10

Heads or Tails: Which Is More
Important in Molecular Self-Assembly?

Stacey F. Bent*
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ABSTRACT Self-assembled
monolayers can modify the
functionality of the surfaces on which
they assemble. Because they alter the
surface properties, self-assembled
monolayers can be used for a
multitude of applications.
Understanding the forces that drive
the formation of a self-assembled
monolayer on a given surface remains
an important area of investigation. A
new paper discusses some of the
considerations for self-assembly on
semiconductors. The results highlight
the tradeoffs between achieving
arystalline packing of the tail groups
and forming commensurate bonding
between the head groups and the
underlying surface. Where the
emphasis should be placed depends
on the application, but obtaining both
interfacial and intermolecular
ordering may be possible.

See the accompanying Article by
McGuiness et al. on p 30.
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t their best, self-assembled mono-

layers provide a dense, nearly crys-

talline organic skin on an underly-
ing solid surface. In this ordered state, they
may passivate the surface or afford new
functionality to the substrate. Because they
can impart many new properties, self-
assembled monolayers have come under
scrutiny for use in a broad range of applica-
tions, from biosensing and cell patterning
to corrosion resistance and molecular elec-
tronics. For many applications, especially
those in which surface passivation is
needed, the requirements on the bonding
and packing in the assembled monolayer
are stringent. Consequently, understanding
the forces that drive the packing of a self-
assembled monolayer is important in the
design of systems that bestow desired inter-
facial properties to a variety of substrates.

In their Article this issue, McGuiness et al.

address some of these key considerations
for self-assembly on bare semiconductor
surfaces.! They show that long-chain al-
kanethiols form monolayers on GaAs with
translational and orientational order, gener-
ating small domains (~75 A) of pseudo-
hexagonal close-packed molecules with a
herringbone packing, similar to the pack-
ing that is observed for the well-studied al-
kanethiolate self-assembled monolayers on
Au(111). This high degree of order on GaAs
gradually decreases with decreasing chain
length of the alkanethiol. The chain length
dependence can be understood as a com-
petition between intermolecular and inter-
facial forces. Each additional methylene
group in the alkyl chain increases the inter-
molecular forces, which favor crystalline-like
packing. Eventually these intermolecular
forces overcome the molecule-substrate
and lattice forces that promote molecule
separations that are incompatible with a
crystalline organic layer. For long-chain al-
kanethiols on GaAs(001), the intermolecu-
lar interactions of the thiols are sufficiently
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strong to cause a crystalline-like hydrocar-
bon layer to form.

The results further show that the inter-
molecular driving force is powerful enough
to induce short-range restructuring of the
underlying GaAs(001) surface lattice, caus-
ing the As atoms (to which the thiols prefer-
entially bond) to be displaced and generat-
ing an incommensurate adlayer." Thus,
this system provides a valuable illustration
of the tradeoffs that can occur in the forma-
tion of self-assembled monolayers. Al-
though the highly ordered thiolate mono-
layer imparts good chemical resistance (for
example, the thiolate monolayer inhibits
oxidation of the underlying GaAs), it fails to
provide good electrical passivation.® The
poor electrical passivation is attributed to
generation of surface defects caused by the
restructuring of the GaAs surface lattice. As
McGuiness et al. illustrate, the modified in-
terfacial structure introduces a variety of
possible surface traps, which reverses the
benefits of the surface passivation. In con-
trast, simple commensurate structures that
can be formed at the GaAs surface by ad-
sorption of elemental S are much more ef-
fective in the prevention of electrical sur-
face traps.® The surface restructuring for the
organosulfur case is a result of the lattice
mismatch, including mismatched symme-
tries (hexagonal versus square), between
the crystalline alkanethiolate layer and the
underlying GaAs(001) surface.

