
2 8 4  J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY February 1981 

REFERENCES 
i. H. Leidheiser, "The Corrosion of Copper, Tin, and 

Their Alloys," John Wiley & Sons, Inc., New York 
(1974). 

2. I. L. Rozenfeld, "Atmospheric Corrosion of Met- 
als," NACE, Houston, Texas (1972). 

3. L. L. Shreir, "Corrosion," 2nd ed., Newues, Butter- 
worths, London (1976). 

4. H. H. Uhlig, "The Corrosion Handbook," John Wiley 
& Sons, Inc., New York (1948). 

5. P. N. Aziz and H. P. Godard, Corrosion, 15, 529 
(1959). 

6. C. Wagner and K. Grunewald, Z. Phys. Chem., B40, 
455 (1938). 

7. H. Guttman and P. J. Sereda, ASTM Stp. No. 435, 
326-59 (1968). 

8. W. H. J. Vernon, Trans. Faraday Soc., 23, 113 
(1921); 23, 162 (1927); 27, 264 (1931); 29, 35 
(1933) ; 31, 1668 (1935). 

9. J. C. Hudson, ibid., 25, 177 (1929). 
10. W. E. Campbelt and H. P. Thomas, Holm Conference 

Proceedings, pp. 233-265 (1968). 
11. S. Mrowec, in "High Temperature Metallic Corro- 

sion of Sulfur and Its Compounds," Z. A. Forou- 
lis, Editor, pp. 55-109, The Electrochemical So- 
ciety Softbound Proceedings Series, Princeton, 
N.J. (1970). 

12. W. H. Abbott, IEEE Trans. Parts, Hybrids, Packag., 
php-lO, 24 (1974). 

13. J. A.-Lorenzen, Institute of Environmental Sciences 
Proceedings, pp. 110-114 (1971). 

14. S. P. Sharma, This Journal, 125, 2005 (1978). 
15. D. W. Rice, P. B. P. Phipps, and R. Tremoureux, 

ibid., 126, 1459 (1979). 
16. D. W. Rice, P. B. P. Phipps, and R. Tremoureux, 

ibid., 127, 563 (1980). 
17. P. B. P. Phipps and D. W. Rice, "The Chemistry of 

Corrosion," pp. 235-261, ACS Publication, Wash- 
ington, D.C. (1979). 

18. D. W. Rice, R. J. Cappell, W. Kinsolving, and J. J. 
Laskowski, This Journal, 127, 891 (1980). 

19. R. G. Wylie, D. K. Davies, and W. A. Caw, in 
"Humidity and Moisture," Editor-in-Chief, A. 
Wexler, Vol. 1, R. E. Ruskin, Editor, pp. 125-134, 
Reinhold Publishing Corp., New York (1965). 

20. A. E. O. Keefe and G. C. Ortman, Anal. Chem., 38, 
760 (1966). 

21. B. E. Saltzman and A. F. Wartburg, ibid., 37, 1261 
(1965). 

22. R. K. Stevens, A. E. O'Keefe, and G. C. Ortman, 
Environ. Scl. Tech., 3, 652 (1969). 

23. P. W. West and G. C: Gaeke, Anal. Chem., 28, 1961 
(1956). 

24, A. Fontijn, A. J. Sabadell, and R. J. Ronco, ibid., 
42, 575 (1970). 

25. B. E. Saltzman, ibid., 26, i949 (1954). 
26. C. G. T. Prince, J. Appl. Chem., 5, 864 (1955). 
27. J. A. Hodgeson, K. S. Krost, A. E. O'Keeffe, a n d  

R. K. Stevens, Anal. Chem., 42 (14), 1795 (1979). 
28. J. E. Sigsby, J. Environmental Sci., 7 (1), 51 (1973). 
29. T. E. Graedel and N. Schwartz, Mater. Performance, 

17 (i977). 
30. Air Quaiity Data, 1975 Statistics, EPA-450-2-77-002, 

109 (1979). 
31. J. O. Nriagu, "Sulfur In The Environment," John 

Wiley & Sons, Inc., New York (1978). 
32. C. E. J unge and T. Ryan, Quart. J. Roy. Meteorol. 

