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Fig. 8. SEM image of aluminum film etched using copolymer mask. 
The etch mask has been removed. 

MAA] copolymer mask. The A1 lines are 2300A thick. The 
final pattern is shown in Fig. 8. 

Conclusions 
We have developed a technique for patterning fine line 

features in aluminum using reactive ion etching. This ap- 
proach avoids the use of carcinogenic gases like CC14 and 
CHC13. The use of three gases, C12, BC13, and CH4, allows 
one to intentionally vary the etch rate based on the appli- 
cation. Statistically designed experiments were utilized to 
reach optimized etching conditions and to analyze the 
principal effects of each gas on the behavior of the etch. 
The anisotropy of the etch was shown to result from side- 
wall polymer layers using Auger spectroscopy. Anisotrop- 
ic etching requires an organic etch mask and CH4 in the 
gas mixture. 
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Photochemically Generated Gold Catalyst for Selective 
Electroless Plating of Copper 
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ABSTRACT 

The creation of surface-selective copper patterns was explored via the photochemical decomposition of dimethyl (1,3- 
diphenyl-l,3-propanedionato) gold. UV irradiation of a substrate treated with the gold complex results in the formation of 
elemental gold, which in turn catalyzes copper metal plating from an electroless bath. Thus, a selective copper pattern can 
be formed in a simplified process as defined by patterned UV irradiation. The variables which are important to the process 
are discussed including the UV dose, wavelength, and the surface concentration of gold complex. 

The metallization of circuit boards often requires the use 
of additive plating techniques (1). In a typical scheme, a di- 
electric substrate is coated with a photosensitive poly- 
meric resist and exposed to ultraviolet (UV) light. The de- 
velopment  of the photoexposed resist results in a surface 
relief pattern which will define the metal pattern or circuit 
(2). A catalytic treatment of the substrate is used to initiate 
electroless copper plating, the circuitry is plated to the de- 
sired thickness, and the lithographic stencil is removed. 
Eleetroless copper plating has been widely used with both 
negative and positive tone lithography for manufacturing 
circuitry via additive metallization processes (3). 

Noble metals can be used to catalyze the initial plating of 
electroless solutions (4). Most commonly, additive metalli- 
zation by electroless deposition is catalyzed by a palla- 

dium/tin colloid (5). The catalytic species has been found 
to consist of a palladium/tin core surrounded by an outer 
sphere of tin (II) (3, 6). Subsequent  acid treatment removes 
the outer tin (II) shell leaving an active palladium/tin core. 
A second, similar 'method consists of sensitization with 
acidic tin (II) chloride followed by activation of the sub- 
strate with an acidic solution of palladium (II) chloride. 
During this procedure, the palladium (II) is reduced to 
metal while the tin (II) is oxidized to tin (IV) chloride (7). In 
both methods, photolithography is required to define the 
pattern for metallization prior to the catalytic treatment 
and electroless deposition of copper. Once copper is ini- 
tially plated, the continued growth of copper results from 
the ability of copper metal to catalyze the electroless plat- 
ing bath. 
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In  this paper,  a s implif ied m e t h o d  for the  se lect ive  met-  
all ization of  dielectr ics  was explored  via the  UV photore-  
duc t ion  of a gold complex .  Insula t ing  substra tes  were  
spin-coated wi th  organic  solut ions of  the  gold complex  
and exposed  to UV light  pa t te rned  by a l i thographic  mask.  
U p o n  immers ion  in an electroless  copper  solution, the  
pho to image  of gold meta l  init iates copper  plat ing selec- 
t ive ly  in the  UV-exposed  regions  (Fig. 1). The  abil i ty to 
photose lec t ive ly  create  a catalytic pattern,  a repl icat ion of  
the  mask  image  (i.e., negat ive  image), e l iminates  the  need  
for po lymer ic  resist  mater ia ls  and reduces  the  n u m b e r  of  
chemica l  process ing  steps requ i red  to form a circui t  pat- 
tern. Se lec t ive  meta l  plat ing f rom electroless  solut ions was 
prev ious ly  ach ieved  by the  UV- induced  ox ida t ion  of  t in 
(II) col loids (8), pho to reduc t ion  of  pa l lad ium (II)-activated 
TiO2 films (9), photo inh ib i t ion  of act ive  pal ladium-t in  cata- 
lyst  (10), or by  the  laser- induced decompos i t ion  of  palla- 
d i u m  (II) ~-diketonates  (11). To our  knowledge ,  this is the  
first repor t  of  photose lec t ive  electroless  plat ing f rom a 
pho tochemica l ly  genera ted  gold catalyst. 

