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ABSTRACT 
A n o v e l  s p r a y  p y r o l y s i s  r e a c t o r  was  u s e d  to  p r e p a r e  t h i n  
f i lms  of  CuO on s i l i c a  s u b s t r a t e s .  The  r e s u l t i n g  f i lms  
we re  c h a r a c t e r i z e d  by  x - r a y  d i f f r a c t i o n ,  e l e c t r o n  m i c r o s c o p y ,  
o p t i c a l  a n d  e l e c t r i c a l  m e a s u r e m e n t s .  The  f i lms  we re  s i n g l e  
p h a s e ,  h o m o g e n e o u s ,  a n d  u n i f o r m .  
MATERIALS INDEX: c o p p e r ,  o x i d e s  

I n t r o d u c t i o n  

Copper ( I I )  o x i d e  t h i n  f i lms  h a v e  b e e n  g r o w n  by r e a c t i v e - i o n  s p u t t e r i n g  
(1),  o x i d a t i o n  of  e v a p o r a t e d  c o p p e r  m e t a l  (2) ,  a n d  m e t a l - o r g a n i c  c h e m i c a l  v a p o r  
d e p o s i t i o n  (3 ,4) .  S p r a y  p y r o l y s i s  h a s  b e e n  s h o w n  to be a n  e f f e c t i v e  m e t h o d  for  
t h e  p r e p a r a t i o n  of  t h i n  f i lms  of o x i d e s  i n c l u d i n g  SnO 2, I n 2 0 3 ,  F e 2 0 3 ,  Cr203 ,  
PbO, a n d  ZnO (5 ,6) ;  h o w e v e r ,  t h i s  t e c h n i q u e  h a s  n o t  b e e n  a p p l i e d  to  t h e  
p r e p a r a t i o n  of  CuO t h i n  f i lms.  I t  was  t h e  p u r p o s e  of  t h i s  s t u d y  to  i n v e s t i g a t e  
t h e  p r e p a r a t i o n  of  CuO t h i n  f i lms  by  d e c o m p o s i n g  u l t r a s o n i c a l l y  n e b u l i z e d  
a q u e o u s  c o p p e r ( I I )  s a l t s  on  s i l i c a  s u b s t r a t e s  u s i n g  a n o v e l  t w o - z o n e  h o r i z o n t a l  
r e a c t o r .  T h e  CuO t h i n  f i lms  we re  c h a r a c t e r i z e d  by  e l e c t r o n  m i c r o s c o p y ,  x - r a y  
d i f f r a c t i o n ,  a n d  o p t i c a l  a n d  e l e c t r i c a l  m e a s u r e m e n t s .  

E x p e r i m e n t a l  

T h e  s p r a y  p y r o l y s i s  r e a c t o r  u s e d  in  t h i s  i n v e s t i g a t i o n  is s h o w n  in  Fig. 1. 
A Holmes  c o m m e r c i a l  u l t r a s o n i c  n e b u l i z e r  (Fig.  1, No. 14) was  u s e d  to n e b u l i z e  
t h e  c o p p e r ( I I )  a c e t a t e  s o l u t i o n .  An o x y g e n  sweep  f low c a r r i e d  t h e  m i s t  to  t h e  
s u b s t r a t e  a n d  a n  a d d i t i o n a l  c o n s t a n t  o x y g e n  p u r g e  f low was  p a s s e d  t h r o u g h  t h e  
r e a c t o r  as  l a b e l e d  in  Fig. 1. T h e  r e a c t o r  was  h e a t e d  by  a t w o - z o n e  m i r r o r  
f u r n a c e  ( T r a n s t e m p  Co., C h e l s e a ,  MA). T e m p e r a t u r e  was  m a i n t a i n e d  u s i n g  two 
T h e a l l  T C - 1 0 0 0  t e m p e r a t u r e  c o n t r o l l e r s .  L a y e r s  of  t h i n  f i lm were  d e p o s i t e d  on 
t h e  r o t a t i n g  s u b s t r a t e  in  t h e  l ower  t e m p e r a t u r e  zone  a n d  were  t r a n s l a t e d  to 
t h e  h i g h e r  t e m p e r a t u r e  z o n e  w h i c h  d e n s i f i e d  t h e  f i lm o n t o  t h e  s u b s t r a t e .  T h i s  
cyc l e  was  t h e n  r e p e a t e d  m a n y  t i m e s  to  p r o d u c e  t h e  f i n a l  f i lm.  E l e c t r o n i c  

* A d d r e s s  a l l  c o r r e s p o n d e n c e  
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timers controlled substrate travel between zones, substrate rotation, 
nebulization time, and oxygen sweep time. 

