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A B S T R A C T  

T h i n  f i lms of  MoS3 h a v e  b e e n  p r e p a r e d  b y  c h e m i c a l  v a p o r  d e p o s i t i o n  f rom m o l y b d e n u m  hexa f luo r ide  (MoF6) a n d  
h e x a m e t h y l d i s i l t h i a n e  (HMDST).  C o n t i n u o u s ,  a d h e r e n t  f i lms we re  o b t a i n e d  at d e p o s i t i o n  t e m p e r a t u r e s  in  t he  r a n g e  of  
150 ~ to 400~ on a l u m i n u m ,  nickel ,  silica, a n d  a l u m i n a  subs t ra t e s .  I n f r a r e d  ana lyses  i nd i ca t e  t h a t  d e p o s i t i o n  t e m p e r a t u r e s  
b e t w e e n  200 ~ a n d  250~ p r o d u c e  t he  p u r e s t  films. G r o w t h  ra tes  in  th i s  t e m p e r a t u r e  r a n g e  are con t ro l l ed  b y  t he  r e a c t a n t  
f low rates ,  a n d  ave raged  1000A/min in th i s  s tudy.  F o u r  p o i n t  res i s t iv i ty  m e a s u r e m e n t s  s h o w e d  a m i n i m u m  in fi lm resist-  
a n c e  (90 k ~ - c m )  at  a d e p o s i t i o n  t e m p e r a t u r e  of  230~ The  MoS3 fi lms were  s t ud i ed  e l ec t rochemica l l y  in  n o n a q u e o u s ,  sec- 
o n d a r y  l i t h i u m  cells. T he  be s t  e l e c t r o c h e m i c a l  p e r f o r m a n c e  was  a c h i e v e d  on  fi lms d e p o s i t e d  in  the  r a n g e  of  210~ to 
240~ w h i c h  c o r r e s p o n d e d  to t h o s e  f i lms ana ly t ica l ly  d e t e r m i n e d  to b e  MoSs. F o u r  e q u i v a l e n t s  we re  d i s c h a r g e d  a n d  t h r e e  
e q u i v a l e n t s  cou ld  be  r eve r s ib ly  cyc led  at  a n  ave rage  d i s cha rge  vo l tage  of  1.9V vs. l i t h ium.  S u b s t a n t i a l  capac i ty  (~2 equiva-  
lents)  was  m a i n t a i n e d  af ter  100 deep  cycles ( d o w n  to 1.0V vs. l i t h ium)  at a ra te  of  0.2 m A / c m  2. 

A m o r p h o u s  m o l y b d e n u m  t r i su l f ide  (MoS3) is a p romis -  
ing c a n d i d a t e  as a h o s t  ma te r i a l  in  a l i t h i u m  i n s e r t i o n  bat -  
tery.  In i t ia l  s tud ies  of  e l e c t r ochem i ca l  d i s cha rge  a n d  
c h e m i c a l  t r e a t m e n t  w i t h  n -bu ty l  l i t h i u m  i n d i c a t e d  a n  ex- 
cep t iona l ly  h i g h  l i t h i u m  capac i ty  of 4.2 l i t h i u m s  pe r  mo-  
l y b d e n u m  a t o m  (1). La t e r  s tud ies  (2-4) of  e l ec t rodes  pre-  
p a r e d  b y  t h e  t h e r m a l  d e c o m p o s i t i o n  of  (NH4)2 MoS4 
r e p o r t e d  t h a t  cyc l ing  of  MoS3 was  poss ib le .  However ,  t he  
to ta l  n u m b e r  of  l i t h i u m s  cyc led  a n d  t h e  n u m b e r  of  cycles  
o b t a i n e d  were  s o m e w h a t  l imi ted.  Recent ly ,  in  o rde r  to de- 
t e r m i n e  i f  t h e  f ab r i ca t i on  m e t h o d  a n d  s u b s e q u e n t  mor-  
p h o l o g y  of  t he  MoS3 d r am a t i ca l l y  a f fec ted  t he  e lectro-  
c h e m i c a l  p rope r t i e s  in  a l i t h i u m  ba t te ry ,  we  s t ud i ed  
e l ec t rodes  of  MoS3 p r e p a r e d  b y  t h e  t h e r m a l  a n d  c h e m i c a l  
d e c o m p o s i t i o n  of  a m m o n i u m  t h i o m o l y b d a t e ,  as wel l  as by  
a n e w  d i rec t  s y n t h e t i c  t e c h n i q u e  (5). All e l ec t rode  s tud ies  
to da te  h a v e  b e e n  on  b u l k  p o w d e r e d  ma te r i a l s  c o m p r e s s e d  
or  b o n d e d  t o g e t h e r  to fo rm t he  ca thode .  We h a d  p rev ious ly  
o b s e r v e d  t h a t  t he  c o n d u c t i v i t y  of  our  powder s ,  i n d e p e n d -  
en t  of  t h e  p r e p a r a t i o n  t e c h n i q u e ,  was  a lways  low a n d  re- 
m a i n e d  low e v e n  af te r  l i t h i u m  i n s e r t i o n  (5). Th i s  low con-  
d u c t i v i t y  l imi t ed  t h e  d i scha rge  ra te  in  a l i th ium/MoS3 
b a t t e r y  a n d  also a d d e d  a s u b s t a n t i a l  vo l tage  d rop  to t h e  
sys tem.  G r a p h i t e  or o t h e r  c o n d u c t i v e  add i t ives  c an  b e  
u s e d  to i nc rease  t he  b u l k  conduc t iv i ty ;  howeve r ,  t h e s e  ad- 
d i t ives  act  to dec rea se  t he  e n e r g y  dens i t y  of  t he  e lec t rode ,  
a n d  c a n n o t  a s su re  t h a t  all of  the  c a t h o d e  ma te r i a l  will  be  in  
e lec t r ica l  contac t .  

