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ABSTRACT

lntroduction

Microcontact printing (p'CP)1- is a convenient technique

for generating p"tt"t '" I 'a self-assembled monolayers

(SAMs)? of alkaneiii"i"ttt on gold'r and of alkylsiloxanes
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trochemical potential for different cystalline struc-!11es of

;i;cjr"ii ' lt"t'at tigt' temperatwes' when the crystalline

ohase was formed, the proton on$ reacts with the Ru ion

:;ii-";;;;;;i tr.'" n'Io, rilm' Fbr the amorphous phase

of RuO, films pttputta 
"t Joy temper-1lutul:, tht 

p-roton

can diffuse into ,ri't t"ililf 1n" nub' film' This result is

consistent with that oUt"it'ta from th-e RuO' 'rH'O pow-

;;;;;*p;r.d bv'"q''teous sol-gel technique'
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fr ' , i r .  certain etchants (for example, an aqueous solut ion
containing CN-/O. or SrOf-/fe(CN)l- lFe(C$:-).r-rr This
c.mbination of pcP and selective etching has been used to
irloduce patterned features of gold on Si/SiO2.t.0,l2

.\ lkanethiols also form ordered sAMs on the surfaces of
.; lvt lr . ' ' '  Si lver has a number of advantages over golcl.
i ' i 'st ,  i t  is less expensive. Second, si lver hls the highest' i r t ' r 'mal conductivi ty and the lowest electr ical resist ivi tv' , ' r ' , ong  a l l  me ta l s :  4 .29  W cm- r  K - t  and .1 .Sg  pO 

"111 .H i s' l ' i r i 'c l ,  
si lver and si lver oxide have a range of redox activ-

r t r .s  that  make them usefu l  in  cata lys is  and e lect rochemi-
r ' . i l  ( 'ncrgy storage.16 Fourth, wet etching protocols for si l-
'L 'r '  i l fe easier than those for gold because si lver is
r irr  nrical ly more reactive. Fif th, si lver can be oxidized eas-
: lr  to form insulat ing layer of oxide on the surface; this
i ;1,1)r-r l t !  is useful for fabricating metal/ insulator/metal
: . r r rne l ing junct ions. ts ' t?  S ix th ,  as  we d iscuss in  the next
- '  r , t l t ) t1, microstructures of si lver that are produced by the
,- ,nrbination of pcP of hexadecanethiol and selective etch-
.rq in solut ions containing SrOi- and Fe(CN)I-Ae(CN)J
irr,r .  higher edge resolut ion and far ferver defectj  than thoie
,,t  golcl fabricated using a similar procedure.

i lc le  rve demonst ra te  that  pCp can be used to  form pat_
l t ' r ' r .d  SANts o f  a lkaneth io la tes on the sur faces of  ev ipo-
' r r l t , r l  s i lver  f i lms,  and that  these pat terned SAMs are
t ' l l t ' r ' t i vc  res is ts  that  protect  the der ivat ized reg ions of  s i l -
\  ( ' r  tr 'orr etching in a variety of aqueous etchantl ,  for exam-
r , : t ' .  Fe(NO.) r ,  K"S,O3/KrFe(CN)u/K*Fe(CN)u,  KCN/O: ,'  .  I  I .(  ) l  I /O", NH{OHAI!O2, and HTNCHTCOOH/H,O.,.

Experimentol
1/r r tc l ia ls  and subst ra tes. -Ag(gg.9ggg%),  Au (gg.gg99/ . ) ,' l ' r  ( i i f ) . f)99'o), K2S,O3, KSCN, KrFe(CN)r, K.,Fe(CN)u, Fe(NO,),,

I l l , '  (18%, w/w), and CHr(CHr)r5SH rvere obtained frorn
.\ l t l r icl ' r .  KI, KBr, KCl, KOH, KCN, and NH.OH (r,v/rv,
: i i " , , )  were purchased f rom Fisher  Sc ient i f ic .  pDMS e las_
to:n t ' r  (Sy lgard 184)  was obta ined f rorn Dow Corn ing.
Sr l l t )0)  * 'a fers  (Cz,  N/Phos. -doped,  tes t  grade,  SEMI Stc l .
r r . , ts ,  co 'ered by nat ive or  thermal  ox ide)  were obta inec l
1 :  r r11 g i l lgon Sense,  Inc .  (Nashua,  NH).  Hexadecaneth io l
, .r  rrs 1;uri f ied under nitrogen by chromatography through

Toble l. solutions thqt hove been exomined for use with potterned
SAMs on silver.

Coordinat ing Etchins
l igand'  

-  
rateb" Select iv i t t "

s i l i c a  g e l .  T h i n  f t l t n s , , i : r i ' . t ' r  i , ) ( )  1 , ,  ,  , , r - )  n r n  t h i c k )  a n d
g o l c l  ( 5 0  n m  t h i c k )  \ \ ' L , r ( ,  l ) l (  i ' ) i i l  l r l  l r r  I .  l r , , r r n  e v a p o r a t i o n
o n t o  s i l i c o n ' " r ' a f c r s  t l r l r t  h r r r l  l ) ( ' { ' n  l ) r ' i . r r  r l ' , r , ' r t h  t i t i n i u m  ( 2 -
t o  3  n m  t h i c k ) .  . . \ f t t r '  o v i i l ) o r r r 1 i o r r .  I l t t ,  . l l l t s t r a t e s  c o v e r e d

c) 35 s
Oxi r lan t "

t ,  F  t ' ( C N ) , ,  ( 0 . 0 1 )

l " r - , ( \ ( ) , ) ,  (0 .05)
{  ) -  (suturated)

i  r  o  ( 0 . 1 7 )

l " t ' C l  ,  ( 0 . 0 1 )

I  ( 0  0 0 5 )

None
KrSrO3 (0 .1 )
NH{OH (8 .2 )

NH,OH (0 .16 )
K S C N  ( 0 . 1 )

K C I  ( 0 . 1 )
KBr  (0 .1 )
Kr (0.1)

None
KCN (0 .01 )

NH{OH (8 .2 )
H2NCHTCOOH (0.1)

KSCN (0 .01 )
K2S2O3 (0 .01 )
NH{OH (0 .16 )

H2NCH2COOH (0.1)
K C I  ( 0 . 1 )
Kr  (0 .1 )
Kr  (0 .1 )

' lConccn t ra t i on ,  M) .
" , \ l l  etchings were-carr iSl  gqt .at  room temperature.
'  '  = 1 'cr ]  rapid (10 to 30 A/s) .
'  r ' ap id  (1  tq  10  A /s ) .