Soc., 84, 46 (1958). 
33. D. A. Vermilyea, This Journal, 113, 1067 (1966). 
34. F. Mansfeld, Regional Air Pollution Study, AMC 

7010.112 AR, 32 (1977). 
35. C. Wagner, Z. Phys. Chem., B21, 25 (1933). 
36. "Chlorine and Hydrogen Chloride," EPA-600/1-76- 

020, National Tecr~mcal Information Service, PB- 
253 196, 388 (1976). 

37. Air Quality Data, 1975 :Statistics, EPA 450-2-77- 
002, 155 (1977). 

38. H. W. Hermance, C. A. Russel, E. S. Bauer, T. F. 
Egan, H. V. Wadlow, Environmental Sci. Tech., 
5, 781 (197i). 

39. Air Quality Data, 1973 Annual Statistics, Publica- 
tion EPA-450/2-74-015, Research Triangle Park, 
N.C. (1974). 

40. C. E. Junge, "Air Chemistry and Radio Activity," 
Academic Press, New York (1963). 

41. "Atmospheric Factors Affecting the Corrosion of 
Engineering Metals," S. K. Coburn, Editor, 
ASTM-STP 646 (1978). 

42. "Corrosion In Natural Environments," ASTM-STP 
558 (1974). 

43. "Galvanic and Pitting Corrosion--Field and Lab- 
oratory Studies," ASTM-STP 576 (1976). 

44, Metal Corrosion in The Atmosphere," ASTM-STP 
435 (1968). 

45. "Atmospheric Corrosion of Nonferrous Metals," 
ASTM-STP 175 (1956). 

46. R. V. Chiarenzelli, IEEE Trans. Parts, Mater. 
Packag., prop-3, 89 (1967). 

47. A. W. Tracy, ASTM-STP 175, 67 (1955). 
48. K. S. Rajagopalan, M. Sundaram, and P. L. An- 

namalai, Corrosion, 15, 631 (1959). 
49. R. S. Herman and A. P. Castillo, ASTM-STP 558, 

82-96 (1974). 
50. D. Knotkova-Cermakova, B. Bosek, and J. Vlckova, 

ASTM-STP 558, 52-72 (1974). 
51. F. E. Bader, Personal communication. 

Inclusions in Electroplated Additive-Free Hard Gold 
S. Nakahara* and Y. Okinaka* 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Hard gold deposits plated from an additive-free phosphate bath have b e e n  
analyzed for codeposited inclusions using transmission electron microscopy. 
Electron diffraction analyses of residues obtained from aqua regia dissolution 
of the gold deposits and those collected from the surface of thermally aged 
deposits showed that these residues consist of aurous cyanide (AuCN). These 
results and other electrochemical evidences suggest that AuCN is codeposited 
in additive-free hard gold, bringing about a grain refining effect and the re- 
suiting increase in hardness. 

Hard gold deposits for electronics applications 
are generally electroplated from baths containing 
KAu(CN)2, a citrate or phosphate buffer, and a hard- 

* Electrochemical Society Active Member. 
Key words: electrodeposition, transmission electron microscopy, 

electron diffraction. 

ening agent such as a cobalt salt. Recently, it w a s  
found that the inclusion of cobalt in the gold at con- 
centrations above a certain limit may cause the forma- 
tion of a highly resistive, cobalt-containing surface film 
(COO) when the gold is aged at moderately high tem- 
peratures (,--150~ (1). As a practical solution to this 
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p rob lem i t  has been suggested to rep lace  the cobal t -  
ha rdened  gold (CoHG) wi th  an add i t i ve - f r ee  ha rd  
gold ( A F H G )  for  cer ta in  appl ica t ions  (2).  