Exper imenta l  
Dime thy l  (1,3-diphenyl-l ,3-propanedionato)  gold com- 

p lex  (1) was prepared  by react ing d imethy l  gold b romide  
d imer  wi th  the  po tass ium salt of the  1,3-diphenyl-l ,3-pro- 
paned ione  (Aldrich Chemica l  Company)  in a mix tu re  of  
hexane /methanol .  The  recovered  p roduc t  was recrystal-  
l ized f rom hexane  to obtain  fluffy, whi te  needles;  IR and 
N M R  spectra  ma t ched  the  l i terature values  (12). Thermal  
analysis (DSC) exh ib i ted  a mel t ing  e n d o t h e r m  at 116~ 
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and a decompos i t ion  e x o t h e r m  beg inn ing  at 118~ 
(hHd = 23 +_ 1 kcal/mol). A UV-visible  absorbance  spec- 
t r u m  was obta ined on a Hewle t t -Packard  diode array spec- 
t rome te r  (Model 8415A). The solut ion spec t rum (hexane) is 
shown in Fig. 2 and exhibi ts  m a x i m a  at 210, 260, and 360 
nm. The substrates  consis ted  of  36 m m  squares  of  high- 
grade a lumina  (A1203) or dye-colored glass-epoxy coupons.  
The  substra tes  were  r insed with  isopropanol ,  acetone,  and 
b lown  dry wi th  n i t rogen prior  to spin-coating. The  solu- 
t ions of gold complex  were  m a d e  wi th  reagent-grade  sol- 
vents  which  had been  dr ied over  act ivated molecu la r  
sieves (Aldrich Chemica l  Company).  The solut ions were  
fil tered th rough  a Ge lman  Sciences  0.2 ~m Acrodisc  filter 
prior  to spin-coat ing to r emove  any gold part icles or insol- 
uble  salts which  migh t  interfere  wi th  the  select ivi ty of  the  
photoprocess .  The  solut ion of  gold complex  was dis- 
pensed  onto the  sample  and the  sample  was spun for 60s 
on a convent iona l  l i thographic  spinner.  Thin films of the  
gold c o m p l e x  were  i r radiated wi th  an Optical  Associates  
exposure  tool (Model 780) equ ipped  wi th  a 500W Hg/Xe 
deep  UV lamp. UV exposure  doses  were  measu red  us ing 
an Optical  Associates  (Model 270) power  me te r  equ ipped  
wi th  several  broad-band probes.  Typical  lamp emiss ions  
were  measu red  as 8 mW/cm 2 at 254 and 26 mW/cm 2 at 365 
n m  using the  broad-band detectors.  The  UV radiat ion was 
passed th rough  ei ther  a chrome-on-quar tz  or chrome-on-  
Py rex  l i thographic  mask. The  quartz  t r ansmi t t ance  was 
measu red  as 80% at 250 nm. The Py rex  t ransmi ts  roughly  
20% at 300 n m  wi th  no measurab le  t ransmi t tance  at 254 
nm. After  UV exposure ,  substrates  were  p la ted  in a freshly 
p repared  D y n a c h e m  electroless  plat ing bath  (835 m e d i u m  
copper).  E lementa l  analyses of  spin-coated a lumina  sub- 
strates were  pe r fo rmed  by Galbrai th  Labs,  Knoxvi l le ,  Ten- 
nessee.  Diges t ion  of the  substrates  in acid was fo l lowed by 
a tomic  absorp t ion  spec t roscopic  analysis. The  gold con- 
tent  de te rmined  by this analysis represents  the  surface 
concent ra t ion  of  gold c o m p l e x  achieved  by spin-coat ing 
and is repor ted  as ~g/cm 2 (Fig. 3). 

