic and cathodic 

decomposi ti on 

(b) unstable aqainst both anodic and cathodic 

decomposi ti on 

!c) unstable aqainst anodic, and stable aqainst 

cathodi c decomposi ti on 

Id) reverse o+ (c), stable aqainst anodic, and 

unstable against cathodic decomposition 

(For abbreviations, see Fig. 2.1.) 





F i g u r c  2 . 5  Pourbaix  ( F a t e n t i a i - p H )  d iagram +ar CdSe i n  

a q u e u u s  e l e c t r a l  y t e .  T h e  i n d i c a t e d  f l a t b a n d  

p o t e n t i a l s  iEsb) c o r r e s p o n d  t u  pH 7 C 1 7 1  

and pH 14 i571. 





Figure 2. 1iIJ The ef +ect a+ ion adsorption at an n-type 

semiconductor /e lec t ro iy te  junction. ,4 sur+ace 

state near the conduction band (a) may split 

into two levels, E,,-i,n and E,,-+,, *, b y  

weak ion adsorption !b i  , and strong ion 

interaction (c). 
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Figure 2. i 1 Energy diagram for an n-type semiconductor/ 

electrolyte intertace. The photoanode is 

assumed to be under illumination, and a 

forward bias V is applied which reduces 

the bendbending from ~ V D  to ~ ( V D  - V ) .  

VD = equilibrium bandbendinq voltage 

E, = conduction band energy 

- valence band energy E, - 
E, = semiconductor bandqap 

Ei = intrinsic-Fermi level 

Epn = quasi-Fermi level for electrons 

EP- = quasi-Fermi level for holes 

a = separation between Epn and Ec 

qU = separation between the semiconductor 

Fermi level in the bulk and the bottom 

of the conduction band 





' , i g u r e  2 .12  E q u i v a l e n t  c i r c u i t  of an ~ l e c t r o c h e m i c a l  s o l a r  

:=eii, i n c l u d i n g  t h e  series and t h e  shunt  

r e s i s t a n c e ,  R, and R l k .  r e s p e c t i v e l y .  
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r: ri*s~ire 2.14 Variatian of quantum ef*iciency with applied 

voltage. The circles indicate the experimental 

values for a 0.3 Qcm CdSe single crystai 

photoanode with an illumination intensi tv 

of 0.35 mWm-= at 720 nm. 

The salid line is a fit of the El Guibaly 

model (page 33) with 

E, = 1.72 eV, V m  = 0.6 V, d W ,  = .16 V-f'z, 

NL, = 0.47. J,, = 1 pAcrn-=. J,, = 1 0  nAcm-", 

Er = lo5, R, - ID5=, St = 0.1, and 

S, = 0.2. Curves i b )  and (c) were calculated 

from the Reiss and the Gartner/Eutler model, 

respectively, using the same values for HW, 

and dL,. 
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Figure 2. i6 C o m p u t e d  cu r ren t  dens i t i es  versus appl i e d  

vol tage f o r  vary ing values o i  sur+ace 

t r a n s i e r  v e l o c i t y  S,: 

i a?  St = iO, 

(b) St = 0.1 

(c )  st = lo-=. 

A l l  o ther  parameter values are  t he  same as i n  

Fig. 2.14. 

The cu r ren t  dens i t i es  are  normalized r e l a t i v e  

t a  the  shor t  c i r c u i t  cu r ren t  densi ty.  The 

s o l i d  l i n e s  correspond t o  the  ne t  cur rent  

dens i ty  f l ow ing  i n  t he  c e l l ;  t he  squares 

represent cu r ren t  dens i t i es  i n  t he  dark: t he  

circles represent photacurrent dens i t ies .  





Figure 2.17 J-V characteristics in the light (solid line) 

and in the dark (dashed line). The current 

densities are normalized relative to the short 

circuit current density under illumination. 

S, = lo, and T4 = O.lq ~ r n - ~ s ,  where -$$ is the 

decrease in bendbending due to surface states 

with incident photon flux 4. 
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Chapter 3 

Cadmi um Sel enide Electrochemical Photovol ta i  c Cell s 

Photoelectrochemical cells employing n-CdSe photoelectrodes 

have been under intensive study for the past eight years. 

Cadmium selenide photoanodes ofCer the possibility of high power 

ronversion efficiencies, exhibit qocd stability, and show 

promise in achieving l o n g  lifetimes C%7. In addition, CdSe 

electrodes can be easily Cormed by various methods as thin 

films, at law cost and with ef+iciencies close to that o+ the 

single crystals. Haneman et al. C581 estimated a cost of less 

than I O  per peak watt for large-scale production of 

polycrystalline CdSe photoanodes with an efficiency of 5 % . 
The properties and preparati on techniques of 

polycrystalline CdSe will be sctmm'ariced in this chapter. The 

dependence of solar performance and stability of the CdSe 

electrochemical photovoltaic cell on various parameters, such as 

electrol yte compasi tion, light intensity, substrate material, 

surface texture, and semiconductor surface treatments, is 

anal y z  ed. 



Cadmium s e l e n i d e  is a n  opaque ,  d a r k  g r e y ,  d i r e c t  bandgap 

s e m i c o n d u c t o r  w i t h  a m e l t i n g  p o i n t  of 1623  K C591, a d e n s i t y  of  

5 .74  gcm-=, and  a s t a t i c  d i e l e c t r i c  c o n s t a n t  of 10 C401. An 

e l e c t r o n e g a t i v i t y  of 0.8 + o r  CdSe C531 i n d i c a t e s  t h a t  t h e  

c h a r a c t e r  of t h e  Cd-Se bond is 15 % i o n i c .  

Cadmium s e l e n i d e  c r y s t a l  1 i z e s  i n  t h e  hexaqonal  wurz i  t e  

0 
s t r u c t u r e  w i t h  p a r a m e t e r s  of  a = 4.30 9 a n d  c = 7.02 8 CSQI: 

however ,  a z i n c b i e n d e  s t r u c t u r e  w i t h  p a r a m e t e r  a = 6.05 8 w a s  

r e p o r t e d  C601 t o  form by vapour  d ~ p o s i t i o n  of t h i n  f i l m  CdSe, 

which t h e n  r e f o r m s  u n d e r  h e a t i n g  t o  t h e  hexagona l  farm.  Cadmium 

s e l e n i d e  o c c u r s  n a t u r a l l y  and  is c a l l e d  c a d m a s e l i t e ,  which 

c r y s t a l l i z e s  w i t h  wurz i  t e  t y p e  of p a r a m e t e r s  a = 4.271 8 and 

c = 6.97 8, and h a s  a d e n s i t y  of  5.8 g ~ m - ~ .  

The w u r z i t e  s t r u c t u r e  i l l u s t r a t e d  i n  F ig .  3. l a  c o n s i s t s  of  

t w o  i n t e r p e n e t r a t i n g  hexagona l  c lo se -packed  Lattices of  C d  and  

S e ,  w i t h  a t e t r a h e d r a l  a r r a n g e m e n t  of  f o u r  e q u i d i s t a n t  n e a r e s t  

n e i g h b o r s ,  as shown i n  F ig .  3.1b. The l a t t i ce  b e l o n g s  t o  t h e  

t y p e  od compounds w i t h  s p 3  bonds.  The c o n d u c t i o n  band of  CdSe 

a r i s e s  f rom t h e  5s o r b i t a l s  of t h e  Cd c a t i o n s ,  and t h e  v a l e n c e  

band arises f rom t h e  4p o r b i t a l s  of t h e  S e  a n i o n s .  The v a l e n c e  

band is s p l i t  a t  k = O by c r y s t a l  f i e l d  and s p i n  o r b i t  

i n t e r a c t i o n  i n t o  t h r e e  s u b b a n d s  C 6 1 1 ,  as  i l l u s t r a t e d  i n  



Fig. 3.2. The conduction band and the valence band energy are 

located at -5.0 eV and -6.7 eV relative to the vacuum level, 

respectively C621. 

The bandqap of CdSe measures 1.74 eV at room temperature 

for polarized 1 ight with the electric vector vibrating para1 lel 

to the c-axi s of the CdSe crystal (Ellc) , and 1-72 eV for E l  c 

C61,631. The bandgap increases with decreasing temperature 

according to 46x1WS e V K - l  in the temperature range of 

90 to 400 E for both polarizations C637. 

Doping of CdSe with group I11 or jroup V I  I impurities 

results in an n-type material: group I or V materials act as 

p-type dopants. The failure to detect p-CuSe was associated 

with large activation energies 0 0.5 e V )  of p-type impurities 

and defects Cbll. 

Crystal de+ects play a major role in the photoconductivity 

properties. Annealing of CdSe in Cd vapor increases the dark 

conductivity as well as the photosensitivity; heating CdSe in Se * 

vapor reduces the conductivity C641. 

3.2 Preearati on Techniques 

Electrodeposi tion and chemical deposition of CdSe are the 

most widely used preparation methods, since they are low cost 

and have application to large-scale fabrication. Cadmi um 

selenide electrodes prepared by other techniques such as 



e v a p o r a t i o n ,  c o e v a p o r a t i o n ,  s p r a y  p y r o l y s i s ,  s l u r r y  p a i n t i n g ,  

e l e c t r o p h o r e s i s ,  and  p r e s s u r e  s i n t e r i n q  show p r o m i s i n g  r e s u l t s .  

Hodes,  Manassen and  Cahen C651,Cb61 p r e p a r e d  po ly-  

c r y s t a l  1 i n e  CdSe p h o t o a n o d e s  f o r  e l e c t r o c h e m i c a l  solar cell  s by 

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

CdS& and Sean ,  and  o b t a i n e d  good so la r  r e s p o n s e  of t h e  - t h i n  

f i l m s  a f t e r  a n n e a l i n g  f o r  15 min a t  823 K. Chandra  and Pandey 

i671 i n v e s t i g a t e d  CdSe e l e c t r o p l a t e d  f rom t h e  s a m e  d e p o s i t i o n  

b a t h ,  and found  t h a t  a l t h o u g h  t h e  c o n c e n t r a t i o n  of CdS04 w a s  n o t  

c r u c i a l ,  t h e  c o n c e n t r a t i o n  o+ Se& w a s  c r i t i c a l  f o r  good f i l m  

q u a l i t y .  

E l  e c t r o d e p o s i  t i  a n  of CdSe f rom an  NH4C1 bu+Sered  p l a t i n g  

b a t h  c o n t a i n i n g  CdS& and S e a n  C681 produced  less f a v o u r a b l e  

p h o t o a n o d e s  t h a n  t h o s e  p r e p a r e d  f rom t h e  a c i d i c  b a t h .  T h i s  w a s  

m a i n l y  d u e  t o  much t h i n n e r  CdSe l a y e r s ,  r e s u l t i n g  f rom lower  

c u r r e n t  d e n s i t i e s  a t  p l a t i n g  p o t e n t i a l s  needed  f o r  good 

. s t o i c h i a m e t r y .  

A n  a c i d i c  d e p o s i t i o n  b a t h  c o n t a i n i n g  CdCln and  S e a n  f o r  

e l e c t r o d e p o s i t i o n  of CdSe o n t o  Ti  and  N i  s u b s t r a t e s  w a s  

i n v e s t i g a t e d  by Miller and  Haneman C691. They showed t h a t  

a n n e a l i n g  of t h e  t h i n  f i l m s  f o r  2 h  a t  733 K had a p ronounced  

e+f  ect a n  t h e  power c o n v e r s i o n  e f f i c i e n c y  (1 i n c r e a s e d  7 - f o l d ) ,  

w h i l e  t h e  f i l l  f a c t o r  r ema ined  unchanged.  They a l so  o b s e r v e d  

t h a t  t h e  solar p e r f o r m a n c e  f o r  t h e  Ti  s u b s t r a t e  f i l m s  w a s  b e t t e r  

t h a n  t h a t  of N i .  The s u p e r i o r i t y  of t h e  T i  s u b s t r a t e  may b e  

a s c r i b e d  t o  t h e  f a c t  t h a t  t h e  t h e r m a l  e x p a n s i o n  mismatch be tween  



t h e  CdSe f i l m  and  t h e  Ti s u b s t r a t e  is less s e v e r e  t h a n  be tween  

N i  and CdSe: t h u s ,  a n n e a l i n g  w i l l  c a u s e  s u b s t a n t i a l  c r a c k i n g  of 

t h e  CdSe/Ni s u b s t r a t e  f i l m s .  

Houston et a l .  C701 i n v e s t i g a t e d  t h e  e f f e c t s  of d e p o s i t i o n  

p o t e n t i a l  on t h e  solar  p e r f o r m a n c e  of  CdSe pho toanodes .  They 

found  t h a t  f o r  e l e c t r o p l a t e d  CdSe e l e c t r o d e s  f rom an  a c i d i c  

CdCl=/SeOn b a t h ,  t h e  s h o r t  c i r c u i t  c u r r e n t  and  power c o n v e r s i o n  

e f  + i c i e n c y  e x h i b i t  a p e a k - l i  k e  b e h a v i a u r  w i t h  r e s p e c t  t o  t h e  

p l a t i n g  p o t e n t i a l ,  w h i l e  t h e  open c i r c u i t  v o l t a g e  r ema ined  

c s n s t a n t .  

C o c i v e r a  et  a l ,  1711 o b t a i n e d  .a good solar  r e s p o n s e  w i t h  

S ~ S E  f  i l:ns e l e c t r o d e p u s i  t e d  f rom a b a t h  c o n t a i n i n g  NazSeS& and  

Cd-ni t ~ i  l o - t r i a c e t a t e .  These  f i l m s  d i d  n o t  show t h e  c a u l  i f  l ower  

s t r u c t u r e  o b s e r v e d  f o r  i i l m s  e l e c t r o p l a t e d  f rom i n o r g a n i c  Cdf+ 

s o l u t i o n s .  The a d h e s i o n  of t h e  CdSe t o  T i  s u b s t r a t e  d i d  n o t  

r e v e a l  any  f l a k i n g ,  which is o f t e n  o b s e r v e d  f o r  e l e c t r o p l a t e d  

CdSe f i l m s .  

An e l e c t r o d e p o s i t i o n  b a t h  of KSeCN and  Cd2'EDTf3 w a s  u sed  by 

Karacos C721. The p h o t o r e s p o n s e  w a s  o b t a i n e d  o n l y  f o r  u n a n n e a l e d  

CdSe f i l m s  and  showed t h a t  I,, and  V,, w e r e  s i m i l a r  t o  t h a t  of  

u n a n n e a l e d  CdSe f i l m s  p r e p a r e d  f rom a c i d i c  CdSOdSeOn s o l u t i o n s  

1631. 

Chemical  d e p o s i t i o n  t e c h n i q u e s  f o r  p r e p a r a t i o n  of CdSe t h i n  

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

C73l,C74l,C751,C761. E a i n t h l a  e t  a l .  C731 p r e p a r e d  t h i n  f i l m s  

of CdSe on Ni , T i ,  and  s t a i n l e s s  steel s u b s t r a t e s  by s o l u t i o n  



growth  f rom an  a l k a l i n e  b a t h  c o n t a i n i n g  Cd(NHsIeZ' and  SeOS7- 

and o b t a i n e d  good solar  r e s p o n s e  +or CdSe grown on Ti and  N i  

s u b s t r a t e s .  A r e d u c e d  r e s p o n s e  w a s  o b t a i n e d  f o r  t h e  s t a i n l e s s  

steel s u b s t r a t e ,  r e s u l t i n g  f rom a l o w e r  V,, and  a r e d u c e d  f i l l  

f a c t o r .  Boudreau and  Rauh C751 i n v e s t i g a t e d  t h e  s a m e  s o l u t i o n  

growth  t e c h n i q u e  w i t h  T i  a n d  s t a i n 1  ess steel s u b s t r a t e s .  Again ,  

t h e  Ti  s u b s t r a t e  y i e l d e d  t h e  b e s t  solar  c h a r a c t e r i s t i c s :  t h e  

s t a i n l e s s  steel r e v e a l s d  t h e  s a m e  I,, b u t  l a w e r  V,, d u e  t o  a n  

i n c r e a s e d  c a t h o d i c  d a r k  c u r r e n t .  The s u r f a c e  morphology of t h e  

thin i i l m s  w a s  f ound  t o  b e  i r r e p r o d u c i b l e  d u e  t o  NHs e f f u s i o n .  

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

c o e v a p o r a t i n n  t e c h n i q u e  w e r e  i n v e s t i g a t e d  b y  Russak et  a l .  

C771, Eeichman and  Russak C781, and b o n n e t  C?9?. The a u t h o r s  

found  that  c o e v a p o r a t i o n  of Cd and S e  o n t o  a Ti s u b s t r a t e  

C7?l, C781 or Cr-covered m i c r o s c o p e  s l i d e  C791 y i e l d e d  h i g h l y  

s t o i c h i o m e t r i c  r i lms,  which r e v e a l e d  l i t t l e  or  no  p h o t o r e s p o n s e  

w i t h o u t  a n n e a l i n g ,  and  p e e l e d  o f f  r e a d i l y  f rom t h e  s u b s t r a t e .  

A f t e r  a n n e a l i n g ,  the c r y s t a l l i t e  s i z e  i n c r e a s e d  and  a co lumnar  

s t r u c t u r e  e x t e n d e d  + r a m  t h e  s u b s t r a t e  t o  t h e  s u r f a c e  of t h e  f i l m  

w i t h o u t  g r a i n  b o u n d a r i e s .  S t r o n g  a d h e s i o n  t o  t h e  s u b s t r a t e s  and  

good solar  r e s p o n s e  w e r e  o b s e r v e d  C771,C781. 

S p r a y  p y r o l y z e d  CdSe p h o t o a n o d e s  w e r e  i n v e s t i j a t e d e  by L i u  

e t  a l .  CBOl,C311. The a u t h o r s  found  a s t r o n g  a d h e s i o n  of t h e  

CdSe f i l m s  o n t o  Ti  s u b s t r a t e s  and  o b s e r v e d  good solar  r e s p o n s e  

a f t e r  h e a t  t r e a t m e n t  of  t h e  f i l m s .  

Hades et  a1. C821 and  Xiao and  T i e n  C831 p r e p a r e d  CdSe 



f i l m s  by a s l u r r y  p a i n t i n g  t e c h n i q u e .  A m i x t u r e  of CdSe. 

f  l u x i n q  material (ZnCl=)  , and  s u r f a c t a n t  w a s  p a i n t e d  o n t o  

v a r i o u s  s u b s t r a t e s ,  s u c h  as M a ,  T i ,  C r ,  SnOz, g l a s s y  c a r b o n ,  and 

g r a p h i t e ,  and  t h e n  d r i e d  and a n n e a l e d .  T i t a n i u m ,  M o ,  and 

g r a p h i t e  s u b s t r a t e s  w e r e  f o u n d  t o  y i e l d  good power c o n v e r s i o n  

e f f i c i e n c i e s  and  f i l l  f a c t o r s ,  w h i l e  SnOn showed a good f i l l  

f a c t o r  b u t  low e f f i c i e n c y  due t o  a low V-, as  w e l l  as l o w  I,,. 

G l a s s y  c a r b o n  s u b s t r a t e s  a l so  p roduced  a low o v e r a l l  

p h o t o r e s p o n s e .  

