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Introduction

Polypyrrole is potentially useful as an electrical
conductor. It (and other organic conductors ) are difficult
to process, particularly in features typical of circuits:
they are generally insoluble and decompose upon melt-
ing. Soluble or melt-processable derivatives of conju-
gated polymers existl-a but often display reduced
conductivities compared to their parent polynners. Thus,
templating the shape of a conjugated polymer during
synthesis (e.g., oxidative electropolymerization) may
prove useful. Templating environments such as giass
capillariesb and membrane pores6 have been used to
form thin conducting wires of these polymers. We
sought to generalize this templating scheme to form
arbitrary patterns on a surface.

Recently, we have developed several techniques for
the patterning of a SA-N{ on a gold surface.; 1: of which
the most generally useful tespeciall l  for complex pat-
terns) is contact printing on microscaies. A number of
groups have established that SAMs of an appropriate
thickness (".9., > 10 carbons in length) essentially block
interfacial electron transfer.l3 17 Conjugated polymers
such as polypyrrole. polythiophene and poiyaniline are
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This paper describes the use of patterned self-assembled monolayers to fabricate small,
two-dimensional patterns of electrically functional polypyrrole on a gold electrode. These
patterns can be transferred to an insulating polydimethylsiloxane substrate. Thin (10-
100 4m) polypyrrole wires retain their electrical conductivity over millimeter length scales.
Interdigitated fingers oL'polypyrrole spaced 50 4m apart are electrically insulated from one
another. Polypyrrole can be electrochemically polymerized on patterns with size features
of 2 pm into films that are 200-400 nm thick.

conr-enientl l '  synthesized via oxidative polymerization
of the monomer. By carrying out the oxidative polym-
erization using a patterned SAM as the electrode, these
monomers can be electropoiymerized oniy in selected
regions ofa gold electrode; this type ofprocess generates
the poiymer in a well-defrned pattern.lE Once the
patterned material has been formed. it can be trans-
ferred to another substrate so that its conducting
properties can be exploited. Polypy'rroie adheres to gold
strongly enough so that it can be patterned; this
adhesion is. however, also sufficientiy weak that the
polypyrroie can be stripped from gold and transferred
to another surface by contact adhesion. In this paper,
we demonstrate this technique and estabiish that it can
be used to generate electrically continuous features on
the micron scale.

Results

Patterned Electrodeposition of PolypSrrrole Per-
chlorate. Pyrrole was oxidatively electropolymerized
from an aqueous sodium perchlorate electrolyte and
formed a black film on a gold electrode. X-ray photo-
electron spectroscopy binding energies for the N(1s),
C(1s), and Cl(2p) were similar to l i terature values for
polypyrrole perchiorate.le'2{t 1ry6un a patterned SAM of
hexadecanethiol was present on the surface of the
electrode, deposition of polypyrrole perchlorate avoided
these regions (Figure 1).21 In this regard, the SAM acts
as a monolayer-thick electricaL resist.22 Regrons that
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Figure 1. Top: lateral force microscopy image of ' the pat-
terned SAM used to template electrodeposition of polvpyrrole.
The dark regions are a SAM composed of hexadecanethiol. The
lighter regions are bare in the electrodeposition experiment
and are washed with 5 mM ethanolic solut ion of '1l-mercap-
toundecanoic acid (HS(CH2t1;COOHtto form a carboxyl ic acid
terminated SAM with higher contrast fbr this image.:? Bot-
tom: atomic force micrograph of a similar pattern after
electrodepositing polypvrrole.

had been exposed to  a  so lu t ion o f  a  shor ter  th io l .  2 .2 .2-
tr i f luoroethanethiol.  did not hinder oxidative poiymer-
ization but did permit contact transfer of the pattern
to a nonconducting substrate (see belowl. The abi l i ty '
of a hexadecanethiol SAM to prevent electropolymer-
ization is limited: electropolymerization is selective for.