A t y p i c a l  s e t  of  r e a c t i o n  p a r a m e t e r s  i n v o l v e d  in t h e  g r o w t h  of  CuO f i lms 
a re  g i v e n  in Tab le  I. Each  l a y e r  of  t h e  f i lm was  d e p o s i t e d  a t  375%" and  f i r ed  
a t  700°C. The s u b s t r a t e - t o - n o z z l e  d i s t a n c e  and  t h e  o x y g e n  s w e e p  f low r a t e  
were  c r i t i c a l  fo r  o b t a i n i n g  u n i f o r m  f i lms.  

The a q u e o u s  copper ( I I )  a c e t a t e  s o l u t i o n  was  p r e p a r e d  by d i s s o l v i n g  
c o p p e r  m e t a l  in  a 1:1 m i x t u r e  of  n i t r i c  a c i d : d i s t i l l e d  w a t e r .  The r e s u l t i n g  
s o l u t i o n  was  e v a p o r a t e d  to n e a r  d r y n e s s  and  a 1:3 m i x t u r e  of  a c e t i c  
a c i d : d i s t i l l e d  w a t e r  was  added .  The r e s u l t i n g  s o l u t i o n  was  aga in  e v a p o r a t e d  to 
n e a r  d r y n e s s  a n d  r e d i s s o l v e d  in t h e  a c e t i c  a c i d : d i s t i l l e d  w a t e r  s o l u t i o n .  Th is  
s o l u t i o n  was  e v a p o r a t e d  to a p p r o x i m a t e l y  25 ml and  was b r o u g h t  to t h e  f i na l  
d e s i r e d  vo lume  w i t h  t h e  a c e t i c  a c i d : d i s t i l l e d  w a t e r  s o l u t i o n .  

The  s i l i c a  s u b s t r a t e s  u s e d  in t h i s  s t u d y  were  0.5 in.  s q u a r e s  c l e a n e d  
t h o r o u g h l y  in bo i l i ng  s u l f u r i c  ac id .  J u s t  p r io r  to d e p o s i t i o n ,  t h e  s u b s t r a t e s  
were  s o a k e d  in c o n c e n t r a t e d  s u l f u r i c  ac id  for  5 rain., fo l lowed  by a t h o r o u g h  
r i n s e  in  d i s t i l l e d  w a t e r .  The  s u b s t r a t e s  were  t h e n  i mmer s ed  in m e t h a n o l  for  1 
min.  a n d  a l l owed  to  dry .  

The  c l e a n e d  s u b s t r a t e  was  s e c u r e d  on t h e  s u b s t r a t e  h o l d e r  and  p l aced  in 
t h e  r e a c t o r .  F i f t e e n  ml of 0.1M Cu(II) s o l u t i o n  was  p l a c e d  in t h e  s o l u t i o n  
c h a m b e r  a n d  d e p o s i t i o n  s t a r t e d  w h e n  t h e  f u r n a c e  a t t a i n e d  e q u i l i b r i u m .  

Spray Pyrolysis Reactor 
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2. Low temperature zone 
3. High temperature zone 
4. Substrate rotating motor 
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Fig. 1. A p p a r a t u s  for  s p r a y  p y r o l y s i s  of  CuO f i lms.  
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T a b l e  I 

R e a c t i o n  P a r a m e t e r s  

F i r i n g  z o n e  t e m p e r a t u r e  
D e p o s i t i o n  z o n e  t e m p e r a t u r e  

F u r n a c e  d i a m e t e r  
Pu rge  f low 02 
Sweep  f low 02 

N e b u l i z a t i o n  t ime  
O x y g e n  s w e e p  t ime  
C o m p l e t e  c y c l e  t ime  

