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Reagentless micropatterning of hydrogen-terminated Si(111) via UV irradiation through a photomask has proven
to be a convenient strategy for the preparation of ordered bicomponent monolayers. The success of this technique
relics upon the differential rate of reaction of an alkenc with the hydrogen-terminated and photooxidized regions of
the surface. Monolaycr formation can be accomplished under cither thermal or photochemical conditions. It was
observed that, after 3 h, reaction in neat alkenc solution irradiation (Rayonet, 300 nm) afforded the expected patterned
surface, while thermal conditions (150 °C) resulted in a partial loss of pattern fidelity. Monolayer properties and
formation were studied on oxidized and hydrogen-terminated silicon under thermal and photochemical initiation, by
contact angle, cllipsometry, Fouricr transform infrared spectroscopy, high-resolution clectron energy loss spectroscopy,
and X-ray photoclectron spectroscopy. Results show that alkenes add to silanol groups on the silica surface in a manner
consistent with acid catalysis: once attached to the surface, the silica oxidized the hydrocarbon.

Introduction

The preparation of hybrid organic—semiconductor devices is
an area of growing interesl, motivated by applications as diverse
as chemical/biological sensor platforms and molecular electronic
devices.' ™ The ability of organic chemistry to provide exquisite
control over the properties of the interface between a surface and
its environment is well documented; the most studied SAMs
being gold—thiol and glass—silane.”~7 The use of a semiconductor
such as silicon as the substrate holds the added benefit that the
surface can transduce chemical events at the interface as has
been demonstrated fornanowires and oxidized surfaces; ™’ recent
reports have also demonstrated that poly(ethylene glycol)-
modified silicon surfaces resist protein binding,'"~'* suggesting
that properties originally designed for gold or glass surfaces can
be translated to silicon.

Spatial control of the surface chemistry is required for many
device applications, and a number of strategies have recently
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been reported by us'? and others.!>!*!3 Our patterning stralegy
relies on the reactivity difference between oxidized and hydrogen-
terminated silicon. Briefly, a hydrogen-terminated silicon wafer
is irradiated through a photomask with a UV pen lamp. The
shaded regions remain hydrogen terminated, while the illuminated
regions are oxidized to form a thin layer of silicon oxide. An
alkene then reacts in the hydrogen-terminated regions forming
a monolayer-thick organic film. The oxidized portion is then
etched with dilute hydrofluoric acid (HF), generating [resh
hydrogen-terminated regions ready to react with a second alkene,
resulting in a patterned bicomponent monolayer.

Preparation of monolayers containing a minimum of electrically
active surface defects is a requirement of any potential device
based on this or any patterning strategy. The accepted mechanism
for the reaction of alkenes with hydrogen-terminated silicon
proceeds via a radical chain reaction as was originally proposed
by the Chidsey group'®!” in their seminal work in this area.
While the initial reactions involved pyrolysis of diacyl peroxides,
they subsequently reported that the reactions could be initiated
by UV irradiation." However, these photochemical reactions
were found to lead to significant amounts of oxygen on the
surface unless extraordinary measures are taken to exclude
dioxygen.'” This unwanted oxidation reaction is the likely source
of clectrically active defects observed in electrical measurements
of arrays of metal—insulator—semiconductor diodes made via
the photooxide patterning method.®® To improve the electrical
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properties of the patterned surfaces, we decided to explore
monolayer formation using the initially reported thermal ap-
proach.!”

We were surprised to find that, when the SiH/SiO» patterned
surface was reacted thermally, no contrast was observed between
the oxidized and hydrogen-terminated regions based on the surface
wetting properties, We anticipated that the alkene would react
exclusively in the hydrogen-terminated portion (as it appeared
to in the photochemical reaction), but this result suggested that
the oxidized portion was also active under the conditions of the
thermal reaction. In this paper, we present the results of a
comparative study between the reaction of I-decene with the
hydrogen-terminated and oxidized silicon surfaces under either
thermal or photochemical initiation. Monolayer [ormation was
followed by water contact angle, ellipsometry, and infrared
spectroscopy. The resulls suggest that the alkene reacts with
silanol groups on the oxidized silicon surface under thermal
promotion. We show that. although pattern fidelity is lost alter
the addition of the first alkene, the pattern is merely masked, and
the alkyl material present on the oxidized region can be removed
by etching with dilute HF. thereby allowing clean reaction of the
second monolayer component.