0 - ,  s low (< I  A/s) .
- = very slow (almost no etching).' i i t , r , :  ++ = excel lent ,  *  :  good,0 = fa i r ,  -  = poor,  _ -  not' r . .nr inecl  because the etching was too s low. The-evaluat ion of, lttt ivity r,r 'as based_ on the density of defects (using SEM) pro-

lLrct . t l  in  the sAM-covered regions af ter  the ui lder iv i , t izecl, . r { ions of  s i lver  just  completely (or  c lose to)  d issolved.

nl

1pm
Fig.  l .  SEM imoges of  s i lver  f i lms (50 nm rhick)  rhor hod been poF

lerned wi th sAMs of  hexodeconethio lote using ucp,  ond etched in
the stondord ferricyonide etchont for differenrTniervols of time. The
etching rote in this etchont wos estimoted to be 3 to 4 nm/s. Defects
oppeored. in the SAM-covered regions when rhe somplel  were
overetched. Three representotive defects (block dots) ore indicoted
by orrows in (c) .
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6pm

1pm

100 nm 1pm
Fiq. 3. (o) An AFM imoge of o test pottern of si lver (50 nm thick)

tr'"i"*"r';;;J"."i Uv p"cp ond selective elching (-20 s)' (b' c)

tr"rr-*.tr.""J SEM i;.;"s of rest potterns thot were.generoled in

si luer f i lms (0.2 rrm ond I pm thick) 'using the.slondori-combinotion

;i';ip';til h"-*!d".onethiol ond selecrive erching (-45 ond -90 s,

,"r[tf""ryf . it 
" 

irotr.pic noture of the etching iicleorly seen in (c)'

b l , th in  f i ln rs  o f  s i lVer  r , . ' c re  k t :1 l t  in  a i r  and rvere used $ ' i th-

ir i  se'eral ciavs. T'hcsc f i lnrs of si lver lvere probabl; '  cor '-

Lrecl U1' u,-t  ' ' , i t ruthin lavt 'r  of 91l1er oxide, although x-r. \ '

photoe lect ron s l lcc t .ur io l '1 '  (XPS) o f  these s i lver  s t t r faces

in ty '  ,norvec l  ch i rzrc tcr is t ic l  peaks of  Ag(0) ;  the pos i t ions o f

these pei lks \r.ere. not scnsit i i .c to the piusence.of ver; 'smii l i

"n- ,or . , r - , t ,  
o f  s i lVeI  0x i r lL ' . r i  No c l i f ference in  the qual i tv  t t l

thc si lVe.r.  pui lr ' r . t ' rs tVus Obsct 'r 'ecl f  ot '  thost '  sanrples f abIi-

catec l  f  rom sr - rbst |a tcs  that  hac l  bcen kcpt  in  the labot ' i t to -

i1 ' to t  d i f ie r t ' r r t  pcr io t is  o f  t in re  up to  one month '- "  
In  th i ,  paper . ,  b0 . ,n . ,  th ick  f  i ln rs  o f  s i lver  were usec l  as  t i t t '

, ,s lanc lar i l  f i ln is"  in  cxernr in ing anc l  compar ing the etch i t tg '

uet,auioru of di l ferr:rrt  etchants. There wa-s n9 part ictr ' lar

reason for  choos ing th is  th ickness '  S i lver  { i } * :  as . th in  as

g0 ,n.,  and as thick as I pm $,ere. also used in test ing ft ' t  -

i rcyaniae etchant: f i lnrs 30 nm thick behaved essential l . t '

ih. i  r". , l .  as thoso 50 nrn thick; f i lms thicker than 0.2 pttt t

resultecl in more t l t ' fccts in the SAi\{-covered fegions atrt l

Si/SiOr

tiq. 2. (o, bl sEM imoges of o tcst pottern of silver (50 nm thick)
r#';;;f"fiil"il ir uip wit6 hexodeconeihiol, fqll:n'{ by etch'

ir" i i  rh";i;"J;;d fe'ri icyonide etchonr.for -20.s. (cl SEM of.o lest

l""t"t"'ft t"i;iio;; #i.t ) tr'ot wos fobricoted by pCP, followed

fi';Lti;"";iihin! in th" f"r,i.vonide etchont for -'l6 min' ldl Th9

;i.';ll;ti i;ru*t i:ioo nm in sizei thot hove been.produced in sil'

]"it'ffiEO ni'ni.ii ili tf,. srondord combinotibn'of.pCP ond

;d;;;;i"kiiris i- l-d si. The brisht resions ore mitoli covered
L; S'Aiir;',il-i;riiiAi"^' l'.e si,,si6. whire underivolized metols
hove dissolved.

100 nm

-I
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AgISAM

ffi
lorver edge resolution for the generated microstructures of

'  si lver thdn f i lms 50 nm thick. lVe bel ieve that for each
etchant there is a thickness that optimizes cost and'edge

" : '  reso lu t ion;  and min imizes the dens i ty  o f  defects .

Ivl icrocontact print ing (pCP).-PDN{S stamps were fab-
ricated according to the published proceclure.t'r0 Before print-
ing, silver substrates were rinsed rvith ethanol and dried in a
stream of Nr. An -2 m,&f solution of hexadecanethiol in
ethanol was used as the "ink." After apply'ing the hexade-
canethiol solut ion (with cotton Q-t ip) to the PDMS stamp,
the stamp rvas dried in a stream of N, for -1 min, and

ought into contact with the surface of si lver for S to 10 s.