The  p la t ing  of A F H G  was first descr ibed by  Rein-  
he imer  (3), who obta ined  ha rd  gold deposits  b y  op-  
e ra t ing  at  low t empera tu res  (,~25~ the convent ional  
c i t ra te  or  phosphate  ba th  which n o r m a l l y  yields  soft 
gold at  e leva ted  t empera tu re s  (,~70~ He also ob-  
served tha t  the increase  in hardness  wi th  decreasing 
p la t ing  t empe ra tu r e  i s  accompanied  by  a cor respond-  
ing increase  i n  carbon content  of the deposit.  Subse-  
quent ly,  we  ca r r i ed  out  a t ransmiss ion e lec t ron mic ro-  
scope ( T E l )  s tudy  of var ious  h a r d  gold deposi ts  (4), 
and found tha t  A F H G  contains a high dens i ty  of small  
nonmeta l l ic  objects.  The presen t  s tudy  was unde r t aken  
to ident i fy  these inclusions and to obta in  an unde r -  
s tanding  of the  mechanism of codeposit ion a n d  the role 
tha t  the  codeposi ted ma te r i a l  might  p l ay  in de te rmin -  
ing the  s t ruc ture  and p roper t i e s  of AFHG.  I t  is shown 
tha t  A F H G  contains aurous cyanide (AuCN),  which  is 
known  to form a po lymer ic  s t ruc ture  wi th  infinite 
l inear  chains (5, 6). This finding is consis tent  wi th  the 
r ecen t ly  proposed  mechanism of cathodic gold deposi-  
t ion f rom A u ( C N ) 2 - ,  which involves the format ion  of 
AuCN as an adsorbed  in te rmedia te  (7-11). 

Experimental 
Plating procedure.raThe A F H G  deposits  examined  in 

this work  were  p la ted  f rom a phosphate  bath  wi th  the 
fol lowing composit ion:  K A u  (CN) ~ 44 g / l i te r ,  KH2PO4 
100 g / l i t e r ,  KOH 28 g / l i te r ,  p H  7.0. The p la t ing  was 
car r ied  out  a t  40~ using the  prev ious ly  descr ibed  ex -  
pe r imen ta l  setup (12) involving a stainless steel  ro-  
ta t ing cy l inder  cathode and a concentr ic  anode. The 
cathode, 2 cm in d iamete r  and 2.1 cm in height,  was 
t igh t ly  wrapped  wi th  a substrate,  which was a sheet  
of copper,  2.1 X 6.5 • 0.005 cm, coated wi th  a thin 
flash of gold str ike.  The anode was made  of t i tanium, 
and i t  was coated wi th  an active layer  consist ing of 
RuO2 and TiO2 (12). The inner  d iamete r  of the anode 
measured  2.9 cm. The cathode was ro ta ted  at  3600 r p m  
to obta in  a tu rbu len t  flow condit ion which a l lowed 
high speed p la t ing  at  a cur ren t  densi ty  of 250 m A / c m  2 
(12). 

Specimen preparation.mThe copper  subs t ra te  was 
first dissolved off the gold deposi t  (,,~25 #m) in 1:1 
HNO3. TEM specimens for direct  observat ion of inclu-  
sions were  p repa red  by  e lec t ropol ishing the gold in a 
mix tu re  of 25 ml e thyl  alcohol, 25 ml glycerin,  and 50 
ml  concent ra ted  HC1 (4). 

The res idue ob ta ined  upon dissolut ion of the  A F H G  
deposi t  in aqua regia  was collected on a TEM specimen 
grid af ter  thorough washing in dis t i l led water .  In  this 
p rocedure  the aqua regia  had  to be replaced  by  dis-  
t i l led  wa te r  immed ia t e ly  af ter  complete  dissolution of 
the gold because the res idue dissolved ra the r  rap id ly  
in aqua regia. It was noted tha t  the amount  of this 
res idue was cons iderably  less than  tha t  obta ined  f rom 
a CoHG deposit.  The l a t t e r  was first discovered by  
Munier  (13) and cal led "polymer ,"  which  more  r e -  
cent ly  was identif ied as cobaltous cyanocoba]tate,  
Co~[Co(CN)6]2.  xH20 (14). This "polymer"  is s table  
in aqua regia  unl ike  the res idue f rom the AFHG.  

The  surface res idue formed on a t he rma l ly  aged 
(150~ 1 week)  A F H G  deposi t  was collected on a 
smal l  piece of knife  edge using the scraping technique 
descr ibed prev ious ly  (15). The knife  edge was di rec t ly  
mounted  on a specimen holder  for TEM observation.  