The behavior of the alkanethiolate layer
on GaAs can be contrasted with its behavior
on gold. Long-chain alkanethiols are well
known to form monolayers on Au(111) with
a high degree of conformational and trans-
lational order, which remain commensurate
with the underlying gold surface.*~° Nature
seems to help with suitable spacings in the
case of gold and related metals such as pal-
ladium and silver. But the sensitivity of the
alkanethiols to the underlying lattice is
acute. Even Ag(111), which has surface lat-
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tice spacing nearly identical to that
of Au(111), forms a different or-
dered overlayer of thiolates with
smaller crystalline domains.*> For
semiconductors such as GaAs, Ge,
and Si, which have significantly
larger lattice spacings, can we hope
to achieve both good organic pack-
ing and commensurate binding
sites? The closest spacing between
two neighboring surface atoms for
these semiconductors is nearly 4 A,
versus 2.5-2.9 A for the noble met-
als. Alkane chains require an inter-
molecular spacing of nearly 5 A in
the crystalline solid." Significant
mismatch must be relieved through
either incommensurate molecule—
surface bonding or disorder in the
monolayer, or both (see Figure 1).
It is interesting that, with re-
spect to alkanethiols on GaAs(001),
the interchain forces appear to
dominate over the interfacial forces.
This fact leads to the well-ordered,
but incommensurate, monolayers
that McGuiness et al. observed.
However, the stronger and more di-
rectional the molecule-surface
bonds are, the more likely the lat-
tice mismatch is to be mediated by
disorder in the organic monolayer
rather than by disorder in the head
group bonding. This is the case for
monolayers based on Si-C, Ge-C, or
Ge-S bonds, which are strong and
directional and for which neither

Should we strive for
systems in which the
adsorbates form a
commensurate
structure and/or bond
to every surface atom,
or must the alkyl
monolayer chains be

crystalline?
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the surface atoms nor the adsor-
bates are expected to be very mo-
bile. Interfacial forces, combined
with the mismatch between the
semiconductor lattice and the mol-
ecule-molecule spacings, prevent
formation of crystalline monolayers,
according to recent studies.”® For
example, for alkanethiolate self-
assembled monolayers on Ge(111),
the degree of packing and stability
of the monolayers have not yet
reached the quality of the self-
assembled monolayers on gold.”
Likewise, grazing incidence X-ray
diffraction of alkyl monolayers
formed from alkenes on Si(111) sur-
faces revealed that the monolayers
are all amorphously structured, re-
gardless of their alkyl chain length.®
In the silicon system, the molecule-
surface bonds are commensurate
with the underlying lattice, al-
though crystalline monolayers do
not form.

The results from McGuiness et
al. suggest that scientists should
question the goals of molecular as-
sembly on semiconductors. Should
we strive for systems in which the
adsorbates form a commensurate
structure and/or bond to every sur-
face atom, or must the alkyl mono-
layer chains be crystalline? In other
words, is the head or tail group
more important? The answer de-
pends on the application. For
chemical passivation, formation of
a dense monolayer, even if it intro-
duces disorder at the underlying in-
terface or leaves some surface at-
oms unbonded, may suffice. The
densely packed hydrocarbon tail
will act as a barrier against reac-
tants, protecting the interface from
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Figure 1. Competition between interfacial and intermolecular forces may result in incom-
mensurate monolayers containing crystalline packing of the tails (left) or commensurate head
group-surface bonds with disordered tail groups (right).

unwanted reaction. On the other
hand, electrical passivation may be
the desired goal. Electrical surface
passivation is especially important
for semiconductors such as GaAs
and Ge, which have beneficial elec-
tronic properties when compared to
silicon but face significant chal-
lenges in future device applications
because of the lack of a good sur-
face oxide. For electrical passivation,
each surface atom will likely need
to be functionalized to eliminate
surface trap states, and conse-
quently the adsorbate head-sur-
face interaction will be critical.

Observations from alkyl-
terminated silicon lend credence to
the importance of the head group
interactions (i.e., adsorbate-surface
bonding) in controlling interfacial
electrical properties in semiconduc-
tors. Studies have shown that, al-
though these monolayers do not
form crystalline layers on silicon,®
they can provide good electrical
passivation as well as good chemi-
cal protection.”'® Of interest is that
the best electrical passivation is pro-
vided by the shortest chain, e.g.,
methyl-terminated Si(111). The larg-
est surface coverage is obtained for
this system, with a methyl group
bonded to nearly every Si surface
site in a commensurate 1X1 over-
layer."" Longer alkyl chains have too
much steric hindrance to pack this
closely,® but even with a lower sur-
face density, scientists still observed
chemical and electrical passivation.
This protection may be assisted by
the presence of hydrogen atoms
bonded to Si sites that are not alky-
lated.'®
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The available examples high-
light the challenges faced in achiev-
ing commensurate molecule—sur-
face bonding concomitant with
crystalline packing of the tail group.
Whereas alkanethiolate monolayers
on GaAs(001) are crystalline but in-
commensurate, alkyl monolayers on
Si(111) form commensurate Si—C
bonds but the tails are amorphous.
We should not, however, abandon
the goal of forming ordered mono-
layers on semiconductors that are
also commensurate with the under-
lying lattice. A number of possible
strategies are available for achiev-
ing this. One approach is to design
molecules with sizes that better
match the surface lattice spacing.
For example, the studies of 4'-
methyl-biphenyl-4-thiolate (MBT)
monolayers on GaAs(001) give evi-
dence for ordered structures that
may be commensurate along one
crystallographic direction.” The mo-
lecular spacing for the MBT mono-
layers along this direction is close to
the next-nearest neighbor distance
on the GaAs(001) surface. Another
approach is to explore new head
groups that rely on different types
of bonding at the surface. One such
example is dative bonding of Lewis
base head groups at semiconductor
surfaces. Yet another possibility is
to intercalate small terminating
groups like methyl or hydrogen
into a monolayer formed by long-
chain or aromatic molecules,
thereby achieving both complete
surface saturation and good pack-
ing of the tail groups.