We fel t  t h a t  t he  p r e p a r a t i o n  of  t h i n  fi lm MoS3 e l ec t rodes  
w o u l d  offer  severa l  a d v a n t a g e s  over  t he  p r ev ious  tech-  
n iques .  F r o m  a f u n d a m e n t a l  po in t  of  view, t he  t h i n  f i lms 
w o u l d  a l low for  a s t u d y  of  t he  e l e c t r ochem i ca l  b e h a v i o r  of  
p u r e  MoS3 w i t h o u t  b i n d e r s  or o the r  addi t ives .  T he  t h i n  
f i lms s h o u l d  also e x h i b i t  m e c h a n i c a l  in t eg r i ty  a n d  con t in -  
u o u s  e lec t r ica l  contac t ,  d e c r e a s i n g  t he  overal l  e l ec t ron ic  
r e s i s t a n c e  a n d  a l lowing  for  accu ra t e  d e t e r m i n a t i o n  of  t he  
capac i ty  of  t h e  e lec t rode .  Final ly,  f r om an  app l i ed  perspec-  
t ive,  we fel t  t h a t  t h i n  film c a t h o d e s  of fered  a good  possibi l -  
i ty for  a c h i e v i n g  h i g h  d i s cha rge  ra tes  w i t h  large  sur face  
a rea  ba t te r ies .  

P r e v i o u s l y  we h a d  s h o w n  t h a t  b u l k  MoS3 cou ld  b e  pre-  
p a r e d  at  low t e m p e r a t u r e  f rom t h e  r eac t ion  s h o w n  in Eq. 
[1] 

MoF6 + 3(CH3)3 Si-S-Si (CH3)3 --~ MoS3 +6 (CH3)3SiF [1] 

S i n c e  th i s  r eac t ion  p r o c e e d e d  at t e m p e r a t u r e s  lower  t h a n  
t he  d e c o m p o s i t i o n  t e m p e r a t u r e  of  MoS3 (250~ the  on ly  
by -p roduc t ,  t r imethy ls i ly l f luor ide ,  is a gas at  18~ a n d  
b o t h  r eagen t s  MoF6 a n d  h e x a m e t h y l d i s i l t h i a n e  (HMDST),  
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h a v e  h i g h  v a p o r  p ressures ,  we dec ided  t h a t  c h e m i c a l  
v a p o r  d e p o s i t i o n  (CVD) wou ld  be  poss ib le .  We feel t h a t  
CVD film t e c h n i q u e s  offer  t he  capab i l i ty  of  i n e x p e n s i v e l y  
p r e p a r i n g  large  sur face  area,  t h i n  f i lms t h a t  cou ld  h a v e  in- 
dus t r i a l  appl ica t ions .  

Experimental 
Materials.--Molybdenum hexa f luo r ide  (Var-Lac-Oid 

C h e m i c a l  C o m p a n y )  was  u s e d  as ob ta ined .  H M D S T  (F luka  
C h e m i c a l  Corpora t ion)  was  f rac t iona l ly  dis t i l led,  a n d  ma-  
ter ia l  w i t h i n  a bo i l ing  r a n g e  of  160~176 was  co l lec ted  
a n d  used .  The  a r g o n  (Linde,  99.9995%) d i l u e n t  a n d  ca r r ie r  
gas  was  u s e d  as ob ta ined .  

Reactor design.--A low pressu re ,  ho t -wa l led  r eac to r  was  
u s e d  to p r e p a r e  t he  t h i n  f i lms (see Fig. 1). The  flow of  MoF6 
a n d  a r g o n  was  con t ro l l ed  b y  a s t a n d a r d  m a s s  flow con t ro l  
m e t e r  (Brooks  5850). The  p r e s s u r e  ins ide  t he  r eac to r  was  
m o n i t o r e d  w i t h  a c apac i t ance  m a n o m e t e r  ( V a c u u m  Gen-  
eral  CML-21), a n d  con t ro l l ed  via a f e e d b a c k  loop ( V a c u u m  
G e n e r a l  80-6A) to a t h ro t t l e  va lve  s y s t e m  ( V a c u u m  G e n e r a l  
MDV-015). The  v a c u u m  w i t h i n  t he  s y s t e m  was  m a i n t a i n e d  
b y  a m e c h a n i c a l  p u m p  (Alcatel  2008A). The  e x h a u s t  gases  
we re  pyro lyzed  u n d e r  air  in  a h i g h  t e m p e r a t u r e  f u rnace  
(1000~ to con t ro l  odor.  The  t e m p e r a t u r e  w i t h i n  t h e  reac-  
t ion  zone  was  m a i n t a i n e d  b y  con t ro l l ing  (Pa r t l ow 
MIC2000) a K a n t h a l  w o u n d  furnace .  The  t e m p e r a t u r e s  in- 
s ide  t he  fu rnace  were  m e a s u r e d  w i t h  a C h r o m e l / A l u m e l  
t h e r m o c o u p l e  s t a n d a r d i z e d  vs. ice a n d  bo i l ing  water .  