Etching of si luer and gold.-The composit ion of the
standard ferr i / ferrocyanide etchant for si lver rvas: KrS,O,
(0 .1  / !0 ,  K.Fe(CN)u (0 .01 1v0,  and K,Fe(CN)u (0 .001 l t f ) .
Caution: Potassit tm ferr icyanide is l ight sensit iue. The
photodecomposed products  conta in  f ree cganide.
Potassium ferr icyanide is also incompatible usith acids
and releases HCN. Al l  etchings of si lver were conducted
using this solut ion unless otherwise mentioned. For those
fer r i / fer rocyanide etchants  us ing I - ,  Br - ,  C l - ,  and SCN- as

. the coordinating l igands, K"S"O, rvas substi tuted by the
same concent ra t ion o f  KI ,  KBr ,  KCl ,  or  KSCN. The com-
pos i t ion o f  the cyanide etch ing so lu t ion for  s i lver  was:
KOH (I M and KCN (0 I r !0. The ferr i / ferrocyanide etch-
ing so lu t ion for  go ld  was:  "K"S,O3 (0 .1  I f ) ,  K,Fe(CN)u (0 .01
.VI), K,Pe(CN)6 (0.001 ,&l ') ,  and KOH (1 .ry| Al l  etching of si l-
ver  was carr iec l  out  a t  room temperature in  a  400 ml
beaker  r ,v i th  -300 ml  e tchant .  The etch ing so lu t ion was
st i r red at  -300 rpm wi th  a  magnet ic  s t i r r ing bar  that  was
-2 cm long.  The etch ing t in te  repor ted here represents  the
min imum t ime (or  c lose to  the min imum t ime)  that  is
requi red to  d isso lve complete ly  the under ivat ized s i lver
f i lm hav ing the ind icatec l  th ickness in  the ind icated
etchant .  Th is  t ime rvas obta ined by examin ing [us ing scan-
ning electron microscopy (SENI)l  si lver samples that have
been patterned with hexadecanethiol by pCP, and etched
for dif ferent inten'als of t ime (for example, as shown in
F ig .  1 ) . ' t

Etching of si l icon.-Anisotropic etching of si l icon was
can'ied in an aqueous solution containing KOH and i-propanol
( i -PrOH) a t  65 'C (400 ml  o f  HrO,  92 g o f  KOH, 132 ml  o f
i -PrOH) for  -  10 min. r2  The etch ing so lu t ion was s t i r red at
-300 rpm.  Before e tch ing the s i l i con,  the nat ive ox ide on
the si l icon was removed by dipping the samples in an
aqueous so lu t ion o f  HF/NH{F (250 ml  o f  H2O,  140 ml  o f
48% Hn and 65.5 g  o f  NH'F)  for  -1  min.

Ins t rumentot ion. -SEM was done on a JEOL JSM-6400
scanning electron microscope. Atomic force microscopy
(AFM) image was obtaineci using a Topometrix TMX 201-0
scanning electron probe microscope (Mountain View, CA);
the images were obtained in the contact mode.

Results ond Discussion
A chemical etchant must contain an oxidant and a coor-

dinating l igand in order to dissolve a metal. lr  For si lver,
the oxidant can be Fe(II ! ,  Or, or HrOri the coordinating
l igand can be SrOr t - ,  CN-,  X-  (X=I ,  Br ,  C l ,  OH,  and SCN),
NHr, amino acids, or NO;.t8-?2 Table I surveys some aque-
ous solut ions that have been examined as etchants for use
with patterned SAMs of alkanethiolates on si lver. Most of
them are effect ive etchants for si lver, and many have good
to excel lent select ivi ty.

Etching solut ions that use KrFe(CN)u os the oi ldant.-
Figure I shows scanning electron micrographs (SEMs) of
si lver f i lms (50 nm thick) that had been patterned with
SAMs of hexadecanethiolate using pCP and etched in the
standard fericyanide etchant for dif ferent intervals of
t ime. In the SEMs, the bright regions are si lver covered by
the SAM and the dark regions are Si/SiO, where the
underivatized si lver has dissolved. The progression of dis-
solut ion of bare si lver can be clearly seen from these SEM
images. Since si lver is chemical ly more reactive than gold,
no KOI{ is required in the etching solut ion to achieve

lpm
t '

(5 sec)

oH-
(15 sec)

Br'
(20 sec)

SCN-
(30 sec)

cl-
(60 sec)

10 pm
Fig.  4.  SEM imoges of  iest  pot t -erns of  s i lver  (50 nm thick)  thot

were produced by etching in the lerrif lerrocyonide solutions, with
Kl ,  NHTOH, KBr,  KSCN, ond KCI os fhe coordinot inq l iqonds.  due to
their low solubilit ies in woter, AgX precipitoted in s]tu-on the under-
ivotized regions o[ the SAM-potterned surfoces of silver. The crocks
formed in AgCl {indicoted by orrows in e) probobly resulted from
drying the somple loo ropid ly.
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Ag/SAM silsi02
AgoH

10 pm 1pm

Fio. 5. SEM imoges o[te.s1qgt;
rcr"l'"i tit""r t50im thick) thot

tiiil:ff :?1"$ % " i i'",1 []
ffii";i;; :iL; in the ferri/fer'
io."oiia" solutions (0'01 /0'001
M'with different Goncentronons
;i NH;bH. tru g'1, F! -r'9.' J:)
i. i. iof 2.0,'ond (E,Fl 3'o M'Nq
il6ii'**ipit"r"' *dt Produced
i;"";; fi" iJ.torion o[ comPlex-

"t "f 
tiP"t ot high concentrotions

;, h\ of NH.oH. The lo Pm
ff;ppil' io fig'.r'e' The edse
."rol,hion in this elchont is

