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Patterned self-assembled monolayers (SAMs) formed by soft
lithography allow surface properties to be tailored at the molecular
level with lateral dimensions less than 100 nm. In microfluidics,
patterned SAMs with hydrophilic and hydrophobic regions are used
to direct fluid flow to the hydrophilic regions? In biology,
patterned SAMs with adhesive and nonadhesive regions are used
to direct cell binding®* In materials science, patterned SAMs are
used as etch resists to create trenches, wells, and posts in
substrate8:” .

There have been very few reports where patterned SAMs formed Figure 1. Plan view optical microscope image ofin square silver islands
by soft lithograph§ or electron beam irradiatién'' have been deposited onto silver with an array of#n surfactant-free squares-a0.45
explored as resists for electrodeposition. Since these reports didV (Ag/AGCI) from 20 mM KAg(CN).. The deposition charge was 0.28 C

. L . . cm~2, The inset in the upper right is a friction force image of the ODT-
not address the influence of deposition potential, chain length, or patterned substrate prior to deposition showing tpenGsquare surfactant-

other experimental conditions, the potential for soft lithography and free regions (dark). The inset in the upper left shows that the 800 nm high
electrodeposition to create patterned structures is not well under-islands retain the fidelity of the pattern, illustrating that there is negligible
stood. lateral growth. The inset in the lower left corner is an AFM image of the

In this work, patterned SAMs of alkanethiols on gold or silver & #m square silver islands.
are explored as resists for electrodeposition, with surprisingly rich
behavior depending on the overpotential and the length of the alkane
chain. At small overpotentials, SAMs are positive resists with
deposition only in the surfactant-free regions. At larger overpo-
tentials, SAMs are negative resists with preferential deposition
beneath the SAMs. Tunable surfactant-based resists are potentially
versatile tools to dictate the deposition of materials and are
demonstrated as a means of creating complex, three-dimensional
structures.

In our experiments, patterned alkanethiol monolayers, 3fCH
(CHp)nSH with n = 9—17), were created on evaporated silver or
gold films by soft lithography. Figure 1 shows features created by
depositing silver in positive resist mode-a0.45 V (Ag/AgCl) on

a patterned silver surface with:n SAM-free squares at 16m ) i 3
Figure 2. AFM images of silver features deposited onto an gold substrate

center-to-center spacings. The friction force image (inset) taken ™"
before electrodeposition confirms that the surfactant octadecanethiolWIth an aray of qum surfactant free squares &0.45, ~0.55, -0.65, and
p ' —1.20 V (Ag/AgCl) from 20 mM KAg(CN). In all cases, 0.15 C cm

(ODT), is present in a grid pattern with an array oft SAM- silver was deposited.
free squares. After deposition for about 90 min (0.28 C¥rthe
optical microscope image shows an array of silver islands in the silver islands are formed under the SAM-covered regions, although
SAM-free squares, which preserve the lateral dimensions of the deposition still occurs predominantly in the SAM-free regions. At
features. The AFM image (inset) shows that the islands are uniform —g 65 v (Ag/AgCl), silver is deposited preferentialiynder the
with an average height of 800 nm, in excellent agreement with the saM-covered regions, analogous to a negative resist in conventional
value of 830 nm obtained from the deposition charge assuming no jithography. In contrast to the square islands formed in positive
lateral growth and a deposition efficiency of 1.0. There is no yesist mode, deep square wells are formed in negative resist mode.
evidence of lateral growth, even though the silver islands are much ywhile silver is deposited everywhere on the surface, the deposition
higher than the thickness of the SAM-Z nm), and there is N0 (46 jn the SAM-modified regions can be more than twice that in
evidence of deposition in the SAM-covered regions. the surfactant-free regions. This mode persists even for long
Figure 2 show a series of AFM images of silver features yenqsition times, allowing significant differential feature heights
deposited at different potentlals_onto _gold surf_aces_ patterned with to be realized between the SAM-modified and SAM-free regions.
ODT. At —0.45 V (Ag/AgCl), silver is deposited in the Bm Eingiy at—1.2 v (Ag/AgCI), deposition occurs uniformly over
sur_fac?ant-free squares, as described above, analogous to a POSItVE e entire surface, regardless of the original surfactant distribution.
resist in conventional lithography. At0.55 V (Ag/AgCI), small The mode of deposition is dependent on potential and on the