Thin  f i l m  CdSe p h o t o a n o d e s  on SnU= s u b s t r a t e s  p r e p a r e d  b y  

e l e c t r o p h o r e s i s  [a42 r e v e a l e d  good s u b s t r a t e  a d h e s i o n .  b u t  o n l y  

low .solar r e s p o n s e .  Pressure s i n t e r e d  CdSe p h o t o a n o d e s  

i n v e s t i g a t e d  by Matsumura and  F r e s e  C851, Miller e t  a l .  r2!1:7, 

.md  Mack in tosh  e t  dl. C 8 & 1  showed a h i  yb solar r e s p o n s e .  S i n c e  

CdSe p e l l e t s  d o  n o t  need  a  s u p p o r t i n g  s u b s t r a t e ,  h i g h e r  

a n n e a l i n g  t e m p e r a t u r e s  may b e  used .  

Cadmium s e l e n i d e  f i l m s  h a v e  a l so  been  p r e p a r e d  by 

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

d i p p i n g  i n t o  a c i d i c  SeOn s o l u t i o n  C571 or  t a r n i s h i n g  by  Sea 

vapour  Ca81. Both t e c h n i q u e s  r e s u l t e d  i n  CdSe f i l m s  w i t h  good 

p h o t o r e s p o n s e .  

The p o o r  sol  a r  p e r f o r m a n c e  of unannea l  e d  el e c t r o p l  a t e d  CdSe 

w a s  assaci a t e d  w i t h  n o n s t o i  c h i o m e t r i  c f  i l m s  s u b s t a n t i  a1 1 y  ri cb 

i n  S e  C891,C701. De S i l v a  e t  a l .  f901 f o u n d  t h a t  a n  i n i t i a l  

Se/Cd r a t i n  of 3.5 r e d u c e d  t o  1.4 upon a n n e a l i n g  a t  723 K. They 

o b s e r v e d  +ram X-ray p h o t o e l e c t r e n  s p e c t r a s c o p y  (XPS) and  X-ray 



and electron diffraction data that unannealed thin films contain 

quantities of uncombined Cd and Se, and possibly some amorphous 

CdSe. They reported that Se is liberated from the film surface 

during annealing which results in higher stoichiometry and Se 

vacancies. Chemical bonding o+ uncombined Cd and Se was 

observed as well as a 7-fold increase in the average CdSe grain 

size. No naticable change in the resistivity was ob=erved. 

Cadmi urn sel eni de photonnades employing a pol y ~ u i  i i de 

electrolyte are the most widely analyzed and investigated CdSe 

el ectrochemiczi photovol tai c cell s. However, tks solar 

performance of CdSe photoanodes has been reported with various 

other redox systems, such 3s polyselenide and polytel iuride 

electrolytes C 3 2 1 ,  and rerri / f  errocyanide electrolytes . 
CS11~[921,C931,C941.C9'577 

Ellis et al. C321 investigated CdSe photoanodes in 

'fz-/Xnn- electrolytes, where X = S, Se, Te. Folychalcogenide 

solutions are strongly c~lored, but fnr short pathlengths they 

tr.ansmi t an appreciable fraction of the entire vi.sible solar 

spectrum C327. Flatband potentials of CdSe electrodes in the 

pol ychalcoqeni de sol uti ans, obtained f ram capacitance 

measurements, photocurrent onset, and photovoltage measurements, 

revealed anly smail differences between the various methods and 



el ertrol ytes. These di f f erences are of no si gni f i cance since 

CdSe preparation, etching techniques, etc. can result in vastly 

di+ferent photovoltages. Ellis et al. C321 found CdSe to be 

stable in ail three polychalcoqenide redox svstems and obtained 

the highest solar response in a polysulf ide electrolyte. Power 

conversion efficiencies on the order of 6 % and 7 % were 

obtained for polycrystalline and single crystal CdSe in S2-/SmZ- 

electrolyte. resgectivel y C77I. C331, t331. 

Hodes, Manassen, and Cahen t651, C961 were the first to 

reoort a trans+ormatiun of the CdSe sur+ace to CdS in 

golysulficie salutions. The thickness of the CdS layer has a 

strong inSluence an the salar per+ormance and stabif ity of the 

sell. The Se/S exchange at the CdSe surf ace wi 1 1  be discussed 

in detail in the folfuwinq sectian. 

Licht et al. t971 investigated the effect of various 

ai kal i catiuns in a pol ysulf ide electrolyte on the photoresponse 

and stability of CdSe electrochemical cells. They observed 

relative efficiencies of 1, 4.9&, 5.09, and 5.67 for Li', Na', 

K', and Cs', respectively, and associated this behaviour with 

decreasing polarization 1 osses according to 

ii+ > Na+ :::. K+ > Cs*. 

Frese t311, Tenne C321, Noufi et al. t347,i?51 and 

Reichman et al. C931 investigated the solar response of CdSe 

photoanodes in a ferri/ferrocyanide electrol yte. Power 

conversion eff iciencies on the order of 12 to 14 % were observed 

for single crystal CdSe, mainly due to large bandbendinq, i.e. 



V, = 1.22  V, l i t t l e  or no  l i g h t  a b s o r p t i o n  of t h e  e l e c t r o l y t e ,  

and a good match between t h e  v a l e n c e  bandedge  of CdSe and E,,d. 

R e i  chman e t  31. C931 and  F r e s e  C 9 1 1  a n o d i z e d  t h e  CdSe 

e l e c t r o d e s  t o  i n h i  b i t  e x t e n s i v e  c o r r o s i o n  i n  t h e  e l e c t r o l y t e .  

S t a b i  l i t y  tests w e r e  n o t  r e p o r t e d ,  s i n c e  t h e  e l e c t r o l y t e  

decomposes  under l i g h t .  

The S l a t b a n d  p o t e n t i a l s  and  power c o n v e r s i o n  e f f i c i e n c i e s  

a+ s i n g l e  c r y s t a l  and  po l  y c r y s t a l l i n e  CdSe i n  t h e  v a r i o u s  r edox  

coup l  e e l e c t r o l y t e s  are summarized i n  Table Z. 1. 

3 .4 .1  S t a b i l i t y  

The s t a b i l i t y  of t h e  CdSe p h o t o a n o d e  i n  p o l y s u l f i d e  

e l e c t r o l y t e  is d e p e n d e n t  on t h e  c o m p e t i t i o n  between t h e  

f o l  lowing  t w o  r e a c t i o n s :  

and 

E q u a t i a n  ( 3 . 1 )  r e p r e s e n t s  t h e  c o r r o s i o n  of  t h e  e l e c t r o d e  and  

eq. (3.2) r e p r e s e n t s  t h e  o x i d a t i o n  of t h e  p o l y s u l f i d e  

e l e c t r o l y t e .  



To d e t e r m i n e  w h e t h e r  t h e  CdSe p h o t o a n o d e  is 

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

o v e r a l l  r e a c t i o n  g i v e n  by: 

must b e  c o n s i d e r e d .  The d e c o m p o s i t i o n  p o t e n t i a l  !Ed> of CdSe i n  

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

iree e n e r g y  of t h e  r e a c t i o n  i n  eq.  3 .  is more n e g a t i v e  t h a n  

the e l e c t r o c h e m i  cal p o t e n t i a i  (E,,=,,,! of t h e  p o l y s u l f i d e  

e l e c t r o l y t e ,  i .e. Ed = -1.02 V vs. SCE and  

r 
Crrdor = -0. 76 V VS. SCE C981 Thus.  a c c o r d i n g  t o  t h e  

thermodynamic model r e p r e s e n t e d  by G e r i s c h e r  C271 and  Eard  and 

Wrighton CZSI, t h e  CdSe e l e c t r o d e  s h o u l d  c o r r o d e  r e a d i l y .  

However, Hodes et a l .  C653, Miller and H e l l e r  C301, and  E l l i s  

e t  dl.. C311 i n d e p e n d e n t l y  r e p o r t e d  i n  1976 t h e  s t a b i l i z a t i o n  of 

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

T h e r e f o r e ,  o n e  would p r e d i c t  t h a t  t h e  o v e r a l l  k i n e t i c s  of t h e  

po l  y s u l f  i d e  o x i d a t i o n  is f a s t e r  t h a n  t h e  p h o t o c o r r o s i o n  

p r o c e s s .  However, i f  p h o t o c o r r o s i o n  is t h e  p r e d o m i n a n t  

r e a c t i o n ,  a s t a b l e  p h o t o c u r r e n t  w i l l  b e  o b s e r v e d  i f  t h e  CdSe 

s u r + a c e  is c o n v e r t e d  t o  CdS s u c h  t h a t  t h e  S /Se  e x c h a n g e  is 

l i m i t e d  t o  a f ew  s u r f a c e  l a y e r s  C 9 8 7 .  

Hodes,  Manassen,  and  Cahen C651,C961,[997 w e r e  t h e  f i r s t  t o  

o b s e r v e  t h e  S I S e  e x c h a n g e  a t  t h e  CdSe e l e c t r o d e .  A f t e r  

a p e r a t i n g  t h e  CdSe p h o t o a n o d e  i n  S"-/S,2- e l e c t r o l y t e .  t h e y  



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

and found  a S /Se  r a t i o  of o n e  i n  t h e  f i r s t  mic rome te r  f rom t h e  

s u r f a c e  C651. 

A CdS l a y e r  on t h e  CdSe s u r + a c e  w i l l  i n t r o d u c e  a h e t e r o -  

j u n c t i o n ,  which b l o c k s  t h e  f l o w  of h o l e s  t o  t h e  s e m i c o n d u c t o r /  

e l e c t r o l y t e  i n t e r f a c e  i f  t h e  t h i c k n e s s  of t h e  CdS l a y e r  e x c e e d s  

t h e  t u n n e l i n g  d i s t a n c e ,  F i g u r e  3.3 r e p r e s e n t s  t h e  e n e r g y  band 

d i ag ram of the c o n v e r t e d  CdSe/CdS s u r f a c e  Cai. 

G e r i s c h e r  and Gobrech t  C 1001, H e l l e r  e t  a l .  El01 I ,  Nouf i 

et a l .  El023 and  B e  S i l v a  and Haneman C1031 a lso  i n v e s t i g a t e d  

L L  i:!e e x t e n t  a+ t h e  S /Se  exchange .  Cahen e t  a l .  CQ?I s u g g e s t e d  

i' t a a t  the CdSe,-,S, s u r f a c e  may b e  i n s u l a t i n g  d u e  t o  compensa t ion  

of Cd d o n o r s  a n d / o r  S e  v a c a n c i e s  by S a t o m s .  E x t e n s i v e  c h a r g i n g  

o+ t h e  aged  e l e c t r o d e  s u r f a c e  d u r i n g  SEM s t u d i e s  s u p p o r t e d  t h e i r  

p r e d i c t i o n .  However, Heller e t  d l .  El011 and  D e  S i l v a  and 

Haneman El031 a r g u e d ,  t h a t  f ~ o m  t h e  l a t t i ce  mismatch between t h e  

CdSe and CdS, and  d e + e c t s  i n  t h e  i n t e r f a c e  r e g i o n ,  t h e  CdS l a y e r  

becomes v e r y  c o n d u c t i v e .  De S i l v a  and Haneman C1031 o b s e r v e d  b y  

SEM s t u d i e s  t h a t  a v e r y  uneven s u r f a c e  morphology e x i s t s  f o r  

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

Nouf i et a1 . C 1021 s t u d i e d  t h e  s u r f  ace c h a n g e  of aged  CdSe 

sl e c t r o d e s  by X-ray p h o t o e l e c t r o n  a n d  Auger el e c t r o n  

s p e c t r ~ s c o p i c  a n a l y s i s  (XFS and AES, r e s p e c t i v e l y ) .  Depth 

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

c o n d i t i o n s  f o r  30 min r e v e a l e d  a s m a l l  amount of s u l f u r  i n  t h e  

f i r s t  few atomic l a y e r s  of t h e  CdSe s u r f a c e .  However, o p e r a t i o n  



of CdSe s i n g l e  c r y s t a l s  as  p h o t o a n o d e s  showed a l a r g e  amount o f  

s u l + u r  w i t h  t h e  d e p t h  of  t h e  CdSel-,S, l a y e r  d e p e n d e n t  on t h e  

o p e r a t i o n  t i m e ,  d u e  t o  a n  i n c r e a s e  i n  x w i t h  t i m e .  

G e r i s c h e r  and  G o b r e c h t  C 1 0 0 1  o b s e r v e d  by Ma t t -Scho t tky  

a n a l y s i s  a l a r g e  c h a r g e  i n c r e a s e  i n  t h e  s u r f a c e  l a y e r  of  t h e  

i l l u m i n a t e d  C d S e i p o l y s u l f i d e  s y s t e m  and  p r e d i c t e d  a v e r y  

d i s o r d e r e d  fo rm of  a n  amorphous  a n d i o r  p o l y c r y s t a l l i n e  CdSe 

1 d y e r .  

H e 1  ler r t  31. C 101 1 o b s e r v e d  t h a t  d i s s o f  v i n g  s m a l l  amoun t s  

of SeO i n  t h e  p o l y s u l + i d e  e l e c t r o l y t e  improved  t h e  s t a b i l i t y  o+ 

t h e  c e l l  s u b s t a n t i a l l y .  Auger a n a l y s i s  r e v e a l e d  t h a t  f o r  a SeO 

c o n c e n t r a t i o n  of  0.075 M, n o  S / S e  e x c h a n g e  o c c u r e d  a t  the 

s u r f  ace. Nouf i et a i .  C 1023 o b s e r v e d  t h a t  t h e  d e p t h  o f  t h e  

S i S e  e x c h a n g e  w a s  d r a m a t i c a l l y  r e d u c s d  when t h e  p h o t o a n o d e  w a s  

o p e r a t e d  i n  a p o l y s u l f  i d e  r e d o x  e l e c t r o l y t e  c o n t a i n i n g  0.05 M 

SeO. 

I f  t h e  CdSel-,S, l a y e r  is t h i n  enough ,  s u c h  t h a t  h o l e  

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

a S f e c t e d ,  r e g a r d l e s s  of  w h e t h e r  t h e  l a y e r  is i n s u l a t i n g  o r  

c o n d u c t i n g .  However, i f  t h e  l a y e r  becomes t o o  t h i c k  f o r  

t u n n e l i n g ,  i t  w i l l  act as a b a r r i e r  +or h o l e  f l o w  t o  t h e  

s e m i  c o n d u c t o r / e l e c t r o l l : ~ t e  i n t e r f  ace. 

H e f l e r  et  a l .  ClO11 i n v e s t i g a t e d  t h e  s t a b i l i t y  D+ b o t h  

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

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

(0001) f a c e  w a s  1 s  s t a b l e  t h a n  t h e  (112(3) f a c e  w i t h  t h e  



p a l y c r y s t a l  l i n e  e l e c t r o d e  1  y i n g  i n  be tween .  T h i s  e f f e c t  w a s  

a s s o c i a t e d  w i t h  t h e  number of bonds  t h a t  had  t o  b e  b roken  i n  

o r d e r  t o  f r e e  Cdz+ C1081. The (11%) f a c e  c o n t a i n s  a n  e q u a l  

number of Cd and S e  atoms, w h i l e  t h e  (000i) or ( 0 0 0 1 )  c o n t a i n s  

e i t h e r  Cd or  Se atoms C 1 0 1 3 .  A t  a h i g h  p h o t o c u r r e n t  o u t p u t ,  t h e  

s t a b i l i t y  o f  t h e  C d S e / p o l y s u l f i d e  ce l l  d e c r e a s e d  r a p i d l y ,  w h i l e  

a t  l ower  c u r r e n t  v a l u e s ,  t h e  s t a b i l i t y  d e t e r i o r a t e d  more 

s l o w l y .  T h i s  e f f e c t  s u g g e s t s  a  c o m p e t i t i o n  be tween  t h e  

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

t he  h o l e  f l u x  t o  t h e  s u r f a c e  c a n  b e  accommodated by t h e  Sz- i o n  

and t h e  r e d u c e d  suf  f u r  c a n  b e  d i s s o l v e d  and t r a n s p o r t e d  away 

from the s u r f a c e ,  s t r o n g  p h o t o c u r r e n t  d e t e r i o r a t i o n  w i l l  n o t  

o c c u r .  

Hodes et  d l .  E l 0 4 1  c l a i m  t h a t  t h e  d e g r a d a t i o n  of t h e  

p h o t o c u r r e n t  c a n n o t  r e s u l t  f r o m  a h o l e  b a r r i e r  a t  t h e  CdSe/CdS 

i n t e r f a c e ,  s i n c e  CdS i n  p o l y s u l f i d e  s o l u t i o n  d o e s  n o t  give rise 

t o  a  b a r r i e r  and i a t  least as  u n s t a b l e  as CdSe i n  a . 
p o l  y s u l f  i d e  e l e c t r o l y t e .  The a u t h o r s  s u g g e s t e d  t h a t  a n  

e l e c t r o c h e m i c a l l y  i n a c t i v e ,  p o r o u s  CdS l a y e r  b l o c k s  t h e  

m a s s - t r a n s p o r t  p r o c e s s e s  i n  t h e  e l e c t r o l y t e  t o  and  f rom t h e  

a c t i v e  s e m i c o n d u c t o r  s u r f a c e .  T h i s  is d o n e  by imped ing  t h e  

d i s s o l u t i o n  and  t h e  t r a n s p o r t  of t h e  p h o t o r e d u c e d  s u l f u r  away 

f rom t h e  a c t i v e  s u r f a c e  t h r o u g h  t h e  p o r o u s  CdS l a y e r .  

Lando st a l .  11051 a n a l y z e d  t h e  t r a n s i e n t  p h o t o c u r r e n t s  oS 

t h e  C d S e / p o l y s u l f i d e  s y s t e m  by m e a s u r i n g  t h e  d i + f e r e n c e  i n  peak  

c u r r e n t  d e n s i t y ,  i.e. t h e  c u r r e n t  d e n s i t y  upon o n s e t  o f  



i l l u m i n a t i o n ,  and  t h e  s t e a d y  s ta te  c u r r e n t  d e n s i t y .  The peak  

c u r r e n t  r e p r e s e n t s  t h e  h o l e  f l u x  t o  t h e  CdSe/e l  e c t r o l  y t e  

i n t e r f a c e  i n  t h e  a b s e n c e  of m a s s  t r a n s p o r t  l i m i t a t i o n s .  The 

a u t h o r s  o b s e r v e d  t h a t  t h e  peak  c u r r e n t  d e n s i t y  w a s  i n d e p e n d e n t  

of e x p e r i m e n t a l  p a r a m e t e r s ,  w h i l e  t h e  s t e a d y  s ta te  v a l u e  v a r i e d  

w i t h  o p e r a t i o n a l  t e m p e r a t u r e ,  1  i g h t  i n t e n s i t y ,  e l e c t r o l y t e  

c o n c e n t r a t i o n  and  a p p l i e d  v o l t a g e .  They r e p o r t e d  t h a t  a 

,=2- /S,"- r a t i o  of 1 . 4  and an o p e r a t i n g  t e m p e r a t u r e  o9 307 K 

r e s u l t e d  i n  t h e  smallest  t r a n s i e n t  c u r r e n t  v a l u e s .  An i n c r e a s e d  

. s t a b i l i t y  which w a s  o b s e r v e d  w i t h  a p o l  y s u l f  i d e  s o l u t i o n  

z o n t a i n i n g  a s m a l l  c o n c e n t r a t i o n  of  SeO w a s  a s s o c i a t e d  w i t h  an 

i n c r e a s e  i n  t h e  s u l + u r  d i s s o l u t i o n  r a te  i n  t h e  p o l y s u l + i d e  

el c t r o l  y t e .  