(21) Al though the r ippled morphologr, '  obsen'ed in the l ines con-
necting the triangles is common Lo electropolr'mcrized polvpvrroie rK<-i,
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534),  the larger,  crater l ike features rn the t r iangles are not  observed
when pyrrole is elecLropol-vmerized on unpatterned electrodes. De-
tachment at the sharp corners found in thrs triangular pattern ma-v
give rise to this morphologr'. This rcsult suggests that the shape of
the electrode may permit control of the n-rorphologv. particularll '  the
surface area of the polvp-"-rrole produced. Such control mav be useful
in the design of amperometric sensors that emplo-u'- polvpvrrole as a
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but not l imited to, the regions not covered by a SAM.
For patterns containing features with lateral dimen-
sions of 50-100 rrm, films of polypy'rrole perchiorate that
are 0.5-1.0 rrm lhi.Lzrl could be pgown before polypyrrole
perchlorate clearly covered the regions containing the
hexadecanethiol  SAM. In the case of '10-50 11m fea-
tures,  layers of  0.25-0.5 rrm thickness could be fabr i -
cated. SAM resists have advantages not found in
conventional polymeric resists, however. Once the
elastomeric stamp has been fashioned, the SANI pattern
can be printed on the electrode in a feu' seconds. Use
of conventional resists would require spin-coating. LV
exposure, developing and perhaps other postprocessing
steps to achieve the same effect. Also. SAM resists
continue to adhere to the electrode. After removal of
the poly'p1'rroic perchlorate layer (see below). the pat-
terned SA-\I rcmains and can be used repeatedl-v2* to
generate the same pi l t tern.

Transfer of Polypyrrole Perchlorate to a Non-
conducting Substrate. The next step in demonstrat-
ing electr ical l l '  { i rnct ional  pat terns requires that  the
pol)'pJ"r'role perchlorate be on an insulating substrate.
When the patterned polymer on the gold substrate rvas
pressed (firm finger pressure) against Scotch tape or
polvdimethl-lsi loxane eiastomer, the polypyrrole trans-
fered from the goid to this new support via contact
adhesion. To reduce the adhesion between the polymer
and the gold, the underivatized regions upon which the
polymer grew were briefly (l-2 s) exposed to a 1 ,rrM
ethanolic solution of 2,2,2-trif luoroethanethiol This
thioi should produce a more hydrophobic surface yet
should be short  enoughl6l ;  to permit  the passage of
current required for oxidative polymerization. In prac-
tice, this procedure resulted in patterns with no signifi-
cant loss of contrast. Control over the surface compo-
sition in the region in ', 'n'hich the poiypyrrole formed
resultt 'd in nrore le'produce'able depositions than did
electropolr-mt,r ' rzat ion on "bare" gold.2i '  Patterns of
polvp'u'rrole fbrmed on a SAI{ of trifluoroethanethiol
reliably'contact transferred to the second substrate, and
this transfer permitted the demonstration of electrical
conductivity.

Conductivity and Control of Electrical Con-
nectivity. Using microcontact printing and contact
transfer, patterns of polypyrrole perchlorate were fab-
ricated that are appropriate for conducting polymer-
based circuitry'. The pol,vpvrrole. after transfer, shows
continuous electrical conductivity. Moreover, closeiy
spiiced but noncontacting regions of the polymer are
electrically insulating. Figure 2 shows the patterns
employed and a representative pattern of polypyrrole.

Lines of polypyrrole perchlorate (Figure 2a) that were
2 mm long and 0.25 + 0.1 rrm thick (as measured by
atomic force microscopy) were fabricated and their
conductivity was measured using two-point probes
(Table 1t. The resisti 'u' ity of the l ines was sufficiently
high that contact resistance t < 103 Q ) was negligible.
Resistivit ies did not increase over the course of at least
a week under ambient temperature and atmosphere.

t2il t Thicknesses \\ 'ere meitsurcd bv profilonretrv or atomic force
microscopy' .  range ref lects sample to sample var iat ions.

t2-1 t The pol-u"pvrrole pattern was regenerated .'10 times from the
patterned SA-\'I with no evidence rif degradation in the patterned.
t ra r.r sferred pol.vpl'rrole.