Transmission electron microscopy.--TEM micro-  
graphs  were  taken  with  a JE1V~-200 e lec t ron microscope 
opera ted  at  200 kV. The defocus imaging technique 
(16) was used for d i rec t  observat ion  of nonmetal l ic  
inclusions in gold deposits.  

Experimental Results 
Direct observation.--A TEM mierograph  of an A F H G  

film taken in the under - focused  condit ion [~f (defocus 
dis tance)  -- --3.9 , m ]  is shown in Fig. 1. Nonmeta l l ic  

Fig. 1. TEM micrograph of electropolished AFHG, showing non- 
metallic objects (black and white arrows), voids (denoted by a 
symbol V), and holes (marked by H). White arrows indicate inclu- 
sions inside the deposit, whereas black arrows show objects lying on 
the surface. The micrograph was taken in slightly underfocused 
condition in order to reveal the images of inclusions. 

objects  a re  seen in  this mic rograph  mos t ly  as smal l  
whi te  circles su r rounded  b y  b lack  r ings (ma rked  b y  
whi te  a r rows) ,  while  some are  seen with  an opposi te  
contras t  as b lack  circles su r rounded  by  whi te  r ings 
(marked  by  black a r rows) .  These smal l  image  fea tures  
resul t  f rom phase contrast ,  and therefore  these objects  
are  sometimes cal led "phase objects" (17). I t  can be 
eas i ly  shown from the prev ious ly  descr ibed image 
analysis  based upon geometr ic  optics (18) that  the  
b lack  circles in Fig. 1 are  due to objects  s i tuated on the 
specimen surfaces, whereas  the  whi te  circles are  images 
resul t ing f rom objects  located inside the specimen. As 
shown previous ly  (19), the image  size measured  from 
under - focused  micrographs  closely corresponds to the 
t rue  size of phase objects  in the range of about  20-50A. 
The mic rograph  of Fig. i shows tha t  appnox~mately 
80% of the  phase objects  measure  20-55A in diameter ,  
the r ema inde r  measur ing  up to 200A. The popula t ion  
densi ty  was ,-~1 X 10~7/cm 3, and the volume rat io  was 
es t imated to be 1.3 to 1~ assuming the phase ob-  
jects  to be spher ica l  and  tak ing  measurements  in the  
regions of thicknesses ranging  f rom 500 to 750A. A 
close examina t ion  of the mic rograph  shows that  the 
phase objects  are  located both wi th in  the grains  and 
at  gra in  boundaries.  In  spite  of the presence of these 
phase objects,  the e lect ron diffraction pa t t e rn  obta ined  
with  the gold film did not show any  de tec table  diffrac-  
tion lines o ther  than those due to gold metal .  

I t  is also seen from Fig. 1 that  the size of gold grains  
ranges f rom ~250 to 750A, which is somewhat  l a rge r  
than  tha t  of a typica l  CoHG (225-275A) (4) bu t  con- 
s ide rab ly  smal le r  than  the gra in  size of soft gold 
deposits  [ typica l ly  1-2 gm (20)].  Genera l ly ,  when TEM 
specimens are  p repa red  by  electrothinning,  holes sur -  
rounded  by  thin t apered  edges are  produced.  The large  
holes denoted by  H in Fig. 1 are  seen to have this fea-  
ture. On the other  hand, the small  faceted holes de-  
noted by V are  not  sur rounded  by  such tapered  edges, 
and thei r  size and shape resemble  those of ind iv idua l  
grains. Based on these observations,  i t  m a y  be as-  
sumed tha t  these smal l  holes a re  voids produced du r -  
ing film growth.  The significance of this assumption 
wil l  be discussed in a la te r  section. 

Residue from aqua regia dissolution.--A TEM micro-  
graph obta ined  wi th  the  res idue f rom aqua regia  d is -  
solution is shown in Fig. 2a, and the corresponding 
e lec t ron diffraction pa t t e rn  in  Fig. 2b. I t  is seen tha t  
the res idue consists of e x t r e m e l y  smal l  crystals  (25- 
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30A) wi th  poor  crysta l l in i ty .  The  analysis  of  the  dif-  
f ract ion p a t t e r n  shows tha t  the  ma te r i a l  is AuCN 
(Table  I ) .  I t  was noted tha t  this ma te r i a l  is s table  to 
e lec t ron beam i r rad ia t ion  as opposed to the s imi lar  
aqua regia  res idue obta ined  f r0m a coba l t -ha rdened  
gold, which was observed  to decompose in a few sec- 
onds in the e lect ron microscope. 