Results and Discussion 
Dimethy l  (1,3-diphenyl-l ,3-propanedionato) gold, 1, is 

soluble  in a n u m b e r  of organic solvents,  but  a 50:50 solu- 
t ion of  te t rahydrofuran  (THF) and 2-butanone (MEK) pro- 
v ided  excel len t  spin-coat ing proper t ies  on several  sub- 
strates. Dr ied  solvents  are crit ical  in min imiz ing  the  
decompos i t i on  of  the  gold complex  in solution. Also, solu- 
t ions of  the gold complex  should  be s tored in a freezer and 
pro tec ted  f rom light. Otherwise,  s low thermal  and 
pho tochemica l  decompos i t ion  of  the  gold complex  occurs,  
p roduc ing  gold part icles which  cause  a loss of select ivi ty  
and resolut ion of  the  copper-pla ted  patterns.  Thus,  fil tered 
solut ions of  the  photoac t ive  gold complex  were  used  to ob- 
ta in reproduc ib le  results  th roughou t  this study. 

A l though  other  d imethy l  gold ~-diketonate  complexes  
can be used  wi th  the  same success,  1 was chosen  for sev- 
eral reasons.  This goid complex  is less volat i le  at room 
t empera tu re  (<1 mtor r  pressure)  w h e n  compared  to the  

l 
Fig. 1. Schematic diagram for creating patterned copper films via UV 

irradiation of the gold complex and electroless copper plating: (i) the 
sample is spin-coated with a solution of gold complex, ( i i )  irradiated 
with UV light through a lithographic mask, and ( i i i )  selectively plates 
copper in the UV irradiated regions. 
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Fig. 2. Chemical structure and UV spectrum of dimethyl (1,3- 
diphenyl-l,3-propanedionato) gold in hexane. Concentration was 
8.9 x lO-SM, e26o = 1.8 x rO s, and e36o = 1.88 x 10 s. 
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Fig. 3. Plot of gold surface concentration vs.  the spin-coat velocity 
for two solutions of different gold complex concentrations. The quan- 
tity of gold was determined by atomic absorption analyses of the di- 
gested samples. 

other  d ime thy l  gold ~-diketonate complexes  used for gold 
depos i t ion  (13) and thus, is bet ter  for forming  thin  films of  
k n o w n  concentrat ion.  Also, 1 exhibi ts  a s t rong UV absorp-  
t ion at 360 n m  and it was hoped  that  pho to reduc t ion  to 
gold meta l  wou ld  occur  at this wavelength .  

Elec t ronic  t ransi t ions in meta l  ~-diketones consis t  of  
n---> 7r*, ~ - ~  ~*, l igand-to-metal  (LMCT) and metal-to- 
l igand charge-t ransfer  (MLCT) states. Solu t ion-phase  UV 
irradiat ion results  in reduc t ion  of  the meta l  center  for sev- 
eral meta l  ~-diketonates (14) and a s imilar  react ion is ob- 
se rved  for d imethy l  (2,4-pentanedionato) gold in solut ion 
(15). The  LMCT states are high in exci ta t ion  energy  and 
thus,  requi re  deep  UV (<300 nm) wave leng ths  to induce  
the  e lectronic  transition. For  copper  bis (~-diketonates), 
the  e lect ronic  t ransi t ion at 250 n m  has been  ass igned to the  
LMCT state (~L--> d~) based on Hucke l  MO calculat ions 
(16) and is respons ib le  for copper  (II) reduct ion.  

