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Introduction

Nl icrocontact  pr int ing t r rCPtr  is  a technique that
generates patterned self-assembled monolayers lSAtr{s t2
of' alkanethiolates t typically, hexadecanethiolate ) on the
surfaces of goid,1 silver,l l  and copper,l and of alkylsilox-
anes on hydroxyl-terminated surf'aces.r' Patterned SAI{s
of alkanethiolates serve as nanomc.ter-thick resists in
certain etching solutions: the one we i.rave. used most
extensively when gold is the underiving substrate has
been aqueous KCN so lu t ion  (p l l ' .  1 - t .  ICN ]  . . ,0 .1  M)
saturated with 0z.6 Llsing this etchant. t l-re patterns
in the SAMs can be transf'erred faithfuih' into the thin
fi lms of gold; the resulting patterns of gold can be used
subsequently as secondarv masks for the etching (iso-

tropic or anisotropic ) of' underlving la.vers of sil icon
dioxide and si l icon; '  or  i ls  funct ional  e lements ( for

example, for microerlectrodese and diffraction gratingsi0).
Microcontact printing is renrarkablv convenient fbr the
fabrication of structures rvith feature sizes of - 1 zrm and
larger: it can be r-rsed. rvith more diff iculty and less
reliabil itv. to fabricate f 'eatures with sizes down to - 100
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This paper describes a selective etching solution fbr use with patterned self-assembied
monolayers (SAMs) of alkanethiolates on the surface of gold; it is also effective for SAMs on
the surfaces of silver and copper. This etching solution use's thiosulfate as the l igand that
coordinates to the metal ions and ferricyanide as the oxidant. This etchant has a number
of advantages relative to the system of cyanide ion in oxygen-saturated, alkaline water used
in previous work. First. it is less toxic, Iess hazardous. and has smaller environmental
impact.  Second, using i t .  complete etching of  bare gold can be achieved more rapidly (-B

min versus -15 min for 200 A of Au). Third, etching of bare gold occur-s r"' i th fewer def'ects
in the SAM-covered regions and generates features of gold w,ith higher edge resolution. The
influence of the composition of the etching solution on the rate of etching was studied
svstemat ical lv.
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The toxicitv and environmental impact of an etchant
that contain-. free c1'anide ion are obviouslv unattrac-
tive. IIere, lve. report a more selective etching solution
for use with SA\,{s of alkanethiolates on gcild that uses
thiosulfate rather than c;ranide as the coordinating
ligand. and ferricyanide rather than O: as the oxidant.
Ferri lferrtrcyanide are far less toxic than free cyanide-
values of '  LD;r i  (ORL-MUS) are KC^ (8.5 mglkg),14
K,tFe(ClJ),: (2970 mg lhg),ta and K$e(CN),; t5000 mg I
k91." : '

This f'ern/f'errocvanide etchant is also superior to that
containing CIN in rts selectivity: it is more rapid.
generates f'eq'er defects in the SAM-covered regions and
yieids microstructures of gold with higher edge resolu-
t ion.