Analysis of films.--Resistivity a n d  film t h i c k n e s s  were  
d e t e r m i n e d  on  fi lms d e p o s i t e d  on  a l u m i n a  subs t ra t e s .  The  
t h i c k n e s s  of  the  f i lms was  d e t e r m i n e d  b y  m e a s u r i n g  t h e  
profi le  of  t he  sur faces  w h i c h  were  s c r a t c h e d  w i t h  a razor  
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Fig. 1. Schematic representation of the CVD reactor 
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blade, using a Dektak-1 Profilometer. For resistivity meas- 
urements, a four-point probe technique was used by ap- 
plyin~ varying voltages to the film to assure that true 
Ohm's law resistances were measured (Probex station, 
using a Keithley 230 Voltage Source and 619 Electrometer/ 
Multimeter). The molybdenum content of the films on alu- 
minum foil was determined by dissolving a known area of 
film in aqua regia. The resulting solutions were analyzed 
for Mo concentration using inductively coupled plasma 
emission spectrometry (Thermo Jarrell Ash, Plasma 200), 
with a 1000 ppm Mo standard (Fisher) as the reference so- 
lution. This molybdenum analysis, coupled with the elec- 
trochemical measurements,  allowed for an accurate deter- 
mination of the lithium concentration i n  the electrode 
films during the electrochemical experiments. Infrared 
(IR) measurements were performed on films deposited ei- 
ther on alumina, silica or silicon substrates. The MoS3 film 
was scraped off the substrate and mixed with KBr or CsI. 
A 1 cm pellet was prepared by compressing the mixture to 
3 metric tons. All spectra were run from 400 to 4000 cm -1 
on a Digilab Ft-60 Fourier transform spectrometer. IR 
spectra from 150 to 450 cm 1 were obtained on a Mattson 
Cygnus 100 on CsI pellets. Density measurements were 
performed by the flotation technique using CC14 as the flo- 
tation liquid. The CC14 density was calibrated with single- 
crystal silicon immediately prior to use. The measured 
density was compared to the film density using samples of 
known thickness deposited on A1 foil. X-ray powder dif- 
fraction, to verify that no crystalline phases were present, 
was performed on a Philips automated diffractometer 
(APD 3720) using CuK~ radiation. Energy dispersive x-ray 
analysis (EDAX) was performed using a Hitachi H-800, 
200 kV scanning transmission electron microscope 
(STEM) with a Kevex Quantum detector. 

ElectrochemicaL--All films used for electrochemical 
measurements  were grown on aluminum foil substrates. 
Half-inch disks of the films were used as positive elec- 
trodes with a scraped lithium disk (Foote Chemical) nega- 
tive electrode. The cell configuration was an electrolyte- 
starved sandwich of the positive and negative electrodes 
held within an insulating 1/2-inch Swagelok holder by a 
stainless steel spring and 1/2-inch stainless steel rods. The 
separators were one disk each of glass filter paper (Fisher, 
GF/A) and polypropylene membrane (Celgard, CG3402) 
soaked with 1.0M lithium perchlorate in propylene carbon- 
ate (LiC104/PC) electrolyte. Cells were assembled in a he- 
lium-filled glove box maintained at < 1 ppm each of water 
and oxygen. 

The electrochemical cells were discharged and charged 
at constant current between preset voltage limits. A micro- 
computer  was used to control the experiments and record 
data, using either a current source and voltage meter  
(Keithley 220 or 224 and Keithley 192 and 195a) or a poten- 
tiostat/galvanostat (PAR 173 with Model 276 interface 
plug-in). All films were initially cycled at low rate (0.01 
mA/cm2), while a film deposited at 210~ was used to study 
higher rate capability (up to 0.2 mA/cm 2) and cycle life (up 
to 100 cycles). 

Initial experiments were performed at total pressures of 
10 torr with the MoF6 introduced at 20 sccm with no argon 
dilution. The HMDST was maintained at 50~ Under  these 
conditions a black powder rapidly formed throughout the 
reactor. In addition, these conditions led to extreme 
excesses of the sulfurizing agent, HMDST, which rapidly 
filled the dry ice/acetone trap. 

After changing many of the conditions we found that 
good quality films could be regularly produced under the 
conditions shown in Table I. Although we were able to de- 
posit films with no difficulties at temperatures as high as 
400~ we suspected that any films grown at temperatures 
greater than 300~ would probably contain phases other 
than MoS3, because of thermal decomposition. Also, as the 
temperature of the reactor is increased above 200~ the 
quartz vessel is readily attacked during the reaction. In 
order to prevent destruction of the reactor as well as re- 
duce impurity incorporation into the films, we completely 
coated the exposed reactor components with nickel. 