I r radia t ion (254 nm) of  d imethy l  (2,4-pentanedionato) 
gold in solut ion results  in reduc t ive  e l iminat ion  of  e thane  
and l iberat ion of  the  ~-diketone moie ty  (15b). The  mecha-  
n i sm of pho tochemica l  decompos i t ion  exhibi ts  substan- 
tial free-radical  character  via a pos tu la ted  charge-t ransfer  
exc i ted  state. The pho todecompos i t i on  of  a th in  film of 1 
m a y  occur  by a s imilar  react ion pathway.  Vapor-phase  UV 
pho todecompos i t i on  of  d imethy l  (2,4-pentanedionato) 
gold was found to p roduce  carbon-contamina ted  films of  
gold metal ;  x-ray diffract ion ~at terns  indicate  that  crystal- 
l ine gold part icles (400-1900A diam) are d ispersed  in an 
amorphous  carbon mat r ix  (17). It  was also exper imenta l ly  
de te rmined  in this s tudy that  substrates  coated wi th  gold 
(I) chlor ide wou ld  not  catalyze the electroless  plat ing of  
copper  under  ident ical  condit ions.  

The  format ion  of copper-pla ted  pat terns  via the  photore-  
duc t ion  of  1 was s tudied as a funct ion  of i r radiat ion wave-  
length.  UV exci ta t ion  at 254 n m  was found to p roduce  im- 
ages on both  a lumina  and glass-epoxy substrates  that  
induced  copper  plat ing wi th  doses  of  1.0 J / c m  2. Us ing  the 
ch rome-on-Pyrex  mask,  which  t ransmits  only 300 n m  and 
longer  wavelengths ,  the  exposure  dose had to be increased  
to 10 J / cm 2 to induce  similar  copper  plating. Thus,  the  ef- 
f iciency for pho to reduc t ion  of 1 to gold meta l  is an order  of  
magn i tude  greater  at 254 w h e n  compared  to longer  wave-  
lengths  (i.e., 365 nm). S ince  the  molar  absorpt iv i ty  for 1 is 
the  same order  of  magn i tude  at 260 and 360 n m  (e = 10s), 
these  observat ions  are indicat ive  of  a h igher  energy  
charge- t ransfer  (LMCT) exci ted  state for 1 at 254 nm. 

Samples  of  a lumina  were  spin-coated with  solut ions of  1 
and analyzed by a tomic absorpt ion  analysis to de te rmine  
the  surface  concent ra t ion  of  gold vs.  the  spin veloci ty  and 
the  concent ra t ion  of I in solution. As shown in Fig. 3, the  
gold surface concent ra t ion  (~g/cm 2) exhibi ts  an inverse  
corre la t ion to spin veloci ty  and a di rect  correlat ion to the  
solut ion concent ra t ion  of  1. The  surface concent ra t ion  of  1 
and the  UV exposure  dose will  de te rmine  the  a m o u n t  of  

gold meta l  p roduced  upon  irradiation. The  plat ing act ivi ty  
of  the  electroless  copper  bath  is direct ly  propor t ional  to 
gold meta l  surface concentrat ion,  analogous to that  found 
for convent iona l  pa l lad ium catalysts (18). 

A series of  exper iments  was pe r fo rmed  to de te rmine  the  
exposure  dose necessary  to induce  copper  plat ing f rom a 
fresh electroless  bath. Us ing  solut ions that  were  1% in gold 
c o m p l e x  concentrat ion,  substrates  spin-coated at 2000 
rpm showed  exce l len t  plat ing results  after exposure  to 1 
J / c m  2 at 254 nm. The gold surface concent ra t ion  for these  
samples  was de te rmined  to be 2.7 ~g/cm 2. For  h igher  sur- 
face concent ra t ions  of  1, the  exposure  doses can be low- 
ered. For  a solut ion that  was 2% in gold c o m p l e x  concen-  
t ra t ion and spin-coated at 2000 rpm, a dose of  0.85 J / c m  2 
was sufficient  to induce  similar  copper  pla~ing. This  sur- 
face concent ra t ion  cor responds  to 6.1 ~g/cm 2 of  gold on the  
substra te  surface. For  faster spin velocit ies,  lower  surface 
concent ra t ions  resul ted  and h igher  exposure  doses  (1-2 
J / c m  2) were  needed  to induce  copper  plating. I t  was deter- 
m ined  that  a surface concent ra t ion  of  <2.0 ~g/cm 2 wou ld  
not  p roduce  un i fo rm copper  films after UV exposure ,  even  
at increased  doses. 