Solution concentration 

Substrate to nozzle distance 
Nozzle diameter 

700 °C 
375 °C 

38 mm 
200 cc /min  

3 l / ra in  

5 sec  
20 sec  

160 sec  

0.1 M 

60 mm 
9.3 mm 

Film C h a r a c t e r i z a t i o n  

Fi lm t h i c k n e s s  was  m e a s u r e d  u s i n g  a S loan  D e k t a k  s u r f a c e  p r o f i l e  
m e a s u r i n g  s y s t e m  ( P a r t  n u m b e r  900050) .  Cu/Si  r a t i o s  d e t e r m i n e d  by  EDAX 
a n a l y s i s  u s i n g  an  AMR 1000A s c a n n i n g  e l e c t r o n  m i c r o s c o p e  g a v e  t h e  u n i f o r m i t y  
of  f i lm t h i c k n e s s .  The  SEM o p e r a t e d  a t  20 kV a c c e l e r a t i n g  v o l t a g e ,  16.5 kX 
m a g n i f i c a t i o n ,  a n d  a 3x3 cm window.  

P h o t o m i c r o g r a p h s  of  t h e  f i lm s u r f a c e  w e r e  t a k e n  on an  AMRAY 1830I 
s c a n n i n g  e l e c t r o n  m i c r o s c o p e .  

X - r a y  d i f f r a c t i o n  p a t t e r n s  of  t h i n  f i lm a n d  p o w d e r  s a m p l e s  were  o b t a i n e d  
u s i n g  a P h i l i p s  d i f f r a c t o m e t e r  a n d  m o n o c h r o m a t e d  h i g h  i n t e n s i t y  CUKal, 
r a d i a t i o n  (k = 1.5405A).  The  d i f f r a c t i o n  p a t t e r n s  were  t a k e n  in  t h e  r a n g e  12 ° 
< 2{} < 72" w i t h  a s c a n  r a t e  of  1 ° 2e / ra in  and  a c h a r t  s p e e d  of  30 i n / h r .  

O p t i c a l  t r a n s m i s s i o n  s p e c t r a  of t h e  f i lms  on s i l i c a  s u b s t r a t e s  were  
o b t a i n e d  u s i n g  a Cary  mode l  17 d u a l  beam r a t i o  r e c o r d i n g  s p e c t r o p h o t o m e t e r  in 
t h e  r a n g e  of  500 nm to  1500 nm. The  o p t i c a l  b a n d  gap was  d e d u c e d  f rom t h e  
t r a n s m i t t a n c e  n e a r  t h e  a b s o r p t i o n  edge .  

Resistivity at room temperature was measured in the center portion of 
the fllm on the substrate using the van der Pauw technique (7).  Contacts to 
the film were made by painting a colloidal mixture of graphite and isopropanol 
(Electrodag 154, Port Huron, MI) to the edge of the film. Ohmic behavior was 
established by measuring current-voltage characteristics. A qualitative 
Seebeck voltage measurement was made to determine the carrier type. 

Results and Discussion 

In s p r a y  p y r o l y s i s  a s o l u t i o n  is  a t o m i z e d ,  s p r a y e d  o n t o  a h o t  s u b s t r a t e ,  
a n d  d e c o m p o s e d ,  r e s u l t i n g  in t h i n  f i lm g r o w t h .  The s o l u t i o n  can  be n e b u l i z e d  
u l t r a s o n i c a l l y ,  a n d  s p r a y e d  c o n t i n u o u s l y  or in p u l s e s .  Viguie  a n d  Sp i t z  (8) 
s u g g e s t e d  f o u r  p o s s i b l e  g r o w t h  m e c h a n i s m s  for  t h e  s p r a y  p y r o l y s i s  p r o c e s s  as  a 
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func t ion  of  s u b s t r a t e  t empera tu re .  These  are  shown in Fig. 2 and can be 
r e l a t ed  to the  growth of  CuO films in th is  s tudy.  In the  f i r s t  process ,  the  
spray  drople t  impinges d i r ec t ly  on the  subs t r a t e ,  followed by e v a p o r a t i o n  of 
the  so lven t ,  and decomposi t ion of the  meta l  s a l t  to the  oxide. In the  s e c o n d  
process ,  the  s o l v e n t  is e v a p o r a t e d  j u s t  pr ior  to con tac t ing  the  subs t r a t e ,  
fol lowed by decomposi t ion of the  oxide.  The th i rd  mechanism i n v o l v e s  
v o l a t i l i z a t i o n  of the  dried meta l  sa l t ,  d i f fus ion  of the  vapor  to the  subs t r a t e ,  
fol lowed by decomposi t ion to the  oxide.  This process  is r e fe r red  to as low 
t empera tu r e  chemical  vapor  depos i t ion  (LTCVD). The four th  process  is a 
homogeneous nuc l ea t i on  of the  vapor  phase  forming the  oxide par t i c le  which 
then  depos i t s  on the  subs t r a t e .  