Experimental Section

Materials. Au 199.999? ), Ag t 99.9999q( ), Cu(99.9999( ), Cr-
(>99.99' i  t .  Ti t99.99( i  , .  K:S:O' i ,  KSCN, KrFe(CN)c,  KrFe(CN)0,
and CII'rrCli, r, ,SH 'nvc.re obtained from Aldrich. KI. KOH. and
K('N n'r ' re purt ' l i i rsed from Fisher Scienti f ic. Pol l ' (dimethyl-
s i loxane ' ,  r l 'D l ISt  u 'as  obta ined f rom Dow Corn ing iS;z lgard
1.84) .  Po l ished Si r l00t rvafers  (Cz,  N/phosphorous-doped.  1-  10
Q cm. test gnrde. SEMI Std. f lats)were obtained from Sil icon
Sense. Inr ' .  ,Nashua. NH). I{exadecanetLi iol  was purif ied
undcr nitrogr:n bv chromatography through si l ica gel. Gold
i i lms t200 ,\  thick) were prepared using thermal evaporation
(Varian 3118) onto si l icon wafers rn'hose surfaces had been
primed w'i th thin la.vc'r-s of chromrum (-50 A thickr. Gold.
i i l t ' " .  and copper  f i lm-q r500-1200 A th ickr  were prepared
usirrg e'-beam sputtering onto t i ta'r ium-primed ( - 15 A ) si l icon
wafers. We chose 200 A thick gold films for most of the current
work for three r€'Asons: ( i)Gold f i lms '200 A seem to behave
verS' similarh' in ferri/ferrocyanide etching solutions; thinner
f ihns have more defects: 200 A is therefore a "standard thin
f i lm" . r4  t i i )  Gold  is  re la t ive ly  expens ive,  and we wished to  use
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Figure 1. SEMs of gold f i lms (200 A thicki that had been
patterned with SAMs of hexadecanethiolate by rrCP, and
etched in the standard etching solut ion containing SzO,r2 and
ferrilferrocyanide for different intervals of time. Note that the
density of pits in the SAM-covered regions increased as etching
time increased. The intensity of the secondary electrons (1.",

shown schematically as a line scan in arbitrary units) can be
used to monitor the etching process semiquantitatively. The
scans drawn on the right side were along the lines marked in
the SEMs on the left side.

c'old f i lms that were as thin as possible. ( i i i )As shown in the
iext. 200 A gold films are thick enough to be used as substrates
for forming ordered SAMs of alkanethiolates, and these gold
films were also thick enough to be used as masks for the
etching of underlying layers of SiOz and Si.

Measurements of 1.". The intensity of secondary electrons
(1-") was measured with a SEM (JEOL-6400) by sett ing the
mode in the l ine scan. Samples of Figures 1 and 2a were
Ioaded into the SEN{ chamber at the same t ime; readings of
1.,.  were taken under the same condit ions (spot size, accelerate
voltage, f i lament current, contrast, and brightness).

Microcontact Printing (pCP). PDMS stamps were fab-
r icated according to the published procedure.l ' r0 A solut ion
of hexadecanethiol in ethanol (-2 mM) was used as the " ink"
for pCP. Microcontact printing was carried out in a clean room
( < 100 part icles/ft ' r) .  Gold f i lms (200 A thickt used in this paper
were also prepared in a clean room ( < 10 000 part icles/ft ' r  )  and
were used as prepared immediately without any further
cleaning. After application of the hexadecanethiol solution (by

cotton Q-Tipt to the PDMS stamp, the stamp was dried in a
stream of Nz for -1 min and then brought into contact with
the surface of gold. After -5 s, the stamp was separated
carefully from the gold surface.

Etching of Gold. The composition of the standard ferri/
ferrocyanide etchant was KzSzO3 (0.1M), KOH (1.0 M), I(rFe-
(CN)6 (0 .01M),  and I tFetCNro (0 .001 Ml .  Cout ion:  potass ium

ferricvanide is l.ight sensitiue. The photodecontposed products
contain free cyanide.la This etching soluti,on should be stored
in brown hottles. Potassium ferricyanide is also irtcompatible
with acids and li.berates HCN. All components of each etchant
were rveighed in a chemical lab, and prepared into solution in
a clean room ( < 100 particles/ftjr) using HzO of 18 MA quality.

5.0  10 .0  15 .0  20 .0  2s .0

e tch ing  t ime (min)

0 .05  0 .1  0 .1s

lK2s2o3l (M)

0 . 5  1  1 . 5

tKoHl (M)

0 0,04 0.08 0.12

[KrFe(CN)r] (M)

F igu re  2 .  (a )  Dependenc t '  o f '  t he  i r t t t ' t t s t t i es  o f  secondar - ' t -

e lectrons (1. , , )  f rom both bare golc l  t ' t 'g ion.  i f - t l led c i rc lesi  and