The  exposure  dose can also inf luence the resolut ion of  
the  pa t te rned  image.  For  a g iven  surface concentrat ion,  
the  h igher  UV doses resul t  in wider  copper-pla ted  features 
w h e n  compared  to lower  UV doses. This effect  is qui te  
c o m m o n  in pho to imag ing  technologies  (2). Thus,  for appli- 
cat ions where  the  u l t imate  resolut ion is critical, the  UV 
dose should be opt imized;  the  UV dose mus t  be large 
enough  to induce  copper  plat ing but  min imized  to obtain  
the  o p t i m u m  resolut ion of  features. With this process,  it 
was possible  to p roduce  30 ~m line and space features for 
th in  copper-pla ted  films (0.35 ~m thickness).  

Typically,  e lectroless  plat ing of  copper  is an isotropic 
process  (19) and the  initial copper-pla ted  image  will  grow 
three  dimensional ly .  For  example ,  a copper  pat tern that  is 
p la ted to a th ickness  of  5 ~m will  exhib i t  an increase in 
l inewid th  of  10 ~m at the  base. Thus,  the  final wid th  of the  
p la ted  copper  feature will increase by twice  the  th ickness  
of  the  copper-pla ted feature. Us ing  the  t echn ique  de- 
scribed,  copper-pla ted pat terns  on glass-epoxy substrates  
exh ib i t  good resolut ion of  features and exce l len t  copper-  
to -epoxy adhesion.  For  a lumina  samples,  a loss of resolu- 
t ion was observed  and this resul t  is current ly  not  well  un- 
derstood.  As shown in Fig. 4, the  resolut ion of  100 ~m wide  
l ines on glass-epoxy can be easily ach ieved  for copper  
films of  several  microns  thickness.  Lastly, the abil i ty to 
plate holes  in the  glass-epoxy was observed  as shown in 
Fig. 5. A l though  this was somewha t  unexpec ted ,  the  dif- 
fuse UV light  may  be reflected into the  hole and resul t  in 
pho todecompos i t i on  of  the  gold complex.  Fu r the r  s tudies 
are necessary  to bet ter  unders tand  this effect. 

I t  should  also be noted  that  the remova l  of  the  gold com- 
p lex  is easily achieved in organic solvents.  Cleaning the  

Fig. 4. Scanning electron micrograph of a copper-plated pattern 
which was produced on a glass-epoxy substrate via the described pro- 
cess. Vertical copper lines on the right side are 100 ~m in width. 
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Fig. S. Scanning electron micrograph of a copper-plated through-hole 
on a glass-epoxy substrote. Marker denotes 100 ~m dimension. 

substrate before or after the initial plating of copper may 
be necessary for several reasons: the resolution of the 
plated pattern may be better preserved because the gold 
complex can slowly decompose to gold metal upon pro- 
longed exposure to sunlight or via thermal decomposition 
at temperatures >120~ In the work described here, sub- 
strate cleaning was not employed. However, under  typical 
manufacturing conditions (i.e., chip bonding, solder 
reflow), the gold complex must  be removed. Thus, a speci- 
fic application may necessitate the removal of gold com- 
plex to ensure electrical integrity of the plated pattern. 

Conclusions 
The formation of gold nucleation sites, which result 

from the photoreduction of a thin, surface layer of di- 
methyl  (1,3-diphenyl-l,3-propanedionato) gold, catalyzes 
the selective plating of copper from electroless copper 
baths. Excellent copper patterns have been produced on 
glass-epoxy composites and display good adhesion. The 
UV dose combined with the surface concentration of the 
photosensitive gold complex will determine the plating ac- 
tivity of the photoimages. Although UV exposures at 365 
nm catalyze copper plating, the use of deep UV wave- 
lengths (254 nm) provide a higher efficiency for the 
photoreduction process. 
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