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3. The basic action of an anion is similar to that of an 
addition agent. 

4. The morphologies from simple acidic copper solu- 
tions at low C.D. and thickness are of a similar overall  
shape, the differences are more remarkable at increas- 
ing C.D.'s and thicknesses and in deposits from com- 
plex solutions. No specific evidence of an anion effect 
is observed. 
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ABSTRACT 

A blue thin film of amorphous silicon has been deposited on a nickel 
cathode by the electrolysis of a solution of tetraethylorthosilicate in acetic 
acid. The maximum thickness of the film obtained was about 0.5 ~m. The de- 
posit was confirmed to be amorphous silicon by IR reflection spectra, RHEED, 
and nondispersive x - ray  analysis in the scanning electron microscope. 

Amorphous silicon containing hydrogen, a-Si, is a 
promising material  for the manufacture of low-cost 
large area solar cells with medium efficiency. Amor-  
phous materials not containing hydrogen appear to 
have large concentrations of dangling bonds, produc- 
ing levels in the forbidden gap which give the material  
a high resistance and make a change of the semicon- 
ducting properties by doping vir tual ly  impossible (1). 
In materials made in a glow discharge in silane, how- 

* Electrochemical Society Active Member. 
Key words: amorphous silicon, electrodeposition, tetraethyl- 

orthosllicate, nonaqueous electrolyte. 

ever, these bonds are saturated by hydrogen, the 
levels disappear, and doping to n- and p- type with 
appreciable conductivity becomes possible (2, 3). Con- 
version efficiencies as high as 6% have been measured 
in sunlight (4). The theoretical l imit  for the efficiency 
of a thin film a-Si solar cell is estimated to be around 
15% (5). 

Materials made in different ways have different 
properties. Amounts of H larger  than required to 
saturate the dangling bonds lead to (SiH)n polymer 
formation with less favorable electrical properties. I t  
is, therefore, important  to regulate the hydrogen 
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content  of the material .  Electrodeposition as a method 
of preparat ion is at tractive for various reasons: It is 
easy to regulate the hydrogen content  of a-Si; it  does 
not involve vacuum equipment  or furnaces and is 
therefore convenient ;  doped mater ia l  can be made by  
adding compounds of the dopant  to the electrolyte. It  
is therefore at tract ive to apply this method to amor-  
phous silicon. However, the strong affinity of silicon 
for oxygen makes electrodeposition from aqueous elec- 
trolytes impossible. The use of organic solvents re-  
moves this difficulty. 

Amorphous ge rman ium (together with hydrogen)  
was plated from ethylene glycol (6). There are a few 
indications in the l i terature  for a-Si  electrodeposition. 
Warren  reported electrodeposition of Si on t tg from 
a solution of SiF4 in  alcohol (7). Zyazev and Ezrielev 
described the cathodic deposition of Si on Pt  (but  not  
on Cu) from a solution of SIC14 or SiF4 and KI  in  
propylene glycol (8). Recently, Aust in  reported the 
electrodeposition of a-Si  from SiX4 (X: halogen) in  
various organic solvents (9). 

In  this study, cathodic deposition of a-Si  from 
tetraethylorthosil icate (Si(OC2H5)4) in acetic acid is 
presented. 

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

Commercial grade organic solvents and te t rae thyl-  
orthosilicate (TEOS) were used without  fur ther  pur i -  
fication. 

The electrodeposition was carried out in  an H-shaped 
vessel. The anode and cathode compartments  were 
separated by a diaphragm of porous polytetraftuoro- 
ethylene. The solution of tetraethylorthosil icate in the 
organic solvents investigated in this study has a high 
resistance; reduct ion of the resistivity is achieved by 
adding t e t ramethy lammonium chloride (TMAC) or 
t e t rae thy lammonium chloride (TEAC), a usual  addi-  
tive for such purpose. TMAC and TEAC were dried 
under  vacuum at 100~ A cylindrical  graphite rod 
was used as the anode and a nickel plate (99.99% pure) 
as the cathode. The effective area of the cathode was 
2.3 cm 2. D-C current  of 0.2 mA/cm 2 ~ 20 m A / c m  2 was 
supplied by a constant  current  power supply. In  some 
cases, power was provided by a potentiostat,  cathodic 
potential  being measured relative to a s i lver-si lver  
chloride electrode, which consisted of a mixture  of 
silver powder and silver chloride powder in acetic acid 
with TMAC: Ag, AgC1/CH~COOH, TMAC (0.12 mole /  
l i ter) .  

The electrode potential  was 0.22V vs. SCE at 22~ 
All experiments  were carried out in flowing dry ni t ro-  
gen. The deposits were investigated by  reflection IR  
analysis, reflection h igh-energy electron diffraction 
(RHEED), and dispersive x - r ay  analysis in the scan-  
ning electron microscope. 