Sur]ace residue.--Figures 3a and 3b show a TEM 
micrograph  obta ined wi th  the res idue col lected f rom 
the surface of a t he rma l ly  aged (150~ 1 week)  
deposi t  and the corresponding e lect ron diffraction 
pat tern.  The res idue is seen as we l l -deve loped  needle -  
shaped crys ta ls  100-300A thick. No such res idue was 
obta ined f rom the surface of as -depos i ted  gold. The 
analysis  of the diffract ion pa t t e rn  also showed tha t  the 
crysta ls  a re  A u C N  (Table  I ) .  The r e l a t ive ly  la rge  dis-  
c repancy  for  the  la rges t  d -spac ing  is a t t r ibu ted  to an 
expe r imen ta l  error .  

Discussion 
Existence of AuCN in deposits.--Reinheimer (3) 

s tudied the  carbon inclusion in gold deposits p la ted  
f rom add i t ive - f ree  baths  as a function of var ious  p la t -  
ing parameters .  He unequivocal ly  showed tha t  the 
carbon resul ts  f rom the inclusion of a ca thodica l ly  
formed product ,  and considered these compounds as 
the  most  l ike ly  source of carbon:  KCN, AuCN, 
KAu(CN)2 ,  and HCN. For  coba l t -ha rdened  gold de-  
posits, Raub, KnSdler ,  and Lendvay  (21) also consid-  
e red  the poss ib i l i ty  of the inclusion of AuCN among 
o ther  compounds as a source of carbon. Subsequent ly ,  
Cohen, West, and An t l e r  (22) made  a MSssbauer 
spectroscopic s tudy  of coba l t -ha rdened  gold, and~re-  
por ted  tha t  the deposit  contained no de tec table  AuCN, 
KAu(CN)2 ,  or  KAu(CN)4 .  The detect ion l imi t  for  
AuCN by this technique was --2 mole percent  (m/o)  
of the total  Au. The analysis  of A F H G  pla ted  under  
the condit ions of the presen t  exper imen t  showed the 
presence of 0.055 weight  percen t  (w/o)  of carbon (2), 
which corresponds to 0.90 m / o  as AuCN if  all  of the  
carbon is assumed to be present  in this form. Thus, 
MSssbauer  spectroscopy would  not detect  the AuCN in 
AFHG.  Based on these considerat ions in conjunct ion 
with  the  resul ts  of analysis  of aqua regia  res idue and 
surface residue,  i t  is pos tu la ted  tha t  AuCN is code- 
posi ted in AFHG.  

Mechanism of AuCN codeposition.--The mechanism 
of gold deposi t ion f rom Au (CN)2-  has been s tudied by 
m a n y  inves t iga tors  in recent  years.  Al l  agree that  a 
chemical  step precedes  the charge t ransfer  step but  
disagree in deta i led  descr ipt ion of t h e  chemical  step. 
Har r i son  and Thompson (8), using a potent iosta t ic  
l inear  sweep technique,  found that  the  reduct ion of 
A u ( C N ) 2 -  to be first o rde r  in cyanide,  and proposed 
that  AuCN is the reducib le  species 

Au(CN)~- ~_- AuCN + CN- [i] 

AuCN + e- -~ Au + CN- (slow) [2] 

Beltowska-Brzezinska and Dutkiewicz (9) deter- 
mined the dependence of exchange current on con- 

Table I. Electron diffraction analysis of aqua regia and 
surface residues in AFHG 

A q u a  regia 
residue S u r f a c e  r e s i d u e  

- . �9 A u C N *  
d o ~  I n t e n -  dobs I n t e n -  
( A )  s i t y  ( A )  s i t y  d(A)  ( h k l )  I/Imax 

5.06 S 4.90 S 5.08 (001) lO0 
2.95 S 2.90 S 2.941 (100) 100 
2.50 M 2.58 S 2.542 (101, 002) 70 
1.88 S 1.93 S 1.921 (102) 25 
1.71 M 1.71 M 1,693 (003, 110) 25 
1.40 M 1.47 M 1.470 (200) 10 

S = s t r o n g ;  M = medium. 
�9 Joint committee  powder  diffraction standard, f o r m e r l y  A S T M  

diffraction file 11.307. 

