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Contact Adhesion of Thin Gold Films on Elastomeric

describe the self-adhesion of thin gold films

on elastomeric supports, under ambient lab-

oratory conditions, with very small applied
loads (Fig. l). Adhesive bonding of metal

surfaces under ambient laboratory condi-
tions-that is, in the presence of air, humid-
iry, and volatile organic contaminants-and
with very small applied loads (<0.1 ro 0.2

glcmt) (5) is therefore remarkable. For self-

adhesion of these *dirq'," supported films of

gold, an underlying elastomeric support is

required. The self-adhesion is inhibited or

prevented by monolayer films [self-assem-
bled monolayers (SAMs)l less than I nm
thick on the gold.

We prepared the systems by the proce-
dure summarizr.d in Fig. l. Treatment of a

filrn of poly(dimethylsiloxane) (PDMS) (6)

with a radio frequency, oxygen plasma
formed a thin [<50 A by x-ray photoelec-
tron spectroscopy (X?S)] silica-like layer on

its surface. We denote this oxrdized surface

as PDMS/SiO2: its surface chemistry is sim-

ilar to that of SiO2 (7). Chemisorption of

I l-trichlorosilylundecyl thioacetate ICl.Si-
(CHr)rrSCOCH.] from the vapor phase
onto PDMS/SiO2 produced a monolayer of

the corresponding alkylsiloxane (8, 9). Thin

films of gold (-20 nm), thermally evaporat-

ed onto the surface of the PDMS-bound

SAM (9-11), adhered well to ir (9, 12, 13).

When placed in contact, two gold films

supported on I cm by I cm squares of

PDMS adhered strongly across the gold-

gold interface. Failure occurred by decohe-
sion within the polvmer (the tear strength of

the PDMS used here is 2.7 x 103 g/cm)

Qa). We hypothesize that the elasticiry and

compliance of PDMS allow the gold surfac-

es to conform to one another, increasing the

area of gold-gold contact and tangentially

displacing looselv adsorbed contaminants
(1t ) .  Th is  hvpothes is  impi ies  the poss ib le
firrmation of "isiands" of the contaminants

. ir  thc gold-eold interfhce.
\\'c measured rhe strength of adhesion by

using an appararus reported separatelv (8).

A small (radius of curvature : l.3I to 1.34
mm) hemispherical lens of PDMS and a flat

sheet of PDMS were allowed to come into

contact in the absence of an applied load.

For rwo surfaces of unmodified PDMS, the

pull-off force rvas 0.034 dvne for an initial
area of contact at zero load of 4.45 x l0-4

cm'. We characterize this adhesion as
"tacky," because the area of contact de-

creased with increasing negative load. The

pull-offforce for the two gold films support-
ed on PDMS was 3.33 dvne for an initial
area of contact of 3.53 x I0-a cm'. In this
case. the area of contact did not decrease
n'ith increasing negative load; rather, cohe-
sive failure occurred within the flat sheet of
PDMS. We conclude that this pull-offforce
is a lower limit of the strength of adhesion
across the gold-gold interface and that these
results rule out the possibiliry that the weld-

ing is acruallv tackv adhesion arising from
organic contaminants at the interface.

Chemisorbed monolayers of alkyl thio-
lates at the surfaces of these gold films

prevented welding. Treatment of one of the

films with ethanoethiol vapor for 5 to l0 s

greadv reduced the strength of adhesion;
that is, the films were easily separated and
adhesive failure occurred at the "gold-gold"
interface. This "weak" adhesion was similar
in strength and character to the tackiness
berween sheets of unmodified PDMS (16).

As expected, gold filrns bearing ordered
SAMs of longer chain alkyl thiolates (17)
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Thin gold films placed in contact on compliant elastomeric poly(dimethylsiloxane)
supports weld together. This "cold welding" is remarkable both for the low loads

required and for the fact that it occurs under ambient laboratory conditions, condi-

tions in which the gold surfaces are covered with fi.lms of weakly adsorbed organic

impurities. These impurities are probablv displaced laterally during the welding.

Welding can be prevented by the presence of a self-assembled gold(I) alkvlthiolate
monolayer on the gold surfaces. The welded contacts have low electrical resistiviw and

can be made thin enough to transmit light. This system is a promising one with which

to study interaction between interfaces.

