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Delivering Octadecylphosphonic Acid Self-Assembled Monolayers on a Si Wafer and Other
Oxide Surfaces

Heng-Yong Nie,* Mary J. Walzak, and N. Stewart Mcintyre

Surface Science Western, Room G-1, WSC, Theeldiiy of Western Ontario, London,
Ontario N6A 5B7, Canada

Receied: May 8, 2006; In Final Form: July 28, 2006

We describe a simple experimental approach for delivering self-assembled monolayers (SAMs) of
octadecylphosphonic acid (OPA) on many oxide surfaces using a nonpolar medium with a dielectric constant
around 4 (e.g., trichloroethylene). This approach readily results in the formation of full-coverage OPA SAMs
on a wide variety of oxide surfaces including cleaved mica, Si wafer, quartz, and aluminum. Especially, the
availability of delivering full-coverage OPA SAM on a Si wafer is unique, as no OPA SAMs at all could be
formed on a Si wafer when using a polar OPA solution. The reason a nonpolar solvent is superior lies in the
very fact that the hydrophilic OPA headgroup tends to escape from the nonpolar solution and is thus enriched
at the mediume-air interface. It is these OPA headgroups seeking a hydrophilic surface that make possible the
well-controlled OPA monolayer on an oxide surface.

Introduction mica surfacé®1” OPA SAMs formed on it were found to be
characterized by islandlike features or by a connected layer with
pitst® or by something intermediaté:1° However, full-coverage
OPA SAMs on a mica surface have not been achieved in the

of the moleculed-® This self-assembly of organic mole- polar solvent scheme, as judged by atomic force microscopy

cules should id impl i (AFM) imaging?e~+2

provide a simple path to fabricate ordered molecular
structure$. Self-assembled monolayers (SAMs) have aroused ~Woodward et al. have pointed out the possibility of OPA
enormous interest in interdisciplinary research areas becauseserving as a general model system for investigating the
they have many possible applications in the engineering of fundamentals of SAM formatioff. This argument is supported
surfaced? 13 There are two SAM systems that have been by experimental findings on different interaction strengths
most studied: (1) SAMs formed from alkanethiols on gold between the OPA headgroup and different substrates. On one
surfaces through the specific and strong interaction betweenhand, organophosphonic acid dissolved either in a polar or in a
the sulfur atom and the gold atdrtr® and (2) SAMs formed nonpolar solvent has been known to have strong interactions
from methylenetrichlorosilanes on oxide surfaces where the with an oxidized Al surfacé?-23 For example, OPA monolayers
molecules have the ability to polymerizé.The mechanisms  have been deposited on an oxidized Al surface by immersing
for SAM formation, especially for the chemistry of alkanethiols the substrate in either a pol&#-23or a nonpolat? OPA solution.
on gold® have been thoroughly investigated in the last two For phosphorus acids and short-chain organophosphonic acids,
decaded? ® Molecular headgroups are immediately adsorbed water as a delivery medium renders the acids chemically
on the substrate immersed in the polar solution, followed by a adsorbed on an oxidized Al surfagkelt is established that
slower process of orientation of the molecular chains. Both organophosphonic acid is bonded to the Al surface through
nonpolar and polar solvents produced SAMs of similar quality p—0O—Al2124via condensation reaction of the acidic hydroxyl

for octadecyltrichlorosilane (OTS); and it appears that the  groups with the Al hydroxyl group®:* regardless of solvent
polar solvent scheme has been adopted. Polymerization ofysed as the delivery medium.

s e o o e Ty ot O 1 othe had, s been shown ha 10 GPA SaNS
. €9 all could be formed on a Si wafer when a polar solvent was
solvent used. Formations of a full-coverage OTS monolayer P -
. i . . used!® while under the same conditions, OPA SAMs are formed
either on a mic# or on a single-crystal silicdf substrate are on the surface of an oxidized Al or a mica substtAté Hanson
lieved t n n f thi rticular ability of th . ’
believed to be a consequence of this particular ability of the et al. have also pointed out that there was no OPA SAM

OTS molecules to polymerizé, formation by simply putting a Si substrate into an OPA solution
Mica is frequently used as a demonstration substrate for formation by sSimply putting a St substrate into a solutio

octadecylphosphonic acid (OPA) SAM formation, for it is in a polar solvent no matter how long was the immerse tim_e
hydrophilic and atomically flat when freshly cleaved. In the past, eg. 3 dlai? or 2 We?.ks)’ ﬁnd theyl hachl sf;)own tEat sple .C'al
studies show that polar solvents are appropriate vehicles forSteps including annealing the sample well above the melting

delivery of OPA monolayers on a mica substrate because a pola?©int of éOSPA were needed to strongly bond OPA onto the Si
solvent dissolves OPA well and the solution wets the hydrophilic SuPStrate? It thus becomes clear that while the OPA headgroup
reacts strongly with an oxidized Al surface, its interaction with

* Author to whom correspondence should be addressed. E-mail: hnie@ @ oxidize_d Si substrate appears so We"f‘k that immersing a Si
uwo.ca. substrate in a polar OPA solution alone is unable to form any
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Amphiphilic organic molecules dissolved in a solvent
can be adsorbed onto a solid substrate immersed in a solution
resulting in the formation of an ordered and oriented assembly
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OPA SAMs on a Si substrate, instead, liquidlike multilay&rs
or aggregatés form.