The format ion of CuO films in th i s  s tudy  probably  proceeds  by the  th i rd  
mechanism since the  depos i ted  films are  smooth, homogeneous,  and h a v e  a 
m i r r o r - l i k e  appearance .  Albin et  al. (5), h a v e  sugges ted  the  depos i ted  film 
obta ined  by the  l a s t  process  would have  a powdery appearance .  Viguie and 
Spitz (6) h a v e  shown t h a t  films grown by processes  A and B have  a rougher  
mic ros t ruc tu re  than  films grown by process  C. 

EDAX ra t ios  of c o p p e r - t o - s i l i c o n  de termined  the  r e l a t i v e  uni formi ty  of 
the  CuO films and a Sloan Dektak sur face  prof i le  measur ing  system de te rmined  
the  abso lu te  th ickness .  The th i ckness  and EDAX ra t ios  of the  films va r i ed  
with the  number of cycles  i n v o l v e d  in film prepara t ion ,  and th is  is shown in 

Mechanisms for film growth in spray pyrolysis processing 
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Fig. 2. Mechanisms of film growth. 
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Tab le  II. A f t e r  p r e p a r a t i o n ,  f i lm t h i c k n e s s  was  d e t e r m i n e d  from a c a l i b r a t i o n  
of  EDAX Cu/Si r a t i o  vs .  t h i c k n e s s  o b t a i n e d  from t h e  d a t a  in Tab le  II. The 
d e s i r e d  t h i c k n e s s  could  be a p p r o x i m a t e d  by t h e  n u m b e r  of  c y c l e s  in t h e  
p r e p a r a t i o n .  EDAX r a t i o s  were  t a k e n  a t  f i v e  p o i n t s  from edge  to  edge  on t h e  
f i lms and  t h e s e  r a t i o s  c l e a r l y  show t h a t  CuO f i lms p r e p a r e d  by t h i s  m e t h o d  a re  
un i fo rm.  

Tab le  II 

EDAX Cu/Si Ra t ios  v s  T h i c k n e s s  a n d  Number  of  Cyc les  

P o s i t i o n  # Film A B C D 

1 0 . 3 8 ( I )  0 . 0 8 ( i )  0 .18(1)  0 .16(1)  
2 0.39 0.08 0.18 0.16 
3 0.39 0.08 0.17 0.16 
4 0.39 0.08 0.18 0.17 
5 0.38 0.08 0.17 0.17 

T h i c k n e s s  (A) 2700 1200 1900 1850 

Number  Cyc les  150 75 110 110 

An SEM p h o t o m i c r o g r a p h  t a k e n  a t  low m a g n i f i c a t i o n  of  a 2000A CuO fi lm 
p r e p a r e d  in t h i s  s t u d y  is  s h o w n  in Fig.  3. The  n a t u r e  of  t h e  p a r t i c l e s  in 
t h e s e  CuO f i lms  a re  v e r y  d i f f e r e n t  f rom CuO f i lms p r e p a r e d  u s i n g  MOCVD by 
Lau r i e  a n d  Nor ton  (4), w h e r e  t h e  f i lms  a re  c o m p r i s e d  of  n e e d l e - l i k e  p a r t i c l e s .  