ELDING OF METATS LINDER AM-

bient conditions ("cold weld-
ing") has been practiced for more

than 700 years, but only with high applied
pressures (such as under the impact of a
smith's hammer) or with frictional work
(1-3).The adhesion of metals in ultrahigh
vacurun (Ufrv) under light loads is also
known (4) but requires flat, ductile, and
atomically clean surfaces. In this report we
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Adsoo€d organlc
oontamlnants

IHS(CHr ) r rCH: ,  HS(CH2) r  rCH: ,  and
HS(CH2)rsCH:l also showed onlv weak
adhesion. The pull-offforcc for nr.'o of these
sur faces [bear ing SAMs of  HS(CH.) , , -
CH.l was 0.037 clvne f irr  an init ial  . l rcrt  ot-
contact of 3.50 x l0 n cnrt.  \ \ 'e prcsunrc
that these thin (5 to 25 A; f i lms exert their
influence bv preventing atomic contact of
the gold surfaces.

It seems to be necessary to havc at least
one gold film supported on a compliant
elastomer in order fbr cold rvelding to occur
under these conditions. We obsen'ed u'eld-
ing berween a sample of the gold on a
PDMS square I cm bv I cm anri golcl
condensed ven' slos' lr '  (  0.3 to 0.4 A, s ) ()nto

a glass, microscope cover sl ip (.18). Wc
obsen'ed onlv r,r'cirk (tackr') adhesion, holl,-
ever, berw,een sanrples clf gold or-r PDMS
and gold condensed at ()r abovc I to 3 A/s
onto a glass microscope sl ide (19).

The compositc films (PDMS/SiOr/mono-

layer/Au/Au/monolaver/SiOr/PDMS) dc-
scribed in this rcport were opticallv trans-
parent and pror,iclc an opportuniw fbr
optical microscopic ar-rd spectroscopic (ul-
trar..iolet-visible) analvsis of the gold-gold
interface. Prcl imi r-ran' cxperiments, in which
we used simplc pancrned surfhces fbrmed bv
shadowing portions of thc polvmer film
during evaporation of the gold, have estab-
lished that the gold-gold contacts show littlc
elcctr ical resistancc (<0.4 ohm/cm2) (20).

Cold welding requires atomic contact be-
rween the surfaces that are joining. Thesc
clean surfaces are probablv generated in the
svstem described here bv lateral displace-
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ment of contaminants on tl-rc gold surface.
This displaccmcnt is facilitated bv the clas-
tomcric and compliar-rt support. Althotrgh
colcl r i 'c lcl ing is rr u'cl l-knon'n phct ' totncnort
in other circur-r-rst.rnccs. i ts t ,ccurreIrce bc-

t\\'ccn "rlirn"' nret.rl surtirccs. utrcler ambient
atm()spheres. at ven' small applied prcssure
is unexpcctcd. A number of characteristics of
this svstem make it a particularlv attractive
one u'ith which to sftrdv cold ri'clcling. 

-fhc

mcchanical propert ies of the I ' l ) \1S cl.rs-

tonrcr rrrc errsi lv t .rr icr ' l .  
- fhc 

thicknc\\c\ ()t

the SiO, laver. thc golt l  f i lnr.  .rnrl  thc S.\I1
couprlinu lirver c.ur be controllccl. 

'l ' l-rc 
svstenr

is vcn' ,.nrltivc to alkane thiolates adsirrbc,.i
on thc gold, and the techniques do'cloped
in studving thesc SAMs (17) are appl icable
to undcrstanding this scnsitivin'. Thc cntire
svstem is opticallrr transparent rurci crrn be
examincd bv absorptiott s;'tc611'oscopr'. 

-l'hc

welds ;rre clcctr icir l lv conducting: this con-
ductivin' mav be uscful in ch;rr;rctcrizing
them and mav also provide thc basis firr
methods of fabricating novcl n'pes of clcc-
trical circuits.

RL,FL,Rt,N(]F.-S AN I) NOTI,,S

For a historical accor,rr.rt of colcl r"'elding uith golcl.
sec  L .  B .  Hunt .  ( - io / r /  I lu l l .8 ,22  (19751;  r i ' i t l . r  lead .
scc J. T. Dcsagulicrs. I)hi los. 

' [ ' rans. 
R. Sor. l .ondon

3 3 . 3 4 5  ( t 7 2 5 ) .

Modcrn mcthods f irr  cold u'clding: J. I- .  Jel l ison .rnd
F. J. Zar.rr.rcr. Mt' tals Handbook (American Socien'f irr
Metals. Metals Park, OH. cd. 9, 198.3). r 'ol .  6. 1.r.
672.