SAM-covered  reg ions  (open  c i t ' c l t ' s ,  o r t  t he  d r . t ra . t i on  o f ' e t ch ing
(for  200 A th ick gold f i lnrs,  Tht '  c l i l l t ' t 'er . rce betrveen these tu ' t r

i n tens i t i es  was  p lo t te 'd  as  t t ' t : i ng l t ' s .  The '  quan t i t r '  1 r  i s  de l f l ned

as  the  t ime  fo r  comp l t ' t e  e r t ch ing .  and  r1 :  -  11 )as  the  e tch ing

windor,r ' .  For the composi t ion of  the standard etching snlut ion

used  (K :SzO ' , /O .1  \ ' { .  KOH/1 .0  M.  K rFe(CNr i v0 .01  M.  and  I t -

Fe tCNt /O .OO1 t r l r ,  t he 'e ' t ch ing  rv indorv  i s  - ' 1  m in .  (b .  c ,  d t

Dependence r t f '1  r  and 1y on the concentrat ions of  KzS:Or,  KOH,

and K;FetCNtr .  respect iveiy.  Gold f i lms of  200 A th ickness

were used. When varving the concentration of each component,

the concentrat ions of  other components were kept  unchanged

at the values as in the standard etching solut ion.  The curves

were the best- f i t .

All etchings of gold were carr ied out in the clean room ( < 100
part icles/ft ' r  t  using the standard composit ion at room temper-
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ature unless mentioned in the text. Essentially no differences
in the quality of the samples were observed when etchings
were carried out with or without visible light. The etching
solution (300 mL of etching solution in a 400 mL beaker) was
stirred at -300 rpm with a magrretic stirring bar that was -2

cm long. Gold fr lms (-200 A thick) dissolved completely in
7-8 min at room temperature. The composition of the
standard cyanide etching solution was KOH (1 M) and KCN
( 0 . 1  M ) .

Etching of Silicon. Anisotropic etching of silicon was
carried in an aqueous solution of KOH and 2-propanol at 70
"Cl (400 mL of HzO, 92 g of KOH, 132 mL of 2-PrOH) for - 10
min. Prior to silicon etching, the native oxide on silicon was
removed by dipping in an unbuffered aqueous HF solution
(-I7o w/w).

Results and Discussron

Assays Used To Follow Etching. The etching
process was studied qualitatively and semiquantita-
tively by examining scanning electron micrographs
(SEMs) of gold samples whose surfaces had been pat-
terned with lines of hexadecanethiolate by ,rrCP, and
etched under different conditions.

Figure 1 shows the progression of etching in the
standard solution containing SzOr2 and ferrilferrocya-
nide. Immediately after exposure to the etching solu-
tion, nucleation and etching occurred predominantly on
the regions of bare gold; no etching was observed on
those regions derivatized with SAMs (Figure 1a). Etch-
ing on the bare regions of gold seemed to be a polishing
process: gold was homogeneously thinned and did not
roughen during etching. During the etching of the bare
regions of gold, the etchant also attacked the SAM-
covered regions; the attack was seen as pinholes (or

more generally, defects) on SEMs (Figure 1b). As
etching continued, more defects appeared in the SAM-
covered regions (Figure 1c) and, eventuaily, all the gold

in the SAM-covered regions also dissolved. We assayed
the etching using scanning electron microscopy (SEM):

the intensity of secondary electrons (1..) in the SEM
image is approximately proportional to the amount of
gold left on the surface when the gold films are thinner
than the escape depth for the secondary electrons from
Au (the images shown in Figure 1 are of secondary
electrons);1." decreased as gold was dissolving.l i '18 The
change of 1." with the duration of the etching can,
therefore, be used to monitor the etching process semi-
quantitatively. Figure 2a indicated that the magnitude
of .I.. for bare regions of gold initially decreased as
etching proceeded, while the magnitude of 1"" for SAM-
covered regions remained essentially unchanged. 1..-
(SAM) started to drop only when the samples were
overetched (that is, when the gold of the SAM-covered
regions was dissoiving in substantial quantity). The

difference between these two intensities (that is, the
contrast) increased at the beginning, reached a steady
state (rr to t), and then fell (Figure 2a). In Figure 2a,

tl is defined as the time for complete etching, and (t2 -

tt) as the etching window. For the standard etching
solution used for most of the work described in this
paper (KzSzOg/O.1 M, KOIVI.O M, I&Fe(CN)/0.01 M,