The e + f s c t  of t h e  o p e r a t i n g  t e m p e r a t u r e  on t h e  s h o r t  

c i r c u i t  c u r r e n t  w a s  i n v e s t i g a t e d  by McCann e t  a l .  t 1 0 6 1  and  

P l c l l e r  et  d l .  E 1 0 7 3 .  The s h o r t  c i r c u i t  c u r r e n t  o f  

p o l y c r y s t a l l i n e  C d S e / p o l y s u l f i d e  ce l ls  i n c r e a s e d  v e r y  r a p i d l y  a t  . 
t e m p e r a t u r e s  be tween  265 and 313 K, w h i l e  s i n g l e  c r y s t a l s  

r e v e a l e d  a c o n s t a n t  I,,. T h i s  e f f e c t  w a s  a s s o c i a t e d  w i t h  a l o w  

d i f f u s i o n  r a t e  f o r  Sz- i o n s  which m i g r a t e d  f rom t h e  b u l k  of t h e  

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

r e s u l t e d  i n  a d e p l e t i o n  o+ Sz- a c t i v e  s p e c i e s  i n  t h e  t h i n  + i l m  

p a r e s .  The i n c r e a s e  i n  I,, w i t h  t e m p e r a t u r e  r e a c h e d  a p l a t e a u  

between 307 anti 317 K C1071. 

Cahen e t  a l .  C991 o b s e r v e d  t h a t  e l e c t r o p l a t e d  CdSe f i l m s  

w e r e  c o n s i d e r a b l y  more s t a b l e  t h a n  s i n g l e  c r y s t a l s  and  t h i n  



f i l m s  p r e p a r e d  by o t h e r  t e c h n i q u e s .  They a t t r i b u t e d  t h i s  e f f e c t  

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

s u r f a c e  area which r e s u l t e d  i n  r e d u c e d  real p h o t o c u r r e n t  

d e n s i t i e s .  H e l l e r  e t  d l .  C 101  I  and Hodes et  d l .  C 1081  

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

d e n s i t i e s .  A r e d u c t i o n  i n  I,, f rom 25 t o  15 mAcm-' r e s u l t e d  i n  

a 50 - fo ld  i n c r e a s e  i n  s t a b i l i t y  C1081. 

Tenne C1091 o b s e r v e d  a n  i n c r e a s e d  o u t p u t  s t a b i l i t y  f o r  CdSe 

p h o t o a n o d e s  i n  p o l y s u l f  i d e  e l e c t r o l y t e  u n d e r  chopped 1 i g h t  

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

ha1 e t r a n s f e r  a c r o s s  t h e  i n t e r f a c e  c a u s e d  by s u l  f u r  d i  s50l u t i  on 

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

5.4.2 S u r f  ace E t c h i n g  

S u r f a c e  states c a u s e d  by p o l i s h i n g  a n d / o r  c u t t i n g  i n  s i n g l e  

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

p o l y c r y s t a l l i n e  or  s i n g l e  c r y s t a l  CdSe c a n  b e  removed by v a r i o u s  

e t c h i n g  t e c h n i q u e s .  

H e l l e r  e t  d l .  C 1 1 0 l , C 1 l l l  o b s e r v e d  a l a r g e  i n c r e a s e  i n  

p h o t o r e s p o n s e  of  s i n g l e  c r y s t a l  CdSe a f t e r  e t c h i n g  and a s c r i b e d  

t h i s  e f f e c t  t o  t h e  removal  of c h a r g e  t r a p p i n g  s u r f a c e  states.  

The a u t h o r s  i n v e s t i g a t e d  t h e  s p e c t r a l  r e s p o n s e  of s i n g l e  c r y s t a l  

CdSe by u s i n g  a two-beam method i n  which s t r o n g  c o n t i n u o u s  laser 

1 i j h t  p o p u l a t e d  s u r f  ace states,  whi l e  t h e  s p e c t r a l  r e s p o n s e  w a s  

& s e r v e d  w i t h  a l o w  i n t e n s i t y  m e a s u r i n g  beam. They o b s e r v e d  a 



smaller photocurrent density for short wavelength illumination, 

which is absorbed close to the crystal surface where a high 

density of traps exists, than for long wavelength illumination 

which is adsorbed further away from the surface. Damaged 

surfaces revealed a sub-bandgap response which was removed by 

etching. 

De Silva and Haneman C1121 sbserved by XPS technique an 

increase in the Se/Cd ratio after etching CdSe in dilute aqua 

reqia due ts SeO on the surface. 

!-!odes et al. C1083 and Tenne et al. C1131.C1141 

investigated the effect of photoetching on the solar performance 

sf CdSe/polysulfide cells. Photoetching results when the CdSe 

photoanode is operated under i 1 lumination in a corrosive 

electrolyte. Hodes et a1 . f 1OaI attributed a 50-f old increase 

in stability after photoetching a smooth, polished single 

crystal electrode surface, to an increased surface roughness. 

and thus increased active sur+ace area. Tenne El 131 observed . 
a+ter photoetching of single crystal CdSe, an increase in 

surface area of approximately 50 % due to the formation of 

pits. This caused the reflectivity of incident light to become 

negligible which partly explains the effect a+ photocurrent 

enhancement ater photoetching. A large increase in the cathodic 

dark current was observed in single crystals after prolonged 

photoetching. This e++ect was much less pronounced in 

polycrystalline electrodes due to the larger dark current prim- 

to photoetching C1131. 



L i u  et  a l .  C801 i n v e s t i g a t e d  t h e  e f + e c t  of p h o t o e t c h i n g  

w i t h  n e u t r a l  or weak1 y  a c i d i c  NaCl s o l u t i o n s  on s p r a y  p y r o l y r e d  

CdSe f i l m s .  P h o t o e t c h i n g  o c c u r e d  o n l y  i f  t h e  pH of t h e  NaCl 

s o l u t i a n  w a s  l o w e r  t h a n  12 d u e  t o  p r e c i p i t a t i o n  o+ Cd(OH)=  or 

o x i d e  s p e c i e s  on t h e  CdSe s u r f a c e  a t  h i g h e r  pH, which b l o c k e d  

f u r t h e r  p h o t o c o r r o s i o n .  The a u t h o r s  o b s e r v e d  a n  i n r e a s e d  

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

r e + l e c t i v i t y  a f t e r  p h o t o e t c h i n g .  

3.4.3 S p e c i + i :  I on  A d s o r p t i o n  

{.jari o u s  i on t r e a t m e n t s  o f  CdSe el e c t r o d e s  h a v e  been  +aund  

t o  i n c r e a s e  t h e  open c i r c u i t  v a l t a q e .  Hades et d l .  E821 w e r e  

t h e  +ifst t o  use a  ZnClz  d i p  t o  i n c r e a s e  t h e  p h o t o v o l t a g e  i n  

s l u r r y  p a i n t e d  CdSe t h i n  f i l m s .  Tenne  E l 1 3 1  r e p o r t e d  a n  

i n c r e a s e  i n  p h o t o v o l t a g e  d u e  t o  a d e c r e a s e  i n  t h e  c a t h o d i c  dark 

c u r r e n t  by Zn2* i o n  t r e a t m e n t .  The i n c r e a s e  i n  solar 

pe r+ormance  w a s  f ound  t o  b e  l a r g e r  i n  p o l y c r y s t a l l i n e  CdSe 

p h a t o a n a d e s  t h a n  i n  s i n g l e  crystals .  H e  e x p l a i n e d  t h e  r e d u c t i o n  

i n  c a t h o d i c  d a r k  c u r r e n t  by an  a n a l o g y  t o  MIS s t r u c t u r e s ,  where  

t h e  m e t a l  (MI , t h e  i n s u l a t o r  (1)  . and  t h e  s e m i c o n d u c t o r  ( S )  are 

r e p r e s e n t e d  by t h e  e l e c t r o l y t e ,  t h e  ZnS l a y e r ,  and  CdSe, 

r e s p e c t i v e 1  y. S i n c e  t h e  t r a n s f e r  of m a j o r i t y  carriers a c r o s s  

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

t h e  i n s u l a t i n g  l a y e r ,  t h e  t h i c k n e s s  o f  t h e  ZnS l a y e r  and  t h e  

r e l a t i v e  p o s i t i o n s  o+ t h e  b a n d e d g e s  of CdSe w i t h  r e s p e c t  t o  ZnS 



d e t e r m i n e  t h e  c a t h o d i c  d a r k  c u r r e n t .  

Reichman and Russak  C115I,C1161 i n v e s t i g a t e d  CdSe/ZnSe 

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

vacuum e v a p o r a t i o n  of  a ZnSe f i l m  o n t o  e v a p o r a t e d  CdSe t h i n  

f i l m s ,  f o l l o w e d  by a n n e a l i n g  i n  a i r  which changed  t h e  s u r f a c e  t o  

ZnO. On o p e r a t i o n  i n  p o l y s u l f  i d e  e l e c t r o l y t e ,  t h e  ZnO l a y e r  w a s  

c o n v e r t e d  t o  ZnS. The ZnS l a y e r  w a s  f ound  t o  e x t e n d  t o  a  d e p t h  

of 60 t o  100  8 and w a s  mixed w i t h  CdSe a f t e r  20 3. The s t r u c t u r e  

r e v e a l e d  a n  i n c r e a s e d  V,, r e s u l t i n g  f rom a r e d u c e d  d a r k  

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

and non-etched e l e c t r o d e s  Led t o  t h e  c o n c f u s i o n  t h a t  t h e  

i n c r e a s e d  V,, is n o t  a r e s u l t  of a s h i f t  i n  + l a t b a n d  p o t e n t i a l .  

By d i p p i n g  a c o e v a p o r a t e d  CdSe e l e c t r o d e  i n t o  a 1 M ZnCln 

s o l u t i o n ,  Reichman and Russak  C 1151 o b s e r v e d  a n  i n c r e a s e d  V,, 

and a n  i n c r e a s e d  so la r  e f f i c i e n c y .  They r e p o r t e d  a n e g a t i v e  

s h i S t  i n  f l a t b a n d  p o t e n t i a l  r e s u l t i n q  i n  l a r g e r  bandbend ing ,  d u e  

t o  a n  i n c r e a s e d  e l e c t r o n  a f f i n i t y  of t h e  ZnS s u r f a c e  f o r  ZnCln 

d i p p e d  CdSe e l e c t r o d e s .  

Tomkievicz  et a l .  C891 o b s e r v e d  t h a t  d i p p i n g  a n  

e l e c t r o p l a t e d  CdSe p h o t o a n o d e  i n  GaCl= s o l u t i o n  had  a s imi l a r  

e f f e c t  on t h e  p h o t o v o l t q e  and  c a t h o d i c  d a r k  c u r r e n t ,  a s  w a s  

o b s e r v e d  f o r  ZnCl d i  p p i  nq. However, d i p p i n g  t h e  e l e c t r o d e  i n  

RuC13 s o l u t i o n  r e s u l t e d  i n  a r e d u c t i o n  oS t h e  p h o t o v o l t a g e .  

They o b s e r v e d  a n  a p p a r e n t  c o r r e l a t i o n  be tween  cell  e f f e c t s  on 

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

a d s o r b e d  m e t a l  i o n  on t h e  Hz e v o l u t i o n  r e a c t i o n .  I f  t h e  d a r k  



c u r r e n t  r e s u l t e d  p a r t l y  f rom Ha e v o l u t i o n  a t  t h e  e l e c t r o d e ,  t h e n  

Gas+ i o n s ,  a known p o i s o n  of  t h e  Ha e v o l u t i o n  r e a c t i o n ,  would 

r e s u l t  i n  a d e c r e a s e d  d a r k  c u r r e n t  1891 ,  and  Ru3' i o n s ,  a known 

c a t a l y s t  f o r  Hz e v o l u t i o n ,  would show a n  i n c r e a s e  i n  d a r k  

c u r r e n t ,  and  t h u s  a r e d u c t i o n  i n  V F o r  b o t h  Zn and  G a  

d i p p i n g ,  t h e  m a g n i t u d e  of t h e  o b s e r v e d  e f f e c t s  v a r i e d  be tween  

e l e c t r o d e s  and  w a s  m o s t  s i g n i f i c a n t  w i t h  e l e c t r o d e s  which had a 

poor  solar  p e r f o r m a n c e  C891. 

3 .4 .4  L i f e t i m e  

Hodes st a l .  C1041 s t u d i e d  t h e  l o n g  t e r m  s t a b i l i t y  0-6 

zi? u r r y - p a i  n t e d  CdSe e l e c t r o d e s  w i t h  a power c o n v e r s i o n  

e f f i c i e n c y  of 3.9 % i n  a p o l y s u l f i d e  e l e c t r o l y t e  f o r  e i g h t  

months  and  o b s e r v e d  a d e t e r i o r a t i o n  i n  e f f i c i e n c y  a f t e r  t w o  

months  of o p e r a t i o n  d u e  t o  a d e c r e a s e d  I,.=. A b a t t e r y  

a r r a n g e m e n t  o f  s e v e n  3 c m 7  p a i n t e d  and p h o t o e t c h e d  CdSe t h i n  

f i l m  cel ls  w i t h  a n  o v e r a l l  e f f i c i e n c y  of 3 % r e v e a l e d  a b s o l u t e  

s t a b i l i t y  f o r  f i v e  months.  T h e  s u b s e q u e n t  d e c r e a s e  i n  

e f f i c i e n c y  w a s  a s s o c i a t e d  w i t h  e l e c t r o l y t e  l e a k a g e  of  t h e  

cells.  The l o n g  s t a b i l i t y  of t h e  b a t t e r y  may b e  a t t r i b u t e d  t o  

t h e  removal  of trap c e n t e r s  by p h o t o e t c h i n g  p r i o r  t o  o p e r a t i o n ,  

and t o  a low c u r r e n t  d e n s i t y .  

Haneman e t  31. C581 i n v e s t i g a t e d  t h e  l i f e t i m e  d e p e n d e n c e  o f  

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

c o n v e r s i o n  e f f i c i e n c y  of 5 % C731 on v a r i o u s  e x p e r i m e n t a l  



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

; i f f  e r e n t  s u b s t r a t e  materials,  ZnCln d i p p i n g ,  and  v a r i o u s  

e l e c t r o d e  c o a t i n g s .  Decay rates of I,, w e r e  r e p o r t e d  f o r  up t o  

e i g h t e e n  months.  An i n i t i a l  i n c r e a s e  i n  V,, and  f i l l  f a c t o r  

r e s u l t e d  i n  a c o n s t a n t  power c o n v e r s i o n  e f f i c i e n c y  be tween  o n e  

and s e v e r a l  weeks b e f o r e  began t o  d e c a y  a c c o r d i n g  t o  t h e  

d e c r e a s e  i n  I,,. 

Haneman et  a l .  f583 a b s e r v e d  1 i ttl e o r  no  e f f e c t  of t h e  

OH- c a n c e n t r a t i o n  on t h e  l i f e t i m e  o+ t h e  CdSe e l e c t r o d e .  

However, a s t r o n g  dependence  of t h e  S7-/SmZ- r a t i o  on t h e  

t i ' e t i m e  was o b s e r v e d .  w i t h  a  r a t i o  a f  1.6 r e s u l t i n g  i n  h i g h e s t  

s t a b i  1  i ty. S e v e r e  p h o t o c u r r e n t  d e c a y  rates o b s e r v e d  w i t h  low 

su l ' u r  c o n c e n t r a t i o n  w e r e  a t t r i b u t e d  t o  t h e  d e c o m p o s i t i o n  of t h e  

CdSe s u r f  ace. 

Cadmium s e l e n i d e  d e p o s i t e d  on N i  or T i  s u b s t a t e s  showed 

similar  p h o t o c u r r e n t  d e c a y  rates. The s t a b i  l i t y  of ZnClz d i p p e d  

e l e c t r o d e s  w a s  s u b s t a n t i a l  1 y  r e d u c e d  w i t h  r e s p e c t  t o  u n t r e a t e d  

CdSe C581. 

An o x i d e  l a y e r  on t h e  CdSe s u r f a c e ,  i n d u c e d  by h e a t i n g  t h e  

t h i n  f i l m s  i n  a i r  a t  470 K f o r  10 t o  40 min r e v e a l e d  a r e d u c e d  

p h o t o c u r r e n t  d e c a y  rate. Cadmium s e l e n i d e  coated w i t h  a t h i n  

l a y e r  oS Au o r  P t  b y  s p u t t e r i n q  sr e v a p o r a t i o n  t e c h n i q u e s  showed 

a  s t a b i l i t y  s im i l a r  t o  u n c o a t e d  s amples .  An a c r y l i c  l a y e r  on 

CdSe lowered  t h e  d e c a y  ra te  s u b s t a n t i a l l y ,  p o s s i b l y  d u e  t o  a 

much r e d u c e d  p h o t o c u r r e n t  C581. 

Most e l e c t r o d e s  r e v e a l e d  a p h o t o r e s p o n s e  d e c r e a s e  of l a r g e r  



t h a n  50 % i n  f i v e  months ,  b u t  a s i n g l e  " s u p e r i o r "  sample showed 

a solar p e r f o r m a n c e  d e c a y  of less t h a n  40 % a f t e r  e i g h t  months  

of c o n t i n u o u s  a p e r a t i o n  C58J. A l t h o u g h  t h i s  r e s u l t  w a s  

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

l i f e t i m e  are p o s s i b l e .  



- ! a b l e  3. ? Flatband p o t e n t i a l s  (E+b) and power c o n v e r s i o n  

e - f S i c i e n c i e s  (11) f a r  CdSe el e c t f  ochemica l  phc to -  

v o l t a i c  c e l l s  w i t h  v a r i o u s  aqueous  redox c o u p l e  

e l . e c t r o 1  y t e s .  
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F i g u r e  3 . 1  The c r y s t a l  s t r u c t u r e  ct f  CdSe 

(a) N u r z i t e  l a t t i c e  C90hI 

i b j  The s t a c k i n g  o f  t e t r a h e d r a l  l a y e r s  of Cd 

and Se i n  t h e  h e x a g o n a l  CdSe. CS93 

The s t a c k i n g  s e q u e n c e  is  01010... . 
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Chapter 4 

Mater ia ls  And Methods 

T i t a n i u m  d i s c s  !1 r m  d i a m e t e r ,  c u t  f rom f o i l  o  99.7 % 

p u r i t y  and  p u r c h a s e d  f rom 1 .  F r o d u c t s  i n  Danvers .  

M a s s a c h u s e t t s )  w e r e  a b r a d e d  w i t h  S c o t c h  B r i t e  !3M Canada L t d . ,  

Lcndun, O n t a r i o ) ,  r i n s e d  i n  a c e t o n e  and d i s t i l l e d  w a t e r .  and  

t h e n  e t c h e d  i n  4 % H F  f o r  30 5 .  A f t e r  a T i  w i r e  w a s  spo t -we lded  

t o  e a c h  d i s c ,  t h e  s u b s t r a t e  s i d e  w i t h  t h e  a t t a c h e d  w i r e  w a s  t h e n  

c o a t e d  w i t h  n a i l  p a l i s h  t o  a v o i d  e l e c t r o d e p o s i t i o n  of CdSe on  

b o t h  s i d e s  of t h e  T i  s u b s t r a t e .  