Experimental Section

Materials. Atienuated total reflection (ATR) silicon crystals (25
« 4.5 % | mm?) were purchased from Harrick, and the silicon
wafers were obtained from Virginia Semiconductor. Cleaning and
ctehing solutions were clean-room grade. Sulfuric acid, 96% (Ha-
S0y), and ammonium fluoride, 40% (NH4F), were purchased from
J. T. Baker: hydrochlorie acid, 30% (HCI) and ammonium hydroxide,
30% (NH4OH), were purchased (rom Olin Microclectronic Materials;
hydrogen peroxide, 30% (H,0;), was purchased from Anachcmica:
and HF. 48%, was abtained from Arch. MilliQ water (18 MQ) was
used for all experiments. 1-Decene 94% purchased from Aldrich
was purificd by vacuum distillation at 38—40 °C. Continuously
refluxing 1,1, 1-trichlorocthane (TCE) purchascd from Aldrich was
uscd in a Soxhlet Extractor under argon to wash the silicon wafers
and ATR clements.

Surface Characterization. Artenuated Total Reflection Fouiier
Transform Infrared Spectroscopy (ATR-FTIR). ATR-FTIR spectra
were recorded using a Nicolet MAGNA-IR 860 spectrometer at 4
em™ resolution. The ATR crystals were mounted ina purged sample
chamber with the light focused normal to onc of the 459 bevels.
Background spectra were obtained using an oxidized surface.

Surface Wertability Measurements. Surface welling propertics
were measured with a contact angle goniometer (model: Cam-
Miero, Tantec, Inc.) under ambient conditions (18—22 °C, 50—60%
relative humidity) using a collimated horizontal light beam to
illuminate the liquid droplet.

High-Resolution Electron Energy Loss Spectroscopy (HREELS).
HREELS was carried out under ultrahigh vacuum (UHV) conditions
with an LK3000 (LK Technologics) spectrometer. The nominal
system resolution was set to 36 cm™!. Spectra were acquired in the
specular gecometry at an incident energy of 6 eV.

Xeray Photoelectran Spectroscopy (XPS). XPS spectra were
recorded on a PHI 5500 instrument, using monochromated Al Ko
(1486 ¢V) radiation with detection on the surface normal. The pressure
during analysis was ~35 x 107% Torr. Spectra were fitted with
Gaussian profiles using standard procedures. The positions of all
peaks were normalized to Cls at 285.0 ¢V.

Thickness Measurements. The thickness of organic monolayers
and silicon oxide were estimated using a Gaertner model L1168
single wavelength (633 nm) cllipsometer at an angle of incidence
of 70°, The thickness was obtaincd using a two-layer model with

(20) Lopinski, G. P.: Fabre, B_; Wayner, D. D. M.J. Phys. Chein. B. submitted
for publication, 2006.
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5= 1.46 as the refractive index ol the manolayer and silicon oxide,
and the silicon substrate was described by # = 3.85 and £ = 0.02,

Surface Preparation. Cleaiing and Hydrogen Termination.
Single-sided silicon crystals were used once and discarded; ATR
clements were cleaned and reused. All erystals were cleanced with
piranha solution (3:1 H2804, 96%/H20-, 30%) at 120 °C for 30 min,
then rinsed with Milli-Q water. (Warning: Piranha solutions shoufd
he handled with care and kept isolated from organic materials.)
ATR clements were then cleaned with 4:1:1 Milli-Q water/NHyOH,
30%/H05, 30% at 80 °C for 15 min, rinsed with Milli-Q water and
heated in 4:1:1 Milli-Q water/HC1, 30%/H,05, 30% at 80 °C for 15
min then rinsed with Milli-Q water. Samples were hydrogen
terminated by ctching in degassed ammonium uoride for 15 min
followed by a bricf rinsc in degassed Milli-Q water.