. Ii;o ;;. The lisht sPecks on

th" 
-Jork 

regions (E, F) ore re'

roinlng isloids of silver'

rapid and selective etching 
t '  Th'c t i trro rccltr ir t 'c l  for the

complete dissolut i i"  ;  ;0'nm t ir ie l i  si lvctr i i lnrs in this

s tandard fer r icya.n ide etchant  u ' i ts  -  i  t i  s '  t l t , '  t ' t t ' l t i r tg  r i ' in -

dow was - fo  s ' "  d ' i ' i "g  i f t " . f i rs t  . - '2 t i  s '  s i lV t ' t '  c l tsso lVed

onlv from the bare"r!;i;i1; u,hul srttnule s n't't't ' t'tcht'cl for

lon ler  per iods of  i i *E '  c le fects  a1 ' t1" ' r ' t i ' t l  i r r  t l r t '  S ' \ \ l -cor ' -

ered regions (Fig. i l .  i l ; .* i , . ,g t t-r. .- . ,rnct 'nl t ' i t t i r) Ir  oi s.ol

f rom 0.1 to  0 .01 M a; ; ; ; " r "c l ' th , :  e tch ins t ' r t t t '  I , r r '  -300 'b ,

but hacl no inf lue'rrc" o" t f t"  etching rr" i t tcl , ' rr '" .  
- '  '  . t , ,

F igures za anc l 'L -Jor '  SI . lN l  i r i r r r r l t ' :  ( ; t t  t r ' .  t l i l ' i ' . t ' cn t

magn i f i ca t i ons )  l f  a  t es t  p l r t t t ' t  t r  r ' 1 "  s t i "  . ' t  ( ; r ( )  t r t r t  t h i c l i )

i;;?i;;#tt slJhi ;q::ly il I |'ili', l,' I l,: i I :: I I i I \: : , i: [: ::
ti:;:,?i: $lll,liXtt'#,1l i,,1.'-',.i .r i, r,,s, 1,,rtt,'rn or
;;i d 6 o ;r t"ni.r.t ii " i !.1 :-ll'll,; I I I l, I'i,l il ;, l,;lilli' i;'j ll'J;
;*'Jil';el;#ii!:liH il::l i,\ iu':': "'i g " i "'' r "'l i " n ( - 2 o
us. -100 nml g"-i igt tt- it l  de f ects ( - 10 prts"nrttr ' r '- - 10'

pits/mmr) trr,qii.ti;le o1 gor,i PrOrlr.re t'rl lrv rt sitttili.rr' I)roce-
-dure..l,,Thelsajirt- o1 tr.i"a"c a rr,' rh i.,l, i r. (' f ( ) r'*{'( l tr' pcP

has bn'ei tg. t  s ' " i r " t i ; ; ; - -<- 5{)  , , , ' '  , , -  t ' } t r i t r t t ' t t ' t ' izcd by

I  ; .  , t  r . ' - , : f t$, l i l  l '

AFl l  s t t rc l rcs . , ,  
' l ' i r t  cc l { , ,  r ' r ,so l11 l ion o f  the s i lver  s t ructures

(i0 nrn thick) *'"''i'\''' tllll':"lli lig::::li: ff 
'-"Ut*t

i o r  n r i c ros t t ' t - t c t t t r t ' s  th l l t  c l t n  l l t l  l i

se lec t i vc  r ' , ' e  t  e "c i r i ng  t l s l l l g "c t t t  t cn t  techn iques '  D i f f e ren t

e tchan ts  t t s t ta l l r '  
" i t t i f  

t  i n  < i i f  l t ' r  t ' r r t  ec lge  reso lu t i ons '  as  ca l l

be se'cn f t 'o t t r  tht ' '  r 'csr ' t ' l "s  11f  11r 'x t  ' " " " iut  sect ions'  The c l i f -

f e renc t '  i n  t l t t '  A ' ' r . l t i i t  o l  c i . , f  r ' t ' t s  f  t ' t i ^g  s im i la r  e tchan ts )

betr , r 'ectr  t i . , * ,  , . ' ' " t ' t " ' ' i ' i t t i t . ' t ' t  " t  
' i l t ' t l i '  a f rd gold may be dtr t '

to the st t ' t tc t l t t ' l l l  t l i t i t ' t t ' " t ' " t  l ' t ' t r i ' . t tn i t t t  S"eUt of  hexade-

cane l ' i . l u t r r  . t r  , ; \ r : ; ' ' t t " t i  * " l t l  t l t c  a i kane th io la tes  on  s i l -

' e t  i t l t yc  u  ' " t " t i . , ' l  t i l ' i  
" ' ' t ' " t . '  

(  1 l '  us '  -30o) '  anc l  as  i t

r c s r . t l t ,  f t ' u ' t ' t ' t l t " t t t " t ' '  t l t l r t i  t l l r " ' t ' t " t  g o l c l ' z ' z s  6 1  p r e s c r r t '  t l l t '

smal lest  t , ' " t t "" ' ' l " l  t i ' ' "  " r  
l r . '  thc i iandard proceclure . i

pCP ancl  st ' lcct t r ' t l  t "" ' l ' t r rg i i r {  :Ot l  nm in s ize (Fig '  2d) '

Thest '  ( l t t t t t l t rs t r " ' ' t - t t " '  s " t  l r r  t l i t '  s la tnps that  were ava i lab l t :

for  t ts t ' ' , r ' t th  th ts  t ' " ' ' l ' t '  t " ' '  h t ' t ' t i ^n i i  i r ied s tamps rv i t i r

smal ler  f . .a t , , , " . i  r , , . , : i ' ; i , i '  l , ) \ \ ( , r ' l in r i t  to  the def in i t ion that

can b"  ach i r . r 'c r l 'b i l t i ' , i ,  t t ' t 'h t t t t t ' ' tn  is  not  estdb l lT"u by the

present tv.t ' I '  
. . t , .s ciL,, . . i ' l t , , l  Irr .r ir l t- 'S "f  

thg;i idges of thc
Frgt r rc  l l  g t  

" ' t
micr .s t l t , . t , , r ' , ' .  ; ' t . . ' i '  , i t r r  s r l "  

" t  
f  t i ; t '  r tg" - ie . 'p" ls  an AI 'NI

' t't '''.'
'  . " r ,  " !