F a r  t h e  d e p o s i t i o n  of CdSe, t h e  work ing  e l e c t r o d e  (T i  d i s c )  

w a s  r a c e d  by a l a r g e  s t a i n l e s s  steel c o u n t e r  e l e c t r o d e  5 t i m e s  

t h e  area u+ t h e  T i  s u b s t r a t e .  A s a t u r a t e d  calomel e l e c t r o d e  

(SCE) w a s  p l a c e d  c l o s e  t o  t h e  work ing  e l e c t r o d e .  The d e p o s i t i o n  

b a t h  w a s  s t i r r e d  a t  a c o n s t a n t  rate by a m a g n e t i c  stirrer. A l l  

p o t e n t i  af s w e r e  measured v e r s u s  SCE. 

E l e c t r u d e p o s i t i o n  of t h e  CdSe w a s  pe r fo rmed  a t  a c o n s t a n t  

p o t e n t i a l  of  -0.72 V v s  SCE f o r  15 min u s i n g  a Wenkinq 



P o t e n t i o s t a t  (13. Bank E l e k t r o n i  k ,  West-Germany) . The a c i d i c  

p l a t i n g  s o l u t i a n ,  p r e p a r e d  +rom r e a g e n t  g r a d e  c h e m i c a l s  (EDH 

Chemica l s )  c o n s i s t e d  o f :  

T [ h e  a v e r a g e  t h i c k n e s s  o+ t h e  CdSe l a y e r  w a s  10&2 Pi" a s  

d e t e r m i n e d  w i t h  an E t e c  Autoscan  E l e c t r o n  Mic roscope  Madel U1 

ISEM).  Weighing t h e  e l e c t r n d e  be+ ore and a+ter  e l e c t r o d e g o s i t i o n  

and u s i n g  t h e  l i t e r a t u r e  d e n s i t y  and the g e a m e t r i c  a r e a  o+ t h e  

d e p ~ s i  t v e r i + i &  t h e  t h i c k n e s s  cd t h e  d e p o s i t .  

The d e p a s i  ti on b a t h  w a s  examined po l  a r o q r a p h i c a l  1  y u s i n g  a 

P r i n c e t o n  Gppl i e d  R e s e a r c h  (FAR! F o t e n t i o s t a t  Model 170. The 

&*orking and  c o u n t e r  e l e c t r o d e s  w e r e  Ti  and  P t  r e s p e c t i v e l y ,  and  

t h e  r e f e r e n c e  e l e c t r o d e  w a s  t h e  SCE. I n  t h e  voltammogram 

i F i g .  4.11, t h e  r e d u c t i o n  f  CdZ' t o  C d  m e t a l  is i n d i c a t e d  by  

L ~ h e  s t e e p  c u r r e n t  i n c r e a s e  w i t h  o n s e t  a t  -0.721t0.01 The 

C1171,CbaI. D e p o s i t i o n  p o t e n t i a l s  c l o s e  t o  -0.68t0.01 V and 

-0.76&0.01 V r e s u l t e d  i n  d e p o s i t s  r i c h  i n  Se, i n d i c a t e d  by  a 

r e d d i s h  c o l o r ,  and  r i c h  i n  Cd, w i t h  n e e d l e  l i k e  c r y s t a l s  a t  t h e  

e l e c t r o d e ' s  e d g e ,  r e s p e c t i v e l y .  A t  -0.72~0.01 V ,  t h e  d e p o s i t  

a p p e a r e d  u n i i o r m  and d a r k  g r e y  i n  c o l o r ,  i n d i c a t i n g  CdSe 

f o r m a t i o n .  

A d e t a i  l e d  i n v e s t i g a t i o n  of t h e  p o t e n t i a l  r a n g e  be tween  



-0.70 V and -0.78 V showed that electroplating of CdSe at 

-0.72 V vs SCE resulted in electrodes with optimum solar cell 

performance, as can be seen in Table 4.1 C1181. 

High plating current densities at the desired plating 

potentials were obtained and resulted in a CdSe layer of 10 pm 

thickness and a rough surface morphology, which is desirable for 

good solar perfarmance. 

Red Se deposits were observed i +  the deposition times were 

too ionq, even at plating potentials of -0.72 V. The growing 

CdSe &posit introduced an increasing resistance between the Ti 

3nd the deposition bath. The resulting vcitage drop across the 

deposi t *as reSlectei by an increasingly more positive potential 

at the CdSe/deposition bath interface, favoring Se deposition. 

The deposition process of CdSe is described in detail in 

Appendix a. 

The perf ormance f an el ectropl ated CdSe el ectrode i s 

hiqhly dependent upon its substrate material. Substrates, such 

as steel, Ni, Ti, Cu, C and A1 were tested. Electroplating CdSe 

onto Cu, C and A1 was not possible. Ti .substrates yielded the 

best CdSe solar cells. 

The electroplated samples were heated in a quartz tube 

furnace at 873 K for 15 min under a vacuum of l W 3  torr. This 

anneal ing resul ted in consi derabl e improvement in the sol ar 

performance of the CdSe photoanodes. 

The electroplated CdSe samples were mounted in a plexiglass 

holder with Easypoxy (Conap Inc., Olean, New 'fork), and dried 



f o r  24 h.  

Cadmium s e l e n i d e  powder (99.7 % p u r i t y ,  5 pin mesh) w a s  

o b t a i n e d  f rom Cominco L t d .  ( T r a i l ,  B r i t i s h  Co lumbia ) .  The powder 

w a s  p r e p a r e d  by r e a c t i n g  a  0.5 M CdSG4 s o l u t i o n  w i t h  H & e  g a s  a t  

-c- .-:a.~ K.  Samples  of 2 0 0 f Z  mg w e r e  c o l d  p r e s s e d  i n  a  c a r b o n  steel 

press a t  d i f f e r e n t  p r e s s u r e s  (11.5. 23 ,  46 and 69 MPai and +or 

s p e c t r ~ g r a p h i e  a n a l y s i s  by Cominco L td .  oS t h e  h i g h  p u r i t y  

powder showed t h e  f o l l o w i n g  i m p u r i t i e s  ( i n  ppmi : 

The r e s u l t i n g  d i s c s ,  10 mm d i a m e t e r  and  0 . 5  - 0.7 mm t h i c k  

were k n n e a l e d  a t  873 K f o r  6 h  u n d e r  vacuum. Due t o  material 

c o s t s ,  i t  is d e s i r a b l e  t o  p r o d u c e  t h e  t h i n n e s t  s e l + - s u p p o r t i n g  

p e l l e t s  p o s s i b l e .  However, d i s c s  which w e r e  less t h a n  

0.25&(I,.02mm t h i c k  became too f r a g i l e  t o  b e  u s e S u l  a s  

p h o t o e l e c t r o d e s .  S e l f - s u p p o r t i n g  p e l l e t s  h a v e  t h e  a d v a n t a g e  

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

between t h e  s u b s t r a t e  and t h e  CdSe d u r i n g  a n n e a l i n g  may b e  

a v o i  ded . 



The d e n s i t y  of t h e  d i s c s  w a s  measured  b e f o r e  and a f t e r  

a n n e a l i n q  u s i n g  b o t h  a m i c r o m e t e r  and a Mettler HZ0 Balance .  

P e l l e t s  p r e p a r e d  a t  v a r i o u s  p r e s s u r e s  w e r e  c u t  i n  h a l f .  

One h a l f  w a s  u s e d  a s  a pho toanode  t o  d e t e r m i n e  its solar 

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

measurements .  

A s t u d y  of optimum a n n e a l i n g  t e m p e r a t u r e  w a s  pe r fo rmed  on 

e l e c t r o d e s  p r e s s e d  f rom 150*5 mg CdSe powder a t  4.5 MPa f o r  

r .J % i n .  The p e l l e t  t h i c k n e s s  r a n g e d  Srom 0.20 -0.40 mm. 

Ohmic c o n t a c t s  were fa rmed by r u b b i n g  a t h i n  l a y e r  of In-Ga 

125:75 by  w e i g h t )  e u t e c t i s  o n t o  a s l i g h t l y  a b r a d e d  s a m p l e  

s u r S a c e .  The p e l  lets w e r e  a t t a c h e d  w i t h  E l e c t r o d a q  415 ( k c h e s o n  

C o l l o i d s  Canada L t d . ,  b r a n t f o r d .  O n t a r i o )  t o  a c l e a n ,  a b r a d e d  

c o p p e r  d i s c ,  w i t h  a c o p p e r  w i r e  s o l d e r e d  t o  t h e  o t h e r  s i d e .  The 

a s s e m b l y  w a s  mounted on a p l e x i g l a s s  h o l d e r  u s i n g  Easypoxy . 

4 . 3  S i n a l  e C r y s t a l  Cadmi um S e l  e n i  d e  E l e c t r o d e s  

P r e c u t  s i n g l e  c r y s t a l  CdSe ( C - p l a t e )  o f  0.25 c m z  area and  

0.1 c m  t h i c k n e s s  and  a r a w  i n g o t  of s i n g l e  c r y s t a l  CdSe w e r e  

o b t a i n e d  f  rorn C l e v e l a n d  C r y s t a l s  ( C l e v e l a n d ,  O h i o ) .  The c r y s t a l s  

w e r e  grown + r o m  a CdSe vapour  phase .  The r k s i s t i v i  t ies  of t h e  

c r y s t a l s  w e r e  0 . 3 R c m  and  2 MPcm r e s p e c t i v e l y .  The i n q o t  w a s  

c u t  i n t o  I mm t h i c k  C - p l a t e s  of a p p r o x i m a t e l y  0.25 c m z  area. 

Emmission s p e c t r o g r a p h i c  a n a l y s i s  by Cominco L td .  of t h e  



t w o  d i f f e r e n t  s i n g l e  c r y s t a l  CdSe b a t c h e s  showed t h e  f  o l  l owing  

i m p u r i t i e s  ( i n  ppm) : 

P r e c u t  c r y s t a l s  

I n  a n  a t t e m p t  t o  improve  t h e  p o o r  solar  p e r f o r m a n c e  of  

t h e s e  c r y s t a l s ,  t h e  s a m p l e s  w e r e  a n n e a l e d  f o r  b h  a t  a73 K u n d e r  

vacuum o r  i n  s e a l e d  e v a c u a t e d  q u a r t z  t u b e s  i n  t h e  p r e s e n c e  of  

e l e m e n t a l  S e  or Cd. 

Ohmic c o n t a c t s  and t h e  mount ing  of t h e  c r y s t a l s  w e r e  

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

87. 

Anodi z a t i  on of t h e  s i n g l e  c r y s t a l  e l e c t r o d e s  w a s  a c h i e v e d  

i n  s a t u r a t e d  KC1 s o l u t i o n  by 30 min w h i t e  l i g h t  i l l u m i n a t i o n  

(l(200 tJrn-"i a t  s h o r t  c i r c u i t .  A S e  1 d y e r  a f  0 .27W.  03 Ym 
t h i c k n e s s ,  a s  c a l c u l a t e d  f rom i n t e g r a t e d  p h o t o c u r r e n t  i .e.  

t o t a l  c h a r g e  f l o w  measu remen t s  C91l ,C119I ,C1201 w a s  fo rmed on  

t h e  CdSe s u r f a c e  by p h o t o c o r r o s i o n .  

I n g o t  
I 

C 
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Mg 0 .1  

Ei 1  
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b 
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A 1  1 
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Cu 20 

S i  70 

Ca (1. 1  

Mn 1  

Zn 1 0 0  

Fe 2 
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B i  0 . 5  Ni 3 



I a n s  a d s o r b e d  by t h e  s u r f a c e  and g r a i n  b o u n d a r i e s  of t h e  

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

pe r fo rmance .  

F r e s s e d  CdSe e l e c t r o d e s  (0.35&(1.02 mm t h i  i k ,  p r e s s e d  f rom 

156+5 mg powder a t  46 MPa f o r  5 min, a n n e a l e d  f o r  b h a t  873 K )  

and e l e c t r a p l  a t e d  s a m p l e s  w e r e  d i p p e d  or b o i  led  f o r  v a r i  o u s  

l e n g t h s  o+ t i m e  i n  a  1 M ZnCl= o r  1 M HqCI=  s o l u t i o n .  

P r i o r  t o  t e s t i n g ,  a l l  CdSe e l e c t r o d e s  w e r e  e t c h e d  f o r  1 min 

i n  a 50 % H a &  and  g l a c i a l  acetic a c i d  s o l u t i o n  i n  t h e  r a t i o  of 

1 : 3, u n l e s s  i n d i c a t e d  a t h e r w i s e .  

The test cell  ( F i g .  4.2) c o n s i s t e d  o+ a q u a r t z  t u b e ,  b c m  

i n  d i a m e t e r ,  w i t h  a n  o p t i c a l  f i a t  bo t tom window. The e l e c t r o d e  

was f i t t e d  t h r o u g h  a t i g h t  t e + l o n  lid, wnich  a l l o w e d  t h e  s y s t e m  

t o  be f u l l y  s e a l e d  f rom t h e  a t m o s p h e r e ,  and a l s o  e n a b l e d  

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

t h e  r edox  c o u p l e  e l e c t r o l y t e  i n t o  t h e  ce l l .  

The e l e c t r o l y t e  was p r e p a r e d  and  s t o r e d  u n d e r  N2 



a tmosphe re .  I t  c o n s i s t e d  of t h e  f o l l o w i n g  r e a g e n t  g r a d e  

c h e m i c a l s  (BDH Chemica l s )  : 

1 M N a O H  

2  M N a &  

1 M SO 

0.01 M SeO 

The a b s o r p t i o n  s p e c t r u m  of t h e  e l e c t r o l y t e  i F i g .  4 .3)  w a s  

measured w i t h  a Fye Uni c a m  S p e c t r o m e t e r  Model 9000. 

The l i g h t  e n t e r e d  t h e  test ce l l  t h r o u g h  the bot tom window. 

p a s s i n g  t h r o u g h  3 mm of e l e c t r o l y t e  between t h e  window and t h e  

C d S e  e l e c t r o d e .  T3e pho toanode  w a s  f a c e d  by  a l a r g e  P t  c o u n t e r  

e l e c t r o d e  r i n g  a f  5 cmZ area. 

T 
I h e  ? e + e r e n c e  ~ l e c t r o d e  (SCE) w a s  made b y  amal gama t i  ng 

s ~ p r o x i m a t e l y  1 g  Hg w i t h  a few mg Hq,Cln and  immersing i t  i n  

s a t u r a t e d  KC1 s o l u t i o n  i n  a g l a s s  t u b e .  A Pt w i r e  p i e r c e d  

t h r o u g h  t h e  bo t tom of  t h e  t u b e ,  c o n n e c t i n g  t h e  amalgam t o  t h e  

o u t s i d e  c i r c u i t .  A s a l t  b r i d g e  (KC1 i n  a g a r )  c o n n e c t e d  t h e  SCE 

t o  t h e  so la r  ce l l .  The r e f e r e n c e  e l e c t r o d e  w a s  c a l i b r a t e d  

a g a i  n s t  a F i s h e r  S c i  e n t i  + i  c Calomel R e f e r e n c e  E l e c t r o d e  Model 

13-639-52. 



4z6 Current-Vo1 tagg- ( I-Vl Characteri 5ti cs 

Fig. 4.4 illustrates the experimental arrangement for 

measurement of the I-V characteristics of the CdSe electrodes 

under white light i f  lumination from a tungsten halogen lamp 

{Canadian General Electric? ELH 120 '4, 300 W ) .  The CdSe 

electrode was biased by means of a PAR Patentiastat Model I73 in 

combination with a Universal Programmer Model i75. The spectra 

were recorded at a rate a+ 20 m V s - l .  

- ,- 
i ;re irradiance on tne test cell was measured b y  means o+ .a 

Tektronic J16 Digital Photometer. 

417-8uantu~-EffirLen_c~~VoLta~ee1~9=Y2,2,Ch,a~z~%~~~s%i~s 

The change in quantum ef-ficiency with forward bias voltage 

was measured using the experimental arrangement shown in 

Fig. 4.5. He1 ium-Neon laser 1 ight (Spectra Fhysics Model 125) , 

chopped at 20 Hz, was incident on the solar cell with an 

intensity a+ 140 Wm-". The forward bias was controlled with the 

PAR Potentiastat and scanned at a rate of 2 mVs-l. The current 

response was fed into a Lock-In amplifier (PAR Model HR-8) and 

then recorded on an X-Y recorder (Hewlett-Packard Model 7 0 0 A R ) .  



The wave leng th  r e s p o n s e  of t h e  e l e c t r o d e s  w a s  o b t a i n e d  

unde r  s h o r t  c i r c u i t  c o n d i t i o n s  u s i n g  a 100  W t u n g s t e n  h a l o g e n  

lamp ( P h i l i p s ,  1 2  V). F i g u r e  4.6 i l l u s t r a t e s  t h e  measurement 

a p p a r a t u s .  Whi te  l i g h t ,  chopped a t  20 Hz, w a s  p a s s e d  t h r o u g h  a 

g r a t i n g  manochromator < Jarel l -Ash, 8 nm resol u t i  o n )  o n t o  t h e  

solar ce l l .  I i h e  c u r r e n t  r e s p o n s e ,  as measured by t h e  

g o t e n t i o s t a t  was f e d  i n t o  t h e  Lock-In A m p l i f i e r  and t h e n  

r s c o r d e d  an the X-Y r e c o r d e r .  

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

w e r e  very l o w  (0.2 - 0.4 Wm-"1, s a m e  ce l l s  w e r e  i l l u m i n a t e d  w i t h  

c o n t i n o u s  laser l i g h t  ( H e -  N e  L a s e r ,  S p e c t r a  P h y s i c s  Model 133) 

a+ 10 Wm-= i n t e n s i t y  a t  t h e  e l e c t r o d e  s u r f a c e  i n  a d d i t i o n  t o  t h e  

weak monochromatic  measu r ing  beam. 

Al l l i g h t  i n t e n s i t i e s  measured w i t h  t h e  T e k t r a n i c  

Pho tome te r  w e r e  c o r r e c t e d  f o r  e l e c t r o l y t e  a b s o r p t i o n .  

S i n c e  t h e  p o t e n t i o s t a t  i n  F i g u r e s  4.4 - 4.6 w a s  n o t  

a v a i l a b l e  f o r  t h e  ear l ier  e x p e r i m e n t s ,  t h e  c i r c u i t  shown i n  

F ig .  4.7 f u n c t i o n e d  a s  such .  The s e m i c o n d u c t o r  e l e c t r o d e  w a s  

b i a s e d  manua l ly  u s i n g  a r h e o s t a t  c o n n e c t e d  t o  a 6 V b a t t e r y ,  and 

t h e  c u r r e n t  r e s p o n s e  o f  t h e  solar cell  w a s  d e t e r m i n e d  across a 

l ( 3 A  l o a d  r e s i s t o r .  



Some e x p e r i m e n t s  w e r e  r e p e a t e d  w i t h  t h e  p o t e n t i o s t a t  

a r r a n g e m e n t s  and r e v e a l e d  i d e n t i c a l  r e s u l t s .  