Surface Oxidation. Patterned surfaces were prepared according
to our previeus work.' Irradiation in ambient air of a hydrogen-
terminated surface through a photomask (100 gm open squares
separated by 50 um lines; the mask from Adtek is chromium on
quartz with an antiscratch coating) with UV light (Hg(Ar) pen lamp,
Oricl Model 6035) for 30 min led to the formation of a surlace
composed of 50 gm Si—H lines and 100 gm oxide squarcs. The
ultraviolet radiation produced by the lamp was dominated by the
254 nm line (~95%), but was also found to contain a weaker 185
nm line (~3%). It is this weaker 185 nm line that has been shown
10 he responsible for the photochemical oxidation.?! Unpaiterned
surfaces were prepared cither by irradiation for 30 min [rom a distance
of 2 ¢m (this has been reported as sufficient to ensure complete
oxidation®") or by heating in piranha solution for 30 min at 120 7C.
Ellipsometry indicated the thickness of the photooxide to be 12 +
| A. while that of the chemical oxide was 10 £ 1 A

Monolaver Formation. Samples were bricfly cleaned using a
stream of nitrogen then immersed in deoxygenated 1-decene in a
Pyrex Schlenk tube under continuously bubbling argon. The reaction
was initiated cither via irradiation at 300 nmina Rayonet photorcactor
or thermally at 150 °C for the desired time. The ambient temperature
during irradiation was typically 35 °C. The samples were removed
[rom the reaction vessel, washed with TCE in a Soxhlet for 20 min,
dried under a stream ol nitrogen, and measured, Single-sided wafers
were freshly prepared for cach time-point, while ATR clements
were returned to the reaction vessel. Each FTIR time-point represents
the average of at least three ATR elements, the thickness and contact
angle measurcments represent an average of at least five points on
cach crystal, and a minimum of two crystals were prepared.

Results

UV irradiation of a hydrogen-terminated silicon surface through
a photomask (50 gm lines spaced 100 um apart) results in
regiospecific oxidation in the exposed regions; after 30 min of
irradiation, the pattern can be visualized by exposure to water
vapor, The water droplets are centered on the hydrophobic oxide
squares (Figure 1A). Thermal reaction of this surface with
1-decene at 150 °C for 90 min results in a loss of contrast between
the lines and squares (Figure 1B), indicating that the decene
reacts with the oxidized portion of the surface. Photochemical
initiation did not result in pattern loss,'* suggesting that different
pathways are available under thermal reaction conditions. In an
effort to elucidate the cause of pattern loss, we studied monolayer
formation on the photochemically oxidized and hydrogen-
terminated silicon surfaces (i.e., not patterned) initiated both
thermally and photochemically, It is important to note that the
material reacted on the oxidized portion was sensitive to ctching
by 2% HF and therefore did not affect the ability to form
bicomponent monolayers.

The surface wetting properties of H-terminated surfaces reacted
with decene were comparable whether prepared via the photo-
chemical (Figure 2A) or thermal (Figure 2B) reaction and achieved

(21) Mitchell, S. A. J. Phys. Chem. 8 2003, 107, 9388,
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Figure 1. Picturc of a patterned surface (photomask contains 100
um lines scparated by 100 pm) cxposed to water vapor (A)
immediately following photopatterning and (B) afier reaction in
I-deeene for 90 min at 150 °C.
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Figure 2. Plot of contact angle versus time for the hydrogen-
terminated surface reacted (A) thermally and (B) photochemically,
and for the photooxide surface reacted (C) thermally and (D)
photochemically.