Several substrates were used during the deposition pro- 
cess. For electrochemical studies we selected aluminum 
and nickel foil. For determining thickness, conductivity, 
and IR characteristics we deposited the films onto single 
crystal wafers of silicon and alumina as well as quartz 
slides. The physical characteristics of the films depended 
substantially on the growth temperatures. At very low 
temperatures (50~ adhesion on all substrates was poor 
and cracking and peeling occurred in all films. As the tem- 
perature increased to 100~ the adhesion was markedly 
improved on the aluminum and nickel foils; however, 
cracking and flaking were still evident on the silicon, sil- 
ica, or alumina substrates. At deposition temperatures 
equal to or greater than 150~ adhesion and film quality 
was excellent on alumina, as well as a luminum and nickel 
foil. The adhesion quality on silicon and silica is only mod- 
erate, and some cracking occurs even at elevated deposi- 
tion temperatures. The films deposited on metal foils have 
excellent adhesion and resistance to cracking. In fact, even 
after electrochemical cycling, the film remains intact and 
resistant to cracking. 

Under  the conditions previously described in Table I, 
the growth rate is independent  of substrate temperature in 
the range from 150~176 Therefore, the limiting step at 
these temperatures is the rate at which the active chemical 
species can arrive at the substrate, rather than a thermally 
activated decomposition process. In this temperature 
range, the films grew at 1000 -+ 200/~/min. At very low tem- 
peratures, i.e., less than 100~ the growth rate is tempera- 
ture-dependent and slower than at higher temperatures. 

Film characterization.--Although we had previously 
shown that bulk MoS3 could be prepared by the metathesis 
reaction between HMDST and MoF6 (5-6), we were unsure 
of the existence of the desired phase under chemical vapor 
deposition conditions. X-ray powder diffraction of this 
amorphous material can only indicate that no crystalline 
phases are present and cannot detect trapped impurities. 
Fourier transform infrared (FTIR) can rapidly determine if 

Results and Discussion 
In order to optimize the growth conditions for films of 

MoS3, our reactor design allowed for rapid change in sev- 
eral parameters. A schematic representation of the reactor 
design is shown in Fig. 1. The total pressure within the re- 
actor could be successfully monitored and controlled 
within the range of 1-100 torr. The flow rates available for 
the MoF6 were 1-1000 standard cubic centimeters per min- 
ute (sccm). The MoF6 could be readily diluted with argon 
within the mixing manifold, and therefore further reduce 
the partial pressure of MoF6 within the reactor. The flow of 
HMDST was controlled by changing the temperature and 
hence the vapor pressure within the reservoir. The exact 
position of HMDST injection into the reactor could be 
changed by extending or reducing the length of the glass 
injection port. The temperature of the entire reaction zone 
could be set as desired, and since a temperature gradient 
normally existed within the furnace, several temperatures 
could be monitored during one reaction. 

H= 

250~ 

200~ 

S - -$  

400~,0 ~ O D ~  2 ~ 0 0  ~ IOOB 0 4 0 0 . 0  
WAV~NU~IBERS 

Fig. 2. FTIR spectra (4000-400 cm 1) of MoS~ films obtained by CVD 
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t h e  a m o r p h o u s  ma te r i a l  f o r m e d  shows  the  n e c e s s a r y  MoS3 
a b s o r p t i o n s  as wel l  as i f  any  a n o m a l o u s  a b s o r p t i o n s  are  
p resen t .  In  Fig. 2 we s h o w  t he  F T I R  t r a n s m i s s i o n  spec t ra  
for  f i lms g r o w n  on  s i l icon s u b s t r a t e s  at  va r ious  t e m p e r a -  
tures .  The  fi lms p r e p a r e d  at  100~ s h o w  a n o m a l o u s  ab- 
s o r p t i o n s  b e t w e e n  400-1000 c m - '  no t  e x p e c t e d  for p u r e  
MoS3 (7). The  s h a r p  p e a k  o b s e r v e d  at  741 c m  1 corre-  
s p o n d s  to a Mo-F f u n d a m e n t a l  v i b r a t i o n  f r e q u e n c y  for  
MoF~ [vl (alg) = 741 c m  -1, v~(fiu) = 741 c m  -1] (8). I n  v i ew  of  
th i s  abso rp t ion ,  a n d  t he  hyg r os cop i c  n a t u r e  of  m o l y b d e -  
n u m  fluoride,  t h e  p e a k  o b s e r v e d  at  950 c m - '  m o s t  l ikely 
c o r r e s p o n d s  to a m o l y b d e n u m - o x y g e n  bond .  A s t rong  ab- 
s o r p t i o n  nea r  950 c m  1 is o b s e r v e d  for m o l y b d e n u m  oxy-  
f luor ides  a n d  ha s  b e e n  a s s igned  to a m o l y b d e n u m - o x y g e n  
d o u b l e  b o n d  (9). A n  e x p a n s i o n  of  t he  scale  on  t he  100~ 
fi lm also i nd i ca t e s  w e a k  peaks  at  1600 a n d  3500 c m  -1 cor- 
r e s p o n d i n g  to wa te r  (10). 