Xia et al.

and IQFe(CNU0.001 M)'  t t  x 7 -8 min,  /2 -  t t  x 4 min
(for 200 A thick Au).le In practical applications, the

etching window must be long enough (several minutes)

to accomplish reproducible etching of samples by com-
plete etching of the bare regions, and without unaccept-

abie etching of the SAM-covered regions.

Influence of the Composition of the Etching

Solution on the Rate of Etching. Figure 2b,c shows

the dependence of etching time on the concentration of

each component of the ferrilferrocyanide etching soiu-

tion. All components but ferrocyanide must be present

to achieve rapid and selective etching.

Like the dissolution of many metals in aqueous
solutions,20 the etching of gold is an eiectrochemical
process with at least two primary steps:

( 1) Metal oxidation (dissolutionl'21'22

A u o +  2 S 2 O , t 2  : A u ( S 2 O 3 ) 2 3  * e -

Auo + 2oH - Au(OH)z * e

: Au(S2O.,)2" + 2OH-Au(OH), + 2S2O,r2

(2) Reduct ion of  an oxidizer:

Fe(CN)^ir  *  e :  Fe(CN), ,+

The rate-determining step is usually one of these two

electrochemical steps. In this instance, it appears that
the oxidation of gold is rate determining since the rate
of etching is controlled bv the concentrations of SzOr2
(the l igand that coordinates to Au(I))  and OH' (whose

function is not clear but which probabiy acts as a

coordinating l igand or by lowering the redox potential

of gold2a.za 1. No difference in the rate of etching was
observed over the range of concentration between 0.001

and 0.1 M for potassium ferricyanide. The addition of
ferrocyanide to the initial etching solution had iittle
influence on the rate of etching; its presence, somehow,
greatly reduced the density of defects that were formed
in the SAM-covered regions during the etching of gold
(see the next sect ions).

Electrochemical regeneration of Fe(III) from Fe(IIt in
solutions is quite straightforward. For example, regen-
erating FeCl;.;(aq) (an etchant that is used wideiy for
making printed circuits of copper in microelectronics)
from FeCl2(aq) has been demonstrated.2r'It is, therefore,
possible to regenerate the ferricyanide etchant used in

(19) The t imes ( / r  -  12) for  complete etching of  1000 and 1200 A
thick gold fi lms are 29-32 and 39-'12 min, respectivelv.

(20 )  Rand le .  T .  H .  J .  Chen t .  Educ .  1994 ,71 .267 .  Ma t t sson ,  E .
CHEMTECH 1985, April, 234.

(21) We assume that  the gold ions produced in the etching process
are Au(I), since the redox potential cfferricyanide is not high enough
to oxid ize Au( 0)  to Au(I I I t .  We'aiso assume that  the coordinat ion
number for Aul i) is two, the most common coordination state for
comolexes of Aut It.22 The exact value of this number does not affect
the discussion made in the text.

(22) Cotton,  F.  A. :  Wi lk inson,  G. Aduanced Inorganic Chemistrv.
sth ed. ;  John Wi ley & Sons,  Inc. :  New York,  1988, p 940.

( 2 3 )  A u -  *  e :  A u  ( E ' :  1 . 6 9  e V ) :  A u ( O H ) :  +  e  -  A u  |  2 O H  ( 8 "
:  0 .40  eV t .

124) Anfelman. M. S. Ilze Encycktpedia of' ChemicaL Electntde
Potent ia ls,  Plenum Press:  New York.  1982, p 93.

(25) Hi l l is .  M. R.  Trans.  1rusf .  Met.  F in ish.1979. 57(2),73.  Beyer,
S .  J . :  Lukes .  R .  N I .  L rS  71 -142065  710510 .