4.9 R e s i s t i v i t y  

The r e s i s t a n c e  of t h e  p r e s s e d  e l e c t r o d e s  w a s  measured w i t h  

t h e  e x p e r i m e n t a l  a r r a n g e m e n t  shown i n  F ig .  4.3. The I n t e r s t a t e  

E l e c t r o n i c s  C o r p o r a t i o n  F u n c t i o n  G e n e r a t o r  (Model F34!  s u p p l  i e d  

a t r i a n g u l a r  v o l t a g e  ramp acrGss t h e  s ample .  The c u r r e n t ,  

d e t s r m i n e d  by t h e  v o l t a g e  d r o p  a c r o s s  a i kJ2 l o a d  resistor w a s  

r e c o r d e d  as a f u n c t i o n  of a p p l i e d  v o l t a g e  on t h e  X - 7  r e c o r d e r .  

The back c o n t a c t  i In /&)  of t h e  s i n g l e  c r y s t a l  and p r e s s e d  

CdSe e l e c t r o d e s  w a s  f o u n d  t o  b e  ohmic w i t h i n  t h e  a p p l i e d  v o l t a g e  

Tanqe of 1 V.  

Images of  t h e  CdSe s a m p l e s  w e r e  o b t a i n e d  u s i n g  t h e  Au toscan  

E l e c t r o n  Microscope .  T h e  i m a g e s  w e r e  r e c o r d e d  on I l f  o r d  FP4 

+i  l m .  



T- -  4.1 S c i . a r  p e r + c r m a n c s  .a t  i[2rj(Il Wm-= w h i t e  lion% - 

i f  l u m i n a t i o n  o f  CdSe e i e c t r o d e s ,  e i e c t t - o p l a t e d  

c n t o  T i  s u b s t r a t e  a t  v a r i o u s  c o n s t a n t  n e g a t i v e  

p l a t i n g  p o t e n t i a l s ,  4. 
(V,, = open  c i r s u i  t v o l t a g e ,  

I,, = . s h o r t  c i r c u i t  c u r r e n t )  



Fill 

Factor 



.- . -1,;af-E 4.1 . . . . .  
V o i  tammaqram a+ t h e  d e ~ a s l  t ~ o n  bath:  

1 M H&fi4 

0.5 M CdS04 

0.01 M Seaz 

The working and t h e  counter e lect rode  were 

T i  and P t ,  respect ive ly .  





F i c z u r e  - 4 .2  T h e  test eel1 c o n t a i n i n g  a CdSe e i e c t r o d e .  

P t  c o u n t e r  e l e c t r o d e ,  and SCE r e i e r e n c e  

e l e c t r o d e  i n  p o l  y s u i + i d e  eiectrol yte. 
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Fijuro 4.5 The measuring apparatus to determine 

quantum ef iiciency-val taqe characteristics. 
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Fiqw-2 4.& T h e  measuring apparatus t a  d e t e r m i n e  

spectra l  response. 
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Chapter 5 

Resul ts and Di scussi on 

T h e  s u r f  ace m o r p h o l o g y  a 9  el e r t r o d e p o s i  t e d  CdSe f  i l m s  

: .- 2vea.l~ - .3 ~ z a u i  f + l o w e r  s t r u c t u r e  35 shown i n  F i g .  5. I. T h e  

m i c r o g r a p h s  i n  F i g .  5. la  a n d  5. i b  d e p i c t  t h e  s a m e  a r e a  of  a CdSe 

- .  
+ ~ l m  b e + u r e  a n d  a f t e r  a n n e a i i n q ,  r e s p e c t i v e l y ,  as i n d i c a t e d  b y  

the raster which  w a s  d rawn o n t o  t h e  T i  s u b s t r a t e  p r i o r  t o  t h e  

el e c t r o d e p a s i  t i o n .  The a n n e a l e d  f  i l m  s h o w s  s e v e r a l  m i  c r o c r a c k s  

a n d  b a r e  s p o t s  which  are m o s t  l i k e l - y  c a u s e d  by  t h e  d i f f e r e n c e  i n  

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

C ~ S E  + i l m .  

The I-V c h a r a c t e r i s t i c s  shown i n  F i g .  5.2 r e v e a l  a v e r y  low 

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

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

b e  associated w i t h  a h i g h  n o n - s t o i c h i o m e t r y  of  t h e  f i l m s  

& s e r v e d  by  De S i l v a  et  a l .  6901 a n d  T o m k i e v i c z  e t  a l .  ta97. a n d  

a p o o r  a d h e s i o n  of  t h e  t h i n  f i l m  t o  t h e  T i  s u b s t r a t e .  The  

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



l e f t  + o r  s e v e r a l  d a y s ,  exposed  t o  a i r  at. r o o m  t e m p e r a t u r e .  

A f t e r  a n n e a l  inq, t h e  e l e c t r o d e  showed a 7-f m i d  i n c r e a s e  i n  t h e  

s h o r t  c i r c u i t  c u r r e n t  d e n s i t y  and an  i n c r e a s e  i n  t h e  open 

c i r c u i t  v o l t a g e  -irom 270 t o  530 mV. The " s q u a r e n e s s "  of t h e  I-V 

c h a r a c t e r i s t i . c s  ( f  i 1 1  f a c t o r )  a l so  improved s u b s t a n t i a l  1 y  a f t e r  

a n n e a l  i n q  a s  shown i n  F i g .  5 . 2 ,  

The c o n t a c t  be tween  t h e  CdSe and + h e  Ti  s u b s t r a t e  w a s  f o u n d  

t o  b e  =! i g h t l  y nun-ohmic a t  a n  a p p l i e d  vof t a g e  o f  800 mV as 

shown i n  F i g .  5.3. For  an  ohmic c o n t a c t  be tween  a m e t a l  and  a 

zemi rznGur+a r ,  it is n e c e s s a r y  the  wat-kfufictian of t h e  metal 

< $ :. + - 
. . ,: -u he s m a f  l e r  t h a n  the w a r k f u n c t i o n  n$ t h e  s e m i c o n d u c t o r  

< $-= j - - .  :;i rice $ , < ~ i )  = 4-30 v [ 1227 and  

a,, ( n - ~ d ~ e )  = 5.00 V C 1232, a n  ohmic c o n t a c t  sh:~uld  t-esul t. 

T h u s ,  t h e  nun-ohmic b e h a v i u u r  must arise + r a m  a thin o x i d e  l a y e r  

on t h e  Ti s u b s t r a t e .  

T h e  s u b s t a n t i a l  1 y improved sol  a r  c h a r a c t e r i s t i c s  a f  

e l e c t r o d e p a s i t e d  CdSe a+ter a n n e a l i n g  may b e  d u e  t o  v a r i o u s  

e f S e c t s ,  s u c h  a s  c r y s t a l l i t e  g rowth .  which r e d u c e s  t h e  d e n s i t y  

of g r a i n  boundary  s tates,  i n c r e a s e d  s t a i c h i o m e t r y  and  b e t t e r  

homogenei ty  o+ t h e  f i l m s ,  which r e d u c e s  t h e  number of t r a p p i n g  

sites and  r e c o m b i n a t i o n  c e n t e r s  C8?1,C?01. The o b s e r v e d  

m i c r o c r a c k s  and  b a r e  s p o t s  i n  a n n e a l e d  f i l m s  w i l l  n o t  

. s u b s t a n t i a l  l y 1  ower t h e  solar  pe r+ormance  of t h e  e l e c t r o d s s  

s i n c e  t h e  TiOa l a y e r  c o v e r i n g  t h e  s u b s t r a t e  ac ts  as  a n  

i n s u l a t o r .  

The e f f e c t s  a f  e t c h i n g  t h e  a n n e a l e d  e l e c t r o d e p o s i  t e d  CdSe 



e l e c t r o d e s  i n  d i l u t e  aqua  r e q i a  on t h e  s u r f a c e  morphology of  

CdSe are shown i n  F ig .  5 .4 .  E t c h i n g  removed l o o s e  g r a i n s  and 

exposed  l a r g e r  areas of t h e  s u b s t r a t e ,  a s  c a n  b e  s e e n  by 

compar i son  of  t h e  CdSe m i c r o g r a p h s  w i t h  t h e  mic rog raph  of t h e  Ti  

s u b s t r a t e  ( F i g .  5 . 4 e I .  

Comparison a f  t h e  p h o t o r e s p o n s e  of e t c h e d  and non-etched 

e l e c t r ~ d e s  p r e s e n t e d  i n  F ig .  5.5 shows b a t h  an  i n c r e a s e d  

7 k o t o c u r r e n t  and  f i l l  f a c t o r  and a s l i g h t l y  r e d u c e d  V,, d u e  t o  

an  i n c r e a s e d  d a r k  c u r r e n t  +or the e t c h e d  e l e c t r o d e .  The 

increase i n  current d e n s i t y  and  " s q u a r e n e s s "  o f  t h e  1 -  c u r v e  

may b e  a s s c c i a t e d  w i t h  t h e  i n c r e a s e  i n  a c t i v e  s u r f a c ~  a r e a  of 

?he e t c h e d  e l e c t r o d e  C1087 and t h e  removal  a+ c h a r g e  t r a p p i n g  

s i t e s  C l l O ~ , C l l l I .  

The c h a n g e  i n  quantum e f f i c i e n c v  w i t h  f a r w a r d  b i a s ,  

r e p r e s e n t e d  i n  F ig .  5.6, r e v e a l s  t h e  "S-shape" b e h a v i o u r ,  which 

i n d i c a t e s  a 1 o s s  mecbani s m  $3 f  c h a r g e  carriers 

C511,C521,~551.C561.  S i n c e  t h e  o n s e t  of t h e  p h o t o c u r r e n t  is t h e  ' 

s a m e  f o r  t h e  e t c h e d  and  non-etched e l e c t r o d e s ,  t h e  r e d u c t i o n  i n  

V,, of t h e  e t c h e d  e l e c t r o d e s  d o e s  n o t  arise f rom a s h i f t  i n  t h e  

r l a t b a n d  p o t e n t i a l .  E t c h i n g  m o s t  l i k e l y  r e d u c e s  t h e  s h u n t  

r e s i s t a n c e ,  as+ i n d i c a t e d  by an i n c r e a s e d  e x p o s u r e  of t h e  

s u b s t r a t e .  A s i m u l t a n o u s  r e d u c t i n n  i n  c u r r e n t  d e n s i t y  a+ter  

e t c h i n g  which o n e  may expect f rom removal  of CdSe w i l l  b e  

minimal i f  e t c h i n g  removes  p r e f  e r e n t i s i l  y  material which w a s  

p o o r l y  a t t a c h e d  t o  t h e  s u b s t r a t e .  

The e f f e c t  of l i g h t  i n t e n s i t y  nn t h e  s h o r t  c i r c u i t  c u r r e n t  



i n  e l e c t r o p l a t e d  CdSe t h i n  f i l m  e l e c t r o d e s  !Fig.  5 . 7 )  shows a 

i i z e a r  b e h a v i a u r ,  as e x p e c t e d  +ram eq .  2.22 i n  C h a p t e r  2. The 

open c i r c u i t  v o l  t a q e  r e v e a l s  a 1 o g a r i  t h m i c  behav i  o u r  w i t h  

r e s p e c t  t o  l i g h t  i n t e n s i t y  ( F i g .  5.8) a5 p r e d i c t e d  f rom t h e  

model r e p r e s e n t e d  i n  C h a p t e r  2  by eq .  (2 .211 ,  eq.  (2.221, and 

eq. (2.23:. A n o n l i n e a r  b e h a v i o u r  would i n d i c a t e  a l i m i t i n g  

h o l e  t r a n s f e r  mechani s m  a t  t h e  s e m i  c o n d u c t o r / e l  ectrol y t e  

i n t e r f a c e .  

The s u r f a c e  s t r u c t u r e  of p r e s s e d  CdSe powder r e v e a l s  a  

s h i n y ,  s t r e a k e d  morphology which becomes + l a k e d  a f t e r  a n n e a l i n g  

as  shown i n  F i g .  5.9. The u n a n n e a l e d  p e l l e t s  had no  solar 

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

on t h e  solar p a r a m e t e r s  is summarized i n  T a b l e  5.1. Annea l ing  a t  

673 K i n  vacuum f o r  a d u r a t i a n  of 0 . 2 5  t o  6 h  showed a l o w  

o v e r a l l  so la r  r e spon&e .  An i n c r e a s e  i n  t e m p e r a t u r e  . t o  773 K 

i n c r e a s e d  t h e  open c i r c u i t  v o l t a g e  c o n s i d e r a b l y ,  a l t h o u g h  i t  w a s  

still low. Annea l ing  a t  973 K r e v e a l e d  t h e  b e s t  solar  r e s p o n s e ,  

b u t  t h e  p e l l e t s  had l o s t  a s u b s t a n t i a l  amount of m a t e r i a i  and 

became v e r y  f r a g i l e .  Annea l ing  a t  873 K f o r  6 h  r e s u l t e d  i n  a 

h i g h  V,,, h i g h  I,,, and  good f i l l  f a c t o r .  

The e f f e c t  of  p r e s s u r e  and  its d u r a t i o n  on t h e  d e n s i t y  of 

t h e  CdSe d i s c s  is i l l u s t r a t e d  i n  F i g .  5.10. The d u r a t i a n  of  t h e  



pressure had only a small effect on the density of the pressed 

samples. Larger pressures led to densities closer to the single 

crystal density of 5.74 gcf13. However, for pressures larger than 

69 MFa, fractures occured either on release of the pressure or 

during the following heat treatment. Annealing the pellets 

under vacuum at 973 K for 6 h increased the density by 

1 3  to 22 %, with the largest increase occurinq for the samples 

pressed at a lower pressure. 

The surrace morphol ouy of the anneal eti pressed pel lets is 

C rs~resented in F i g .  a. ? I .  Figure 5.11~1 shaws  the crystalline 

nature oi the sample pressed at 11.5 MFa and the presence of 

large crystal i i tes  which  disappear af ter etching the sample 

prior to testing its solar cell characteristics. For a sample 

pressed at 23 MFa (Fig. S.llb), the surface shows an increase in 

flakes sire and fewer crystallites are present on the surface. 

The crystallites disappear completely for samples pressed at 

46 MPa (Fig.5.11~1, and the surface has a more polycrystallineb 

structure as evident in Fig. 5.11d (five times expanded scale). 

Figure 5.1112 shows a sample pressed at 63 MFa, which is similar 

in appearance to the 4h MFa sample. 

The effects of pressure and its duration on the 

resistivity, and I,, are illustrated in Table 5-2. For an 

increased duration in pressure, the resistivity decreases, while 

the V,, and I,, fluctuate within 15 % . an increase in pressure 

resulted in a decreased resistivity and an increased V,,, while 

the short circuit current was slightly reduced. The increase in 



open circuit voltage and decrease in short circuit current may 

be associated with .the increased flake size of the pel lets with 

increased pressure. The smaller flakes yield a large surface 

area and a large number of surface states which may pin the 

Fermi level and reduce the V,,. 

Typical I - V  characteristics under- white 1 ight illumination 

are illustrated in Fig. 5.12!1) for samples pressed for 5 min 

and in Fig. 5.12tIIf +or samples pressed +or 2 h at different 

pressures. Bath figures show that lower pressures give rise to 

a higher d-iart rircuit current whif e the open circuit potential 

i.5 lawer compared to samoles pressed at higher pressure. For 

zompat-ison, the dark currents are shown in Fig. 5.13. Comparison 

with Fig. 5.12 shows that the "superposition principle" C561 is 

reasonably well-obeyed in these samples, i.e. the photoresponse 

a+ the cell deteriorates when the opposing dark current becomes 

large. 

Figure 5.14 relates the I,, and the V,, to the density of ' 

the annealed pellets. The observed dependence of V,,, I,,. and 

the I-V characteristics on the pellet density could be ascribed 

to several factors which include series and shunt resistances of 

the cell. crystallinity of the samples, and variations in the 

intrinsic quantum eff iciency with voltage and wavelenqth of the 

incident light. 

Figure 5.15 illustrates the effect of pressure and its 

duration on the ?,-V curves. A general trend is a deteriorating 

quantum efficiency around 300 to 350 mV; as well, lower pressure 



g e n e r a l 1  y l e a d s  ta a l o w e r  quan tum e f  f i c i e n r y .  The h i g h e s t  

d e n s i t y  p e l l e t  (69 MFa w i t h  2 h  p r e s s u r e  t i m e )  s h o w s  t h e  b e s t  

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

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

r e s i s t a n c e  r s u l t i n g  f r o m  m i c r o c r a c k s .  A 1 1  c u r v e s  i n  F i g .  5.15 

e x h i b i t  t h e  f a m i l i a r  "S-shape" ,  i n d i c a t i n g  a l o s s  mechanism 

r e l a t e d  t o  r e c o m b i n a t i o n  o f  carr iers  i n  t h e  n e u t r a l  r e g i o n ,  t h e  

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

~ ~ : , c E ~ , c ~ ~ I , E ~ A I .  

T ~ E  spectral r e s p o n s e  a+ t h e  p h o t o a n o d ~ s  i n  F i g .  5.1$ s h a w s  

a well d e f i n e d  a b s o r p t i o n  e d g e  o f  CdSe a t  1.71 e Y  + o r  t h e  two 

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

c r y s t a l l i n i t y  o f  t h e  p e l l e t s .  The two s a m p l e s  t h a t  w e r e  p r e s s e d  

a t  l o w e r  p r e s s u r e  show a mare g r a d u a l  t r a n s i t i o n  of  t h e  

a b s o r p t i o n  e d g e  d u e  t o  a smaller g r a i n  s i z e .  T h i s  r e s u l t s  i n  an  

i n c r e a s e d  d e n s i t y  o f  d e f e c t  s ta tes  i n  t h e  b a n d g a p .  

Campar ing  t h e  g e n e r a l  f e a t u r e s  o f  t h e  v o l  t a g e  d e p e n d e n c e  ' 

r e v e a l s  t h a t  t h e  f e a t u r e s  of t h e  "S-shaped"  c u r v e s  i n  t h e  

quan tum e f f i c i e n c y  d e p e n d e n c e  o n  f o r w a r d '  b i a s  (F ig .5 .151  are n o t  

p r e s e n t  i n  t h e  I -V c h a r a c t e r i s t i c s  ( F i g .  5.12 a n d  F i q .  5.13). 

T h i s  i n d i c a t e s  t h a t  t h e  d o m i n a n t  mechanism a f f e c t i n g  t h e  shape 

o+ t h e  I-V curves is t h e  l a r g e  d a r k  c u r r e n t  which  f l o w s  o p p o s i t e  

t o  t h e  p h o t o c u r r e n t .  



P r e c u t  s i n g l e  c r y s t a l s  !ba t ch  A )  and  s i n g l e  c r y s t a l s  c u t  

f rom an  i n g o t  ( b a t c h  El w e r e  a n n e a l e d  u n d e r  vacuum, and i n  Cd 

and S e  a tmosphe re .  T h e i r  s o l a r  r e s p o n s e  w a s  a n a l y z e d  and 

c ~ m p a r e d  by I - V  and ?,-V c h a r a c t e r i s t i c s ,  and  by s i n g l e  and 

d a u b l e  beam p h o t o c u r r e n t  s p e c t r o s c o p y ,  u s i n g  a He-Me laser a s  a  

pumping s o u r c e .  The s p e c t r a l  r e s p o n s e  w a s  o b t a i n e d  w i t h  a weak, 

madul a t e d  measu r ing  beam. 