R e s u l t s  a n d  D i s c u s s i o n  

Cathodic deposits were obtained on a nickel  cathode 
from solutions of TEOS in acetic acid, propylene car- 
bonate, and 1-chloropropane. 

Table I shows typical exper imental  results of the 
electrodeposition from TEOS in acetic acid with TMAC 
at room temperature  at a current  density of 1 mA/cm~. 
From this solution, br ight  blue deposits were obtained, 

which were tightly adhering to the nickel cathode. 
Acetone is effective to make the deposit homogeneous 
and also to decrease the resistivity of the solution. As 
shown in  Table I, about a 20 % increase in  conductivi ty 
was observed by adding 2 cm~ acetone to the solution 
of 60 cm a acetic acid, 4 cm 3 TEOS, and 2g TMAC. No 
deposit, however, was obtained from a solution with 
concentrations of acetone above 20 volume percent  
(v/o) .  A white precipitate became noticeable in the 
solution after passing a current  for about 15 min. The 
formation of the precipitate was re~arded by using 
d/stilled acetic acid. The white precipitate may  be a 
product of hydrolysis of TEOS; IR  spectra showed it  
to be a silica gel-l ike material .  Table I indicates that  
the electrolysis from the solutions with higher concen- 
t rat ion of TEOS gives lower weight gain (low current  
efficiency) (see 1st, 2nd, and 3rd l ines).  These solutions 
had the largest amounts  of white precipitate, which 
adhered to the nickel cathode, prevent ing  silicon depo- 
sition. The concentrat ion of the support ing electrolyte 
affects the weight gain of the nickel cathode: There is 
an opt imum concentrat ion of TMAC to obtain the 
highest current  efficiency (see 4th, 5th, and 6th l ines).  
The highest cur rent  efficiency of about  60% calculated 
on the basis of a four-electron change was obtained 
from the solution consisting of 60 cm 3 acetic acid, 4 
cm 3 TEOS, 2 cm 3 acetone, and 2g TMAC. The current  
efficiency decreases with increasing temperature;  above 
50~ no precipitate is formed in the solution and no 
deposit on the cathode is obtained; the evolution of 
hydrogen was observed. 

Relations between the weight gain of the nickel  
cathode and coulombs passed at various current  den-  
sities are shown in Fig. 1 for solutions containing 60 
cm "~ acetic acid, 4 cm~ TEOS, 2 cm 3 acetone, and 2g 
TMAC. As shown in this figure, the cathode increases 
its weight initially, bu t  no change in weight is ob- 
served with fur ther  electrolysis. The weight gain and 
saturat ion by electrolysis were also observed on an 
n- type  single crystal silicon cathode with relat ively 
low resistivity. The saturat ion of the weight gain of 
nickel cathodes may be due to the low current  efficiency 
on the pure silicon layer  bui l t  on the nickel cathode. 
As can be seen from Fig. 1, the current  efficiency de- 
creases with increasing current  density. Maximum 
weight gain of around 0.5 mg, which corresponds to 
0.5 ~m in thickness, is obtained at lower current  den-  
sity. No appreciable deposition was observed at cur-  
rent  densities of 0.35 mA/cme or less. Current  vs. po- 
tential  curves shown in Fig. 2 suggest that in this ex- 
per imental  condition hydrogen evolution begins to 
occur at 0.4 mA/cm 2. The potentials plotted were mea-  
sured at the end of a 30 sec period of supplying the 
constant  cathodic current.  The electrode potential  at 
0.4 mA/cm 2 measured against  the Ag/AgC1, acetic 
acid, TMAC reference electrode, was --0.85V vs. NHE. 
Therefore, hydrogen evolution on the cathode may play 
an impor tant  role for the cathodic deposition on nickel. 
Low current  efficiencies at higher current  densities may  
be due to the co-evolution of hydrogen. 

Nondispersive x - r ay  analysis in the scanning elec- 
t ron microscope showed that the deposits contain 
larger concentrat ion of silicon. The in tens i ty  ratio of 

Table I. Electrodeposition from solutions of Si(OEt)4 in acetic acid 

Conductivity Current Current 
Acet ic  S i ( O E t ) ~  (CI~)~NCI Acetone of the solu- density Coulombs Weight efficiency 

acid (cm a) (cm s) (g) (cm ~) tion (S crn -z) (mA/cm 2) passed gain (mg) (%) 

60 1 2 2 1.2 x 10 "--s 1 11 0.5 6 • 10 
60 4 2 2 1.0 x 10 -a 1 11 0.5 6 • 10 
60 10 2 2 0.7 • 10 .-8 1 11 0.2 3 • 10 
60 4 0.5 2 0.9 x 10 "-a 1 15 0.1 1 • 10 
60 4 2 2 1.0 • 10 "-a 1 lS 0.5 5 • 10 
60 4 4 2 2.3 • 10 "-,s 1 15 0.2 2 • 10 
SO 4 2 0 0.8 • l 0  s 1 11 0.4 5 x 10 
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Fig. 1. The relation between the weight gain of the nickel cath- 

ode and coulombs passed for a solution containing 60 cm 3 acetic 
acid, 4 cm 8 $i(OEt)4, 2 cm 8 acetone, and 2g (CHa)4NCI at room 
temperature. 