T h e s e  r e su l t s  t e n d  to p r o v e  t h a t  a t  100~ t he  sulfuri-  
za t ion  of  MoF6 is no t  comple te .  As t he  d e p o s i t i o n  t e m p e r a -  
t u r e  is r a i sed  to 200~ t he  a n o m a l o u s  p e a k s  d i sappear .  T h e  
on ly  a b s o r b a n c e s  o b s e r v e d  d i rec t ly  m a t c h  t h o s e  e x p e c t e d  
for  MoS3. Specif ical ly,  a ve ry  c lear  p e a k  is e v i d e n t  at  ap-  
p r o x i m a t e l y  540 c m  -1 w h i c h  c o r r e s p o n d s  to a su l fu r - su l fu r  
s t re tch .  T h e  other ,  w e a k e r  a b s o r p t i o n  at  a lower  (431 cm-1) 
f r e q u e n c y  ha s  b e e n  o b s e r v e d  by  R a m a n  s p e c t r o s c o p y  for 
MoSs (7). As t he  depos i t i on  t e m p e r a t u r e  is ra i sed  to 250~ 
t h e  s p e c t r u m  aga in  changes .  T he  i n t e n s i t y  of  t h e  S-S 
s t r e t c h  d e c r e a s e s  a n d  b r o a d e n s .  I n  add i t ion ,  a sma l l  peak  
cha rac t e r i s t i c  of  MoS2 appears .  F i lms  p r e p a r e d  a t  300~ 
s h o w  a l m o s t  no  p e a k  at  540 c m  -1, i n d i c a t i n g  t h a t  by  th i s  
t e m p e r a t u r e  l i t t le  i f  any  a m o r p h o u s  MoS3 p h a s e  con ta in -  
ing  S-S b o n d s  exists .  T he  s am p l e s  were  e x a m i n e d  in t he  
low f r e q u e n c y  r a n g e  (150-500 c m  1) to  see  i f  t he  s h a r p  p e a k  
at  385 c m  -1 c o r r e s p o n d i n g  to c rys ta l l ine  MoS2 is v i s ib le  
(Fig. 3). The  on ly  p e a k  o b s e r v a b l e  is a b r o a d  p e a k  at a b o u t  
350 c m  -1 as e x p e c t e d  for c lass ical  MoS3 (7). T he  s a m p l e  
p r e p a r e d  at  300~ does  s h o w  a p e a k  at  ~382 c m - ' ,  w h i c h  is 
b r o a d e r  t h a n  t h a t  o b s e r v e d  for c rys ta l l ine  MoS2, b u t  cou ld  
v e r y  wel l  c o r r e s p o n d  to poor ly  crys ta l l ized  mater ia l .  

Res i s t i v i t y  m e a s u r e m e n t s . - - S i n c e  t he  F T I R  measu re -  
m e n t s  i n d i c a t e d  t h a t  p u r e  MoS3 fi lms ex i s t ed  on ly  w i t h i n  a 
n a r r o w  t e m p e r a t u r e  range ,  we  c o n c e n t r a t e d  our  res i s t iv i ty  
m e a s u r e m e n t s  on  severa l  s am p l e s  p r e p a r e d  at  smal l  t em-  
p e r a t u r e  in te rva l s  close to 200~ Tab le  II  c o n t a i n s  the  four  
p r o b e  res i s t iv i ty  va lues  in  12-cm for  fi lms p r e p a r e d  on  alu- 
m i n a  subs t ra tes .  All  t he  f i lms s h o w e d  re la t ive ly  h i g h  resis-  
t iv i ty  va lues ;  howeve r ,  s ince  t he  f i lms are  th in ,  t h e  to ta l  
e l ec t rode  r e s i s t ance  wil l  b e  less t h a n  1 kl2. A m i n i m u m  in  
t he  res i s t iv i ty  appea r s  at  a d e p o s i t i o n  t e m p e r a t u r e  nea r  

Table I. General reaction parameters 

MoF6 2 sccm flow rate 
Argon (diluent) 175 sccm flow rate 
HMDST 25~ 
Total pressure 1.5 torr 
Reaction temperature 50~176 

Table II. Four-point resistivity and film thickness 

Temperature ( ~  Resistivity (12-cm) Thickness (~m) 

180 750 • 103 8.8 
210 260 x 103 3.5 
230 90 • 103 5.5 
240 480 x 103 4.5 
250 350 x 103 3.4 

Table III. Density of MoS3 film 

Actual 
Displacement film 

Growth density density 
temperature (g/cm ~) (g/cm ~) 

Volumetric 
packing 

(230~ HMDST) 3.20 -+ 0.10 
230 ~ [(NH3)2 MoS4] 3.20 -+ 0.10 
300~ 3.63 +- 0.10 

1.90 59.4% 
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Fig. 3. FTIR spectra (500-150 cm -1) of MoS3 films obtained by CVD 

230~ S ince  t he  F T I R  ind ica t e s  t h a t  f i lms p r e p a r e d  at  
250~ h a v e  n o t i c e a b l e  decompos i t i on ,  a n d  t h a t  fi lms pre-  
p a r e d  be low 200~ c o n t a i n  impur i t i e s ,  th i s  m i n i m u m  m a y  
r e p r e s e n t  an  o p t i m u m  g r o w t h  t e m p e r a t u r e  for  p u r e  MoS3 
film e lec t rodes .  