(17) The escape depth for the secondary electrons from gold is .'50-

100 A.18 As the tongh.t".t of a surface increases, the intensity of

secondary electrons also decreases.
(18 )  do lds te in .  J . I . ;Newbury ,  D .  E ' ;Sch l i n ,  P . ; Joy ,  D .  C . ;Roming .

A. D. Jr.; Lyman, C. E.; Fiori, C.; Lifshin, E' SccLnning Electron

Microscopy and. X'ray Microanalvsi.s, 2nd ed.; Plenum Press: New

York,  1994; pp 69-90.
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0.001 M KeFqCN)o (7 min)

No K4F{CN)6 (6

1pm
F i g u r e  4 .  S E \ l s  o f  t e s t  l r i r t l e r n .  , , 1  -  :  -  ' ^  ' r  .  r .  t  h r t
u 'e r re  fab r i ca ted  bv  lCP o f  hexad t ' t ' r r r t ' t l  ,  .  :  .  ,  :  : ,  ' ' r i  i t l t t g

i.' 
i'i

100 um 100 nm
Figure 3.  SEMs of  test  pat terns of  gold {200 A thickr t i rat
ir.ere fabricated by ruCP with hexadecanethiol. fbllou'ed bl'
etching in the standard solution of S:Or2 i Fet CN in ' , 'Te((lN t*:
for 7 min and of CN /O2 for 15 min. respectiveiy. The bright
ri 'gions are gold covered bv SAM. and the dark regions are
Si SiOr r'vher-e underivatized golci has been removed bv etching.
Thc' blemishes on the dark regions are residual gold.

rhis paper ( i .e. ,  convert  ferrocyanide to ferr icyanide)
using electrochemical method-".26

Edge Resolution and Defects. Figure i3 compares
test patterns of gold that \\'ere fabricated by rCP of'
hexadecanethiol on gold, follor,ved by selective etching
in the standard etchants that  contain S:O, l  t ferr t l

f 'errocvanide and cyanide. respectively. The etching
solution containing S.3O.r: /ferri/ferrocyanide produces
microfeatures of gold with feu'er defects and higher edge
resolution than that using c1'anide and acts morc
rapidly.  The etching behar, ior  of  gold in thesc tu,o
etchants also appears to be qualitativel-v diff'erent: SEX'I
indicates that. in the S2O,j /ferri/ferron'anide solution,
etching on bare gold is a polishing process (homogeneous

nucleat ion and etching):  in thc 'cvanide sol i - r t ion.  etching
on bare gold is a pitt ing process (heterogeneous nucle-
at ion and etchingt.  The pi t t ing of  bare gold in the
cyanide etchant impl ies an etching mechanism simi lar
to the corrosion of iron in which part of the metal acts
irs an anode and part acts as a cathode. and oxvgcn is
reduced on the gold surface. The homogeneous thinning
of bare gold in the fe'rricyanide etchant indicates that
t 'erricyanide is probabll 'reduced in the solution ra.thcr
than on the gold surface.

The addition of ferrocyanide to the init ial etchrng
solution containing S1O,r2 and ferricyanide helped to
reduce the density of defects formed in the SAM-co"'ere'd
regions (probabl-v via lowering the redox potential of the
ferri/ferrocyanide pair). Figure 4 compares te-st patterns
of gold that were fabricated bv etchants with and
rvithout addition of ferrocl,anide to the init ial etching
solut ions,  respect ively.

