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Orthogonal Self-Assembled Monolayers :
on Gold and Alkane Carboxylic Acids on

alkanethiol, HS(CH2)-X, and an alkarre car-
boxvl ic acid, HO2C(CH2)"Y (each - I
mM), for 24 hours resulted in adsorption of
the thiol preferentiallv on the gold (,1) and
the carboxylic acid prefbrentialh'on the alu-
minum oxiclc (Fig. l)  ( . f)  The composit ion
of the SAMs fbrmecl on the golcl anci alun'ri-
na \.vcre exanrinccl bv XPS ( 1 1\ (Fig. 2) and
r.r 'cnabil in '(T;rblc I  l .  Thc inrp()rtant conclu-
sion fiom rhc clata in T.ible I is that. u,ithin
the l imits oi cletccrion of our experiments)
purc nronolavcrs of the nr'o adsorbates-
HSt( -H1) , , ,X on go ld  and HO2C(CH2), ,Y
on alumina-are fbrmed independentlv on
the nvo n'pes of exposed interfaces by ad-

Fig. 1. Schematic i l lustration of the formation of
onhogonal SAMs by adsorption of a mixrure of
alkurcthiol [HS(CHr)-X] and alkyl carboxvlic
acid [HO2C(CH2)"Y] from a coffrrnon solution
onto a pattcrned gold-aluminum oxide surface.
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This work demonstrates the practicality of forming two self-assembled monolayers
(SAMs), independendy but simultaneously, by adsorption of two dfufferent adsorbates
from a common solution onto a substrate exposing trvo different materials at its
surface. The experimental procedure and the degree of independence achieved in the
resulting SAMs are illustrated by examination of monolayers obtained bv adsorption
of alkanethiols on gold and alkane carborylic acids on alumina. This procedure
provides a method for modi$ing the surface characteristics of microlithographicallv
generated patterns and offers a versatile technique for controlling solid-valxrr and
solid-liquid interfacial properties in systems having pafterns with dimensions of the
order of I micrometer.

ELF-ASSEMBLED MoNor"{r.ERS (SAMs)
are highly ordered, quasi-rwo-dimen-
sional stmctures formed by adsorp-

tion of appropriate precursors X(CH2),Y
from solution onto a solid substrate of metal
or metal oxide (1-5). Techniques described
to date for formation of SAMs offer very
precise control over stmcture in the dimen-
sion perpendicular to the plane of the mono-
layer (2) but little control over strucrure or
composition in the plane of the monolaver.
For studies in wetting (3) and in microelec-
trochemistry (6, 7), we also wanted to be
able to control stmcnrre and to form pat-
terns in the plane of the monolayer. We
describe a technique that combines the for-
mation of SAMs with the microlithographic
preparation of substrates for them having
two or more materials exposed at their
surface. This technique provides control
over in-plane surface properties and struc-
nrre at the scale of the dimensions reached
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by the microlithographically generated fea-
tures.

We take advantage of systems of adsor-
bants (Ar, Az, .  .  .)  and substrates (S',
Sz' . . .) that are "orthogonal" in fbrmation
of SAMs: that is, A; adsorbs strongly on S;
but weakly on S;i A; adsorbs strongh'on S,
but weakly on S;. A number of orthogonal
systems can be imagined based on diffcrent
principles of surface coordination chenristn'.
In this report we illustrate the application of
orthogonal systems to the fbrmation of in-
plane pafterns using "hard" and "soft" acid-
base interactions (8) to differentiate berween
areas in the plane: Sr :  A12O3, Ar :

RCOzH; and 52 : Au, Az: R'SH.
To demonstrate orthogonaliw in SAMs

formed on the different substrates. a number
of preliminary experiments were conducted
with areas large enough for contact angle
and x-ray photoelectron spectroscopv (XPS)
measurements. In these experiments, sub-
strates were prepared bv evaporation of
aluminum (-500 A) through a mask onto a
gold substrate (9). On exposure of this
patterned system to air, the surface of the
aluminum oxidized spontaneouslv to alumi-
num oxide. Immersion of this substrate in
an isooctane solution (10) containing an
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Table 1. Analvsis of thc organic monolavers firrn-rcd bv cxposure of a substrate that has gold and
r lunr i r . r . r  orcr lavcrs to a solut ion contain ing HS{CHrj , , ,X and HO2C(CH2), ,Y.  Wc cst i i ratc thc
thrcsl'rold of'cietccriolt of an XPS tag ol1thc orihogonalsurfhcc (such as X on Al2Oi or Y on Au) to bc 2
t<r 3olo bt rxrlc fbr Br. - l o/o b,v molc fbr C I. and <0.5o/o by molc fi lr F. Thc u'etting clata are advancing
contirct lnglcs r>f u'atcr.
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sorption fiom the sarne isooctane solurion.
Fig;ure 2 shou,s XPS data for the svstem in
u'hich the sensitiviw of XPS anah'sis is the
highest (that based on detection of fluo-
rlne). The high degree of discrimination is
clearlv evident from the high-resolution
spcctra of the F(l-s) region. The selectivirv
for binding is at least 100 to l .