the maximum value (102°) within 15 min. On the other hand,
the wettability of the photooxidized surfaces was highly dependent
on the reaction conditions, with the thermal reaction (Figure 2C)
producing significantly more hydrophobic surfaces (91°) than
the photochemical reaction (Figure 2D; 59°). The minimal
difference (~10°) between the thermally reacted oxidized surface
and the decene-terminated surface is consistent with the loss of
contrast in the pattern when tested by exposure to water vapor.
An oxidized surface immersed in decene in the dark for 16 hwas
noticeably more hydrophilic than the photochemically reacted
surface. The measured contact angle (33°) was greater than the
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Figure 3. Plot of apparent thickness versus time for the hydrogen-
terminated surface reacted (A) thermally and (B) photochemically,
and for the photooxide surface reacted (C) thermally and (D)
photochemically.

initially prepared surface (0°), suggesting very low inherent
reactivity of the oxide surface toward decenc.

The thicknesses of the oxide and hydrogen-terminated surfaces
were measured at the start of the experiment and subtracted as
a background, allowing for a comparison of the alkyl layer
thickness. This assumes that the optical properties of the oxide
do not change upon addition ofan alkyl monolayer. The apparent
thickness of the monolayer formed on hydrogen-terminated silicon
increases more rapidly for the thermal reaction (Figure 3A) and
attains a slightly higher maximumvaluc of 13.5+0.9 A compared
to the that of the photochemical reaction of 11.4 == 0.5 (Figure
IB). On the oxidized surface, the thermal reaction (Figure 3C)
attains higher coverage (9 £ 1 A)and a fasler rate in comparison
with the photochemical reaction (Figure 3D; 541 A). Immersion
of an oxidized silicon crystal in 1-decene in the dark for 16 h
resulted in an apparent thickness of 2.2 + 0.2 A.

During the course of monolayer formation on hydrogen-
terminated silicon, the antisymmetric CH, stretching frequency
was observed at 2922 4 1 em™ ! throughout the reaction, regardless
of the initiation procedure. As evidence of the lower coverage,
the antisymmetric methylene stretching frequency of monolayers
formed on the oxidized surface was observed at 2927 £ 2 em ™,
Thermal initiation results in a faster rate of reaction on both
hydrogen-terminated and oxidized surfaces; after only 10 min,
both surfaces reached 80% of the maximum absorbance observed
(Figure 4A,C). After 90 min, the photochemical reaction on the
hydrogen-terminated surface reached about 90% of its maximum
absorbance. The photochemical reaction on the oxide requires
a much longer time to reach its maximum (the reaction was
stopped after 16 h, although it was not clear that the reaction was
complete). The quantity of organic material observed on the
oxide surfaces was quite high: after 16 hat 150 °C, the coverage
is approximately 40% of that on the hydrogen-terminated surface,
and, after 16 h in the photoreactor, the coverage is 25%. Both
resulted in more material being deposited than found by immersion
of an oxidized ATR crystal in degassed 1-decene for 16 h in the
dark at room temperature (22 °C), which resulted in accumulation
equivalent to 4% of the amount on the hydrogen-terminated
surface (data not shown).

To gain insight into the mechanism of photooxidation, we
used HREELS to follow the process of silicon oxidation under
vacuum. A turbo-pumped loadlock of the UHV system, fitted
with a sapphire window to facilitate transmission of UV radiation,
was used for these experiments. The HREELS spectra after
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Figure 4. Plot of the absorbance of the integrated arca of the C—H
stretching region (2800—3000 ecm ™) for the hydrogen-terminated
surface reacted (A) thermally and (B) photochemically, and for the
photooxide surface reacted (C) thermally and (D) photochemically.
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Figure 5. HREELS spectrum of hydrogen-terminated silicon (a)
before and (b—e) after cxposure to 1 Torr of oxygen and UV
irradiation for (b) 130 s, (c¢) 310 s, (d) 20 min and (e) 50 min. All
spectra have been normalized to the elastic peak intensity. Spectrum
¢ has been reduced by a factor 2 to fit on the same scale. The vertical
dotted lines at 1045 cm™' and 2085 cm™! indicate the position of
the Si—O—Si and Si—H modes, respectively.