r25 t  So-cal led "bare" gold a lwal ,s had adsorbed impur i t ies because
it htrs a high sur{'ace solid vapor interfacial free energ_v.
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C
Figure 2.  Pat terns used to i l lustrate t 'equirements fbr

conduc t ing  po lvmer -ba - .ed  c i r cu i t r v .  Do ts  i nd i c : r te  p lac t 'men t

o f  the  p robe  n ' i res  fb t '  conduc t i r  i t v  t ' ne r t su ren t t ' n t s .  r r t  r  Pa t -

te rned  l i nes  o f  po lvp l r ro le  pe t ' ch lo ru te  .  ( ' on tac t  y t r t c l s  l r t ' e  2
mm . "  2  mm.  L ines  a t ' e  2  r . r -u . r r  l onu  t tnc l  i ( )  

. 1  ( ) t t 11p - t  u ' i de .  rb ,

C iose lv  spaced  in te rd rg t ta tec i  t ' eg tons  o1 '  po lvpv r ro le  p t ' r ch lo -

rate.  Contact  pads ale 2 nrm u' rde and 3 nrnr  long.  
- feeth 

r t r t '
500 r im long and ei ther 20 or  50 rrn-r  n-rde.  Spacing betu 'ee-n
tee th  i s  equa l  to  the  w id th  o f  the  tee th .  ( c r  An  op t rca l
microglaph of this interdigrtated pattern after contact transf'er
to PDMS. Inherent  l imi tat ions in the SAM are presumablv

responsible for  the defects observed.

Table 1. Resistivities of Polypyrrole Perchlorate Lines"

line u'idth t mm t resistivit-u- tNIQ t/ ' calcd conductir.it] '  t S/cm t

Gorman et al.

An interdigitated array containing two isolated re-
gions of polypyrrole was fabricated. The resistivity
across this array was measured in the same manner as
before. Despite the close spacing, a resistivity of > 1000
MQ was measured. This value is at least 3 orders of
magnitude higher than that in either continuous region,
indicating that closeiy spaced, conductive circuit pat-

terns of polypyrrole perchlorate are electrically isolated
at this length scale.

Conclusions

Using this electrodeposition/transfer method, all-
organic electrical circuitry' can be fabricated and dem-
onstrated to have electrical conductivit ies comparable
to those found in bulk samples of a conducting polymer.
Since highlv conducting organic polymers are almost all
intractable. a method such as this is a necessary first
step to use such polymers in more elaborate electrical
devices. In addition, this method il lustrates the uti i i ty
of patterned SANIs rn the fabrication of such eiements.
' l 'he method is reproduceable and convenient: fabrica-
t ion requires tu 'o steps. each of  which can be ac-
compl isht 'd in a few seconds.

Experimental Section

Materials. I 'vrrole' r Fluka ) was passed through activated.
neutrul alumini i  t  removing water and colored impurit ies ) and
rvas then dist i l led and stored under argon. For oxidative
electropol;-merization. an aqueous solut ion (0.1 M) of pyrrole
containing sodium perchlorate (Aesar, 0.8 Mi electrolyte/
counterion was employed. Working and counter electrodes
were 1000 A of gold and 50 A of t i tanium (to promote adhesion)
electron beam evapolated on si l icon (Si l icon Sense, Nashua
NHrof ' res is t iv i t .v "  1  i  Q/cm.