As for the question of which
matters more— heads or tails—in
molecular assembly on semicon-
ductors, the answer rests with the
desired application. But achieving
both, i.e., both interfacial and inter-
molecular ordering, may lie within
our grasp.

REFERENCES AND NOTES

1. McGuiness, C. L; Blasini, D.;
Masejewski, J. P.; Uppili, S.;
Cabarcos, O. M.; Smilgies, D.; Allara,
D. L. Molecular Self-Assembly at
Bare Semiconductor Surfaces:
Characterization of a Homologous

ACCMNK) VOL. 1 = NO.1 = BENT

Series of n-Alkanethioate
Monolayers on GaAs(001). ACS
Nano 2007, 1, 30-49.

McGuiness, C. L.; Shaporenko, A,
Mars, C. K.; Uppili, S.; Zharnikov, M.;
Allara, D. L. Molecular Self-
Assembly at Bare Semiconductor
Surfaces: Preparation and
Characterization of Highly
Organized Octadecanethiolate
Monolayers on GaAs(001). J. Am.
Chem. Soc. 2006, 128, 5231-5243.
McGuiness, C. L,; Shaporenko, A.;
Zharnikov, M.; Walker, A. V.; Allara,
D. L. Molecular Self-Assembly at
Bare Semiconductor Surfaces:
Investigation of the Chemical and
Electronic Properties of the
Alkanethiolate-GaAs(001) Interface.
J. Phys. Chem. C 2007, 111,
4226-4234.

Laibinis, P. E.; Whitesides, G. M.;
Allara, D. L.; Tao, Y. T,; Parikh, A. N.;
Nuzzo, R. G. Comparison of the
Structures and Wetting Properties
of Self-Assembled Monolayers of n-
Alkanethiols on the Coinage Metal
Surfaces, Cu, Ag, Au. J. Am. Chem.
Soc. 1991, 113,7152-7167.

Love, J. C; Estroff, L. A.; Kriebel, J. K,;
Nuzzo, R. G.; Whitesides, G. M.
Self-Assembled Monolayers of
Thiolates on Metals as a Form of
Nanotechnology. Chem. Rev. 2005,
105, 1103-1170.

Ulman, A. Formation and Structure
of Self-Assembled Monolayers.
Chem. Rev. 1996, 96, 1533-1554.
Han, S. M.; Ashurst, W. R,; Carraro,
C.; Maboudian, R. Formation of
Alkanethiol Monolayer on Ge(111).
J. Am. Chem. Soc. 2001, 123,
2422-2425.

Ishizaki, T.; Saito, N.; SunHyung, L.;
Ishida, K.; Takai, O. Study of Alkyl
Organic Monolayers with Different
Molecular Chain Lengths Directly
Attached to Silicon. Langmuir 2006,
22,9962-9966.

Nemanick, E. J,; Hurley, P. T.; Webb,
L. J; Knapp, D. W.; Michalak, D. J.;
Brunschwig, B. S.; Lewis, N. S.
Chemical and Electrical Passivation
of Single-Crystal Silicon(100)
Surfaces through a Two-Step
Chlorination/Alkylation Process. J.
Phys. Chem. B 2006, 110,
14770-14778.

Nemanick, E. J.; Hurley, P. T.;
Brunschwig, B. S.; Lewis, N. S.
Chemical and Electrical Passivation
of Silicon (111) Surfaces through
Functionalization with Sterically
Hindered Alkyl Groups. J. Phys.
Chem. B 2006, 110, 14800-14808.

. Yu, H; Webb, L. J,; Ries, R. S.;

Solares, S. D.; Goddard, W. A,, IlI;
Heath, J. R,; Lewis, N. S. Low-
Temperature STM Images of

Methyl-Terminated Si(111) Surfaces.

J. Phys. Chem. B 2005, 109, 671-674.

www.acsnano.org