The defects produced in SAM-covered regions during
the etching of gold seem to originate from the domain
structures of the SAMs or from the intrinsic defects

i n  t h e ' s o l u t i o n s  t h a t  c o n t a i n  0 . 0 0 1  \ i  . ' r  i  :  : ' r '

7  a n d  6  m i n ,  r c - s p e c t i v e l . r ' .  
' f h e  ( ' ( ) r t ( ' ( ' r 1 l ' r ' .  i . -

pos i t i ons  rve re r  the  same as  t t t  t h t '  : l l l ,  1 . , r  i  :

"4i..,,.i,;r';:l

r  :  l . l i t t '  t O I '

I  
' i l , ' l '  ( ' ( t I l l -

: . -  -  ; ' . 1 ' i i ( ) l l  .

i 26 i  Pa lan isamv.  R . :  Sozhan .  G . :  Naras imham.  K .  C .  In t t i an  . J
Tccl tnol .  1993. 31/ ,9r .  597.

regons  an '  S i /S rO,  t r ' | 11 ' ; ' 6 '  t t t t d t ' r ' t v l t l  r z , ' , i  * ,  ,  .
b v  c t c l r i n g .  T h t '  l r i t ' n r t s h c s  t t n  t h r '  , l i i t  l .  t  -
golcl.

( s u c h  a s  p i n h o l e s ) i n  t h e  S A M s .  F l t t ' h t n r .  1 t , L t 1 ' - r '  ( ' i u t

a m p l i f v  f l a w - s  i n  t h e  S A M s .  A l t h o r r , l h  t h , ' n r i i r r r l  i t ' n - t t r

and  s i ze  o f  de fec t s  \ \ ' c r ( t  d t ' t e t ' r " t r t t i t ' r i  h r  t h , ' > . \ \ 1  r r . t ' 11 .

t h e  f i n a l  d e n s i t l ' '  a n d  s i z , < ' o t  i i r ' 1 , ' t ' l :  | ) l ' l r l , r ' t ' t l  i : l  > . \ \ l -

c o v e r e d  r e g i o n s  a f t e r  c t c h i r r g  i u ' ( ' t t t l ' l t t t ' n t , ' t l  l ' )  i i t t '

t : o o r d i t t a t i n g  l i g a n d  t p r o b a h l v  I ' t ' l l t t 1 ' r l  t ,  r  1  i r r  . r i : ( ) r ' t i l  l t ( ) l l

cons tAn t  o f  t he  f t : su l t i ng  coo rd i l l i l l I i l !  ! ' , r | ] ) r  r . l l - r l  t t s t ' c l

i r i  t ' l i c h  e t c h a n t :  e t c h : r n t -  c t , n 1  i l l t , t i  : , i r t 1 i ' t ' t ' t t t  c o t t t ' d i -

n a t i n g  l i g a n d s  u s u a l l r .  r { ' : : u l i  r r  r i i i l i ' t t ' t t t  t ' l c h r n g  m o r -
pho log res  ( t ha t  i s .  d i f f t ' r ' t  r r i  t l t ' , r 1 r ' 1 .  t i r t ' i t t t c l ea t i on  and
grou, th  o f  defects  r  in  t  i r t '  > . \ \1- r ' , rv t ' t ' t ' c l  t ' t 'g i r tns .

Other  Coord inat ing L iganc ls .  Other  an ions-

espec ia l l t ' t h i oc t ' l t na t ( '  '  I iS ( - \  .  h r i l i c l es  lKC l ,  KBr ,  K I ) ,

hypophospha tc  , I i l l , I )O ;  .  and  d i t h i oca rbama te
((CzH;  )zNCS' :  i  (  , l l - ,  r  ,  \  j ' - . \ \ : ( r t 'e  a lso tes ted as coord i -
nat ing l igands r  u :urg. t i ' r ' r icyar - r ide as the ox idant ) .2 ;  No

etch ing was obst ' r ' r t 'd  in  so lu t ions conta in ing bromide,

ch lor ide.  hvpoph, r . l rh l l  r , .  and d i th ioczr rbamate an ions.

Select i r .e  e tch ing r r ' { is  ohscn ' r 'd  for  those etchants  that

t27  r  The concent ra t ion  t ' , i  t ' ach  i igand
of 'o ther  components  u 'e re  the  sanrc  i i s
so lu t ion  o1 '  fe r r r i .  f ' e r rocr  an  rde

\ \ ' i t :  0 .1  ] l  .  the  concent ra t ions
those in  the  s tandar -d  e tch ing

1
I

rnin)



2336 Chem. Mater.. \'ol. 7. l,io. 12. 1995

KzSzOslT min

KSCN/6 min

Xia et al.