. . a l ' . . . .
, :r;,'";ilJ ',. ""'

-
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ts Si/SiOz r:,;
ta$ru

Si/Si02

1 pm
f ig..9.SEM imoge of o si lver pottern (50 nm thick) thot wos gen-

eroted by etching in oqueous Fe(NO,), solut ion (0.05 M) for -3b s,
with printed SAMs of hexodeconethiolote os the resists.

i r r i l {c  o f  a  tes t  pat tern o f  s i l r ' c r  fabr icated in  a  50 nm th ick
f r l n r ,  anc l  F i g .3b  i s  a  c ross -sec t i ona l  SEN{  image  o f  t he
s i rn tL ,  t ts t  pat tern fabr icatec l  in  a  200 nm th ick  f i lm.  Both
1xrt, tr .r 'ns of si lr , 'er \r 'ere gcnerated using pCP w.ith hexade-
cancth io l ,  fo l lo* 'cd by e tch ing in  the s tanc lard fer r icyanide
solu t ion for  -20 and - -15 s ,  respe 'c t i r , 'e ly .  The etch ing of
si l ler in the stanciarcl ferr icvanide etchant r,vas isotropic
( l ' i g .  3c l ) .

I'igure ,1 sho'"vs SENI images of silr.er samples (50 nm thick)
thrrt  had been patternecl w' i th SANIs of hexadccanethiolate by
1r( ' l )  ancl c,tcheri in acir.reous solut ions thut use ferr i / ferro-
cvr in i r lc  (0 .01/0.001 r l f )  as  thc  ox ic lant ,  anc l  KI  (0 .1  / l f ) ,  KCI
(0  I  l / ) ,  KBr  (0 .1 r10 ,  KSCN (0 .1 .4 I ) ,  anc l  NHrOH (0 .16  n f )
I rs  the coorc l inat ing l igand,  respect ive ly .  The AgX micro-
c ' r ' r ' s ta ls  (<0.5 pm in  s ize)  on the under- ivat ized reg ions
u l le  furn ted by the react ion inc l icatec l  in  Eq.  l

' \q (s)  +  Fe(CN) l  (aq)  +  X (ac1)  :  AgX(s)  +  Fe(CNX-(aq)

X  :  I ,  B r ,  C l ,  O l I ,  and  SCN )  t 1 ]
' l ' l r t '  

c 'o t lpos i t ion o f  \ lX  (NI  '=  Ag;  X :  I ,  Br ,  C l ,  OH,  and
SC' \ )  r ' , ' . rs  ver i f ic ,c l  c lua l i ta t ive ly '  l , l r '  energy d is l>ersed spec-

I
fiffi

1pm
Fig.7.5EMs of o tesl pottern of si lver (50 nml thot wos generot-

ed using pCP with hexodeconethiol,  fol lowed by etching in i fut ions
soturoted with oxyge n, (or -2 min with KCN (0.1 rV) os the coordi-
noting l igond (o), ond for -9 min wirh NH4OH 18.2 M os the coor-
dinoting l isond (bl.

t roscopy (EDS).  The la te  o f  e tch ing c lecreased in  the order
of  I -  >  OH :  Br  :  SCN > CI  ;  an orc ler  that  was prob-
ably cletcrmined by the' solubi l i ty-pl 'ocluct constants (K,")
o f  the rcsr - r l t ing prec ip i ta tes.  The s i lver  scemed to  d isso lve
in to  so lu t ion f i rs t ,  anc l  thcn AgX crvsta ls  grew f rom the
solu t ion onto the sr r l f l rccs.  ' i 'hcsc A, t1X l t lcc ip i ta tes cou ld
not  bc c l isso lvec l  l ;v  w 'a tcr ' ;  a i l  o f  thenr  cou ld  be eas i ly  d is-
so lved by imrne. rs ing the '  sarnp les in  an ac lueous so lu t ion
con ta in i ng  K "S"O ]  ( - ' 0  L [ I )  f o r  - l ] 0  s

AgX(s)  +  2S,O;  (act )  :  Ag(S-O;  ) l  (acr )  +  X (aq)

(X :  I ,  I l r ,  C l ,  OI i ,  and SCN) tz l

S i lver  f i ln ' rs  ( . -50 nrn th ic l<)  unt l t , r ivu t izcc l  by  SAMs d id
not  conr l t le te ly  c l isso l r ,e  in  thcse f ive c tch ing so lu t ions
becaustt the AgX preci l t i tal t '  f<;r ' r . :r t ' r l  a birn. ier between the
s i l r ,er  sur fac 'e  anr l  t l tc  t , t r ,hant  c l r - r r inq t , tch ing.  Never the less,
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a)
with dif lerent concentrat ions of NH*OH' Since the con-

centrat ion of egOH ;"t a"t"t t inecl bv the concentrat ion

of NH,OFI, here *" tUt"*ecl a transi i ion from homoge-

neous to heterog""*ut nucleation when the c-oncentrat ion

"i iU..OH 
ctaig"J from 0'5 to 2--0 M' At higher concen-

trations of NH,OH];ith;t ;" Ag.gH crvstals were formed'

or this material d;t;i;; i-t"?iutely after formation

AgoH(s) + 2NH{oH(aq) = Ag(NH')J(aq) +

OH- (aq)  +  zHrO t3 i

Etching solut ions thot use Fe(NO), as the 
,oxidont '-

AqNO, is soluble in rvater at roorn lemperature'- Thus'

re1No,1, could b; ; ;" i  as a selective etchant for si lver in

a singtl-comPonent solut ion

Ag(s) + Fe(No3), (aq) :  AgNor (aq) + Fe(No')" (aq) t4l

Fisure 6 shows sErvl images or a test pattern of si lver (50

"ri 
trtt.r.l'll"i *u= g"n"i1t-uq by etching in an aqueous

solution of Fe(Nol; ?d.0tlvO for--30 s' The edge resolu-

t ion of the si lver-sir l" tur.r t iat were fabricated using this

etchant is -100 n-. rr '"  etching rate increased l ineariy as

the concent ra t ion-of  Fe(NOt) '  increased f rom 0 '01 to  0 '1  l l l

E q 5

Etching rate (nm/s) :  46'? tFe(No,)"] ( lvO t5l

Although the eclge resolution oJ this etchant is not- as good

as that ot t.*iiF*;;;;;ia;; tr'" to* toxicitv and cost of

Fe(NOr), makes tf i ' 
"ttf'"nt 

attractive in many applications'