Fig. 2. Structure of aqua regia residue from AFHG. The image of 
the residue (a) and its electron diffra,ction pattern (b). Note details 
around edges in (a). 

centra t ions  and a r r ived  at  the same conclusion as 
above. MacAr thur  (7) carr ied  out a cyclic vo l tam-  
metr ic  s tudy and found evidence for  the adsorpt ion  of 
AuCN in te rmedia te  at  low overpotent ials .  Eisenmann 
(10) concluded from his kinetic  studies of the deposi-  
t ion systems of soft as wel l  as ha rd  gold tha t  the re -  
act ion proceeds via a common mechanism involving ad -  
sorpt ion equi l ibr ia  preceding and fol lowing the elec-  
t ron t ransfer  step 

Au(CN)2  ~--- AuCNad -}- C N -  [3] 

AuCNad -}- e -  ~ (Au~ - [4] 

(Au~ - ~ -  Au ( la t t ice)  + C N -  [5] 

McIn tyre  and Peck (11) observed a dis t inct  cathodic 
p rewave  in thei r  potent ia l  scan exper iment ,  which they  
consider  m a y  be a t t r ibu ted  to the reduct ion of an in-  
soluble film of AuCN. These mechanis t ic  evidences are  
consistent  wi th  our exper imenta l  results  indica t ing  that  
AuCN is incorpora ted  in the gold deposit.  

I t  was found by Reinheimer  (3) tha t  the carbon con- 
tent  of A F H G  is s t rongly  t empe ra tu r e  dependent ,  and 
soft gold p la ted  at  70~ contains only ~0.001 w/o  C as 
compared  to ~0.055 w/o  for AFHG.  F rom this resul t  it  
is clear  that  soft gold contains essent ia l ly  no AuCN. A 
TEM observat ion  of soft gold also did not show any 
evidence of nonmetal l ic  inc lus ions  (19). This resul t  
can be unders tood if  the adsorpt ion  of AuCN is in-  
volved because the coverage by  an adsorbed species 
decreases exponent ia l ly  as t empera tu re  is increased 
through an adsorpt ion isotherm (23). 
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Fig. 3. Structure of surface residue obtained from thermally aged 
AFHG. The image of the surface residue (a) and its electron dif- 
fraction pattern (b). 

A u C N  as phase ob jec t . - -As  s ta ted  in the preceding  
section, the volume occupied by  the phase object  in the 
specimen amounts  to 1.3-1.9%. If  i t  is assumed tha t  
these objects  a re  AuCN wi th  a bu lk  dens i ty  of 7.12 
g / c m  8, the carbon content  of the specimen correspond-  
ing to the AuCN can be ca lcula ted  to be 0.032 • 0.008 
w/o.  Thus, under  these assumptions  the  phase object  
accounts for  a p p r o x i m a t e l y  50-70% of total  carbon 
content  (0.055 w / o ) .  I t  appears  that  two or  more  
sources of carbon exis t  in AFHG;  a s imi lar  conclusion 
has been reached recen t ly  for  CoHG (14). 

The  s t ruc ture  of AuCN is known to be polymer ic  
wi th  infinite l inear  chains a r ranged  in para l l e l  (5, 6) 

I t I I 
- - A u - - C N J A u - - C N - - A u - - C N - - A u - -  

J [ I 
- - A u - - C N - - A u - - C N - - A u - - C N - - A u ~  

1 I l I 
As noted previously,  the size of AuCN crysta l l i tes  in 
the aqua regia  res idue was 25-30A whi le  the  m a j o r i t y  
of phase  objects  measured  25-50A. This s imi la r i ty  in 
size suggests that  the phase objects  are, in fact, AuCN 
crystal l i tes ,  and they  coagulate  to form the res idue 
upon dissolution of gold in aqua regia. F rom the known 
la t t ice  constants  (hexagonal ,  a = 3.40A, c ~ 5.09A) 
(6) i t  can be es t imated  tha t  each crys ta l l i te  consists 
of 5-10 uni t  cells. The observa t ion  of the needle -  
shaped crys ta ls  on the surface of t h e r m a l l y  aged de-  

posi t  shows that  the smal l  crys ta l l i tes  segregate  on the 
surface to grow in the di rect ion of c -axis  upon heating.  