exposing a hydrogen-terminated silicon surface to 1 Torr of
oxygen under UV irradiation are shown in Figure 5. The as-
prepared H-terminated Si(111) surface exhibits characteristic
peaks at 635 and 2084 em™! due to the Si—H bend and stretch
modes, respectively, as well as weaker peaks at 510 em™" and
780 cm~!, which have been attributed to Si substratc phonon
modes. 223 Exposure of this surface to 1 Torr of O, for 30 min
in the absence of UV irradiation did not result in any significant
changes to this vibrational spectrum. However, when the surface
was exposed to oxygen under irradiation with the Hg pen lamp,
cxposure times as short as 1 min led to irreversible changes in
the spectrum, most notably a decrease in the elastic peak intensity
and growth of a peak at 1045 cm™! attributed to the Si—O—Si
stretch mode.?*3 For longer exposures, this mode continues to
increase in intensity. Fora 50 min exposure, this mode is observed
to shift up to 1070 cm™! and is also accompanied by modes at

(22) Dumas, P.; Chabal. Y. ). Chem. Phys. Lett. 1991, /81, 537.
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Figure 6. HREELS spectra (normalized to the clastic peak) of
H/Si(111) oxidized by (A) piranha solution, (B) nitric acid, and (C)
irradiation in air, For spectrum C, the region between 2000 and 2450
cm~! has been magnificd by a factor of 5, with the arrow indicating
the weak peak at 2230 em™! attributed to residual Si—H bonds. The
feature at 2360 cm™! is an overtone of the 1180 em™' peak.

460 em ™" and 860 em™', which can also be assigned to oxygen
inserted into Si—Si back-bonds.* For exposures up to 30 min,
the Si—H stretch mode remains relatively sharp. with only a
slight broadening on the higher energy side. This mode is expected
to shift upward as oxygen is inserted into the S1—S8i back-bonds.
Shifts of this mode to 2110em™!, 2160 cm~!, and 2250 ¢cm™~!
have been attributed to the Si—H stretch with one, two, and three
oxygens in the back-bond, respectively.**¢ Afler 50 min of
exposure, the sharp Si—H mode is seen to broaden significantly.
and a new peak is resolved at 2250 em™, indicative of regions
ol complele oxygen insertion (i.e., O3—Si—H). It is interesting
to note that, cven after this extended exposure, no silanol (Si—
OH)modesat3720 cm ! arc observed. This suggests that surface
oxidation proceeds via the insertion of oxygen into the silicon
back-bonds (either direct insertion or through a pentavalent
intermediate), and not the silicon—hydrogen bond. This process
is presumably thermodynamically driven since it results in the
formation of two silicon—oxygen bonds. We also note the large
increase in the C—H stretch mode intensities at 2920 cm ™',
signifying a considerable level of hydrocarbeon contamination.
This likely results from gas-phase photochemical reactions ol
organic contaminants in the loadlock, resulting in the covalent
attachment of hydrocarbons to the surface. Similar gas-phase
reactions have recently been reported to be quite efficient under
UV initiation.””

It is interesting to contrast the more controlled vacuum
photochemical oxidation process with surfaces photooxidized in
lab air or thermally oxidized in solution, which are, in fact, the
relevant oxidized surfaces whose reactivity is the subject of the
current study. HREELS spectra of silicon surfaces oxidized with
piranha solution (120 °C for 20 min, Figure 6A) or nitric acid
(80 °C, Figure 6B) exhibit rather similar spectra, characterized
by strong peaks at 450 and 1180 cm™". These spectra are similar
to that previously reported for thin SiO, films.”® The 1180 cm™
mode corresponds to the surface optical phonon or Fuchs Kliewer
mode and corresponds well with the calculated value based on
IR observations of the LO and TO phonons in ultrathin (~1 nm)
Si0, films.?® The presence of surface silanol groups is clearly

(26) Schaeffer, J. A.; Frankel, D.; Stucki, F.: Gopel, W.; Lapeyre, G. ). S
Sei. 1984, 139, 1.209,