Annea l ing  a+ CdSe u n d e r  vacuum l i b e r a t e s  Se f rom t h e  

s u r f a c e ,  l e a v i n g  b e h i n d  a Cd r i c h  s a m p l e  C8?1,C901,C1241. i n  

p a l  g c r y s t a l  l i n e  sampl es, Se woul d  e s c a p e  v i  a q r a i  n  b o u n d a r i e s  , 

and i t  is  c o n c e i v a b l e  t h a t  i n  s i n g l e  c r y s t a l s ,  t h e  Se d i f f u s e s  

t h r o u g h  t h e  c r y s t a l  s u r f a c e  r e s u l t i n g  i n  a S e - r i c h  s u r S a c e  l a y e r  

o v e r  a n o n - s t o i c h i o m e t r i c  CdSe c r y s t a l ,  a s  i n d i c a t e d  by a r e d  ' 

e o l o u r .  T h i s  w i l l  g i v e  rise t o  b u l k  d e f e c t s  and  a s u r f a c e  

b a r r i e r  a s s o c i a t e d  w i t h  a h i g h  d e n s i t y  of  s u r f a c e  states. The 

po l  y s u l +  i d e  r edox  e l e c t r o l y t e  n i l  1  r e a d i  1 y  d i s s o l v e  t h e  S e  

l a y e r ;  however t h e  rate of d i s s o l u t i o n  is s t r o n g l y  r e d u c e d  by 

the a d d i t i o n  oS lo-' M Se t o  t h e  e l e c t r o l y t e .  

The p r e s e n c e  o+ e x c e s s  Se i n  t h e  s u r f a c e  l a y e r  of vacuum 

a n n e a l e d  s i n g l e  c r y s t a l s  w a s  c o n f i r m e d  by t h e  S A M  t e c h n i q u e .  

The r a t i o  of t h e  Cd(376  eV) s i g n a l  t o  t h e  Se(1315 e V )  s i g n a l  w a s  

o b s e r v e d  t o  b e  15 % l o w e r  i n  t h e  vacuum a n n e a l e d  s a m p l e s  t h a n  i n  



t h e  unannea l  ed s i n g l e  i r y s t a l . ~ .  Unf o r t u n a t e l  y ,  t h e  unannea l  ed  

c r y s t a l s  had t a  b e  s p u t t e r e d  by A r *  i o n s  t o  f r e e  t h e  s u r f a c e  of 

e x c e s s  c a r b o n .  S i n c e  Ar '  bombardment w a s  f ound  t o  i n d u c e  

l a t t i c e  d e f e c t s  i n  s i n g l e  c r y s t a l  CdSe, which w e r e  a t t r i b u t e d  t o  

e x c e s s  Se C1251,C1261, t h e  a c t u a l  Cd/Se r a t i o  i n  t h e  unannea led  

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

The c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  of Cd and  vacuum 

a n n e a l e d  s i n g l e  c r y s t a l  CdSe is r e p r e s e n t e d  i n  !Fig.  5.175. 

While t h e  r u r r e n t  d e n s i t i e s  o+ t h e  t w o  d i f f e r e n t  s a m p l e s  a r e  

s i m i l a r ,  t h e  d a r k  c u r r e n t s  ( F i g .  5.17bj show v e r y  d i f + e r e n t  

S e h a v i o u r .  The d a r k  c u r r e n t  i n c r e a s e s  r a p i d l y  a t  a p p r o x i m a t e l y  

1500 mV i a r w a r d  b i a s  a vacuum a n n e a l e d  c r y s t a l s .  and between 

C,-, - .J.N and 600 mV f o r  Cd a n n e a l e d  samples .  The s t r o n g l y  r e d u c e d  

d a r k  c u r r e n t  i n  t h e  vacuum a n n e a l e d  c r y s t a l  may b e  a c c o u n t e d  f o r  

by t h e  p r e s e n c e  a+ a s u r f a c e  b a r r i e r  t o  e l e c t r o n  f l o w  a r i s i n g  

from t h e  S e - r i c h  s u r f a c e  which b r e a k s  down a h i g h  f o r w a r d  b i a s ,  

i n  ag reemen t  w i t h  a model p roposed  by F r e s e  f o r  a n o d i z e d  s i n g l e  ' 

c r y s t a l  s u r f a c e s  C?11,C1191,C1201. 

T h e  d e c r e a s e  i n  c u r r e n t  d e n s i t y  of  t h e  Cd a n n e a l e d  c r y s t a l s  

i n  F i g .  5 .17a  is p r i m a r i l y  d e t e r m i n e d  by t h e  d a r k  c u r r e n t ,  w h i l e  

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

i n d e p e n d e n t  of t h e  d a r k  c u r r e n t .  Fo r  b o t h  s a m p l e s ,  t h e  d e c r e a s e  

i n  c u r r e n t  d e n s i t y  f o r   OW f o r w a r d  b i a s  i n d i c a t e s  a b l o c k i n g  

b a r r i e r  f o r  h o l e s  a t  t h e  s u r f a c e  C 5 6 3 .  E l  G u i b a l v  and Colbow 

C561 a s s o c i a t e d  t h i s  b e h a v i o u r  w i t h  s u r f a c e  s t a tes  a c t i n g  as  

h o l e  t r a p p i n g  s i tes  which become i o n i z e d  w i t h  i l l u m i n a t i o n ,  t h u s  



r e d u c i n g  t h e  amount of bandbendinq .  A s  s e e n  i n  F i g .  5.17, t h e  

Cd a n n e a l e d  s a m p l e  shows a h i g h  c a t h o d i c  c u r r e n t  which 

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

~ 0 . 5  V. I n  c o n t r a s t ,  t h e  vacuum a n n e a l e d  e l e c t r o d e  d o e s  n o t  

r e v e a l  t h i s  l a r g e  c a t h o d i c  c u r r e n t ,  p r e sumab ly  d u e  t o  t h e  S e  

l a y e r  a t  t h e  s u r i a c e .  

0 
The b e h a v i o u r  of t h e  quantum e f f i c i e n c y  a t  6328 A w i t h  

f o r w a r d  a p p l i e d  v o l t a g e  is i l l u s t r a t e d  i n  Fig. 5.18.  The c u r r e n t  

d i r e c t i o n  of t h e  vacuum a n n e a l e d  s i n g l e  c r y s t a l  ( F i g .  5 .16b)  

r e v e r s e s  f o r  v a l  t a g e s  l a r g e r  t h a n  t h e  open c i  r c u i  t vo l  t a g e .  A 

p o s s i b l e  e x p l a n a t i o n  i s t h a t  u n d e r  s t r o n g  i i g h t  i f ? umi n a t i  an t h e  

S e  l a y e r  becomes p h a t s s o n d u c t i v e  and a l l c i w s  a c a t h o d i c  c u r r e n t  

t o  f l o w  between the CdSe and  t h e  e l e c t r o l y t e  s o l u t i o n .  

The Cd a n n e a l e d  s a m p l e  i n  F i g .  5.13 shows t h e  s a m e .  "normal"  

s p e c t r a l  r e s p o n s e  a s  an  u n t r e a t e d  s i n g l e  c r y s t a l  C1271 ( n o t  

shown) , b u t  w i t h  a s ix - f  o l d  i n c r e a s e  i n  quantum e f f i c i e n c y  

i s e e T a b l e 5 . 3 1 ,  w i t h  and  w i t h o u t  laser pumping. Vacuum 

a n n e a l i n g  of CdSe c r y s t a l s  d i d  n o t  improve  t h e  o v e r a l l  solar 

r e s p o n s e .  I n  f a c t ,  i t  showed a r a t h e r  u n u s u a l  b e h a v i o u r ,  which 

became more pronounced  w i t h  laser pumping. fi  d o u b l e  peak 

f e a t u r e  i n  t h e  p h o t o c u r r e n t  s p e c t r u m  a t  1.66 e V  and 1.71 e V  n e a r  

t h e  bandedge  o i  CdSe, and a l o w e r ,  n e a r l y  c o n s t a n t  r e s p o n s e  S o r  

p h a t o n  e n e r g i e s  l a r g e r  t h a n  1.8 e V ,  w a s  o b s e r v e d .  With laser 

pumping, t h e  e f f i c i e n c i e s  n e a r  t h e  bandgap i n c r e a s e  

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

v a l u e  f o r  h i g h  e n e r g y  pho tons .  



Haak e t  d l .  [1251,C1261 o b s e r v e d  t h e  p r e s e n c e  of i n t r i n s i c  

i n t e r - b a n d g a p  s tates a p p r a x i m a t e l y  0.2 e V  be low t h e  c o n d u c t i o n  

bandedge  i n  CdSe, w i t h  a h i g h e r  d e n s i t y  o f  s t a t e s  i n  

p o l y c r y s t a l l i n e  CdSe t h a n  i n  s i n g l e  c r y s t a l  CdSe. However, 

p o l i s h i n g  and A r *  i o n  bombardment of s i n g l e  c r y s t a l s ,  which 

c a u s e s  d e + e c t  s tates,  enhanced  t h e  d e n s i t y  o f  t h e s e  states. The 

a u t h o r s  a t t r i b u t e d  t h e  o r i g i n  o+ t h e s e  s ta tes  t o  e x c e s s  Se.  

y e l l e r  e t  a l .  t1101 o b s e r v e d  a s i m i l a r ,  b u t  much less 

pronounced  b e h a v i o u r  of t h e  s p e c t r a l  r e s p o n s e  of s i n g 1  e c r y s t a l  

CdSe w i t h  p e a k s  a t  1.64 and 1 . 6 9  e V  a s  shown i n  Fig. 5.19. They 

a s c r i b e d  t h e s e  p e a k s  t o  s ta tes  w i t h i n  t h e  bandgap  a r i s i n g  f rom 

i a p e r f e c t i o n s  n e a r  tRE! s e m i c o n d u c t o r  s u r f a c e  and  a c t i n g  as t r a p s  

and r e c o m b i n a t i o n  c e n t e r s .  T h i s  would l e a d  t o  c h a n g e s  i n  t h e  

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

. semiconductor  s u r f a c e .  The o b s e r v e d  p e a k s  p o s s i b l y  arise f ~ o m  

photon  a b s o r p t i  on and el e c t r o n - h o l e  g e n e r a t i  on i n v o l  v i  ng 

i n t e r - b a n d g a p  states. P h o t o n s  of e n e r g y  g r e a t e r  t h a n  1 . 8  e V  are 

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

quantum e+f  i c i e n c y  d u e  t o  r e c o m b i n a t i o n  v i a  t h e  l a r g e  d e n s i t y  o f  

s u r f a c e  states. L a s e r  pumping would r e s u l t  i n  t h e  f i l l i n g  of  

t h e  t r a p s  n e a r  t h e  CdSe/Se i n t e r f a c e  and  t h u s  y i e l d  a n  i n c r e a s e d  

quantum e # f i c i e n c y .  

Amorphous S e  h a s  a bandgap of 2 .05 e V  C1281, j u s t  a b o v e  t h e  

laser e n e r g y  of 1.96 e V .  Amorphous S e  a t  t h e  s u r + a c e ,  w i t h  a  

l a r g e  c o n c e n t r a t i o n  of Cd, w i l l  l i k e l y  show s t r o n g  a b s o r p t i o n  a t  

t h e  laser e n e r g y .  I f  e l e c t r o n s  are t r a p p e d  i n  t h e  Se s u r f a c e  



layer while the light generated holes are captured by the 

reduced species of the redox electrolyte, a larger bandbending 

will be produced in the CdSe, and thus a larger depletion width 

will result. The increased number of electrons near the CdSe/Se 

interface will decrease the quantum efficiency for electron-hole 

pairs generated by high energy photons by filling traps and 

recombination centers. The increased depletion width will 

resuit in an increased quantum e+firiency far holes generated by 

near bandgap phetons since they create electron-hale pairs 

deeper in the r~ystai. This wuuld also explain the increased 

efSiciency oS the 1.66 eV transitian with increasing light 

intensity, as .ihawn in Fig. 5.20. At a laser intensity of 

7 Wm-", the photocurrent is saturated, which indicates a slaw 

transrer velocity of hales to the electrolyte CSZI, C%I, 

resulting in photocorrosion. 

Figure 9.21 shows the spectral response of anodized CdSe 

after Cd and a+ ter vacuum annealing. The grown Se layer was 

found to be 40.27 pm thick for both samples, as calculated from 

integrated phatocurrent measurements C91I,C11?3,C1201. While the 

Cd annealed sample reveals the same behaviour with and without 

e laser pumping !Fig. a. 21a) , the vacuum annealed, anodized 

crystal (Fig. 5.21b,c! shows a response similar to the 

untreated, vacuum annealed sample. The overall increase in 

quantum efficiency of anodized samples is most likely caused by 

an improved surf ace condition due to photoetching. Similar 

results were obtained by Frese C1211, showing an increased 



quantum e f f i c i e n c y  n e a r  t h e  bandedge  f o r  a n o d i z e d  CdSe 

e l e c t r o d e s .  Fur  Se l a y e r  t h i c k n e s s e s  o+ 0 .24  and 0.36 p m ,  t h e  

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

1.96 e V ,  and w a s  a s s o c i a t e d  w i t h  pho ton  a b s o r p t i o n  i n  t h e  S e  

f a y e r .  The s p e c t r a l  r e s p o n s e  i n  F i g .  5.21 shows a smaller 

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

i n d i c a t i n g  t h a t  t h e  S e  l a y e r  may i n  f a c t  b e  t h i n n e r  t h a n  

c a l c u l a t e d ,  o r  p o s s i  b l  y p a r o u s  C 1291. 

Leav ing  t h e  a n o d i z e d  s a m p l e s  f o r  24  h i n  r edox  e l e c t r o l y t e  

unde r  , s h o r t  circuit c o n d i t i o n s  improved t h e  quantum e f f i c i e n c y ,  

which i n d i c a t e s  t h a t  t h e  Se l a y e r  d i s s o l v e s ,  l e a v i n g  beh ind  a 

p h o t o e t c h e d  CdSe surface. The d o u b l e  peak + e a t u r e  of t h e  vacuum 

a n n e a l e d  s a m p l e  ( F i g .  5.21b) d i s a p p e a r s  upon a n o d i z i n g  and an1  y 

the 1.71 e V  peak r ema ins .  Upon laser pumping ( F i g .  5 . 2 1 c l ,  t h e  

quantum e + f  i c i e n c y  peak a g a i n  s h i f t s  t o  1.66 e V .  T h i s  i n d i c a t e s  

t h a t  t h e  1.65 eV t r a n s i t i o n  is d u e  t o  a d e e p  i n t e r b a n d  s t a t e  

which is e s s e n t i a l l y  n o t  a f f e c t e d  by p h o t o e t c h i n g .  

F i g u r e  5 . 2 2  r e p r e s e n t s  v a r i o u s  h e a t  t r e a t m e n t s  f o r  b a t c h  E 

s i n g l e  c r y s t a l  CdSe. The s p e c t r a l  r e s p o n s e  of  t h e  quantum 

eSf i c i e n c y  is c o n s i d e r a b l y  improved + o r  t h e  Cd a n n e a l e d  s a m p l e  

compared t o  t h e  u n t r e a t e d  s i n g l e  c r y s t a l  ( F i g .  5.22a). Both show 

a "norma l "  s p e c t r a l  r e s p o n s e  and  r e v e a l  i d e n t i c a l  r e s u l t s  w i t h  

and  w i t h a u t  laser pumping. The u n t r e a t e d  c r y s t a l  shows some 

band t a i l i n g  which s e e m s  t o  d i s a p p e a r  upon Cd a n n e a l i n g .  The 

vacuum a n n e a l e d  s i n g l e  c r y s t a l  (F ig .  5.22b) shows o n l y  o n e  peak  

at 1.71 e V  w i t h  v e r y  low quantum e f f i c i e n c y .  P h o t o n s  w i t h  



e n e r g y  g r e a t e r  t h a n  1.8 e V  d o  n o t  show any  m e a s u r a b l e  

p h o t o r e s p o n s e ,  i n d i c a t i n g  a s t r o n g  a b s o r p t i o n  i n  t h e  S e  s u r f a c e  

l a y e r  of t h e  c r y s t a l  a n d / o r  a l a r g e  d e n s i t y  of  h o l e  t r a p p i n g  

s i tes  n e a r  and  a t  t h e  s u r f  ace. Upon laser pumping, on1 y  o n e  

peak is o b s e r v e d  which shows s t r o n g  b a n d - t a i l i n g  and a l a r g e  

50-f 01 d  i n c r e a s e d  quantum e f  S i c i e n c y  a t  1.66 e V .  

F i g u r e  5.22~ r e p r e s e n t s  t h e  s p e c t r a l  r e s p o n s e  of S e  

a n n e a l e d  CdSe c r y s t a l s .  Whi le  t h e  quantum e f f i c i e n c y  is 

ex t r eme1  y  s m a l l ,  t h e  c r y s t a l s  shaw a "normal  " b e h a v i o u r  w i t h  a 

Sandgap of 1.74 e V .  With laser pumping, t h e  bandedge  s h i f  ts 

t o w a r d s  l ower  e n e r g i e s ,  g i v i n g  rise t o  a s m a l l  peak a t  1.74 e V .  

Gnneal i n g  i n  Se a t m o s p h e r e  may c a m p e n s a t e  t h e  s e m i c a n d u c t o r  

s i n c e  S e  wauld act  as  an  e l e c t r o n  a c c e p t o r ,  r e s u l t i n g  i n  a l o w  

e S + e c t i v e  donor  d e n s i t y  and  a l a r g e  number o+ carr ier  t r a p s .  

T a b l e  5.3 summar izes  and  compares  t h e  quantum e f + i c i e n c i e s  

+ar h i g h l y  e n e r g e t i c  p h o t o n s  (2.0 e V )  and  t h e  o b s e r v e d  peak 

e f f i c i e n c y  a t  1.71 e V  ( w i t h o u t  laser pumping) and  1.66 e V  ( w i t h b  

laser pumping) f o r  t h e  u n t r e a t e d  and a n n e a l e d  CdSe s i n g l e  

c r y s t a l  s. 

The 1-0 c h a r a c t e r i s t i c s  of  e l e c t r o p l a t e d .  p r e s s e d ,  and  

s i n g l e  c r y s t a l  CdSe p h o t o a n o d e s  is compared i n  F i g .  5.23. Whi le  



t h e  h i g h e s t  power c o n v e r s i o n  e f f i c i e n c y  of 4.2f0.2 % is o b t a i n e d  

f o r  t h e  p r e s s e d  p e l  f et e l e c t r o d e ,  t h e  e l e c t r o p l a t e d  e l e c t r o d e  

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

a n  e f f i c i e n c y  of 2.4k0.2 %. 

The s u r f  ace m o r p h o l o g i e s  o+ t h e  e l e c t r o p l a t e d  and  p r e s s e d  

CdSe a f t e r  h e a t  t r e a t m e n t  are compared i n  F i g .  5.24. The p r e s s e d  

p e l l e t  s u r f a c e  shows a u n i f o r m  p o l y c r y s t a l i i n e  a p p e a r a n c e ,  and  

t h e  e l e c t r a p l  a t e d  s a m p l e  r e v e a l s  a c a u l  if lower-li ke s t r u c t u r e  

w i t h  m i c r o c r a c k s ,  some of wh i rh  e x t e n d  t o  t h e  Ti  s u b s t r a t e .  