I t  has been found tha t  the  dens i ty  of A F H G  de te r -  
mined  by  the grav imet r ic  method  using a specific g rav -  
i ty  bot t le  is equal  to 17.40 ___ 0.10 g / c m  3, as compared  
to 19.3 g / cm 8 for pure  bu lk  gold (2). A s imple calcula-  
t ion using the volume percent  of the phase  object  and 
the densi ty  of AuCN shows tha t  the incorpora t ion  of 
AuCN as the  phase object  accounts for a decrease  in 
dens i ty  f rom 19.3 g / cm 8 only  to 19.1 g / cm 8. I t  appears  
tha t  the cons iderably  lower  dens i ty  observed  is due to 
the presence of voids. This in te rp re ta t ion  is based on 
the  fol lowing measurements  and calculations.  A TEM 
micrograph  taken  at  a low magnif icat ion (20,000)<) 
y ie lded  N1 • 1015/cm3 for the popula t ion  dens i ty  of 
voids and 300-650A for the range of void diameter .  
Using these  vaIues and es t imated  film thicknesses 
(750-1000A), the rat io  of the volume occupied by  the 
voids to the film volume can be calcula ted as 8-14%. 
These values y ie ld  film densit ies ranging  f rom 16.3 to 
17.4 g/cm~ in good ag reemen t  wi th  the observed  
density.  1 

Role of  AuCN. - -Hard  gold electrodeposi ts  a re  gen-  
e ra l ly  Obtained by  the addi t ion  of smal l  amounts  of 
meta l  ions such as Co 2 + or  Ni 2 +. These ions are  known 
to codeposit  wi th  gold in aLt leas t  two different  forms, 
cyano-complex  and subst i tu t ional  a l loy (14, 25, 26). 
The increased hardness  is p r i m a r i l y  due to the gra in  
refining effect (27) which is brought  about  by  the co- 
deposi ted cyano-complex  (4, 14). Similar ly ,  the code- 
posi ted AuCN appears  to p l ay  the  role of a gra in  r e -  
fining agent  for A F H G  ei ther  by  promot ing  the nuclea-  
t ion of gold or  by  inhibi t ing  the g rowth  of  gold gra ins  
or both. 

As was descr ibed in a previous  communicat ion,  the 
contact  resis tance s tab i l i ty  on the rmal  aging of A F H G  
is super ior  to tha t  of CoHG (2). However ,  a smal l  in-  
crease in contact  resis tance was found to occur upon 
heat ing A F H G  at >100~ The resul ts  descr ibed indi -  
cate that  this increase  is due to the surface segregat ion  
of AuCN at  e leva ted  tempera tures .  

Summary and Conclusion 
A transmission e lect ron microscope s tudy  of e lec t ro-  

p la ted  add i t ive - f r ee  hard  gold indica ted  tha t  AuCN is 
codeposited as an impur i ty .  Elec t rochemical  evidences 
found in the l i t e ra tu re  suggest  that  this compound,  
which is formed as an adsorbed  in te rmedia te  dur ing  
the reduct ion of A u ( C N ) 2 - ,  is incorpora ted  in the 
gold deposit.  The amount  of AuCN es t imated  f rom the 
volume densi ty  of phase objects  observed by  TEM 
shows that  about  50-70% of the total  carbon found by 
chemical  analysis  of A F H G  can be accounted for by  
AuCN. The AuCN appears  to be presen t  in A F H G  as 
crystal l i tes ,  each consist ing of 5-10 unit  cells, wi th in  
gold grains  as wel l  as at gra in  boundaries .  The in-  
corpora t ion  of AuCN can expla in  the decreased gra in  
size, increased hardness,  and smal l  contact  resis tance 
ins tab i l i ty  of add i t ive - f ree  hard  gold. 

