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Deep UV Photochemistry

of Chemisorbed Monolayers:

Patterned Coplanar Molecular Assemblies

CHARLES S. DULCEY, JACQUE H. GEORGER, JR.,VICTOR KRAUTHAMER,
DaAviD A. STENGER, THOMAS L. FARE, JEFFREY M. CALVERT*

Deep ultraviolet (UV) irradiation is shown to modify organosilane self-assembled
monolayer (SAM) films by a photocleavage mechanism, which renders the surface
amenable to further SAM modification. Patterned UV exposure creates alternating
regions of intact SAM film and hydrophilic, reactive sites. The exposed regions can
undergo a second chemisorption reaction to produce an assembly of SAMs in the same
molecular plane with similar substrate attachment chemistry. The UV-patterned films
are used as a template for selective buildup of fluorophores, metals, and biological cells.

ELF-ASSEMBLED MONOLAYER (SAM)
and multilayer films are of interest for
both fundamental studies and techno-
logical applications. Such films can be used

in thin-film optics, sensors and transducers, *

protective layers, high-resolution imaging
miaterials, and functionalized surfaces with
specific chemical, biological, or adhesive
properties (1—4). SAM-forming materials
may be physisorbed layers, such as Lang-
muir-Blodgett films, or chemisorbed layers,
such as organothiols bonded to Au or or-
ganosilanes bonded to silica. Both types of
SAM films inherently offer a high degree of
control in thé direction normal to the plane
of the film and substrate. Chemisorbed films
are more versatile and stable, because the
interaction between the film precursor and
the surface is much stronger than in phys-
isorbed films (1). However, little work has
been done to control the placement of mol-
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ecules in the plane of the surface.

Two approaches for producing patterned
chemisorbed SAM films have recently been
reported. In one, selective surface coordina-
tion chemistry is used to bind different SAM
precursors to'a substrate with lithographi-
cally defined stripes of dissimilar metals (5).
This approach lacks generality in that copla-
nar patterns of multiple SAMs with the same
surface attachment chemistry cannot be pro-
duced on a substrate composed of a single
material. Also, the assemblies produced by
this technique are not coplanar because the
metal steps are typically 20 times the SAM
film thickness. Alternatively, conventional
lithographic processing has been used to
fabricate coplanar “orthogonal” SAMs (6).
Patterns of a thick polymer photoresist are
defined and used to block the chemisorption
of a SAM film in selected areas of the
substrate. After the photoresist has been
stripped, the remaining substrate is modified
with a second SAM film. This technique has
significant drawbacks for the formation of
molecular assemblies, particularly the neces-
sity of at least 18 processing steps.

This report describes a new approach for
directly modifying and patterning SAM
films by exposure to deep UV radiation.
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Subsequent chemical treatments can pro-
duce coplanar molecular assemblies and se-
lectively build up patterns of fluorophores,
metals, and biological cells.

Organosilane films were prepared on glass
and fused silica slides, Pt films on Si substrates,
and Si wafers with a native oxide (~15 A thick)
or thermally grown oxide (~350 A thick).
Phenyltrichlorosilane (PTCS), benzyltrichlo-
rosilane (BTCS), 3-aminopropyltrimethoxysi-
lane (APTS), N-(2-aminoethyl-3-aminopro-
pyl)trimethoxysilane (EDA), and (tridecaftu-
oro-1,1,2,2-tetrahydrooctyl)-1-dimethylchlo-
rosilane (13F) were used as the SAM film
precursors. Chloro- and methoxysilanes react
with hydroxyl groups on the surface of a sub-
strate to form covalent siloxane (Si—-O-Si)
bonds and liberate HCl or methanol as reaction
by-products (7). The film formation proce-
dures were intended to produce homogeneous
monolayer films and to avoid multilayer depos-
its (8, 9).

Using the sessile drop method (10), we
found that water contact angles for the
various cleaned substrates were typically 10°
or less. After reaction with PTCS, BTCS, or
13F, the surfaces became hydrophobic, with
contact angles ranging from 58° to 65° for
PTCS, 64° to 74° for BTCS, and 86° to 94°
for 13F. The variation of contact angle
across a particular substrate was typically
<5°, indicative of homogeneous film cover-
age. The contact angle of the treated surfaces
was not dependent on the substrate materi-
al. Reaction with APTS or EDA caused the
contact angle to increase to only 21° to 27°,
the result of polar primary amine terminal
groups.