Sample Preparation. The rvorking electrode was pat-
terned bv nrtcrocontr lct print ing using hexadecanethiol as
clt 'scribecl pre'r ' iouslr ' . ;  The electrode was then brief ly (1 s)
inrnrersed in a 1 rr\ l  ethanolic solut ion of 2,2.2-tr i f luoroethane-
thiol to promote contact adhesion of the polymer after syn-
thesrs. The erlectrode was then immersed in the solut ion
described r ibove and held at 0.8 V (versus a saturated calomel
reference r f i rr  1 s using a Princeton Applied Research Model
371 potentiostat. Longer deposit ion t imes could be employed
but did not rel iablv produce a pattern devoid of polypyrrole
perchlorate in the hexadecanethiol-covered areas. A black
pattern of 'pol-vpyrrole perchlorate appeared on the electrode.
The eiectrode rvas removed from the solut ion, washed with
dist i l led water and ethanol and dried under a stream of argon.
The electrode was then pressed against a piece of poly-
{dimethy' lsi loxanet tPDNIS, Dow Sylgard 184) or tape (Scotch

double-sided tape) using f irm f inger pressure. After a few
seconds. the PDMS or tape rvas peeled off of the electrode
removing the polypyrrole perchlorate pattern. Use of ' tape
resulted in clean removal of the polymer from the electrode.
PDNIS rvorked somewhat less rel iably. This sample was
mounted on :r glass sl ide and used direct ly in resist ivi t5z
measuremelnts.

Sample Characterization. Before removal of the poly-
p,v-rrole perchlorate. a sample of the polymer on the gold
electrode u'as characterized by X-ray photoelectron spectros-
cop!'. XPS spectra were collected on a Surface Science SSX-
100 spectrometer using a monochromatized Al Kcr source (f tr '
:  1486.6 eVr. The binding energies for the elements were
referenced to the Ctlst peak in a hexadecanethiol monolayer
on gold for rvhich the binding energy was fixed at 284.6 eV.
The range of  Ct ls ) ,  N(1s) ,  and Cl i2p)  b ind ing energ ies were
-qimilar to those reported in the l i terature for polypyrrole

t 27 r  Wi lbu r .  . I .  L . :  B iebuyck .  H .  A . :  MacDona ld .  J .  C . ;  Wh i tes ides .
G. M. Lorrgrnrul r ' .  submit ted.
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' '  F 'or  pat terns on I )D\ lS under argon I ' lush.  / 'The pat tern upon
rvhich th is resist i r ' i tv  'uvas nreasure-d is  shorvn in Fisure 2.

Measurements were the same within experimental error
rvhen taken in laboratory atmosphere and under dry
argon atmosphere, indicating that conductivity' of any
surface adsorbates do not make a contribution. More-
over.  resist iv i t ies remained constant over t ime {ca.  10
min ) and over at least three decades of applied voltage,
indicating that ionic conduction within the sample does
not play a role. Using the above geometries (including
the thickness of the wire in Table 1t. wire conductivit ies
were calculated and found to be in the range 1-5 S/cm:
this range of values is expected for polypyrrole.2b

t26t  Kanazar ' , 'a .  K.  K. :  Diaz.  A.  F. :  Cle is" .
. I .  F. :  Logan. J.  A. :  Rabol t .  J .  F. :  Street .  (1.
Comntt t r t .  1979. 8 i r ,1 855.
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perchlorate. A patterned sample (Figure 1)was also charac-
terized using a JEOL JSM-6400 scanning electron microscope
using secondary electron detection and using a Topometrix
TMS 2010 atomic force microscope. Thickness measurements
were performed on the sample on both the gold electrode and
PDMS using either the atomic force microscope or a Tencor
Instruments Alpha-step 2000 scanning profilometer (Mountain
View, CA).

Resistivity measurements were performed using a Prin-
ceton Applied Research Model 273 potentiostat in galvano-
static mode using applied currents of 1 mA to 100 nA (10 V
maximum applied potential). Resistance was determined by
taking the ratio of measured voltage to applied current. From
the sample dimensions and thickness determined as above,
the conductivity (o, S/cm) was calculated using the expression
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I do:v I *

where 1is the current applied, V is the voltage measured, d is
the sample thickness, / is the spacing between the probes, and
a' is the width of the line (all expressed in centimeters). In
the case of the interdigitated array, resistance was greater
than that obtainable using this instrument (>1000 MQ).

Acknowledgment. This research was supported, in
part, by the ONR and by ARPA.

cMg40424q


	441(1).PDF
	441(2).PDF
	441(3).PDF
	441(4).PDF