Dens i t y  m e a s u r e m e n t s . - - I n  orde r  to c o n t i n u e  our  verifi- 
c a t ion  of  f i lm mod i f i ca t ions  as a f u n c t i o n  of  t e m p e r a t u r e ,  
we m e a s u r e d  t he  f lo ta t ion dens i t y  of  t h i n  f i lms s c r a p e d  off  
sil ica glass  slides.  In  Tab le  III  we  see  t h e  m e a s u r e d  dens i -  
t ies  as a f u n c t i o n  of  g r o w t h  t e m p e r a t u r e .  The  inc rease  in 
d e n s i t y  of  f i lms g r o w n  at  t e m p e r a t u r e s  g rea te r  t h a n  230~ 
ind i ca t e s  t h a t  t h e s e  f i lms are  p r o b a b l y  r i che r  in  m o l y b d e -  
n u m  t h a n  MoS3. Wi th in  e x p e r i m e n t a l  error ,  t h e  dens i ty  of  
ou r  t h i n  f i lms g r o w n  at  230~ is iden t i ca l  to t h a t  of  MoS3 
p o w d e r s  p r e p a r e d  f rom t h e r m a l  d e c o m p o s i t i o n  of  
(NHt)2MoS4 at  230~ The  ac tua l  fi lm dens i t y  ca lcu la ted  
f r o m  the  m e a s u r e d  film t h i c k n e s s  a n d  w e i g h t  is a b o u t  60% 
of  t h e  dens i t y  of  t he  p u r e  ma te r i a l  for t h e  o p t i m u m  230~ 
sample .  

E D A X  m e a s u r e m e n t s . - - S i n c e  we o b s e r v e d  Mo-F v ibra-  
t ions  in  t h e  f i lms p r e p a r e d  to 100~ we  felt  it was  neces-  
sary  to ver i fy  t h a t  no  i m p u r i t i e s  cou ld  b e  de t ec t ed  in t he  
230~ film of  p r i m a r y  in teres t .  U s i n g  a low e n e r g y  de tec tor ,  
we o b s e r v e d  n o  f luorescence  typ ica l  of  e i t h e r  f luor ine  or 
si l icon.  T h e  on ly  o b s e r v e d  peaks  cou ld  b e  e x p l a i n e d  on  
t he  bas i s  of  m o l y b d e n u m ,  sulfur ,  a n d  a l u m i n u m  f rom the  
subs t ra t e .  Due  to t he  e x t r e m e  over lap  b e t w e e n  su l fu r  a n d  
m o l y b d e n u m  peaks ,  i t  is i m p o s s i b l e  to o b t a i n  a n  accu ra t e  
s t o i c h i o m e t r y  r e l a t i onsh ip  b e t w e e n  m o l y b d e n u m  a n d  
sulfur .  

Elec trochemical  m e a s u r e m e n t s . - - T h e  e l ec t rochemica l  
vo l t age  cu rves  for t he  MoS3 films agree  wel l  w i th  previ-  
ous ly  r e p o r t e d  da ta  for t he  p o w d e r e d  MoS3 e lec t rodes  (5). 
F i g u r e  4 shows  t he  first cycles  of  a M o S J L i  cell, cyc led  at  
0.01 m A / c m  2 b e t w e e n  t he  vo l tage  l imi ts  of  1.0 a n d  3.0V. 
The  e l ec t rode  film in th i s  cell was  d e p o s i t e d  at  210~ As 
o b s e r v e d  in t he  ear l ier  w o r k  on  MoS3 powders ,  approx i -  
m a t e l y  four  e q u i v a l e n t s  of  l i t h i u m  can  b e  d i s c h a r g e d  o n  
t h e  first  cycle, fo l lowed by  r eve r s ib l e  cyc l ing  of  approx i -  
m a t e l y  3 e q u i v a l e n t s  of  l i th ium.  Th i s  s u p p o r t s  t he  h y p o t h -  
es is  t h a t  t he  r e t e n t i o n  of  l i t h i u m  in t h e  pos i t ive  e l ec t rode  
a f te r  t he  first d i s cha rge  is a cha rac t e r i s t i c  of  t he  ac t ive  ma-  
terial ,  r a t h e r  t h a n  a fa i lure  of  t h e  c o m p o s i t e  e l ec t rode  fab- 
r i ca t ion  t e c h n i q u e .  A p p r o x i m a t e l y  one  e q u i v a l e n t  of  l i th-  
i u m  a p p e a r s  to be  r e t a i n e d  w i t h i n  t he  h o s t  mat r ix ,  a n d  
c a n n o t  b e  r e m o v e d  e lec t rochemica l ly .  R e c e n t  I R / R a m a n  
s tud ie s  s e e m  to i nd ica t e  t h a t  at  h i g h  i n se r t i on  values ,  t he  
S-S b o n d  in  MoS3 is c o m p l e t e l y  b r o k e n ,  a n d  cou ld  exp l a in  
t he  i r revers ib i l i ty  (11). The  ave rage  d i s cha rge  vo l t age  of  
t he  M o S j L i  cell  is a p p r o x i m a t e l y  1.9V, c o r r e s p o n d i n g  to a 
t heo re t i ca l  specif ic  e n e r g y  dens i ty  of  796 Wh/kg,  a s s u m i n g  
3 r eve r s ib l e  equ iva len t s .  