- i

19g-Ernl

1pm

Fiq. 8. 5EM imoges of silver.potterns.(50 nm thick) lhot were pro-

ducei by etching i" tt i"t i""t if ' ! t ""a 
H'O' (o'17 lv{l os the oxidont

ond (o) NH4oH (o'l; Mi, 6) H-,r'ttn,cooir'(o'r M) os the coordi-

noting l igond. .g*yg;; '[uf,bl"" 
fo't"d {'ot' lhe decomposition o[

H.o, (indicoied bv 
";;;; 

t; ]"f [ i ' i l"a the lhe occess of etchonls

to th-" surfoce 
""d 

ti;;;i it'" !tt;'ing.on those oreos Govered by

bubbles. Note rhor ii"";;g;;."f il," iir".. po*erns ore exhemely

rouglr ( 300 
"n-,t 

i" ' t i- ir '" i.r ' '""i.-r-h" blJrirhes on the etched

, "g ion ,  * " re  remo in i r rg  i s londs  o [  s i l ve r '

t t r i s  r . . s i r l t  p r . r . r r . i t l r , s  i . r  n r , \ \  l r r ) r ) l ( ) i r (  h  fo l  f onn ing  pa t te rned

. r i c r , c ' r . s t u l s . f  i * i , ; , . t  t r r , . ]  s r r r i r r e t , , . n c r  ( a t  l e a s t  J o r  c l - )

f o I '  c ( ) l l t o L r l i n g  t l i t '  s L t t ' l ' t t ' t ' '

1 ' h r '  p | t c i l r i t l i t t l  o f  
" t ] i ' f  

r  i t  s t r l , t t b l t '  i n  h igh ly  concen t ra t -

t , r l  s . l r t t t , . r r t s  ( ' ' !  , ; ;  ; ' f  N i i , i l r r  ' r '  F ' i g t t r e  i s h o r u s  S E M s  o f

s i l t ' t t '  s r . t t r t l r l t ' s  l l t i ' r r r r r  t l r i c l i )  t h l t  r i ' e t ' c  pa t te rned  w i th  a

S A \ 1  o l ' h t ' x . t t l , ' . ' . , , , , " l 1 ' t ' r l ' i t t '  l i t r t l  t l l l r t  h a c l  b e e n . e t c h g d .  f o r

1 , r  : ;  i r r  l t ' l t t ' f ( ' l r ' ( ' | r  \ i i t r r r i "  {  0  ( ) 1 / . - 0 ' 0 0 1  M )  S O l U t i o n s

Etchirtg solutions thot use O'as the oxidant'-Figure 7a

shorvs SEIvI imag;;f"; i l ; ;r  l ines (50 nm thick) fabricatecl

il:;;;;^;;;"-d;'"il ' i"r' 
follorved bv etching f-or -2

min in an aqueout XCN t"fui iot '  (pH : 14' [KCNI : 0'1 l l l )

saturatecl lvi th O* Note that complete etching of golcl

f i lms rvith the ,"*u;;t ;k;; ; t  in an etching solut ion r ' t ' i th

the same .ornpo' i i ion'"t"t1v -takes 
-30 min't t  The eclge

resolut ion of si fvet lu' iutt t  fabricated using this etchant

is  -100 nm.  unr l ; ; ; ; . Iy ,  the h igh lv  tox ic i ty  and en ' i -

ronmental i-p". i^oi ' i ; ; ;  
" . 'y"" icle ion makes this etchant

unat t t " . t ive  in  many appl icat ions '

When l igands l f- '" l  t totainate with si lver more weakl1'

than cyania. * '" 'u-;t td'  etching of si lver became much

slower (Tabie I).  i igtt ;  iU tt tot* SEI\Is of si lver pattcrns

that were g".," i"Ga b,v selectir"e etching in aqueotts

NH{OH solut ion tA i  } l l  f"r 6 min' with O' (from air) as tht '

ox idant .
Etchingsoltt t ions that use fI202 os the oxidant '_-Figure

BshowsSE l f im"age 'o t ' i t u t t p " i t " t t t t t ha twe regene ra i -
ecl by pCP r'r'ith ;"1;it;;;tirtiot' and selective etching iu

solut ions t i ," t  useJ H;O, 
"t  

the oxidant '  with NH*OH ancl

HiNCHTCOOH "-s- 
i f t ;  coordinating l igand'.  respectivei l '

During etching. l" ; ; ;* from the i t tornpoti t ion -of 
H'o

formed small b";;t"t:;n1ttt tutfaces of the samples' As a

;;t ; i ; ,- th" etcheJ stt f"t"s became heterogeneous: areas

not covered by;;; i ; ;  
" tched 

more rapidly than thosir

coverecl by buubielttry t"l Th.is etchant is thetefore not

recommend.d f ;;;;;tit"i" p pr i t ations' There w'as a no th -

er dif ference betiveen the 'y ' t"mt that used H,Ot ancl

ferr i / ferro.yu., i i l ""t  i t t t  oxidants: no AgoH precipitate

rvas formed at this lo"v concentrat ion of NH..Olt (0'16 nf)

for the H.,O, sYstem'

Electricol concructiuity ond. isoration of siruer li,cs.--

Us ing thes ta .nda " l t on . t l ] i ' ' a t i ono fpCPanc i se lec t i vc ' $ ' t ' t
etching, 

"n 
, t t i" taigitatecl array of si lver l ines (0'2 pLttt

thick, -10 pm in rvIclth, -1 mm in length' anci separatcci

br ' -10 pm) o ' " '  tuUt icated on a s i l i con wafer  that  t ' r ' r ts

coverecl uy u o' i"1"i ; i ;k * 'e'mal Sio' Iayer The semplc

was subsequentlv immersed in an aqu*d::llt::i"j ll].
i ;;, : i t;) f"; '1-6';-*itt to dissolve the exposed regtotts

of the titanium fitm 1Z to I n1 thick) that wis used as tirt:

;;il;; ilt*e.":;ii"Ji ""a 
silicon.rl The resistance across

this array *ut -t"tuiJ to Ut -2 MO This value is aboutt

six orclers of m"'gJi"a. fright.r than that measured on cott-

Glycine(01LU{!g]g



J. Electrochem. Soc., Vol. 143, No.3, March 1996 @ The Electrochemicat Society, Inc.

a) Ag etching

10pm
t i r - t rous reg ions of  s i lvcr  f  i ln rs ,  ind icat ing that  thc  s i l r .er
I r r - rcs  that  are . -10 pm in  scparat ion are e lect r ica l ly  iso la t -
crl  f iour each other.