SiK~ and NiK~, ISi/INi, of the  n ickel  coated wi th  s i l i -  
con of about  0.5 ~m thickness  was 3.5. As shown in 
Fig. 3 (A) ,  IR reflection spec t ra  of the deposits  exhib i t  
no absorpt ion  in the  wave  number  range  of 4000-600 
cm -~. X - r a y  diffraction pa t te rns  showed only  those 
due to the  n ickel  substrate .  A RHEED inves t iga t ion  
using Hi tachi  HU-12 A showed no reflection r ing  or  
spot  f rom crystal l izat ion.  I t  can be concluded f rom 
these resul ts  tha t  the  deposi ts  consist  of amorphous  
silicon. 

As shown in Table I, the weight  gain (cur ren t  effi- 
ciency) on the cathode depends  s t rong ly  on the con-  
cen t ra t ion  of TMAC in the solution. A t t empt s  were  
made  to p la te  sil icon f rom a solut ion wi th  a different  
suppor t ing  electrolyte ,  t e t r a b u t y l a m m o n i u m  chlor ide  
and t e t r a b u t y l a m m o n i u m  perchlorate .  The resul ts  were  
s imi lar  to those obta ined  wi th  TMAC. The conduct iv i ty  
of the solut ion of TEOS in acetic acid is m a r k e d l y  in-  
creased by  the addi t ion  of pyr id ine .  Py r id ine  reacts  
wi th  acetic acid to produce a q u a t e r n a r y  amine, which 
is effective as the suppor t ing  electrolyte .  F rom the 
solut ion of TEOS, acetic acid, pyr id ine ,  and  acetone, a 
wh i t i sh -g ray  deposi t  was obta ined  on the nickel  ca th-  
ode. A typica l  re la t ion  be tween  the weight  gain of the  
n ickel  cathode and coulombs passed at  room t e m p e r a -  
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Fig. 2. Current density, I ,  vs. potential, L:, (vs. Ag/AgCI, 

CH3COOH, TMAC (0.12 mole/liter) curve for the solution contain- 
ing 60 cm 3 acetic acid, 4 cm 3 Si(OEt)4, 2 cm 3 acetone, and 2g 
(CH3)4NCI at room temperature. 
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Fig. 3. IR reflection spectra. (A) Blue deposit obtained tram the 
solution containing 4 cm 3 Si(OEt)4, 60 cm 3 acetic acid, 2g TMAC, 
and 2 cm 3 acetone at a current density of I mA/cm 2. The thick- 
ness of the film is about 0.5 ~m. (B) White deposit obtained from 
the solution containing 30 cm 3 acetic acid, 2 cm 3 Si(OEt)4, 10 cm 3 
acetone, and 0.05 cm 3 pyridine at a current density of 4 mA/cm 2. 
The thickness of the film is about 0.7 ~m. 

ture  is shown in Fig. 4. The composit ion of the solut ion 
was 30 cm 3 acetic acid, 10 em~ acetone, 0.05 cm 8 p y r i -  
dine, and 2 cm ~ TEOS, and the cur ren t  dens i ty  was 
about  4 m A / c m  2. In  this case, the weight  gain of the  
cathode increases  app rox ima te ly  l inea r ly  wi th  the  
number  of coulombs passed. The cur ren t  efficiency de-  
creased wi th  increas ing cur ren t  densi ty;  efficiencies of 
about  20 and 5% were obta ined  at  0.8 and 10 mA/cm2, 
respect ively.  

Nondispers ive  x - r a y  analysis  showed the deposi ts  to 
contain silicon. The ratio, Isi/INi, of the sample  0.5 ~m 
in thickness was 0.8. IR reflection spect ra  of the de-  
posits were  s imi lar  to those of si l ica gel and of the 
whi te  prec ip i ta te  in the  solution as shown in Fig. 3 (B) .  
A deposi t  of s i l ica gel should lose its weight  upon an-  
neal ing in iner t  gas at  400~ However ,  no weight  
change was observed af ter  heat ing the  sample  at  
400~ for 2 hr  in flowing argon. These resul ts  suggest  
tha t  the deposits  f rom the solut ion wi th  pyr id ine  con- 
ta in  only a smal l  amount  of si l ica ge l - l ike  mater ia ls .  