For earlv cxpcrinrental urrrk. see F. P. Boudcn . ind

| .  F . .  Young,  Nat r rn '  f64 ,  1089 (1949r ;  F . .  S .
Mich l in  a r rd  W.  R.  Yankce,  J .App l .  Phys .  25 ,576
(1954t; J. R. Whirchcad, Pror. R. Sor. Lontlon Scr-

,42O1,109 (1950) ;  F .  P .  Bou 'den and (1 .  W.  Roue ,
ibid. 233,429 (19561' Adhesiott or Cold Weldit tq ol
,\4aterials in Spare Enuironrnents (ASTM Spcciel
Tcchnical Publication 43 l .  American Socicn' f i rr
-fest ir-rg 

and Materials. Phi ladclphia, 1967).
For rcvicu's, inclucl ing thcon',  see: I) .  Tlbor, in
Surfdte Phy-sics of Materidls, f . M. Blekelv, Ed. (Aca-

dcmic  Prcss ,  Neu 'York ,  1975) ,  r 'o l .  2 ,pp .475-529
.Sr r l .  Sr i .  89 ,  I  (1979) ;  J .  Luhr .  Terhnt l . l03 .  169
(1981) ;  M.  l ) .  Pash lcv .  J .  B .  Peth ica .  I ) .  Tabor .
Wear lOO,7 (1984).

In somc cascs, cxtcrn:lI loads urcre not dclibcrltclv
lppliccl; thc valucs given rcllcct thc approxin.rlte
mass of e shect of PDMS.
The PI)MS *'as st 'nthcsizccl u' i th rr commcrcial lv
.n'ei lrrblc kit  ( l )ou' Corning Svlgarcl-184. N{idlan.i ,
N{l).  l 'hc rcaction mixftrre cont;r inccl a vinvl cncl-
c:rppcd ol igomeric dimcthr ' lsi  loxanc. a methvlhvdro-

gcnsi loxanc as a cross-l inking agcnt. ancl r plat inum
comolcx as a catalt 'st f i rr  thc hvdrosi lat ion reactiotr.
T I rc  c r . rc t  \ rn lcn l ;c  o l ' th is  l . r i c r  i t  u t tc lcar .  Most

re p()rts, how'cvcr, rgree that it contains silar-rol

groups. For instancc. scc I).  W. Fakes. M. Cl.
l)avies, A. Brou'n. J. NI. Ncuton. Srrf- Inttr lart
.7na l .  13 ,2 .3 .3  ( l9 t lU) ;  l ) .  W.  F . rkcs ,  J .  M.  Nen ' ton ,

J. M. Watts, M. f  .  Edgcl l .  Sul. Intcrfdtt  Sri .  10,416
(1987); M. .N{orra t ' t  d.,  . l  .  ( .ol loid Intejacc Sri-
1 3 7 -  l l  ( 1 9 9 0 ) .

For .r clcscription of thc proceciurc uscd firr firrrna-
t io r r  o f  r r rono l l t c rs  on  I tDMS, /S i ( ) r ,  scc  M.  K .
( lr .rrrdlrrrrr '  .rnd ( i .  IL \ \ 'hi tcsidcs, Lanqnuir 7,
1 0 1 . 3  i l 9 9  l  r .
\ .  l l . .  \ \ ' . rsscrnr.rn. H. A. Bicbuvck, G. M. Whitc-
sir lcs. -/ .  . \ /rr lr ' r .  I?r '-s. 4,886 (1989). ( i tntact anglcs
r. l .  rr l \ ' . rr icing; r.  rcccding) of u'atcr: PDMSiSiO2,'
t - t t< r t t r r l : r t ' c r :  e . , :  78 '  to  83" ;  0 , :72"  to  78" .  S i r '
SiO,/rnorurlaycr: 0.,  -  78" to 80". Both SAMs u'erc
u'et bv hex:rclccanc (0., < 15"). Xl 'S confirmcd thrrt
thc interlrrcc containccl sulhrr.
(lolc1 u'rrs c<lntie nsecl onto thc subsfratcs at rutcs ()f

0..3 t<r 3 A/s .rt 20" + 2o('..
Sclnning clcctrorr n.ricrogr.rpl'rs of PI)MS/SiOz lrerrr-
rn15 rnonolavcrs ar-rci 200 A of thcrm:rlh' cvap()ratecl
gold u'crc fcrtLlreless or-r a lcngth scale grcatcr thrut I
pm. A gridl ike cl istr ibution of f inc cracks (<0.1 pnr
u'icle ) seplratcd bv 20 to 40 prn *'as obsen'cd irt thc
gold film. XPS ar.ralvsis indicrrtcrl the prcscr.tcc of
si l icor-rc c()nt: lminants on thc golcl surfrrcc.
l) .  I- .  Al l : ,rra. A. F. Hebtrrr l .  F. J. P;icic1cn. R. ( i .