Manuscr ip t  submi t ted  Apr i l  17, 1980; revised m a n u -  
scr ipt  received Aug. 8, 1980. 

Any  discussion of this p a p e r  wil l  appear  in  a Dis-  
cussion Section to be publ i shed  in  the December  1981 
JOURNAL. Al l  discussions for the December  1981 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1981. 

Publication costs of  this article were  assisted by Bel l  
Laboratories. 

1 T h e  dens i ty  of  CoHG is also k n o w n  to be low {17.3-17.8 g / c m  ~) 
(24). A TEM examina t ion  of this  type  of gold showed tha t  voids 
s imilar  to individual  g ra ins  in size and shape  (~250A) a re  dis- 
t r i b u t e d  randomly .  As in the  case of AFHG,  t h e  v o l u m e  of these  
voids  appea r s  to account  for  the  dec r ea sed  dens i ty  of CoHG. 
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Cyanoaurate(lll) Formation and Its Effect on 
Current Efficiency in Gold Plating 

Y. Okinaka* and C. Wolowodiuk 
Bell  Laboratories, MUrray Hffl, New Jersey 0?9?4 

ABSTRACT 

The cyanoaurate (Ill) ion has been found to form and accumulate in acidic 
or neutral gold plating baths containing cyanoaurate(I) as the source of gold. 
This trivalent gold species brings about a decrease in plating current efficiency 
because its reduction to gold metal requires three faradays per mole, whereas 
only one faraday is consumed to reduce one mole of Au (I). The accumulation 
of Au(III)  should therefore be minimized to produce gold deposits with a thick- 
ness unaffected by bath age. This paper describes various methods for achiev- 
ing this objective, which include the use of the so-called "dimensionally stable 
anode" and a techniqe of chemically reducing Au(III)  to Au(I) .  

Thickness control in gold plating has become in- 
creasingly important in recent years because of the 
necessity for saving gold by plating only a minimal 
thickness required for specific applications. Since de- 
posit thickness is directly proportional to plating cur- 
rent efficiency, it is important to have knowledge of 
factors affecting the latter. It is recognized that the cur- 
rent efficiency of bo~h soft and hard gold plating from 
acidic or neutral cyanoaurate(I) baths tends to de- 
crease with increasing extent of bath use, and gener- 
ally extrinsic contaminants are believed to be re- 
sponsible for the efficiency deterioration. 

During the course of our recent work to develop a 
polarographic method for analyzing gold plating solu- 
tions (1), significant amounts of cyanoaurate (III) ions, 
Au (CN)4-, were found in extensively used production 
baths. It has been established that this species is pro- 
duced as a result of a reaction at the anode, generally 
platinum or platinized titanium, and that it is, at 
l e a s t  partly, responsible for the decrease in plating 
current efficiency because of the greater quantity of 
electricity required to reduce Au (III) than Au (I). 

In the present work, the relationship between current 
efficiency, Au(III)  content, and bath age has been 

* Electrochemical Society Active Member. 
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dimensionally stable anode, hydrazine. 

studied, and methods for minimizing the formation and 
accumulation of Au (III) have been investigated. 

Experimental 
Plating Solutions 

Results obtained with two different types of plating 
solutions are described in this paper: a conventional 
cobalt-containing hard gold bath (denoted as CoHG) 
and a high speed, additive-free hard gold bath (AFHG) 
(2). Make-up compositions and optimum operating 
conditions of these baths are listed in Table I. During 
the bath aging experiments, the plating solutions were 
analyzed for total gold and Au(III )  and for Co 2+ 
using, respectively, the po]arographic and calorimetric 
methods described previously (1), and the total gold 
and cobalt concentrations were maintained within ap- 
proximately • by periodic addition of appropriate 
salts. The pH was kept constant within • unit by 
adding citric phosphoric acids for CoHG and AFHG 
baths, respectively. 

Apparatus 
CoHG.--A ~acketed gIass pla~ing cell containing 300 

ml of the CoHG plating solution was used. A rigid fiat 
anode (platinum unless noted otherwise) measuring 3.8 
• 3.8 cm was placed vertically at the center of the cell, 
and two copper sheets with the same dimensions plated 
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