Fig. 3. Photomicrograph of a typical CuO film prepared from an 
acetate solution. 
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Fig.  4. 
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X - r a y  d i f f r a c t i o n  d a t a  is  s h o w n  in Fig. 4. A CuO s t a n d a r d  was  p r e p a r e d  
by h e a t i n g  Cu m e t a l  (JM 50250A) in a i r  a t  600°C. By c o m p a r i n g  t h e  x - r a y  of  
t h e  f i lm to t h e  s t a n d a r d ,  i t  c a n  be s e e n  t h a t  t h e  i n t e n s i t y  of  t h e  (020) p e a k  
of  t h e  f i lm is i n c r e a s e d  and  t h e  ( - 2 0 2 )  and  (202) p e a k s  a re  a b s e n t .  Th i s  can  
be a t t r i b u t e d  to  p r e f e r r e d  o r i e n t a t i o n  of  t h e  p a r t i c l e s  mak i n g  up t h e  film, 
g rowing  wi th  t h e  b - a x i s  p e r p e n d i c u l a r  to  t h e  s u b s t r a t e .  

The transmission spectra for a copper(If) oxide film prepared from 
copper(II) acetate is shown in Fig. 5, and is in agreement with copper(If) oxide 
films prepared by ,Qayi et al. (3) .  The optical transmission was used to 
generate plots of (ahu) Ij2 vs hu. It was found that the indirect band gap of 
the prepared copper(II) oxide films was 1.36(i) eV. 

All CuO thin films prepared in this study were p-type semiconductors 
with room temperature resistivity of 102 ohm-cm. Beensh-Marchwicka et al. 
(1) have reported resistivities of i ohm-cm at room temperature for CuO films 
grown by reactive-ion sputtering; however, carrier type was not measured. 
The low resistivity is consistent with the presence of mixed formal valence of 
copper. If Cu(II) and Cu(III) were present in the film, then anneal~ng ~he film 
in argon would increase the resistivity by reducing the Cu(III) to Cu(II). In 
contrast, if the low resistivity of the film was due to the presence of Cu(1) 
and Cu(II), then an argon anneal would further decrease the resistivity by" 
increasing the amount of Cu(1) in the sample. Typical films of CuO were 
annealed in argon at 650°C for 15 hrs and the resulting resistivity and carrier 
type were measured. The resistivity of the films increased to 103 ohm-era and 
r e m a i n e d  p - t y p e .  R e a n n e a l i n g  t h e s e  f i lms in o x y g e n  a t  650°C for  ]6 h r s  
r e s u l t e d  in r e s i s t i v i t y  d e c r e a s i n g  to  ].02 o h m - c m .  The r e s i s t i v i t y  of  t h e  f i lms 
a n n e a l e d  in a r g o n  is h i g h e r  t h a n  t h e  r e s i s t i v i t y  of  t h e  f i lms p r e p a r e d  in 
o x y g e n  w i t h  no c h a n g e  in c a r r i e r  t y p e .  Th is  h i g h e r  r e s i s t i v i t y  of  f i lms 
a n n e a l e d  in a r g o n  is c o n s i s t e n t  w i t h  a d e c r e a s e  in Cu(III) as  a r e s u l t  of  t h e  
a n n e a l i n g  p r o c e s s .  

C o n c l u s i o n  

Uniform,  h o m o g e n e o u s  copper ( I I )  ox ide  t h i n  f i lms  can  be p r e p a r e d  in a 
n o v e l  t w o - z o n e  h o r i z o n t a l  s p r a y  p y r o l y s i s  r e a c t o r  by d e c o m p o s i n g  a q u e o u s  
copper ( I I )  s a l t s .  The s p r a y  in  t h e  form of  an  a e r o s o l  was  p r o d u c e d  by a 
commerc i a l  u l t r a s o n i c  h u m i d i f i e r .  The  f i lm was  g rown by  s p r a y i n g  p u l s e s  of  t h e  
a e r o s o l  a n d  h e a t i n g  t h e  d e p o s i t e d  t h i n  l a y e r  a t  a h i g h e r  t e m p e r a t u r e  a f t e r  
e a c h  s p r a y  p u l s e .  The  f i lms  grew w i t h  p r e f e r r e d  o r i e n t a t i o n  as  i n d i c a t e d  by 
x - r a y  d i f f r a c t i o n .  In a d d i t i o n ,  t h e  f i lms  were  p - t y p e  s e m i c o n d u c t o r s  w i t h  room 
t e m p e r a t u r e  r e s i s t i v i t y  of  102 o h m - c m .  The  p - t y p e  n a t u r e  of  t h e  f i lms was  
d e t e r m i n e d  to be due  to  t h e  p r e s e n c e  of  Cu(III). 
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