Nr rzzo .  l ) .  R .  I i . r l c< t r t .  - l  .  I ' a r .  Sr i . - l ' t ' r l tno l . . ' 1  I .  .376
I9 t i3 , .  l ) .  I .  . ' \ l l . r r . r  . rnd  l { .  (1 .  \ r rzzo .  L . I .S .  Peter t t

+ 6 9 0 -  I 5  l 9 i i - ,
' I  

hc vrcl, l  strcngth t irr  the lclhcsion bcnveen gokl
.rnri  .r  S,\\1 prcplrcci bv ldsorpti t>tr of I  l -rr icl .r loro-
si lvluntlecvl thioacetrrtc ()nt() a si l icon u'afcr is >l l '1

g , ' c m  ( 9 ) .
[)ou, Ooninq Materials_fbr Hi.qh 

'l 
t'chnolo.qy ,4pplrca-

t i t ,n-s, Form No. l0-00tlC-86 (1986). This tcchnicel
brochurc is availablc fiorn Dou' (brning (irrpor.r-

t ion. Micl l i rnd, MI.
An eltcrnlt ivc cxplrrnation is that sul l ic ient stress
nr.lv ilccnlr rrt thc sr.trfrrcc of thc filn'rs supportctl ott
Pl)I1S t() clrse thc t irrn-r,rr ion ,rf  sm,'r l l  cr.rcks rhat
c\p()sc f icsh. Lutcontirr in.rted surfaccs of gold. ()n

lrcnrl ing of thc f i lnrs, r inv crlcks in thc golci u'crc
visiblc to the nlkeci cvc rrncl appe:rrcd as l  hrrzv t inish
ou thc ref lect ivc,, , . i , , . . .  

- l 'his '  
h,tzincrs dis.rppe.rrccl

uhen thc l i lms u'erc relclsccl.  l ) i rect obscn'at ion of
thc lrea of c<xrtact ben"'cen tu'o of thcsc filnrs br'
optical microscopr'. hou'cvcr. rcvc,rlcd no cviclencc'
of crackir.rg. In addit ion. the inhibit iorr of adhesitrrr
bv adsorbcd SAMs argr,rcs against this hvpothcsis.
The strcngth of ,rclhcsion bcnveen ru'o shccts of
unrr.urciificcl PDMS is lcss than ltZ, of that benvcctr
r'"."'o of the golcl surfaces (rritl-rout rrortolrtt'crs).
Pull-off firrccs n'crc ntcasurccl bv thc Droccdurc
dcscr r l rcd  i r r  '  ,V1 .
For a revieu. scc G. M. \ \ 'hi tcsidcs and P. F..
La ib in is .  Lanqnu i r  6 ,  87  (1990) .
\Vc trcated thc glass covcr sl i ;r  uith I  l - tr ichkrrosi-
Ivlundeo'l thiolcetate in thc varror phasc befirrc
Jvapor,rtion of thc gold film. firllou'ing a procc.'lurc
rnrkrgous to that uscd u. ' i th the l ' } l )MSiSiO, surfac-
es .
Althor.rgl.r rvc havc not cxaminecl tl'ris ciifferencc in
cletail. thc rcsults mav reflcct dilltrcnccs irr thc
surfrrcc n.rorphologp' ()r t()polo€l' of thc golci films.
For rcccnt stucl ies. sce A. Putnam, B. L. Bl lckt irrd.

1
i -

1) 02 plasma
2) Cr3S(CH2hlSCOCH3

---#
3) Au (evaporated)

/ \
sto2 sAM

/ \
sto2 sAM

Fig. 1. Schematic i l lustratior-r of the strucrllre of the supported ll lms of gold and gold-uolcl neLlinq.

PDMS : oolv(dimethvlsikrxane): SiO, : sil icon dioxidc overlavcr: SAM : sclf:. lsscnrblctl nrottolrtcr
prepared brr adsorption of l l-trichloroli lvlundco,l thioacctate; Air : cr'.rporltctl t i lnr.t g.lt l.
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l l
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M. H. Jcricho, M. O. Watanabc, Surt-.  9t i .217,276 (si lver ep<x') to the gold f i lms. In addit ion to thc
(1989);/ .  Vancca, G. Rciss. F. Schneidcr, K. Bauer, possibi l in '  of practical appl icat ions of rhesc cxperi-
H.  Hof fman.  ib id .  2L8,  108 (1989) ;  (1 .  E .  l ) .  ments ,carehr lmcasuremcnro f rcs is t i v iwmav" l l , r *
Chidsev, D. N. Loiacono, T. Sleator. S. Nakahara, rrn cst imation of rhc degree of aromic (gold-goldt
ibid. 2OO,45 (1988). conracr beru'eer.r rhc r\ro surf irccs.

20. We madc thesc measllremcnrs u'ith thick sold films
(-80 nrn) using a t i tur-probe mcrhod to avoid
errors duc to the rcsistartccof rhc electr ical contacts l7 Deccmbcr 1990; acceptcd 7 Junc l99l
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