UV spectroscopy was used to characterize
the aromatic silanes in solution and as SAM
films on fused silica (11). The UV spectrum
of PTCS in acetonitrile solution showed the
spectrum of a benzene-like chromophore
(12). The spectrum of PTCS on fused silica
was similar but red-shifted by ~3 nm rela-
tive to the solution spectrum. Replacement
of the trichlorosilyl group with the siloxane
linkages to the substrate thus has relatively
little effect on the electronic structure and
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Fig. 1. Schematic of PTCS
deep UV photochemistry
and formation of a coplanar
molecular assembly using
the same SAM precursor.
The second PTCS unit at-
taches to the exposed region
of the original PTCS film.
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absorption of this chromophore. EDA and
APTS films showed a weak absorbance start-
ing at 240 nm that increased gradually at
shorter wavelengths. The 13F films showed
no measurable absorbance at wavelengths
greater than 190 nm.

We explored the deep UV photochemis-
try of PTCS and BTCS SAM films using
pulsed krypton fluoride (248 nm) and argon
fluoride (193 nm) excimer lasers as exposure
sources. Both materials absorb strongly at
the ArF wavelength but approximately 100-
fold less at the KrF wavelength. Irradiation
of a PTCS film at 193 nm caused a decrease
in intensity of the entire spectrum. After
irradiation at a dosage of 400 mj/cm?, the
spectrum was reduced to baseline noise. A
similar spectral change was obtained by ir-
radiation at 248 nm, although the dosage
required to reduce the spectrum to baseline
noise was more than 50 J/cm?.

The same photochemical changes were
observed over a wide range of radiation
intensity. Pulsed power densities used in
these experiments ranged between 6 and
600 kW/cm?. Equivalent results were ob-
tained with high- and low-pressure Hg
lamps, which have deep UV outputs that
range from tens of milliwatts to several
microwatts per square centimeter.

The wettability of a PTCS film on a glass
slide increased with increasing exposure

Fig. 2. Wettability of patterned coplanar two-
component SAM films. An EDA film was ex

to patterned 193-nm radiation (13 J/cm?), fol-
lowed by treatment with 13F. A water drop was
placed on the patterned EDA/I3F film and
viewed by transmission optical microscopy. Dark-
ening of the areas exposed to radiation was attrib-
uted to color center formation in the glass. The
inward curvatures of the water drop on the dark
stripes correspond to the exposed regions of the
EDA film that were resilanized with 13F. The
outward curvatures (light stripes) are due to
spreading on the unirradiated, hydrophilic EDA
film. The change in periodicity of the rippling
follows the change in the line-space pairs of the
mask as seen from the color centers. Molecular
structures of the EDA and 13F films, and their
location in the patterned assembly, are shown
schematically below the drop.

dose at 193 nm. The water contact angle
decreased monotonically from 58° to below
16°, leveling off at ~400 mJ/cm?. The pho-
tochemical process directly correlates with
the formation of polar, hydrophilic groups
at the surface. UV spectroscopy of PTCS
films irradiated at 193 nm under a blanket of
N, indicated that the same final photochem-
ical result occurs in the presence or absence
of O,.

The spectroscopic and surface wettability
changes described above for PTCS were also
observed for BTCS films. Deep UV expo-
sure of the PTCS film either caused the
phenyl or benzyl chromophore to be re-
moved from the film or photochemically
altered the material to a species that had no
absorption above 190 nm.

The efficiency of the organosilane photo-
chemistry appears to depend on the nature
of the underlying substrate. Approximately
two to four times the dosage was required to
effect the same change in surface wettability
with a silicon native oxide or metal substrate
as with silicon thermal oxide or glass sub-
strates.

To identify the desorbed photoproducts
resulting from deep UV irradiation, we in-
vestigated PTCS films on Si thermal oxide
substrates, using Fourier transform mass
spectrometry (FTMS) (13). After laser ex-
posure, material desorbed from the surface
is ionized, trapped, and mass-analyzed. The
multiplex nature of FTMS is ideal for the
study of monolayer systems, because an
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entire mass spectrum can be obtained from
the submonolayer quantity of material de-
sorbed by a single laser pulse (14). Films of
PTCS irradiated at both 193 and 248 nm
yielded the same photoproduct, mass-to-
charge ratio (m/z) 78, corresponding to
benzene. The generation of a fragment cor-
responding to CHg instead of C;Hs may
result from H abstraction from a neighbor-
ing PTCS group in the film or by reactions
in the plume of photodesorbed species near
the surface. The signal-to-noise ratio of mass
spectra at each wavelength was proportional
to the corresponding absorption coeffi-
cients. No evidence for Si or organosilicon
fragments was observed. Similar behavior
has been observed for other aromatic silane
SAMs.