T h u s ,  t h e  h i g h  . s h o r t  c i r c u i t  c u r r e n t  of t h e  p r e s s e d  p e l l e t  i n  

F ig .  5.23 may r e s u l t  + r a m  t h e  l a r g e  a c t i v e  s u r + a c e  a r e a ,  and  t h e  

reduced s h o r t  c i r c u i t  c u r r e n t  i n  e l e c t r o p l a t e d  CdSe may b e  d u e  

t o  i ts  inhornaqeneous morphology. The m i c r o c r a c k s  g i v e  rise t o  a 

l a w  s n u n t  r e s i s t a n c e  and t h u s  a r e d u c e d  V,,. 

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

p r e s s e d  e l e c t r o d e s .  r e s u l t i n g  i n  a n a r r o w e r  d e p l e t i o n  w i d t h ,  so  

t h a t  more carriers a r e  g e n e r a t e d  i n  t h e  b u l k  where  r e c o m b i n a t i o n  

is more p r o b a b l e .  The e m i s s i o n  s p e c t r o q r a p h i c  a n a l y s i s  of b o t h  

t h e  s i n g l e  c r y s t a l s  and  t h e  powder on p a g e s  a8 and  86, 

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

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

e o n c e n t r a t i o n .  However, t h e  r e d u c e d  I,, and  f i l l  f a c t o r  of t h e  

s i n g l e  c r y s t a l s  may b e  e x p l a i n e d  by t h e  p r e s e n c e  of a L a r g e  

number of d e f e c t  s tates c a u s i n g  r e c o m b i n a t i o n  and  t r a p p i n g  of 

c h a r g e  carriers. 

0 
The quantum e f f i c i e n c y  a t  6328 A a s  a f u n c t i o n  of  f o r w a r d  



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

c r y s t a l  i r e p r e s e n t e d  i n  F i g .  5.25. The "S-shape" i n  t h e  

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

Al though t h e  s i n g l e  c r y s t a l  shows a l o w e r  quantum e f f i c i e n c y  

than t h e  p r e s s e d  p e l l e t ,  t h e  s h a p e  of t h e  s i n g l e  c r y s t a l  c u r v e  

i n d i c a t e s  a lower  series r e s i s t a n c e .  Due t o  series r e s i s t a n c e  

of  t h e  p h o t o c e l l ,  i n  I o r w a r d  b i a s  n o t  a l l  of t h e  a p p l i e d  v o l t a g e  

w i l l  b e  a c r o s s  t h e  s p a c e  c h a r g e  r e g i o n .  T h i s  a f f e c t s  t h e  

o b s e r v e d  v o l t a g e  dependance  oI t h e  quantum e + f i c i e n c y  and c a u s e s  

af t h e  p r e s s e d  p e l l e t  c o u l d  b e  a s c r i b e d  t o  a  h i g h e r  series 

resi i t a n r e .  The r e l a t i v e 1  y S l a t  r e s p o n s e  i n  q, w i t h  s m a l  1  

Sorward b i a s  +or b o t h  t h e  s i n g l e  c r y s t a l  and t h e  e l e c t r o p l a t e d  

CdSe is not  o b s e r v e d  i n  t h e  I -V c h a r a c t e r i s t i c s .  T h i s  i n d i c a t e s  

t h a t  t h e  d a r k  c u r r e n t  d e t e r m i n e s  t h e  s h a p e  of t h e  I - V  c u r v e s .  

The quantum e + f i c i e n c y  a t  l o w  f o r w a r d  b i a s  i n  F i g .  5 .25  w a s  

I i t t e d  t o  t h e  G a r t n e r / B u t l e r  model t221,C231,  r e p r e s e n t e d  on 

page  24. The b e s t  f i t  was o b t a i n e d  w i t h  4, <.< 1. The donor  

d e n s i t i e s  c a l c u f  a t e d  f rom t h e  f i t t e d  Wo w i t h  d =  0 . 6 8 ~ 1 0 ~  c m - l  

f o r  a pho ton  e n e r g y  of 6320 8 Cb11 are: 

s i n g l e  c r y s t a l  e l e c t r o d e  1 . 3 ~  10L7  cm-3 

p r e s s e d  p e l  1 et  e l e c t r o d e  3 . 1 ~  10L6 cm-3 

e l e c t r o p l a t e d  e l e c t r a d e  1.6% 101- cm-=. 

These  v a l u e s  w e r e  t h e n  used  t o  r e g e n e r a t e  t h e  quantum 

e f i i c i e n c i e s  v i a  eq .  2.19 i n  C h a p t e r  2  and  t h e  r e s u l t s  are 



i n d i c a t e d  i n  F i g .  5.25 by t h e  circles. The c a l c u l a t e d  and  

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

b i a s .  The G a r t n e r / B u t l  er model on1 y a s s u m e s  r e c o m b i n a t i o n  of  

carriers i n  t h e  b u l k  of t h e  s e m i c o n d u c t o r .  F o r  a l a r g e r  f o r w a r d  

ce l l  b i a s ,  t h e  c h a r g e  r e c a m b i n a t i o n  i n  t h e  d e p l e t i o n  r e g i o n  and  

a t  t h e  s u r f a c e  becomes m o r e  p r o b a b l e ;  i n  t h i s  case t h e  model no  

l o n g w  h o l d s .  

F i g u r e  5.25 r e p r e s e n t s  t h e  s p e c t r a l  r e s p a n s e  of  t h e  quantum 

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

and e l e c t r o p l a t e d  CdSe p h o t o a n o d e s  a t  s h o r t  e i r c u i  t. Whi le  t h e  

p h o t o r e s p o n s e  a f  s i n g l e  c r y s t a i  CdSe is r e l a t i v e 1  y  s m a l l  f o r  

sub-bandgap pho ton  e n e r g i e s ,  t h e  e l e c t r o p l a t e d  and  p r e s s e d  

p e l  l e t  e l e c t r o d e s  show a p p r e c i a b l e  band - t a i  l i n g .  T h i s  i n d i c a t e s  

d e f e c t  s tates w i t h i n  t h e  s e m i c o n d u c t o r  bandgap ,  which m o s t  

l i  k g 1  y r e s u l t  f rom g r a i n  b o u n d a r i e s  a n d / o r  l a t t i c e  d e f e c t s .  The 

l o w  p e r f o r m a n c e  of t h e  e l e c t r o p l a t e d  e l e c t r o d e  is d e t e r m i n e d  

l a r g e l y  by its morphology and by a l o w  s h u n t  r e s i s t a n c e .  ' 

Assuming t h e  v a l i d i t y  o+ t h e  G a r t n e r / B u t l e r  model a t  s h o r t  

c i r c u i t ,  Fig. 5.26 s u g g e s t s  t ' ha t  t h e  w a v e l e n g t h  r e s p o n s e  of  t h e '  

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

e l e c t r o d e s .  

The p l o t  o+ ! ~ , h ~ ) ~  i n  F ig .  5.27 shows a bandgap  of 

1.73&0.01 e V  f o r  t h e  s i n g l e  c r y s t a l  CdSe, w h i l e  t h e  

p o l y c r y s t a l l i n e  s a m p l e s  e x t r a p o l a t e  t o  an a b s o r p t i o n  e d g e  of 

1.71t0.01 e V .  The knee i n  t h e  c u r v e s  of t h e  p o l y c r y s t a l l i n e  

s a m p l e s  may r e s u l t  f rom d e f e c t  s t a tes  w i t h i n  t h e  bandgap.  



5 .5  Ion  S u r f a c e  T r e a t m e n t s  .......................... 

Dipp ing  CdSe e l e c t r o d e s  i n t o  ZnClZ o r  HgC17 s o l u t i o n  c a n  

c a u s e  c o n s i d e r a b l e  c h a n g e s  i n  t h e  solar pe r fo rmance .  Z i n c  o r  

HgZ+ i o n s  chemiso rbed  a t  g r a i n  b o u n d a r i e s  and  s u r f a c e  states 

w i l l  r e s u l t  i n  a Zn-Se o r  Hg-Se bond, r e s p e c t i v e l y .  T h i s  w i l l  

relocate s u r f a c e  states and may s p l i t  them i n t o  bonding  and  

a n t i - b o n d i n g  states.  Z i n c  s e l e n i d e  5 a wide bandgap 

. s e m i  c o n d u c t o r  fE,=2.6 eV! which w i l l  r e d u c e  h o l e  t r a p p i n g  a n d i o r  

r e c o m b i n a t i o n  a t  g r a i n  b o u n d a r i e s ,  w h i l e  HgSe w i t h  a bandqap o+ 

0.26 eLJ w i l l  e n h a n c e  m i n o r i t y  carrier loss.  

The v a r i o u s  Zn2' i o n  t r e a t m e n t s  of p r e s s u r e  s i n t e r e d  CdSe 

e l e c t r o d e s  are summarized i n  T a b l e  5.4. Whi le  d i p p i n g  t h e  

e l e c t r o d e s  i n  c o l d ,  a s  w e 1  l a s  b o i l i n g  ZnClz s o l u t i o n  shows a 

pronounced i n c r e a s e  i n  V,,, t h e  s h o r t  c i r c u i t  c u r r e n t  d e n s i t y  of  

e l e c t r o d e s  d i p p e d  i n  b o i l i n g  Zn&lz s o l u t i o n  shows a d r a m a t i c  

d e c r e a s e ,  even  though  i t  is n o t  a f f e c t e d  i n  co ld -d ipped  

e l e c t r o d e s .  T h i s  d e c r e a s e  i n  J,, c o u l d  b e  c a u s e d  by f r a c t u r i n g  

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

20 min immersion i n t o  t h e  b o i l i n g  s o l u t i o n ,  The e f f e c t  of ZnZ+ 

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

solar p e r f o r m a n c e ,  which w a s  a l so  r e p o r t e d  by  Tomkievicz et  a l .  

C891. T h e r e f o r e  a t r u e  compar i son  be tween  d i f f e r e n t  e l e c t r o d e s  

is n o t  p o s s i b l e .  



The I-V c h a r a c t e r i s t i c s  of t h e  c o l d  d i p p e d ,  p r e s s u r e  

s i n t e r e d  e l c t r o d e ,  r e p r e s e n t e d  i n  F i g .  5.28, show a pronounced  

i n c r e a s e  i n  V,,, r e s u l t i n g  l a r g e l y  f rom t h e  d e c r e a s e  i n  t h e  d a r k  

c u r r e n t .  The t r e a t e d  and  u n t r e a t e d  e l e c t r o d e s  d o  n o t  obey  t h e  

" s u p e r p o s i t i o n  p r i n c i p l e " ,  i .e. t h e  s u p e r p o s i t i o n  o f  

p h o t o c u r r e n t  and  d a r k  c u r r e n t ,  which would i n d i c a t e  t h e  p r e s e n c e  

of a l a r g e  d e n s i t y  of s u r f a c e  s tates C561. The i n c r e a s e  i n  V,, 

w i t h  d i p p e d  e l e c t r o d e s  may arise from a s h i f t  i o  t h e  s u r f a c e  

states c l o s e  t o  t h e  c o n d u c t i o n  bandedge ,  which p r e v e n t s  s h u n t i n g  

U+ t h e  d e p l e t i o n  r e g i o n .  

The e f + e c t  of ZnC1 d i p p i n q  on t h e  quantum 

e + + i c i e n c y - v o l  t a q e  characteristics is r e p r e s e n t e d  i n  F i g .  5 - 2 9 .  

The d i p p e d  e l e c t r o d e  shows a s h i f t  i n  t h e  o n s e t  of t h e  

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

s h i f t  i n  t h e  f  l a t b a n d  p o t e n t i a l .  T h i s  would also e x p l a i n  t h e  

r e d u c t i o n  i n  d a r k  c u r r e n t  d e n s i t y  and t h u s ,  t h e  i n c r e a s e  i n  open 

c i r c u i t  v o l t a g e .  The s h i f t e d  "S-shape" i n  t h e  V c u r v e s  

p r e d i c t s  an  i n c r e a s e d  c h a r g e  t r a n s f e r  across t h e  i n t e r f a c e  

C521,[561, p o s s i b l y  d u e  t o  t h e  i n c r e a s e d  bandbending .  

A compar i son  of t h e  I-V c h a r a c t e r i s t i c s  of p r e s s e d  p e l  1 et  

e l e c t r o d e s  d i p p e d  i n  HgC17 s o l u t i o n  w i t h  ZnC1= d i p p e d  and  

u n t r e a t e d  e l e c t r o d e s  is r e p r e s e n t e d  i n  F i g .  5.30. M e r c u r i c  i o n  

t r e a t m e n t  r e s u l t s  i n  a r e d u c e d  open c i r c u i t  v o l t a g e  a s  w e l l  a s  a 

r e d u c e d  f i l l  f a c t o r  and power c o n v e r s i o n  e f f i c i e n c y ,  d u e  t o  a n  

i n c r e a s e d  d a r k  c u r r e n t .  The weakly  a d s o r b e d  Hgz* i o n s  a t  t h e  

electrode s u r f a c e  s l i g h t l y  s h i f t  t h e  s u r f a c e  s tates s u c h  t h a t  a n  



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

s t a tes  as i n d i c a t e d  by t h e  i n c r e a s e d  d a r k  c u r r e n t .  However, 

s t r o n g l y  a d s o r b e d  ZnZ+ i o n s  r e s u l t  i n  a l a r g e  s h i f t  of  s u r f a c e  

s tates,  s u c h  t h a t  t h e  t u n n e l i n g  of m a j o r i t y  car r iers  is 

b locked .  

S c a n n i n g  Auger e l e c t r o n  mic roscopy  p r o v i d e d  e v i d e n c e  t h a t  

Zn2* and  Hg7* i o n s  are chemiso rbed  a t  t h e  s u r f a c e  and  a t  g r a i n  

bounda r i  es of p o l  y c r y s t a l  l i n e  CdSe. The s p e c t r a  showed n o  

e v i d e n c e  o+ t h e  i o n  a d s o r p t i o n  of  d i p p e d  and  s u b s e q u e n t l y  e t c h e d  

s i n g l e  c r y s t a l  CdSe; d i p p i n g  w i t h  s u b s e q u e n t  e t c h i n g  r e v e a l e d  

t h e  p r e s e n c e  of Zn and  Hg a t o m s  i n  t h e  CdSe p r e s s e d  p e l l e t s .  

The e++ect of Zn2+ t r e a t m e n t  on e l e c t r o p l a t e d  e l e c t r o d e s  i 5 

more pronounced  t h a n  i n  p r e s s u r e  s i n t e r e d  e l e c t r o d e s ,  as  shown 

i n  F i g .  5.31. I n  a d d i t i o n  t o  a n  i n c r e a s e d  V,, c a u s e d  by a 

d e c r e a s e d  d a r k  c u r r e n t ,  t h e  c u r r e n t  d e n s i t y  shows a s u b s t a n t i a l  

i n c r e a s e .  S i n c e  t h e  s u r f a c e  of  t h e  e l e c t r o p l a t e d  t h i n  f i l m s  is 

p o r o u s  w i t h  m i c r o c r a c k s  and  b a r e  s p o t s  and  t h u s  less homogeneous 

t h a n  t h e  p r e s s e d  p e l l e t s ,  t h e  i o n  s o l u t i o n  w i l l  p a s s i v a t e  g r a i n  

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

e l e c t r o d e s .  The r e s u l t i n g  r e d u c t i o n  i n  t h e  d e n s i t y  of  

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

i n  t h e  p h o t o c u r r e n t .  



Tab le  5 . 1  The effect of a n n e a l i n q  t e m p e r a t u r e  and its 

d u r a t i o n  on t h e  solar p e r f o r m a n c e  of CdSe 

p r e s s e d  p e l  let e l c t r o d e s  

The p e l  lets w e r e  p r e s s e d  a t  46 MPa. 

( i l l u m i n a t i o n  i n t e n s i t y  630 Wm-*) 

V,, = open  c i r c u i t  v o l t a g e  i n  mV 

J,, = s h o r t  c i r c u i t  c u r r e n t  d e n s i t y  i n  m A c m - 2  

f f  = f i l l  factor 
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Table 5.2 The ef+ect o+ pressure and its duration on 

the solar parameters of pressure sintered 

el ectrades 

(Illumination intensity 1000 Wm'7) 

V,, = open circuit voltage 

J, = short circuit current 



Pressure 

r Wal 

Time 

bin1 

Resistivity 

r Qcml 



T a b l e  5.3 The quantum e i f i c i e n c i e s  a t  2.00 e V  and t h e  

peak r e s p o n s e  I -1.7 e V )  w i t h  and w i t h o u t  

laser pumping for CdSe s i n g l e  c r y s t a l s  w i t h  

v a r i o u s  t r e a t m e n t s  
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Table 5.4 The e f f e c t  of  Znz* i o n  s u r f a c e  t r e a t m e n t s  

an  the solar  p e r f  nrrnance of CdSe pressed p e l l e t  

e l e c t r o d e s  

4 V,, = c h a n g e  i n  open  c i r c u i t  v o l t a g e  

J,, = c h a n g e  i n  s h o r t  c i r c u i t  c u r r e n t  

i2; J f  = c h a n g e  i n  f i l l  f a c t o r  

A = c h a n g e  i n  power c o n v e r s i o n  e f f  i c i e n c y  



I Zn2+ ion 

/ Treatment 

5 min 
373 K 

10 min 
373 K 

20 min 
373 K 

5 min 
295 K 



Figure 5 . 1  The s u r f  ace morphology o i  el ectrodeposi ted CdSe 

t h i n  f i l m s  

(a) a s  d e p o s i t e d  

c'b) a n n e a l e d  i n  v a c u u m  a t  873 K f o r  20 ini n 







Voltage [mV] 



F i g u r e  5 .3  Current-vol  t a g e  c h a r a c t e r i s t i c s  o f  t h e  e l e c t r o p l a t e d  

CdSe/Ti s u b s t r a t e  and CdSe/In-Ga s o l i d  s t a t e  c o n t a c t s  





F i g u r e  5 .4  Surf  ace morphology o f  e l e c t r o p l a t e d  CdSe t h i n  

f i l m s  

( a ) ,  ( b )  b e f o r e  e t c h i n g  

( c ) ,  ( d l  e t c h e d  far 1 min i n  d i l u t e  aqua r e g i a  

( e l  Ti s u b s t r a t e  





Figure 5.5 Current-vol taqe characteristics o+ etched f-) 

and unetched !- - -1 electroplated CdSe electrodes 

(a1 in the dark 

i b )  with white light illumination a+ 1OOO Win-=) 

intensity. 



Voltage [mV] 



F i g u r e  5.6  Buantum ef f  i c i e n c y - v o l  t a g e  c h a r a c t e r i s t i c s  of  t h e  

e l e c t r o d e s  shown i n  F i g .  5.5 

( a )  a + t e r  e t c h i n g  

(b! b e + o r e  e t c h i n g  







Light Intensity [ W m  -7 
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F i g u r e  3-10 Effects of  p r e s s u r e  and its d u r a t i o n  on t h e  

d e n s i  t y  o f  p r e s s e d  CdSe. 