(27) Eves, B. J.; Lopinski, G. P. Langmuir 2006, 22, 3180,

(28) Wang, 8. D.: Dong, X.; Lee, C. 8.; Lee, 8. T. J. Phvs. Chem. B 2005,
109, 9892,
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indicated by the appearance of O—H stretch modes at 3720 cm™ I

The shoulder at ~850 cm™" reflects contributions from the Si—
O—1 stretch mode as well as modes of the oxide. There is no
evidence of a Si—H peak; the weak feature at 2360 cm™! can
be assigned to the overtone of the 1180 cm™ "'mode. Forasurface
that was photooxidized in air for 30 min (Figure 6C), the spectrum
is somewhat different. The main oxide peaks are still present,
although the lower frequency peak is shifted up to 470 em™".
Two additional modes at 225 and 760 cm ™" are observed, which
are not apparent on the chemically oxidized samples. Another
noticeable difference is the reduced intensity of the 3720 cm™
mode, indicating a decreased number of silanol groups relative
to the samples prepared in solution. A weak peak at 2230 cm™!
can be assigned to Si—H with oxygen inserted into all three
silicon—silicon back-bonds (0;—Si—H), suggesting that, in
contrast to the chemical oxidation processes, not all Si—H bonds
have been removed. In summary, the HREELS spectra indicale
that the photo- and chemically oxidized surfaces have a similar
structure, although the latter exhibits some residual Si—H groups
and correspondingly fewer hydroxyl moieties. Comparing the
spectra after air oxidation versus that under oxygen in a vacuum,
it is apparent that the former is considerably more rapid, perhaps
suggesting a role for water in accelerating the photooxidation
reaction.

The final characterization performed was XPS on a freshly
photooxidized silicon sample and oxide samples reacted thermally
and photochemically for 90 min, The Cls region on the oxide
reference sample shows unshifted carbon at 285 ¢V, an ether
linkage at 286.5 ¢V, and a small amount of acid/ester at 289 ¢V
(Figure 7A). Potential sources of this adventitious hydrocarbon
contamination include deposition during photooxidation, which
was conducted under ambient conditions with a UV pen lamp
and generated ozone, which, in turn, may have induced the
formation of reactive intermediates that may have deposited on
the surface. The photochemically reacted surface shows only a
small accumulation of organic material, (Figure 7B) consistent
with the contact angle, ellipsometry and FTIR results. The increase
in the ether feature is consistent with hydrocarbons attached via
a Si—0—C link, although the ratio of ether Lo unshifted carbon
is much larger than expected based on decyl chains attaching to
the surface. In contrast, the surface reacted thermally (Figure
7C. 90 min at 150 °C) indicates a much larger amount of
hydrocarbon on the surface. Decomposing the observed spectrum
into the various components yields an ether-to-methylene carbon
ratio of ~1:10, close to that expected for decyl chains bound to
the surface via a Si—0O—C link. The spectrum also indicales the
presence of a significant amount of carben in higher oxidation
states, including the acid/ester at 289.5 ¢V and a weak ketone-
related feature at 288 eV. The presence of oxidized hydrocarbon
is unique to the oxide surfaces; as we have shown, 1-decene
reacted with the hydrogen-terminated results in a single Cls
peak in the XPS.* The origin of the oxidized material is a topic
currently under investigation in our lab but is reminiscent of
hydrocarbon cracking using acidic zeolite catalysts.

Discussion

Upon confirming that the unexpected loss of patiern afier
thermal initiation was due fo decene reacting with the oxide
surface, a model was developed centered on inhomogeneous
oxidation of the hydrogen-terminated silicon surface. Initially,

(29) Queeney. K. T.; Weldon, M. K.: Chang, J. P.; Chabal, Y. J.; Gurevich.
A. B.; Sapjeta, J.; Opila, R. L. L Appl. Phys. 2000, 87, 1322,

(30) Boukherroub, R.; Morin. S.; Bensebaa, F.: Wayner, D. D. M. Langnarir
1999, /5, 3831 —-3835.