S i l ve r  l i nes  ( -0 .2  p rn  t h i ck ,  - 50  pm i n  w id th ,  anc l  . - 5
r rn r  i n  l eng th )  su i t ab le  f o r  t he  measu remen t  o f  conduc t i v -
i tv  u 'ere  a lso fabr icatcd us ing a s imi lar  rnethoc l .  A r -cs is-
l iv i t . r 'o f  . -1  B pQ cm \ \ 'as  mr .asured us ing the tw.o-probe
nt ' thod.  Th is  'u 'a lue is  c lose to  the res is t iv i tv  renor tec i  for
l r u l l <  s i l ve r ,  - . ' 1 . 6  pQ  cm 's ;  t h i s  va lue  i nc l i ca tes  t ha t  t he  s i l -
\ ' ( ' t ' l i n cs  f ab r i ca ted  by  t he  p resen t  me thod  have  t he
( ' \ l r ( ' c t ed  me ta l l i c  conc luc t i v i t y .

I>ut terned t ' t ln ts  o f  s i luer  cs  rnnsks for  the e tch ing of  S iO
ond  S i . -One  o f  t he  app l i ca t i ons  o f  pCP on  co inage  me ta l s
(cor t r l t ined ' , r ' i th  se lect ive w 'e t  e tch ing)  is  us ing pat terned
st r r . rc tures o f  these meta ls  as secondary  masks for  the e tch-
rnq of  under ly ing layers  o f  S iO,  and Si .s '2  F igure ga shorvs
SI . I I  in rages of  l ines and gr ic ls  o f  s i lver  that  r ' , 'e re  generat -
t 'c l  l ;v  the s tandard procedure of  pCP and se lect ive wet
t ' tch ing in  fer r i / fer rocyanide so lu t ions.  The s i lver  f i lms
n.ere s tab le  in  s t rongly  a lka l ine so lu t ions ( -4  1VI  o f  KOH)
at  e levated temperatures.  Af ter  d isso lv ing the nat ive ox ic le
of  s i l i con by imrners ion in  ac lueous HF/NH{F for  -1  min,
the (100)  S i  * 'a fers  n 'ere  an isot rop ica l ly  e tched in  KOH/ i -
p lopanol  for  - -10 min a t  65"C (F ig .  9b) .

Pat terned s t ructures o f  s i luer  as molds for  cast ing
P/l]1S sfcrnps to be ttsed for pr.CP.-Since si lver is rela-
t ivc l . f  inexpens ive and can be etched rap id ly  in  a  var ie ty
of  t tch ing so lu t ions,  rve rv ished to  determine i f  i t  cou ld  be
tusecl as a rel ief structure '"vi th u'hich to fabricate pDNIS
stanr l rs  ( I , - ig .  10) .  \ \ Ie  cast  PD\{S s tamps against  pat terned
s r l v t ' r ' s t l uc tu l es  e t chcc l  i n  s i l ve r  f i l n t s  o f  0 .2  pn r  i n  t h i ck -
ntss .  l ' igure 11a shor . r 's  a  cross-sect iona l  SENI  image of  the
pat t r . rned s t ructure o f  s i lver  that  rvas used to  proc luce
rc l ic f  u 'hen cast ing the PDMS stamp;  F ig .  l lb  shbr ' , ' s  the
SEt I  i rnage of  the s i lver  pat tern (50 nm th ick)  that  w 'as
{t, 'nt,r 'ate,d by' pCP using this PDMS stamp (after wet etch-
rns in  the s tandard fer r i / fer rocyanide so lu t ion for  -20 s) ,' l 'ht 'sc 

tu'o si lver patterns are complementary to each other.' fh rs  
rncthod prov idr .s  a  convenient  route for  generat ing

r r t , {a t i r , 'e  pat terns r ,v i thout  fur ther  access to  fac i l i t ies  for
l ,hotu l i thograph,v .  The ec lge re .so lu t ion o f  the second s i lver

Fig. 9. (o) SEMs of silver poF
terns (50 nm thick| thot were
generoled using the combinotion
of pCP ond selective wet etching.
The bright regions ore mebls
covered by SAMs, the dork
regions ore Si/SiO, where
underivotized metols hove dis-
solved. (bl SEMs of somples oher
onisotropic etching of silicon in
KOH/i-PrOH ot 65'C for -10
min with the obove potterned sil-
ver films os the mosks. The silver
mosks remoined on the su#oces.

pat tern is  <  100 nm,  a  va lue that  is  good enough for  many
app l i ca t i ons .

Conclusions
Pattcrned features of si lver with dimensions of less than

0.5 pm can be generated rout ine ly  by a  combinat ion o f

I Ag (0.2 pm)

Mlcrocontact prlnt

--.- SAM (2-3 nm)

| 

.,.n sirver

flmE
Fig. 10. A schemotic outline for fobricoting PDMS stomps with

negotive potlerns from elched silver shuctures-. Note thot thb thick-
ness of the monoloyer wor exoggeroted in the drowing.