T h e  vo l t age  c u r v e s  for m o s t  of  t he  f i lms d e p o s i t e d  w i t h i n  
t he  t e m p e r a t u r e  r ange  of  200~176 were  qu i t e  s imilar .  
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Fig. 4. Voltage curve for the first cycle of a MoSs film deposited at 
210~ cycled at 0.01 mA/cm 2 between 1.0 end 3 . 0 V  vs. lithium. 

Small variations in the film capacity (+-5%) can be attrib- 
uted to the uncertainty of the molybdenum analysis and 
nonuniformity of the deposited films. Films deposited at 
low temperatures (-<200~ generally showed a voltage 
delay during the initial segment of the hysteresis. Figure 5 
shows the voltage curve for a MoS3/Li cell (200~ deposi- 
tion), cycled at 0.01 mAZcm 2 between the voltage limits of 
1.0 and 3.0V. The inferior cell performance may be attrib- 
uted to impurities incorporated in the film during deposi- 
tion, causing irreversible reactions with lithium. 

The long-term cycling capabilities were studied on a film 
deposited at 210~ After some variable rate tests during 
the first six cycles, the cell was allowed to cycle up to 100 
cycles at a rate of 0.2 mA/cm 2 between the voltage limits of 
1.0 and 3.0V. This discharge capacity of the cell is shown in 
Fig. 6 as a function of cycle number. The cell maintained 
substantial capacity (~2 equivalents of lithium) even after 
100 deep cycles. Most of the capacity loss occurred during 
the first six cycles, as the cycling rate was increased. Only 
approximately 10% of the cycling capacity was lost during 
the last 94 cycles at a constant rate of 0.2 mA/cm 2. This cy- 
cling behavior represents a dramatic improvement  over 
the cycling behavior reported for powdered MoSs compos- 
ite electrodes (5). Under the same voltage conditions, the 
capacity of the composite electrodes dropped below 2 
equivalents after 20 cycles, and reached ~1 equivalent of 
discharge after 90 cycles. This improvement  in cycle life 
can be largely attributed to the superior electrical and me- 
chanical properties of the continuous film electrode. A 
composite electrode of powdered active material generally 
shows deterioration of structure with cycling, leading to 
loss of contact between particles and decline in capacity. 
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Fig. 5. Voltage curve for the first cycle of a MoS3 film deposited at 
200~ cycled at 0.1 mA/cm 2 between 1.0 and 3.0V vs. lithium. 
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Fig. 6. Cycle life of a MoSJLi cell (film deposited at 210~ cycled 
at low rates during first six cycles, followed by 0.2 mA/cm 2 to 100 cy- 
cles, between voltage limits of 1.0-3.0V vs. lithium. 

Short-term cycling tests on films deposited at higher 
temperature showed inferior cycling behavior. For an elec- 
trode deposited at 300~ the capacity began to deteriorate 
and the voltage hysteresis, especially at the end of charge, 
increased significantly after less than 10 cycles. On disas- 
sembly after cycling, the electrode film was brittle and 
could be removed from the aluminum substrate by 
rubbing. The film adhesion was noticeably worse com- 
pared to uncycled films. Films deposited at lower tempera- 
ture (<250~ were generally adherent to the substrate, 
even after cycling. This cracking or loss of mechanical sta- 
bility may be caused by precipitates of MoS2 within the 
MoSs film. Crystalline MoSs also undergoes electrochemi- 
cal reduction under these conditions, with accompanying 
phase changes (8). Although the contribution from MoS2 
reduction and oxidation is not evident in the electrochemi- 
cal measurements,  this added phase may produce stress or 
defects in the film, causing loss of structural integrity. 

The rate capability of these films was studied during the 
first few cycles of a MoS#Li cell made with a film depos- 
ited at 210~ Figure 7 shows the discharge curves for this 
cell at rates of 0.01, 0.02, 0.1 and 0.2 mA/cm 2. As expected, 
the voltage and capacity are both lowered with increased 
rate. However, the more than tenfold increase in current 
density had a relatively small effect on total cell perform- 
ance. The curves for 0.01 and 0.02 mAJcm 2 are nearly iden- 
tical, while there is a more noticeable drop in voltage at the 
higher rates. The effect of higher rates is most apparent 
during the last equivalent of reduction, below about 1.5V 
v s .  Li, suggesting that either the resistance of the film in- 
creases with lithium content or that this last insertion pro- 
cess is different than the preceding ones. While 0.2 i T t A ] c m  2 
may seem like a relatively low current, the electrode films 
are very thin, so high currents can be achieved 
with high surface area cell designs. For this particular cell, 
the electrode capacity was ~0.172 mAh/lithium equivalent, 
so a full deep cycle (charge and discharge) at 0.2 mA/cm 2 
took only 3h. In applications where further decline in ca- 
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Fig. 7. Discharge curves for MoS#Li cell (film deposited at 210~ 
at rates of 0.01, 0.02, 0.1, and 0.2 m~dcm 2. 
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pacity is acceptable, these films are capable of even higher 
discharge currents. 