To identify the surface-bound photoprod-
uct, we exposed a BTCS film on a Pt sub-
strate to 2 J/cm? at 193 nm, the dosage
required to change the contact angle from
70° to <25°. The x-ray photoelectron spec-
troscopy (XPS) signals for Si showed no loss
of intensity (15). XPS studies of other silane
SAM films also showed that Si remained on
the surface after irradiation.

The spectroscopic and wettability studies
of the PTCS SAM films indicate that the
organic chromophore is photodesorbed
from the surface, the Si atom from the
organosilane precursor remains bound to
the surface after exposure, and the irradiated
surface is highly wettable. These observa-
tions are consistent with a photochemical
mechanism that involves cleavage at the
Si—C bond to form a volatile (or removable)
organic product and a polar siliceous spe-
cies, likely a silanol (Si-OH).

It is not surprising that exposure of SAM
films to deep UV radiation leads to bond
breakage. The energy of a 193-nm photon
(148 kcal/mol) is greater than any of the
bond energies in the PTCS molecule (16,
17). However, photocleavage in the PTCS

Fig. 4. Optical micrograph of a thin electroless Ni
film (~600 A) deposited on a patterned SAM film
on Si thermal oxide. Film was exposed with a
deep UV Hg lamp contact printer.

and BTCS SAM films apparendy occurs
only at the weakest link in the molecule, the
Si—C bond (88 kcal/mol). The photochem-
ical process does not appear to be ablative in
nature, as it can be effected from sources
ranging from low- and high-pressure Hg
lamps to lasers. The laser powers generally
used are below those typical of photoabla-
tion (18).

After cleavage of the Si—C bond, an ex-
tremely reactive Si atom (radical) would be
left at the surface. Such a Si residue would
react immediately outside an ultrahigh-vac-
uum environment with trace water to form
silanol groups and yield the observed water-
wettable, polar surface. As a.direct conse-
quence, these sites should be reactive to a
variety of chemical coupling reactions, such
as chemisorption of a second organosilane
onto the photogenerated silanols. To dem-
onstrate this, we irradiated a PTCS film on
fused silica with 500 mJ/cm? of 193-nm
light. The slide was then immersed in a
toluene solution of PTCS under the same
conditions as used in the initial film forma-
tion procedure. Both the contact angle and
the UV spectrum of the slide after this

treatment were essentially the same as those
of the original PTCS film. The patterned
coplanar molecular assembly produced by
UV irradiation and subsequent treatment
with a solution of PTCS is shown in Fig. 1.
The second PTCS SAM is attached to the
remaining Si atom (or silanol) of the origi-
nal SAM film.

Deep UV exposure of a SAM film fol-
lowed by a second chemisorption reaction
has also been used to produce coplanar
molecular assemblies of different SAM ma-
terials with similar surface attachment chem-
istries. Flood exposure of an EDA film to 13
J/cm? of 193-nm radiation, followed by
treatment of the substrate with a solution of
13F, produced a surface with a contact angle
of about 90°, indicating that the perfluori-
nated silane had replaced the diamine in the
irradiated areas. We repeated this experi-
ment, using patterned deep UV radiation,
to produce a two-component SAM film
with alternating diamine and perfluoro
functionalities. A micrograph of a water
drop applied to the resulting surface is
shown in Fig. 2. The scalloped edges of the
water drop dramatically demonstrate the
large differences in surface energy of adja-
cent sections of the film.

Patterned chemical reactivity or wettabil-
ity properties of single or multicomponent
SAM films can be used to build a variety of
structures normal to the surface. For exam-
ple, the reactivity of an aminosilane film was
used as a template to produce a patterned
monolayer of an organic fluorophore. An
APTS film on fused silica was irradiated
with patterned 193-nm light, then exposed
to a solution of fluorescein isothiocyanate
(FITC). FITC coupled via a thiourea link-
age to the amine groups that remain in the
unirradiated regions of the APTS film (Fig.
3).

Selective deposition of metal films has also
been demonstrated by use of the deep UV
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Fig. 3. Fluorescence micrograph of FITC coupled
to a patterned APTS film. APTS on fused silica
was irradiated with patterned 193-nm light (7.5
J/cm?) and then one side of the slide was exposed
to ~5 mg of FITC in 250 ml of 1:1 dimethyl

sulfoxide-bicarbonate buffer at pH 9.
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Fig. 5. Selective cell adhesion and outgrowth. Cells were plated at a density of 8 x 10* cells/cm? on
EDA/13F patterns, allowed 40 min to adhere, and gently rinsed with growth media. (A) Micrograph
showing human SK-N-SH neuroblastoma cells at 10 min after rinsing. Note the elongation of cells on
narrow EDA regions versus the spherical shape on wide regions (see text). (B) Neuroblastoma cells on
narrow EDA/13F regions at 24 hours after rinsing. The outgrowth of neurites was confined to EDA

regions.