10pm

1pm
Figure 6. SFII'Is of a test pattern of gold that was fabricated
using thiourea etchant {pH :. l)with a patterned SAM of
hexadecanethiolate as the resist. The edg'e resolution of gold
structures that are fabricated using this etchant is -0.3 rm.
The bright regions are gold covered by SAN{, and the dark
regions are Si/SiOz where underivatized gold has been removed
by etching.

Other Oxidants. Other oxidants (KClOz, KClOs,
and KIO.I; all have approximately the same redox
potential as ferri/ferrocyanide) were also tested as the
oxidant in the etching solution, with thiosulfate or iodide
as the coordinating l igand.30 No etching of gold was
obsen'ed rvithin -30 min.

An Acidic and Selective Etchant for Gold. The
etchants for gold described so far are ail strongly
alkaline solutions (pH l: 14). In some appiications (for
example. rvhen the underlying substrate is GaAs), ive
require etchants that can function in neutral and acidic
solutions. We found that thiourea could be used for this
purpose. Figure 6 shows SEMs of test patterns of gold
that were fabricated by aCP of hexadecanethioi, followed
by etching in an acidic etching solution (pH e: 1.t that
used thiourea as the coordinating l igand and hydrogen
peroxide as the oxidant.3l The etching of gold in this
etchant was extremel-n- rapid: bare regions of gold fi lms
of 500 A thick were completely etched in -30 s. The
etching window was also narrow: 5-10 s. The edge
resolution of this etchant is lower than that of fentJ
ferrocyanide solution (, '0.3 versus -0.1 trm).

Microstructures of Gold as Masks. One of'the
applications of ,rrCP on gold is preparing goid micro-
structures to be used as masks for the etching of
underlying substrates. Figure 7 shows SEMs of micro-

t30 I  The concentrat ion of  each oxidant  was 0.01 ld:  the c(Jncenrra-
t ions of 'other components were the same as those in the standard
etching -qolution contai r-ri ng thiosulfate.

(31 t  The  compos i t i on  o f  th i s  e tchan t  was  1mL o f  HCI  (6  N) ,  1mL
of H2O2 (15' i .  w7wr,  and 20 mL of  th iourea \5%, wlv) ,  wi th water as
the solr ,ent . -

ffi

-

5pm

I

100 nm
Figure 5 .  SENIs o f ' tes t  pat terns o f  go ld  r200 A th ickr  that
were fabricated b1' rrCP rvith hexadc'cat. iethiol.  fol lowed by
etching in solut ions that use ferr icvanide' as the oxidant. and
thiosulfate. thiocyanate, and iodide ion as the' coordinating
l igand (al l  at the same concentrat ion, 0.1 Mr. respectively. The
bright regions are gold covered b"r, SAlt, and the dark regions
are Sir 'SiOz where underivatized gold has been removed by
etching.

used thiocyanatel0 and iodide2s'2e as the coordinating
l igands. Figure 5 shows test patterns of gold that were
prepared by rrCP of hexadecanethiol. followed by etching
in  the e tchant  that  used SzO:2 ,  SCN ,  and I  as  the
coordinating l igand. respectively, Thiocyanate is not as
good as S:O,;2 as a l igand as a component of a selective
etchant: more defects are formed in the SAM-covered
regions. Iodide is as good as SzO;2-, although the t ime
for complete etching is -30% longer.

t28 t  The aqueous solut ion of  KI / I :  has been used to select ively etch
gold wi th th in f i lms of  photoresists as the masks.2e This etchant,
horvevc:r ,  had no select iv i tv  rvhen pat terned SAMs of  a lkanethio lates
nc.re used as thc masks.