T Department of Chemical and Biomolecular Engineering. length of the alkane chain. Figure 3 shows a phase diagram
* Department of Materials Science and Engineering. summarizing the modes for silver deposition on patterned mono-

*. regime ||
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Figure 3. Phase diagram showing the four regimes for electrodeposition - 04C
as a function of alkane chain length: (1) positive resist mode, (ll) transition 5
mode, (Ill) negative resist mode, and (IV) uniform deposition mode. In all >
cases, 0.15 C cm silver was deposited from 20 mM KAg(Chpnto 2
patterned gold surfaces with 2&m surfactant-free squares andgmn 2 e
surfactant-free circles. The deposition mode was determined from AFM -
images. ) . )
175 170 165 160 155

layers ofnn-alkane thiols, withn = 9, 11, 13, 15, and 17. Four
regimes can be identified.
At low overpotentials (regime 1), the SAM-modified regions are

effective as positive resists, as evidenced by the negative shift in

the onset potential for the transition mode (regime 1) with
increasingn. A surprising feature of this regime is that the lateral

Binding energy (eV)

Figure 4. (a) Plot of the feature height versus time for the deposition of
silver at —0.8 V (Ag/AgCl) (negative resist mode) onto ODT-patterned
positive resists for deposition, and the SAM acts as an insulating gold surfaces from 20 mM KAg(CN) The inset is a plot of the normalized
barrier or mask for deposition. Longer chain surfactants are more differential height versus potential for the depositidnloC cnt silver

onto similarly patterned gold surfaces. (b) XPS spectra of the sulfur envelope
before and after deposition of silver at0.70 V (Ag/AgCl) onto ODT-
patterned silver surfaces with:8n square surfactant-free regions for (i) 0

C cnr2 and (i) 0.4 C cm?2.

dimensions of the pattern are retained for feature heights much

larger than the thickness of the SAM. For the features shown in we note that the adsorption of SeCN accelerates the deposition of
Figure 1, lateral growth is negligible for feature heights below about silver from KAg(CN), on planar gold surfacéd.Similarly, the

1 um. Moffat and Yan§reported on the electrodeposition of nickel adsorption of short-chain dithiols accelerates the deposition of
into stamped hexadecane thiol SAMs witpfs x 5 um surfactant- copper on planar gold surfaces from solution containing CuSO
free squares on copper and found that, up to a height of 120 nm,and a suppressor, such as poly(ethylene gly¢ol).

there was no lateral growth and the fidelity of the pattern was  The final regime in the phase diagram (regime 1V) is at the most
preserved. A possible explanation for this result is that the surfactantnegative potentials, where deposition occurs uniformly everywhere
diffuses up the sides of the growing features, thereby suppressingon the surface, regardless of the original pattern. This is caused by
lateral growth. loss of surfactant from the surface. For longer chain lengits (

In the transition regime, deposition occurs under the SAM- 13), the surfactant is reductively desorbed from the sufa@be
modified regions as well as on the surfactant-free surface; however,onset potential for reductive desorption for a solution-formed ODT
the deposition rate is faster in the surfactant-free regions. Deposition(n = 17) monolayer is-1.1 V (Ag/AgCl), slightly more negative
in the SAM-modified regions is relatively uniform, indicating that  than the onset of uniform deposition-at.0 V (Ag/AgCl) (Figure
the SAM becomes leaky to the metal ions. The extent of this regime 3). This shift is likely related to the poorer stability of stamped
increases with decreasing chain length, indicating that the SAMs SAMs in comparison to that of solution-formed SAMs. For shorter
become more permeable to ions. chain lengthsrf < 13), the onset potential for uniform deposition