(-1 D e n s i t y  be+ ore anneal  i n q  

( -  - - 1  D e n s i t y  a f t e r  a n n e a l i n g  a t  873 K f o r  6 h 

The samples  w e r e  p r e s s e d  a t  p r e s s u r e s  of: 

(a) 1 1 . 5  Mpa 

(b) 23 Mpa 

( c )  44 Mpa 

(dl 69 Mpa 



A 

3 - 

I I I 1 
0 1 2 3 

Press Time (hours) 



- 
Figure 3. i l E l e c t r o n  micrographs  showing t h e  s u r f a c e  

murphal ogy  o f  annealed CdSe sampl es 

magn i f i ed  It333 times, except f o r  fd) 

( SUOG ti m e s  

The p r e s s u r e s  a p p l i e d  and the d u r a t i n n  w e r e :  

( a )  11.5 MPa f o r  2 h 

( b )  23 MFa f u r  2 h 

( c )  46 MPa f o r  2 h 

( d l  46 MFa f o r  2 h 

(e) 69 MPa f o r  5 min 





Figure  5.12 Current-vol t a g e  c h a r a c t e r i s t i c s  a t  1000 Wm-2 

white  l i g h t  

The samples w e r e  pressed  f o r  5 min (I) and 2 h (11) 

a t  p r e s s u r e s  of 

(a) 11.5 MPa 

(b) 23 MPa 

( c )  46 MPa 

( d )  69 MPa 





r - 
r I gure  5.13 Dark current -vo l  t a q e  c h a r a c t e r i s t i c s  af t h e  

e l e c t r o d e s  of F i g .  5.12 



Forward Bias (Volts) 



F i g u r e  5.14 Dependence of the s h o r t  c i r c u i t  c u r r e n t  

density and the open c i r c u i t  voltage a n  

t h e  densities of pressed pellets after 

anneal i ng 



Density (g ~ r n - ~ )  





0.2 0.4 0.6 

Forward Bias (Volts) 





Photon Energy (eV) 



F i g u r e  5.17  Current -vo l tage  c h a r a c t e r i s t i c s  a t  1OOO Wm-" 

 whit^ fight i l l u m i n a t i o n  (a )  and i n  t h e  dark i b i  

f o r  annea led  s i n g l e  c r y s t a l  CdSe i n  Cd atmosphere 

(- i and under vacuum f -  - -1 



FORWARD BIAS (V) 





FORWARD BIAS (V) 

- 144 b- 



F i g u r e  5.  29 S p e c t r a l  r e s p o n s e  of s i n g l e  c r y s t a l  CdSe ( b a t c h  A )  

far Cd annea led  (-> and vacuum annea led  ( -  - -)  

e l e c t r o d e s  w i t h o u t  laser pumping, and t h e  vacuum 

anneal  e d  e l e c t r o d e  under laser pumping ( - - - - - ) 

Gctual e f + i c i e n c i e s  of t h e  dashed and d o t t e d  c u r v e  

a r e  h a l f  a s  shown. 
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F i  giiril 5.24 Electron mi eropraphs o f  annealed CdSe st i O Q ( 2 X  

maqni+ication +or an e lect ropia ted  sample (a1 

and a  pressed pe l  l e t  i:b) 





F i g u r e  5.25 Val t a q e  dependence  ot the quantum e + + i c i e n c y  
0 

a t  6329 A +or  s i n g l e  c r y s t a l  i C d  a n n e a l e d )  

i-) , p r e s s e d  p e l l e t  i -  - - j  , and  e l e c t r o -  

p l a t e d  I - - - - -  1 CdSe 

The c i r c l e s  r e p r e s e n t  c a l c u l a t e d  v a l u e s .  



200 400 600 

FORWARD BlAS(mV) 





PHOTON ENERGY (eV) 



F i g u r e  5.27 Bandgap d e t e r m i n a t i o n  p l o t  o f  (?hv)*  vs. 

photon  e n e r g y  h v  f o r  s i n g l e  c r y s t a l  (- 1 ,  

p r e s s e d  p e l l e t  ( -  - - 1 ,  and e l e c t r o p l a t e d  

( - - - - -  1 CdSe 









r z rlgurs 5.2? T ~ E  quantum ef f iciency-vol tage characteristics 

sf the e l e c t r o d e s  shown i n  F i q .  5-28 

(a) d i p p e d  e l e c t r o d e  

(b 1 untreated electrode 









Figure 5.31 EfSect of ZnClp dipping on the I - V  

characteristics of an electroplated CdSe 

electrode 

(- 1 dipped for 30 min in 1 M solution 

at raam tempe~ature 

c -  - -1 untreated 

Ca) in the dark 

(b) illuminated with .white light of 1OOO Wm-7 

intensity 



I I I \ \  
200 . 400 600 

Voltage [mV] 



Chapter 6 

Summary and Conclusions 

E l e c t r o p l a t e d ,  c o l d  p r e s s e d .  and  s i n g l e  c r y s t a l  C d S e  

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

compared.  

Anneal i ng of b o t h  el e c t r o p i  a t e d  and  p r e s s e d  el e c t r o d e s  

g r e a t 1  y i n c r e a s e d  t h e  so la r  p e r + o r m a n c e ,  p o s s i b l y  d u e  t o  

c r y s t a l l i t e  g rowth .  i n c r e a s e d  homogene i ty ,  and  improved 

s t o i  c h i  omet ry .  Annea l ed ,  e l e c t r o p l a t e d  CdSe f  i 1 s  showed 

m i c r o c r a c k s  and  b a r e  s p o t s  which m o s t  l i k e l y  arose f rom t h e  

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

and t h e  CdSe t h i n  f i l m .  E t c h i n g  of  a n n e a l e d ,  e l e c t r o p l a t e d  CdSeb 

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

p o s s i b l y  d u e  t o ' a n  i n c r e a s e  i n  a c t i v e  s u r + a c e  a r e a .  

Cold p r e s s e d  CdSe e l e c t r o d e s  w e r e  p r e p a r e d  a t  v a r i o u s  

p r e s s u r e s  of 11.5, 23, 4&, or  69 WPa. A n n e a l i n g  i n c r e a s e d  t h e  

d e n s i t y  of t h e  p r e s s e d  s a m p l e s  13 t o  22 %, w i t h  t h e  h i g h e s t  

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

Cadmium s e l e n i d e  p e l l e t s  p r e p a r e d  a t  low p r e s s u r e s  r e v e a l e d  

h i g h e r  s h o r t  c i r c u i t  c u r r e n t s  b u t  l o w e r  open  c i r c u i t  v o l t a g e s  

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



smaller grain size. 

Annealing of single crystal CdSe under vacuum produced a Se 

surface layer and probably a large density of bulk defect 

states, possibly due to Se interstitials. This resulted in an 

unusual spectral response with two strong, distinct bands below 

the CdSe absorption edge of 1.73 eV, and a decreased efficiency 

+or highly absorbed light due to large recombination near the 

semi conductor surf ace. Si mu1 taneous pumping wi th a ~ e - ~ e  1 aser 

enhanced the unusual spectral characteristics. This may be 

accounted for by assuming that the laser lijht is stranqly 

absorbed in the larger bandgap Se sur+ace layer, where electron 

trapping Leads to larger bandbending and thus an increased 

depletion layer width in the CdF?. This would lead to an 

improved quantum ef+iciencv for photon energies smaller than the 

bandgap energy. 

The quantum efficiency enhancement by the laser could 

possibly be attribuited to a photoconductivity effect, i.e. ah 

lowering o+ the series resistance by penetrating light, which 

was observed +or the high resistance vacuum annealed samples. 

However, the photoconductivity reduced the series resistance by 

only 40 % which is not suf+icient to account for the observed 

data. 

Annealing of single crystal CdSe in Cd atmosphere improved 

the solar performance considerably compared to the untreated 

crystals. This effect could be associated with better 

stoichiometry and a reduction in defect states. 



Comparison of t h e  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s ,  v o l t a g e  

dependence  of t h e  quantum e f f i c i e n c y ,  and  t h e  s p e c t r a l  r e s p o n s e  

of  t h e  e l e c t r o p l a t e d ,  p r e s s e d ,  and  s i n g l e  c r y s t a l  CdSe 

photo-anodes showed t h a t  t h e  p r e s s e d  p e l l e t  e l e c t r o d e s  had t h e  

b e s t  so la r  pe r fo rmance .  T h i s  w a s  a t t r i b u t e d  t o  a l o w e r  d e f e c t  

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

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

e l e c t r o d e s .  A n a l y s i s  of t h e  s p e c t r a l  r e s p o n s e  i n d i c a t e d  a 

bandgap of  1.73 e V  f o r  t h e  s i n g l e  c r y s t a l s ,  and  a bandgap of 

1.71 e V  +or b o t h  t h e  p r e s s e d  p e l  le t  and e l e c t r o p l a t e d  samples .  

Dipping  t h e  CdSe e l e c t r o d e s  i n  ZnCln s o l u t i o n  l e d  t o  a 

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

t h e  d e c r e a s e d  d a r k  c u r r e n t :  d i p p i n g  i n  HgClz s o l u t i o n  r e v e a l e d  a 

d e c r e a s e  i n  t h e  open c i r c u i t  v o l t a g e .  These  e f f e c t s  w e r e  

a t t r i b u t e d  t o  a l a r g e  s h i f t  of  t h e  s u r f a c e  s tates a r i s i n g  f rom 

s t r o n g l y  a d s o r b e d  Znz* i o n s  and  a s m a l l  s h i f t  f rom weakly  

a d s o r b e d  Hgz' i o n s .  

The e f f i c i e n c i e s  of  b o t h  e l e c t r o p l a t e d  and  s i n g l e  c r y s t a l  

CdSe e l e c t r o d e s  w e r e  i n  t h e  r a n g e  of  2 t o  4 % : p r e s s e d  

e l e c t r o d e s  s e e m  m o s t  promi s i n g  f o r  solar e n e r g y  c o n v e r s i o n  w i t h  

e f f i c i e n c i e s  of up t o  6.7 % . The t h i n n e s t  p e l l e t s ,  0.25f0.02 mm 

i n  t h i c k n e s s  and  t e n  t i m e s  t h i c k e r  t h a n  r e q u i r e d  from o p t i c a l  

c o n s i d e r a t i o n s ,  a s s u r e  material cos ts  of  9 8 p e r  peak w a t t ,  

which is comparab le  t o  t h e  p r e s e n t  cost of s i n g l e  c r y s t a l  S i  

solar cells. 

Cadmium s e l e n i  d e  e l e c t r o c h e m i c a l  p h o t o v o l  t a i c  ce l l s  w i  11  



o n l y  b e  e c o n o m i c a l l y  c o m p e t i t i v e  i f  t h e y  c a n  b e  p roduced  i n  

l a r g e  area a r r a y s .  A 1  t h o u g h  el e c t r o d e p o s i  t e d  CdSe e l e c t r o d e s  

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

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

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

e f f i c i e n c i e s .  The f u t u r e  of  e l e c t r o c h e m i c a l  solar  c e l l s  m o s t  

l i k e l y  d o e s  n o t  l i e  i n  p h o t o v o l t a i c s  s i n c e  t h e y  may n o t  b e  a b l e  

t o  compete  w i t h  p o l  y c r y s t a l l i n e  s o l i d  s t a t e  S i  solar  cel ls ,  b u t  

i n  p h o t o c a t a l y s i s  and  i n  solar  a s s i s t e d  f u e l  cells. 

In  c o n c ? u s i o n ,  t h i s  t h e s i s  d e m o n s t r a t e s  t h e  s u p e r i a r  solar 

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

el e c t r o d e p o s i  t e d  and s i n g l e  c r y s t a l  p h o t o a n o d e s  and t h e  e f  f  ect 

~f a n n e a l i n g  s i n g l e  c r y s t a l  CdSe u n d e r  vacuum or i n  Cd 

a t m o s p h e r e  an  t h e i r  solar  pe r fo rmance .  



Appendix A 

Hole Dif fusion Current i n  the Neutral Region 

The h o l e  d e n s i t y  p in t h e  bulk o f  t h e  semiconductor  (x::-W) 

is  determined i r o m  t h e  d i f f u s i o n  e q u a t i o n ,  g i v e n  by: 

where . is  t h e  h o l e  l i f e t i m e ,  p, is t h e  e q u i l i b r i u m  h o l e  d e n s i t y  

and g l x )  is t h e  e l e c t r o n - h o l e  p a i r  g e n e r a t i o n  r e p r e s e n t e d  by 

eq. (2.12). The d i f f u s i v i t y ,  D,, is g i v e n  by: 

where L, is t h e  h o l e  d i f f u s i o n  l e n g t h .  S u b s t i t u t i o n  o+ 

eq. ( A 2 1  i n t o  (All y i e l d s :  



The roots of t h e  homogeneous d i f f e r e n t i a l  e q u a t i o n  a r e  fL,-I and 

t h u s  t h e  s o l u t i o n  of e q .  ( M i  is g i v e n  by: 

X -x L, -x 
p = c ~ e x p t - - - 1  + cnexp(---- ) + --- ( x  1 e x p  (---- 1 dx  

L, --! L, L L, L, 

L, X - --- e x p  (---- ( x  1 e x p  (---) dx  
.-l 
L L, L, 

where 

S o l v i n g  e q .  ( A 4 1  under t h e  boundary c o n d i t i o n s  p = p, a t  xb 

= 00 and p = O a t  x = W y i e l d s  

and 

Thus e q .  ( A 4 1  becomes: 



The d i f f u s i o n  c u r r e n t  d e n s i t y ,  J D i + + ,  i r e l a t e d  t o  t h e  

h o l e  d e n s i t y  by: 

D i f f e r e n t i a t n q  eq .  ( A 7 1  w i t h  r e s p e c t  t o  x and e v a l u a t i n g  a t  

x = W y i e l d s :  

S u b s t i t u t i n g  e q .  ( A 9 )  i n t o  ( A 8 1  r e s u l t s  i n  t h e  d i f f u s i o n  c u r r e n t  

d e n s i t y ,  g i v e n  by: 

qpaD, 
JDi,, = -- ----- At, 

+ s,$ --------- expc-44)  . I A 1 0 )  

L, 1 + a, 

The t e r m  p r o p o r t i o n a l  t o  p, is v e r y  s m a l l  and is n e g l e c t e d  i n  

t h e  ~ % t n e r / ~ u t l e r  e x p r e s s i o n  i n  e q .  (2.17). 



Appendix B 

El ectrodeposi tion of  CdSe 

The el e c t r o d e p o s i  t i o n  mechanism of CdSe f rom an  a c i d i c  b a t h  

c o n t a i n i n g  CdStL, Sea=,  and  HnS04 w a s  i n v e s t i g a t e d  by E a i a c o s  

and Miller El301 and Tomkievicz  e t  a l .  E891. Kazacos  and  Miller 

El301 u b s e r v e d  t h a t  t h e  r e d u c t i o n  of s e l e n e o u s  a c i d ,  H&e03,  i n  

s t r o n g  a c i d i c  medium d e p e n d s  an  t h e  e l e c t r o d e  material. They 

r e p o r t e d  t h e  f o l l o w i n g  r e a c t i o n  mechanism f o r  Au, F t ,  and  C 

s u b s t r a t e s :  

(El) 

and 

The a u t h o r s  o b s e r v e d  t h a t  t h e  rate of  t h e  c h e m i c a l  r e a c t i o n  (BZ) 

w a s  d e p e n d e n t  on c o n c e n t r a t i o n .  Fo r  HaSeO= c o n c e n t r a t i o n s  

g r e a t e r  t h a n  5 mM. t h e  f o r m a t i o n  a+ SeO w a s  e x t r e m e l y  f a s t ,  so 

t h a t  t h e  p r e c i p i t a t i o n  of CdSe a t  t h e  e l e c t r o d e  s u r + a c e  c o u l d  

n o t  compete  f a v o r a b l y  w i t h  r e a c t i o n  (BZ) e v e n  a t  h i g h  Cdz+ 

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

The r e a c t i o n  mechanism an  fAuHg, Ag, and  Cu s u b s t r a t e s  is 



r e p r e s e n t e d  by: 

where M r e p r e s e n t s  t h e  s u b s t r a t e  m e t a l  C1301. 

Tomkievicz e t  a l .  EL391 showed t h a t  a Ti  s u b s t r a t e  b e h a v e s  

e l e c t r o c h e m i c a l l y  l i k e  t h e  n o b l e  m e t a l  e l e c t r o d e s .  They 

o b s e r v e d  t w o  m o r p h o l o g i c a l l y  d i s t i n c t  p h a s e s  of CdSe by  SEM 

t e c h n i q u e ;  a smooth s t r u c t u r e  w a s  Ssrmed a t  t h e  b e g i n n i n g  a f  t h e  

d e p o s i t i o n .  and  a c a u l  i + l o w e r  rnorphol a g y  e v e n t u a l  1 y  formed o u t  

of the SeO l a y e r .  T h i s  o b s e r v a t i o n  d o e s  n o t  s u p p o r t  t h e  

r e d u c t i o n  mechanism r e p o r t e d  by  Kazacos  and  M i  11  er C 1301. 

Tomkievicz et a l .  Ca91 proposed  t h e  f o l l o w i n g  d e p o s i t i o n  

mechanism. The r e d u c t i o n  of  CdZ+ t o  Cd on t h e  s u b s t r a t e  

s u r + a c e ,  

w a s  f  01 lowed immedia te1  y  by t w o  r e a c t i o n s ,  t h e  c h e m i c a l b  

o x i d a t i o n  o-f C d ,  

4 H+ + 3 Cd + H 2 S e 0 3  ---- CdSe + 3 HzO + Cd"', IB5) 

a n d / o r  t h e  e l e c t r o c h e m i c a l  r e d u c t i o n  of HzSeOs, 

Cd + H2SeO3 + 4 H+ + 4 e- ---t CdSe + 3 H z 0  . (Eb) 

The smooth d e p o s i t  on t h e  s u b s t r a t e  a t  t h e  b e g i n n i n g  of t h e  

d e p o s i t i o n  w a s  a t t r i b u t e d  t o  r e a c t i o n s  (B5; and  (Bb). The CdSe 

w a s  t h e n  f u r t h e r  a t t a c k e d  by  H&eO= t o  form 



2 CdSe + H s S e 0 3  + 4 H+ --- + 2 Cdz+ + 3 SeO + 3 HzO . (B7) 

R e a c t i o n s  (BS) ,  ( B b ) ,  and 037) y i e l d e d  a d e p o s i t  c o n t a i n i n g  

r e g i o n s  o+ CdSe a s  w e 1  1 as SeO. A t  t h e  p o i n t  of  c o n t a c t  be tween  

t h e  t w o  r e g i o n s ,  t h e  f o l l o w i n g  t w o  r e a c t i o n s  c a n  t a k e  p l a c e :  

and 

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

w i t h  t h e  c a u l  i + 1  nwer s t r u c t u r e .  

Tomkievicz e t  al .  C W I  s u p p o r t e d  t h e  p roposed  d e p o s i t i o n  

mechanism by t h e  +allowing e x p e r i m e n t a l  o b s e r v a t i o n s .  A t  h i g h  

c u r r e n t  d e n s i t i e s  t h e  f o r m a t i o n  of CdSe w a s  f a v o r e d  w h i l e  a t  low 

c u r r e n t  d e n s i t i e s ,  t h e  f o r m a t i o n  o+ Seo w a s  p r edominan t .  The 

i n i t i a l  d e p o s i t i o n  p o t e n t i a l  f o r  t h e  r e d u c t i o n  of Cd2+ t o  C d  

became g r a d u a l l y  less n e g a t i v e .  A f t e r  60 s t h e  p o t e n t i a l  f o r  

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

f o r m a t i o n  of t h e  c a u l i f l o w e r  s t r u c t u r e  w a s  o b s e r v e d .  
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