A wh i t e  deposi t  was obta ined  on the n ickel  cathode 
f rom the solutions of  TEOS in 1-chloropropane  wi th  
TMAC as the suppor t ing  e lect rolyte .  In  a d r y  a tmo-  
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Fig. 4. The relation between the weight gain of the nickel cath- 
ode and coulombs passed for a solution containing 30 cm 8 acetic 
acid, 2 cm 3 Si(OEt)4, 10 cm 3 acetone, and 0.05 cm~ pyridine at 
room temperature. 
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sphere, no deposit was observed; in  a wet atmosphere, 
a white precipitate was formed in the solution and a 
white deposit was obtained, with a max imum weight 
gain of about 0.5 rag. Nondispersive x - ray  analysis 
showed that  the deposit contained silicon, and Isi/INi 
of the sample 0.5 ~m in thickness was 0.56. The IR 
reflection spectra exhibited peaks of Si-O modes; evi- 
dently, the white deposits contained si l icon-oxygen 
compounds. Similar  white deposits were obtained from 
a solution of TEOS in propylene carbonate. 

In all cases of electrodeposition from solutions con- 
ta ining TEOS as a silicon source, the deposits were ob- 
served after the white  precipitate of a silica gel-l ike 
mater ial  appeared in the solution. Yet the deposit on 
the cathode is only par t ly  SiO2. It  is possible that hy-  
drogen evolved on the cathode breaks S i - -O bonds in  
the silica gel-l ike mater ia l  and some ions containing 
silicon are reduced electrochemically on the nickel 
cathode. No deposit was obtained on copper, goId, and 
p la t inum used as cathodes. Clarification of the electro- 
deposition mechanism requires fur ther  study. 

Summary 
White, whi t ish-gray and blue deposits were obtained 

on the nickel cathode by the electrolysis of the solu- 
tion of TEOS in organic solvents. Nondispersive x - r ay  
analysis showed the deposits to contain silicon. How- 
ever, it is doubtful  whether  the white and whi t ish-gray 
deposits are amorphous silicon or a si l icon-oxygen 
compound, because IR spectra of. these deposits were 
similar to those of silica gel, and the in tensi ty  ratios 
of SiK~ to NiK~ of these deposits were considerably 
lower than the ratio for the blue deposit. On the other 
hand, the blue deposits, which were obtained from the 
solution of TEOS in acetic acid, did not show the ab-  
sorption due to Si - -O and O- -H  modes, and had a 
high in tensi ty  ratio of SiK~ to NiK~. The electrodeposi- 

tion of thin films of amorphous silicon from the solution 
of TEOS in acetic acid seems promising, but  problems 
such as the control of hydrogen content  and the doping 
with donors or acceptors remain  to be investigated be- 
fore it can be put in  practical use. 
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Photoactivation of CdSe Films for 
Photoelectrochemical Cells 

Chin-hsin J. Liu, Judith Olsen, David R. Saunders, and Jui H. Wang* 
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ABSTRACT 

The efficiency of photoelectrochemical cells with thin-f i lm CdSe electrodes 
can be enhanced by i l luminat ing  the semiconductor electrode in salt solution 
under  closed-circuit  condition. The photoactivation mechanism involves 
the photooxidation of CdSe to elemental  selenium with concomitant  release 
of cadmium ions into the salt solution and subsequent  reductive dissolution 
of the result ing layer of elemental  selenium. This method can be controlled 
more precisely than acid etching and hence is more sui table for l a r g e  s c a l e  
application. 

The conversion of solar to electrical energy with 
moderate efficiency has been demonstrated by  means 
of photoelectrochemicaI (PEC) cells with CdSe photo- 
anodes (1-4). The performance of these semiconductor 
electrodes can often be greatly improved by l imited 
acid etching. Heller et al. (2) showed an inverse cor- 
relat ion between the presence of surface states within 
the forbidden gap of the semiconductor and the effi- 
ciency of PEC cells. They suggested that  acid etching 
of single crystals of CdSe removes the surface states 
which act as barr ier  traps and recombinat ion centers. 

* Electrochemical Society Active Member. 
Key words: semiconductor, photovoltaic, cell. 

A more easily controlled act ivat ion method par t icu-  
lar ly  suitable for th in-f i lm I I -VI  semiconductor elec- 
trodes is a photoactivation process developed in our 
work on PEC cells (5). In  this process, the th in-f i lm 
CdSe electrode was immersed together with a p l a t inum 
counterelectrode in a salt solution (e.g., NaC1) and 
i l luminated under  closed-circuit condition. When the 
photoactivated CdSe thin-fi lm electrode was subse- 
quent ly  used as the photoanode in a photoelectro- 
chemical cell with polysulfide solution, both the photo- 
current  and the fill factor were enhanced. Recently 
Hodes (6) reported a "photoetching" effect of 0.1M 
H~SO~ on CdSe0.6~Te0.35 electrodes which could be of 
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