Langmuir, Vol. 22, No. 20, 2006 8363

3 A

Intensity / 100

Intensity / 100

25 C

20 4

Intensity / 100

T === =S T T

290 288 286 284
Binding Energy (eV)

Figure 7. High resolution XPS spectrum of the Cls region for (A)
the photooxidized surface, (B) the surfacc obtained following
photochemically initiated reaction of decene with the oxide surface,
and (C) the surface obtained following thermal reaction with the
oxide surface.

we hypothesized that, after photooxidation under ambient
conditions, the surface resulted in incomplete oxidation of the
surface, which would be composed of a mixture ol O, Si—I and
03SiOH regions since the HREELS indicated the presence of
unshifted Si—I1 after exposure to oxygen in a vacuum. On such
asurface, decene was expected to react under both photochemical
and thermal initiation with the unoxidized regions. The additional
material reacted under thermal initiation was postulated to be
derived from reaction on the partially oxidized region. This model
was consistent with wettability data, ellipsometric thickness, and
FTIR measurements. However, in comparing the HREELS spectra
of surfaces after chemical or ambient photooxidation, it was
apparent that they were not very different (apart from the presence
of a small number of O;—Si—H moieties on the photooxidized
surface). To determine whether these groups were responsible
for the attachment of decene, the reactivity of chemically oxidized
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Figure 8. ATR-FTIR spectrum of decene reacted with (A) the
oxidized surface and (B) the hydrogen-terminated silicon surface,
expanded in the C—H stretching region and normalized to the
absorbance maximum.

Table 1. Ratio of the Area of the Antisymmetric Methyl Stretch
to the Antisymmetric Methylene Stretch on
Hydrogen-Terminated and Oxidized Surfaces Prepared under
Different Initiation Conditions

surface thermal thermal photochemical
termination (150 °C) (80 °C) (300 nm)

Si=H 0.20 +£0.01 0.20 £ 0.02

Si—0 0.32 +£0.02 0.37 +0.05 0.39 +0.05

surfaces were studied. Piranha-oxidized silicon wafers were found
to thermally react with decene at 150 °C in a manner similar to
that observed on the photooxidized surfaces. Even piranha-cleaned
glass microscope slides were obscrved to react with I-decene:
after 16 hat 150 °C, the surface was observed to be hydrophobic
with a contact angle of 87°. These experiments confirmed that
the reactivity of the alkene with the photooxidized surface was
not due to residual Si—H modes but rather a more general property
of Si0» surfaces. Coupled with the XPS data, which shows
evidence for ether linkages, this implicates the silanol groups as
likely reactive sites.

Further analysis of the FTIR spectra sheds light on the
mechanism of alkene reaction with the oxidized surface. It is
important to note that the ratio of methy! to methylenc absorbance
(e.g., comparing the integrated absorbance of the antisymmetric
modes) is greater from the reactions with the oxide surface
compared to those with the hydrogen-terminated surface (Table
1). This could be consistent with Markonikoff addition since the
FTIR spectra would show an increase in methyl groups relative
to methylene groups. A report of the addition of 2,4.4-trimethyl-
| -pentene to a silica—alumina surface under UHV conditions at
—63 °C provides support for this suggestion. In this case, addition

Mischki et al

{0 the silanol occurred exclusively at the 2 position of the alkene !
The more acidic zeolite surface presumably allows the reaction
to proceed at lower temperatures. Radical-mediated addition of
an alkene to the hydrogen-terminated surface is known (o result
in addition at the 1 position, while addition to the silanol was
expected to occur at both the 1 and 2 positions. Indeed, the peak
area of the antisymmetric methyl stretch (2960 em™!) relative
to the antisymmetric methylene stretch (2922 cem™') was higher
on the oxidized surface (Figure 8, Table 1). The ratio was highest
when the reaction was performed at lower temperatures (thermally
al 80 °C or at room temperature photochemically) and is consistent
with a thermally activated process favoring Markoniko(Taddition
at lower temperatures, The ratio did not change during the course
of the reaction, and, at 80 °C after 16 h, the total coverage was
18% of the maximum coverage achieved on the hydrogen-
terminated surface (data not shown).