I
I 

""", 
new PDMS stamp

sl
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were electr ical ly isolated using test structures' A sequence

that consists of stamping a patterned SAM on si lver f i l rn,

removing the unprotected si lver by etching, forming a ne\\ '

stamp fr iom the patterned si lver, restampin',  and re-etch-

ing cbnsti tutes a convenient method for generating ncga-

t irTe patterns that do not require further access to pho-

tol i thography faci l i t ies. I \ Ioreover, electroplat ing ancl

electroiess'deposit ion (for example, using Tol len's reagent

ancl similar piocess) have been carr ied out at an industr i-

al scale to make high quali ty coatings or mirror-s (both pla-

,r" ' .  
"na 

nonplanai) oi si lver; a combination of such plat-

ing procedures and pCP/etching may provide a convenient

n",Et^t,oa for making patterned features on curved sut'-

fa.er.t t  Patterning o.r nonplanar surfaces is dif f icult  br, '

current photol i thographic techniques'
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675 to  1250 sccm,  whi le  mainta in ing a constant  4 :1  oxygen
to TEOS gas ambient .  Susceptor  temperature was h i ld
constant  a t  400"C by the use of  in f rared ( IR)  lamps.
Chamber pressure during deposit ion rvas g Torr, The upper
electrode was a showerhead design and is RF coupledtb a
11 56 MHz RF power supply. Oxide deposit ion r i tes and
fi lm nonuniformity measurements wers determined using
a 49 po in t  measurement  wi th  a  prometr ix  FT_600.
Nonuniformity values were calculated using (standard
dev ia t ion/mean)  x  100.

The effect of susceptor spacing on f i lm deposit ion was
evaluated. Susceptor spacing matrices are typical ly per-
formed in manufacturing to minimize nonunitormity.
Oxygen-rich USG fi lms were deposited under varying sus-
ceptor spacing ranging from 0.46 to 0.S8 cm. Fi lm deposi_
t ion rates and nonuniformity values were subsequently
determined.

A third experiment was conducted to determine the
etfects 9l RF power. Oxygen-rich USG phosphorous-
doped si l icon glass (PSG) f i lms were deposited under
varying RF power sett ings ranging from 800 to bb0 W Film
deposit ion rates and nonuniformity values were obtained
for each RF power setting and film type. The film stresses
were measured using a Flexus 2300, and refractive index
vahles, rl, were calculated from a Rudolph ellipsometer
Model Auto El.

A-final experiment was designed to assess step coverage
conformality, changes in Si-O bonding, film charging, arid
wet etch rates as RF power and gas rat ios varied. USG and
PSG fi lms were deposited onto 1.2 pm thick patterned
aluminum, with various pitches, to evaluate stepcoverage
conformali ty. The f i lms were deposited using an nf,power
of  e i ther  300 or  550 W and a gas ra t io  o f  e i ther  l : l l s tan-

|.?.al or 4:1 (oxygen r ich). Cross sections of the deposited
fi lms were examincd using an Amray 164b scanning elec-
tron microscope (SENI). Step coverage values were iubse_
quently calculated. Si-O bonding and wet etch rate condi-
t ions were determined to evaluate f i lm density as a
function of porver and gas ratios. usc and psG fihirs were
deposited under the above condit ions. Bonding in the
fi lms was analyzed using a Nicolet 5DBX Fouri lr  trans-
form infrared spectrometer (rrIR). oxide etch rates were
de_termined using a t imed buffered oxide etch (9: l  BOE).

Measurement of f i lm charging was achieved by deposit_
ing USG and PSG fi lms onto wafers with 0.1 pm of ther-

Chorqcterizotion of High O*ygen:Tetroethyforthosilicote Rotio
Plosmo-Enhonced Chemicol Vopor Deposited Films

D. A. DeCrosto,. J. J. Hockenberg, ond J. H. tinn
Harris Semiconducto4 Melbourne, Florida 32902, IISA

ABSTRACT

,, 'iiiJilT:flf;i::'":i"'"";,::H*"Xi,',;iiiXi:1ff"i"#J#ooii'jii i.'-'vt*-'ich tetrrethvrodhosilicate (rEos) rirms
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Introduction
Si l icon d iox ide f i lms have been wide ly  used in  the

rnicroelectronics industry as an interla; 'er dielectr ic (ILD)
i r lm.  As the s ize o f  in tegrated c i rcu i ts  cont inues toward
subnricron dimensions, the type of ILD process employed
bccomes more chal leng ing due to  h igher  arpecf  ra t io
to1>ography and f i lm charg ing cons iderat ion i .  S i lane_
bascc l  p l asma-enhanced  chemica l  vapo r  depos i t i on
(i)r icvD) f i lms generate reasonable ILD f i lms, but suffer
f.or '  poor step coverage conformali ty. As interconnect
pitches decrease, si lane-based pECVD fi lms suffer from
i.c.rporated voids between the interconnect l ines leading
to lrossible long-term rel iabi l i ty issues.r An alternative to
s i l i ine-based f i lms,  is  PECVD us ing TEos as the s i l i con
soulce. PECVD TEOS fi lms exhibit  good step coverage
conformali ty, resultr^ng in reduced f i lm voiding between
submicron features.2 A disadvantage of TEOS pECVD
frlrns is their inh.erently greater f i lm charging during
cleposit ion. Fi lm charging affects f ield threshold voltagel
clegrading circuit  performance, the magnitude of whfth
clepcnds on the circuit  technology.3',  papers have been
published cit ing reduced f i lm charging in TEOS PECVD
fi inrs deposited in oxygen-rich gas environments.5,6 The
rnanu-facturing feasibi l i ty and f i lm property requirements
a.e often not suff iciently addressed. Tlpici l  minufactur-
ing requirements for single-wafer deposit ion? general ly
re-quire a reJractive index of 1.46 -F 0.01, a deposit ion rate
of  7800 +-  300 A7min,  nonuni formi ty  <2.5o lo ,  and a com_
pressive f i lm stress between 0.5 to 1.0 x 10e dyn/cm2. In
this paper we investigate the deposit ion of oiygen_rich
TEos PECVD fi lms that can be processed meeting typical
m.anufacturing requirements, in part icular step c-oulr"ge,
f i l rn nonuniformity, and reduced f i lm charging.

Experimentol
Si l icon wafers  (150 mm, (100) ,  n- type,  3-b O_cm) were

used as the subst ra te  on which oxygen_r ich (4 :1
oxygen:TEos) PECVD USG fi lms were deposited in an
Applied Materials P5000 single-wafer tool.  This tool is a
r ' ru l t ichamber  vacuum load lock depos i+. ion system.
Experiments were designed to optimize deposit ion r i tes as
a function of gas f low rate condit ions. These varied from

' Electrochemical Societv Active Member.
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