Conclusion 
From these studies it appears that high-quality amor- 

phous molybdenum sulfide films can be prepared by 
chemical vapor deposition. The density of films prepared 
close to 200~ corresponds well to the density of bulk MoS3 
prepared by classical techniques. As the temperature of 
film preparation is increased, there is a rapid increase in 
density, corresponding to a loss of sulfur, as expected. For 
both the bulk and thin film MoS3, it seems impossible to be 
certain of the exact stoichiometry. However, the density 
and FTIR results support that the materials are the same. 
The films can be readily deposited on various substrates, 
including simple aluminum foil. The films are very flexible 
and, even when deposited on A1 foil, the adherence is re- 
markably good. Under  our deposition conditions we ob- 
tain packing densities of approximately 60%. The films can 
easily be prepared even in our small research reactor with 
surface areas of several hundred square centimeters. The 
growth rate has not been optimized, but the rates de- 
scribed in this work (1000/~Jmin) are sufficient for most 
applications. If indeed one of the main problems of the ap- 
plication of MoS3 as a cathode material is the intrinsic re- 
sistivity of the material, this problem has been diminished 
but not eliminated by thin film preparation. The careful 
control of  temperature has allowed us to minimize the re- 
sistivity of the films, and the minimum occurs when the 
stoichiometry is close to MoS3. We are continuing our 
work on thin films of MoS3 to obtain resistivities substan- 
tially lower than the lowest observed, of 90 k~-cm. It is our 
feeling that the only possible method of lowering the 
resistance is to heavily dope the material. 

The thin film work has allowed us to rapidly analyze sev- 
eral materials electrochemically and to observe the intrin- 
sic limits of MoSs without binders or additives. The elec- 
trochemical behavior of thin films prepared in the 
temperature range of 200~176 closely parallels the re- 
sults obtained for bulk MoS3; however, superior long-term 
cycling behavior was demonstrated. Two-thirds of the 
original cycling capacity was maintained after 100 deep 
discharge cycles at a rate of 0.2 mA/cm 2, with almost all of 
this loss occurring during the first 6 cycles. In addition, in- 

creasing the current density by a factor of 20 caused only 
moderate change in the voltage characteristics. The elec- 
trochemical films show promising properties for use in 
high surface area, high rate batteries, and for solid electro- 
lyte, thin film batteries. 
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Electrodeposition of Silver under Direct and Pulsed Current 

Y. Fukunaka, T. Yamamoto, and Y. Kondo* 
Department of  Metallurgy, Kyoto University, Kyoto, Japan 

ABSTRACT 

Electrodeposition of Ag § ions on a vertical plane cathode immersed in stagnant 0.5M AgNO~ and 0.5M AgNO3-0.5M 
HNO3 solutions was carried out under direct and pulsed current. The morphological variations with electrolytic condi- 
tions were examined by measuring the average diameters of the electrodeposits using the intercept method. The ratio of 
the particle diameter obtained in a AgNO3-HNO3 solution under pulsed electrolysis to that under direct current at the 
same average current density was minimum near 50-60 mA/cm 2. It was further enhanced with a decrease in the duty cycle 
when the pulse-on time and the charge density were maintained at 1 ms and 9 C/cm 2, respectively. The concentration pro- 
files of Ag § ions in AgNO3 solution were also measured by holographic interferometry. In these experiments,  the duplex 
diffusion layer model proposed by Ibl (18) was found to adequately describe the phenomena provided that the pulse-on 
t ime was sufficiently long. Based on the concentration profile measurements,  it was deduced that the appearance of the 
min imum ratio of particle diameter was closely related to the depletion of the surface concentration of Ag + ions during the 
pulse~on time, that is, to the concept of limiting current pulse. 

It is well known that industrial silver electrorefining in 
nitrate solution has certain disadvantages such as the need 
for scrapers and a large distance between electrodes due to 
dendrite formation. A number of studies have been re- 
ported (1-4) on research to find ways to overcome these dif- 
ficulties. 

*Electrochemical Society Active Member. 

Many papers (5-11) have also been published on electro- 
crystallization. From the standpoint of technological im- 
portance, the studies on polycrystalline substrate (7, 10, 11) 
are noteworthy. Fisher observed that nitric acid had an in- 
hibiting effect on the silver deposition (7, 10). Vereecken 
and Winand (11) studied the effect of electrolyte composi- 
tion, temperature, current density, and duration on mor- 
phology. They qualitatively summarized the nature of the 
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