REPORTS 553



patterning process. SAM films such as
PTCS, BTCS, and APTS on Si substrates
were exposed to either 193-nm or 248-nm
radiation, then metallized with electroless
plating techniques (19). Metal patterns typ-
ically several hundred angstroms thick were
deposited only in the unexposed areas of the
film (Fig. 4). These metal patterns can serve
as plasma-hard etch barriers, conductive
paths, or opaque regions for fabricating a
wide variety of microelectronic devices.

Patterned two-component SAM films
have also been used to produce arrays of
more complex structures such as biological
cells (6, 20). Coplanar EDA and 13F sur-
faces were plated with human SK-N-SH
neuroblastoma cells (21) suspended in cul-
ture medium. On 40-pm-wide EDA re-
gions, the cells maintained relatively spherical
shapes with visible contact points. However,
with 12-pm spacing, the widths of the alter-
nating EDA/13F regions were less than the cell
diameters, causing the cells to elongate to con-
form to the EDA lines (Fig. 5A). Subsequent
neurite outgrowth after 24 hours was confined
to the EDA regions (Fig. 5B).

The deep UV photochemistry of SAM
films promises to be an interesting area of
research and an enabling technology for
manipulating molecular assemblies. SAMs
are perhaps the ultimate materials for ultra-
high-resolution imaging in optical and elec-
tron-beam lithographies (1, 2). Also, pat-
terned adherent cells can facilitate advances
in biosensors and implant devices. This pro-
cess also provides a pathway to define pat-
terns of molecular species such as chro-
mophores, redox reagents, catalysts, and
optically active and biologically active spe-
cies at the practical limits of lateral resolu-
tion. The ability to photochemically control
the wettability of a SAM film over a wide
range of surface energy can provide insights
into adhesion and biocompatibility at the
molecular level. To reach these goals, it will
be necessary to understand how the surface
photochemical processes in SAM films de-
pend on the type of substrate, the nature and
energy of the exposure source, the surface
attachment chemistry, and the specific
chemical functionalities present in the SAM
molecule.
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The trk Proto-Oncogene Product: A Signal
Transducing Receptor for Nerve Growth Factor

Davip R. KarLAN, BARBARA L. HEMPSTEAD,
DioNi1sIO MARTIN ZANCA,* MOSES V. CHAo Luis F. PARADAT

The trk proto-oncogene encodes a 140-kilodalton, membrane-spanning protein tyro-
sine kinase (p140P ™) that is expressed only in neural tissues. Nerve growth factor
(NGF) stimulates phosphorylation of p140P**°* in neural cell lines and in embryonic
dorsal root ganglia. Affinity cross-linking and equilibrium binding experiments with
125]-labeled NGF indicate that p140P ™ binds NGF specifically in cultured cells
with a dissociation constant of 10~° molar. The identification of p140P**°™* as an
NGF receptor indicates that this protein participates in the primary signal transduc-

tion mechanism of NGF.

HE DEVELOPMENT OF THE VERTE-
brate nervous system is characterized
" by a series of complex events that

D. R. Kaplan, Eukaryotic Signal Transduction Group,
Advanced Biosciences Laboratory—Basic Research Pro-
gram, National Cancer Institute~Frederick Cancer Re-
search and Development Center, Frederick, MD 21702.
B. Hempstead and M. Chao, Hematology-Oncology
Division, Department of Medicine and Department of
Cell Biology and Anatomy, Cornell University Medical
College, New York, NY 10021.

D. Martin-Zanca and L. F. Parada, Molecular Embryol-
ogy Group, Advanced Biosciences Laboratory—Basnc Re-
search Program, National Cancer Institute—Frederick
Cancer Research and Development Center, P.O. Box B,

Frederick, MD 21702.

*Present address: Instituto de Microbiologia Bioquimica
C. 8.1.C., Universidad de Salamanca, 37008 Salamanca,

T%u whom correspondence should be addressed.

cause the apparently homogenous neuroep-
ithelium of the early embryo to form the
diverse, highly ordered, and interconnected
neural cell types of the adiilt. Extensive
evidence indicates that limiting diffusible
factors are required for the targeting, surviv-
al, and proper synaptic arrangeinent of neu-
rons (1). Neuronal circuits are sculpted from
an initially overabundant production of neu-
rons during development: In the midterm
embryo, programmed cell death eliminates
most of the neurons, leaving behind only
those required for innervation of target tis-
sues (2). Although neural adhesion and
extracellular matrix molecules are essential
for axonal migration, guidance, and growth
cone targeting, most of the molecules that
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