We note that the potential limit of positive resist mode is close shifts to more positive potentials. The slope of this phase boundary
to the potential of zero charg¥,, reported for thiol-modified gold is about 100 m\, much larger than the 20 mikhift seen in the
surfaces, which also becomes more negative with increasing chainreductive desorption peak for solution-formed SAMSsThis
length?? This result suggests that the reversal in sign of the electric suggests that the solubility of the stamped thiol or an intermediate
field at the interface may play a role in the onset of breakdown of species formed during deposition shifts the onset potential for this
the SAM for electrodeposition. An implication of this observation mode positive to the reductive desorption potential.

is that, forU > U, the electric field at the interface is parallel to
the dipole moment associated with the thiol; however, Jor<

U, the electric field is antiparallel to the dipole moment of the
thiol. This effect may lead to permeability of the SAM. The

Figure 4a shows the height of silver features in SAM-covered
and SAM-free regions on an ODT-patterned gold surface in negative
resist mode at-0.8 V (Ag/AgCI). The inset of Figure 4a shows a
plot of the normalized differential heighhd/d, of the features over

potential limit of positive resist mode is also close to the potential the potential range spanning negative resist mode (see Figure 3).
at which alkanethiol SAMs exhibit a decrease in impedance, The normalized differential height increases with decreasing
suggesting that they become ledRy. potential and reaches a maximum of 1.14-&80 V (Ag/AgCl).

At larger overpotentials, deposition occurs in both surfactant- At more negative potentials, as the boundary with regime IV is
free and SAM-modified regions; however, the deposition rate is approachedAd/d decreases again. At the potential maximum, the
faster in the SAM-modified regions. This is the negative resist mode growth rates, obtained from the slopes of the curves in Figure 4a,
(regime lll). The onset potential for this regime 0.6 V (Ag/ are 0.89 nm st in the SAM-covered regions and 0.42 nmt$n
AgCl) for n = 15 and 17; however, for shorter chain lengths, the the SAM-free regions.
onset potential is more positive. These results suggest that the SAM  Figure 4b shows an XPS spectrum of the sulfur envelope on a
accelerates silver deposition. While this behavior is unexpected, silver electrode patterned with ODT as a function of deposition
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Figure 5. Cyclic voltammograms for Au and Au/ODT in 20 mM
KAg(CN), at a scan rate of 10 mV-& The vertical lines indicate the
boundaries of the deposition regimes shown in Figure 3.

time in negative resist mode. Prior to deposition, the spectrum shows
two characteristic peaks: a thiolate peak at 162 eV and an oxidized
thiol peak (e.g., RSG;~, R—SOy7) at 167 eV The oxidized thiol
peak remains after deposition of approximately 500 nm of silver
under the SAM, confirming that the ODT remains on the surface
in negative resist mode. These results indicate that the thiol floats
on the surface during deposition.

Figure 5 shows cyclic voltammograms for gold and ODT-
stamped gold in 20 mM KAg(CN) Deposition on the ODT-
modified surface is suppressed until abet.45 V (Ag/AgCl),
corresponding to the limit of positive resist mode seen in Figure 3.
At about—0.6 V (Ag/AgCl), corresponding to the onset of negative

resist mode, deposition on the ODT-modified surface becomes faster

than on the bare gold surface. The deposition rate on the thiol-

modified surface remains faster than on the bare gold surface over

the potential range from-0.6 to —0.95 V, corresponding to the
extent of negative resist mode in Figure 3. The difference in
deposition rates does not reach the maximum value inferred from

In summary, the behavior of patterned SAMs as templates for
patterned electrodeposition is surprisingly rich. The deposition
potential and chain length of the surfactant play an important role
in determining the morphology of the deposited features. While
many of the details of electrodeposition into patterned SAMs remain
to be resolved, these results show that alkanethiol SAMs on gold
or silver surfaces are tunable resists for the creation of complex
structures by electrodeposition. The technique is simple and broadly
applicable, requiring fewer steps than standard lithographic tech-
niques for creating multicomponent, 3-D structures.
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