It is clear at this time that photochemical initiation of the
reaction results in the addition of more organic material to the
surface than when left in the dark at room temperature (25 versus
4% relative to a complete decyl-terminated monolayer) and in
approximately the same amount as when the reaction is conducted
thermally at 80 °C (18% of a complete monolayer). The reason
behind the enhanced reactivity is not understood at this time, but
is likely a result of an acid-catalyzed process by the silanol groups
at the surface. The presence of oxidized hydrocarbon species
attached to the surface, detecled by XPS. suggests that the surface
may be catalytically active; a process known for more acidic
substrates such as metal-doped silica or silica—alumina, ™ A
greater understanding of this process is required to limit unwanted
side products that may have an impact on the electrical
performance of a device.

This current report provides a more complete understanding
of our original observations.'* Previously, we reported that
scanning auger electron spectroscopy of a patterned surlace alter
reaction with 1-decene photochemically showed contrast between
oxidized and alkyl regions. [HHowever, in the oxidized region, the
carbon signal indicated the presence of a low level ol carbonaceous
material. This was initially attributed to adventitious, physisorbed
carbon contamination. We now believe this to be the result of
1-decene covalently bonded to the oxidized surface. This is
supported by the XPS spectrum in Figure 7B as well as the
thickness and FTIR data in Figures 2 and 3. Although the total
amount of hydrocarbon by XPS is much lower on the “photo-
chemically initiated” reactions, there is evidence for SiO—C
bonding and a much smaller amount of carbonyl compared to
Figure 7C. The much slower reaction under the photochemical
conditions is consistent, not with a photoactivated process, but
with a slow thermally activated process (35 °C).

Since the organic material is bound to the oxidized region via
Si0—C bonds, it is chemically sensitive to HF and can be

Figure 9. Picturc of a photopatterned oxide surface exposed to water vapor after (A) 18 hin 1-decenc at 150 °C, followed by (B) immersion
in 2% HF for 2 min, then (C) UV oxidation, demonstrating the reemergence of a sharp pattern.
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selectively removed, leaving newly formed hydrogen-terminated
silicon. Figure 9B shows the pattern partially restored after
immersion in 2% HF following thermal reaction of the oxide-
patterned surface with I-decene. A second brief photooxidation
fully restores the pattern fidelity (Figure 9C). As an additional
note, it is expected that, to derivatize the oxide using alkoxy/
chloro silane chemistry, the initial oxide will have to be etched
to remove accumulated alkyl material and reoxidized to provide
a surface free from organic contamination.

Conclusions

We have shown that photooxidation ol Si—H (111) under
ambient lab conditions leads to the formation of a SiO» surface

(31) Ishikawa, H.; Yoda, E.; Kondo, J. N.; Wakabayashi, F.; Domen, K. J.
Phys. Chem. B 1999, 103, 5681 —56806.

(32) Babitz, S. M.; Williams, B. A.; Miller, J. T.; Snurr, R. Q.; Haag, W. O.;
Kung, H. H. Appl. Catal., 4 1999, 179, 71—86.
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172, 127—136.
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layer that is spectroscopically and functionally similar to a
chemically oxidized surface. The resulting oxide surface reacts
thermally (150 °C) and photochemically (Rayonet photoreactor)
with 1-decene to provide a partial alkyl monolayer. This is
consistent with the addition of alkene to the silanol surface via
Markoniko(Taddition to the silanol in an acid-catalyzed process.
The increased methyl-to-methylene ratio at 150 °C compared to
35 °C is consistent with a competing anti-Markonikoff addition
at higher temperatures, although other possibilities cannot not
be ruled out unequivocally. For example, XPS indicates the
presence of oxidized hydrocarbon on the surface after thermal
reaction, indicating that other reaction pathways lead to the
oxidative degradation of the films. Further work will be conducted
to elucidate the nature of this reactivity.
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