To demonstrate the forrnation of orthog-
onal SAMs at dimensions of greater interesr
in srudving \\'efting and microelectrochem-
istrv (=l pm), microelectrode arravs (7)
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were prepared on an insulating silicon nr-
tride surface comprising eight wires-fbur
gold and four aluminum. Each wire u'as
-2.4 p"m wide, -100 p.m long, and -1000

A thick; the w'ires were separated bv I to 2
pm. The arrav was cleaned bv 30-min peri-
ods of sonication in sequence in hexanes,
CH2CI2 and CH3OH, and $'as then ex-
posed for I min to a flowing 02 plasma (0.3
torr). The SAMs were fbrmecl bv expos-
ing the clean grid to a mixrure of
CF3(CF2)8CO2H and Cl (CH2)11SH.  cach

t t l

xffi
m .ffiffi

n f f i f f i

ffiffi
x f f i

t t l

c{

a ll$l
I I | | | | lt1----

- n  a n  I  - n  v m ' ,

20
Distance (pm)

Fig. 3. Scanning clcctron micrographs (SEM)
and scanning Auger elcmcnt maps for an arrav of
fbur strips of gold (numbcrs l, 3, 6, and 8) and
tour of alurninumialumina (numbcrs 2. 4. 5. and
7)on a s i i icon ni t r ide (Si3N.)  substrate.  The SAM
on gold is  of  HSiCH:) '  'Cl ;  that  on alumina is  of
CFI(CFr)8( ,O2H. The schcmat ic i l lustrat ion of
thc devicc is a sidc vicu'; thc Augcr clemcnt maps
and thc SEM arc top viovs.
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Flg.2. X.PS of SAMs formcd fiom solutions containing mixrurcs ofthioland carbonlic acid on gold -l p,M, in isooctane (10) for 24 hours,
(left) and alumina (righr); RFSH = Cr-1Cl-rCHrO(CH:)r TSH,RHCOTH = CHr(CHr)r6CO:H; end which was then remored from solution and
R'ssH = cHl(cHr)1,sH. R'tscorH = cFlco.NH(cHr)'co.H. Each sample is rcprcscntcJ b,r j washed u,ith hcxanes. The device was
survev spectnxn and b! an insen shoting thc f'(lt region lcanned from 680 ro 700 cV at high 
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probe spectrometer (12). Figure 3 shows a
scanning electron micrograph and Auger
element maps of the arrav. Beam damage to
the derivatized arrav prohibited individual
mapping of both halogen tags; sulfur. which
proved to be less labile than chlorine, rvas
mapped instead of chlorine . The maps estab-
lish that the fluorine is localized on the
alumina, the sulfur on the gold, and that
neither adsorbent is present on the silicon
nitride. The selectivi$' inferred in these ex-
periments is also at le ast 100 to l.

The entries in Table I demonstrate the
formation of several representative orthogo-

a
N

N

a

(4
c!

a

q

c{

=

SCIENCE, VOL. 2+5



nal SAMs. A large number of different or-

ganic functionalities should be compatible
u,ith this procedure. The last entry for Table

I illustrates, however. one imporrant cur'

rent limitation of the technique. Although

either hvdrophobic or hvdrophilic SAMs

can be formed op gold, onlrl hydrophobic

SAMs can presently be formed on alumina:

molecules X(CH2),Y in which both X and Y

are hvdrophilic appear to adsorb u,ith both

polar functionalities bound at the alumina
surface, and thus appear to fbrm looped
stmcnrres that are hvdrophobic. This phe-
nomenon occurs not onh'with alumina but
seems to be conrnon to metal oxides.

The technique of simultaneous formation

of nvo different SAMs on a colnmon, micro-

lithographically prepared substrate exposing

pafterns of rwo different materials provides a

new method for controlling and modilr'ing
the characteristics of surfhces. Since SAMs
afford a high degree of control at the 2 A

scale perpendicular to the plane of the

monolaver, ild since lithographv provides
the abiliry to form lateral fbarures having
dimensions as small as 50 A (lJ), the combi-
nation of the tu'o offers a highlv versatile

protocol for the control of surface stmcture
and properties.
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