29 )  Eidel loth.  W.:  Sandstrom. R. L.  Appl .  Phts.  Let t .  f  991.  59.  1632.
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Figure 7. (a) SEMs of microstructures of gold that rvere
fabricated by ,rzCP of hexadecanethiol on gold, follorved b1'
etching of gold in the standard ferricyanide solution for 7 min:
tb ) SEMs of microstructures of siiicon prepared by anisotropic
etching of silicon in an aqueous soiution of KOH/I-PrOH with
the above structures of gold as masks. After silicon etching,
the gold masks were removed by dipping in aqua regia for -1

min. The scale bar applies to ali pictures.

structures of gold, and of etched silicon, that were

fabricated by a three-stage process: (i),rrCP of hexade-

canethiolate on gold; (ii) etching of gold and chromium
in SzOg2- lferclferrocyanide solution; and (iii) anisotropic
etching of silicon in aqueous solutions of KOWI-PrOH.i'8
The smoothness of the silicon surface (Figure 6b)
indicated that few defects were formed in the SAM-
covered regions during the etching of gold.16

Selective Etching of Copper and Silver. The

ferricyanide etchant described here can also be used for

selective etching of copper and silver with patterned

SAM of hexadecanethiolate as the resist.32 Figure 8

shows, respectively, SEMs of microstructures of copper
and silver that were fabricated by ,lCP of hexade-
canethiol, followed by etching in the ferri/ferrocyanide
solutions. The rate of etching increases in the order Au
< Ag < Cu. The times for complete etching of bare

regions of these metals (500 A thick) are -17 min, -17

s, and -12 s, respectively. The selectivity and edge
resolution for Ag/CroSH are as good as those for Au/
CroSH; while for Cu/CroSH, they are much lower.

Conclusions

This work describes a more selective etchant for use
with patterned SAMs of alkanethiolates on gold than
the combination of CN lOz that was used previously;

this SzOg2- lfern/ferrocyanide-based etching solution is
also less toxic and hence more convenienl 1o t.rss.l]l]'3a

(32) Copper and silver were etched in neutral aqueous solutions
(KzSzOs/0.1 M, IGFe(CNU0.01 M, I !Fe(CN)/0 '001 Ml.  The etching
window for Ag and Cu is -15 and -5 s, respectively.

(33) Ferri- and ferrocyanides have very high association constants
(K: 1.037,10aa, respectively);3a the concentration of free CN (formed

from the dissociation of ferri/ferrocyanide) in the ferri/ferrocyanide
etching solution is very low, and we believe its contribution to the
etching of gold can be neglected.

(34i Douglas, B.; McDaniel D. H.; Alexander, J. J. Cctncepts and
Models of Inorganic Chemistrv,2nd ed.:John Wiley & Sons, Inc.: New
York,  1983, p 333.

10 um
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Figure 8.  SEMs of  test  pat terns oi 'coppel  i tnd : t l "  r . ' '  ' ; - " "  

" '  
' ' r ' t '

fabr icated using the ferr icyantde etch2t l t  r r - i th pr t t t t ' r - : - , t ' r i  : ' \ \ l -

o f  hexedecane th io la te  {by  , r rCPr  as  thc  r t ' s i s i t . .  
- l ' h , .  

i ' : -  . h t

regions are metals covered by SAl l .  ancl  the dl r lk  r t , { r , , r i :  . : r ' t '

S i lSiO, rvhere under ivat ized metals h:rve been r t ,nr , rVt . t i  i r \

etching.

Using this etchant, complete removal of bare gold can

be achieved within a shorter interval of time with ferver

defects in the SAM-covered regions than with CN /Oz;

this etch aiso yields microstructures of gold with higher

edge resolution than the CN /O2 system. The micro-

structures of gold fabricated by rrCP follou,ed by selective

etching in the present etchant served as masks for the

etching of underlying layers of sil icon dioxide and

sil icon. The combination of S:O,r2 and ferri/ferrocya-

nide can also be used for seiective etching of copper and

silver with patterned SAMs of hexadecanethiolates (by

uCP) as the resists. Thiosulfate contained in this

etchant can be replaced by iodide ion without loss in

the quality of the generated microstructures of gold'
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