We describe in this work a method to specifically promote
the interaction between the OPA headgroup and a hydrophilic
substrate via use of appropriate nonpolar solvents. Our approach
uses a spin-coating process with nonpolar solvents having a
narrow range of dielectric constant near 4, such as trichloro-
ethylene (TCE) and chloroform, to readily deliver full-coverage
OPA SAMs on an oxidized Si wafer. We also show, in general,
that such a nonpolar solvent is a more effective medium than a
polar one for delivering coverage-controllable OPA SAMs on

« OPAin TCE
‘

many hydrophilic oxide surfaces, such as oxidized Al, sapphire, Hydrophilic substrate
muscovite mica, and biotite. In case of Si substrate where this Partial SAM
process has succeeded in producing a full-coverage OPA o LR
monolayer, the earlier approach using a polar solvent was unable Hydrophilic substrate

to produce any monolayet& When an OPA monolayer was
produced on a mi¢&!”%or a sapphir® substrate using the
polar solvent scheme, it was incomplete. We propose that the
hydrophilic OPA headgroups in a nonpolar medium aggregate b
on the liquid surface making it possible for the spin-coating

process to apply a “raft” of such aligned OPA headgroup; this

provides a favorable environment for the hydrophilic headgroup

to interact with the hydrophilic substrate, leading to a much

faster growth rate for the formation of SAMs. Removal of excess >
solution from the surface is achieved, as a result of the spin-
coating process.

-
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Experimental Section LA
. ) o . o . Hydrophilic substrate
Spin-Coating. Shown in Figure 1a is a schematic illustration
for the method of spin-coating OPA monolayers on a hydrophilic l Full-coverage SAM
surface via use of a nonpolar solvent (e.g., TCE) as the delivery o A AL A A A A o o o o o LLLLL LA
medium. Throughout this article, we only show the OPA case; Hydrophilic substrate

other organophosphonic acids are expected to Wor_k in _the Salm“:’i:igure 1. Schematic illustration of the concept of using an OPA
manor as does OPA. When the nonpolar OPA medium is spreadsqytion in an appropriate solvent (e.g., TCE) to deliver (a) partial
on a hydrophilic surface by the spin process, the hydrophilic monolayers and (b) a full-coverage monolayer by applying increasing
OPA headgroups, concentrated and oriented at the surface ofliquots of the OPA solution to the spinning substrate. The hydrophilic
the liquid, are well positioned to interact with the surface. When OPA headgroup and the hydrocarbon tail are depicted as a filled circle
the medium runs away from the hydrophilic surface, the and a line, respectively. The solvent is so chosen that the hydrophilic

I, : - . OPA headgroup aligns and concentrates on the solution surface. Note
hydrophilic OPA headgrogps in the nonpolar so[utlop contlnug in (b) that the hydrophilic OPA headgroups over the existing monolayer
to adhere to the hydr_oph|I|c substrate. Shown in Figure 1b iS il not interact with the terminating methyl groups.
the process whereby incomplete monolayers on such a surface

become complete. If the medium is contacted with a preexisting A nominally 2 mM OPA solution in TCE was used to prepare
hydrophobic OPA monolayer terminated by methyl groups, the the OPA monolayers on various oxide surfaces. However, at
hydrophilic OPA headgroups will not interact. Therefore, the room temperature and at this level of concentration, the OPA
action of delivering additional OPA solution to the surface leaves molecules were not completely dissolved in TCE and crystalline-
the existing monolayer intact and results in interaction only with |ike flakes were seen floating on the solution surface. Therefore,
the unoccupied part of the hydrophilic substrate. Through this the actual concentration would be less than the nominal one
additive mechanism, a full-coverage OPA SAM is achievable. when the solution was at room temperature. Fortunately, these
Of course, a full-coverage monolayer may be formed by only macro-objects had almost no effect on resultant SAMs as they
one application of an OPA solution having a sufficiently high would be spun away from the substrate with the medium in the
concentration onto the rotated substrate. spin-coating process. However, any microaggregates of OPA
When inserting a hydrophilic substrate into a nonpolar OPA within the medium might result in aggregates on the resultant
solution, an interface between the nonpolar medium and the monolayer surface. This problem was seen for old solutions and
substrate will be formed and the hydrophilic OPA headgroups could be remedied by using a freshly prepared solution or by
will tend to concentrate at that newly created interface. heating the solution te-40 °C. At these elevated temperatures,
Therefore, OPA SAM formation is also possible for dip-coating the OPA molecules appeared to be completely dissolved in the
as well as immersion. TCE solution. Temperature of the solution could be raised by
Materials and Sample Preparation.Crystalline powder of placing the bottle containing the OPA solution in a warm water
OPA [CH;(CHy)17P(O)(OH)] was purchased from Alfa Aesar tank or on a hot plate. Other solvents were also used in search
(93% purity, Ward Hill, MA). The OPA powder was usually for the best available medium for achieving full-coverage OPA
heated to~100°C prior to use. This way, any influence caused SAM.
by moisture to the OPA powder could be eliminated. This Al films were coated on an n-type Si(100) substrate by RF
procedure was especially recommended in case that the OPAmagnetron-sputtering. The mica substrate was freshly cleaved,
powder container had been previously opened for many times.and other substrates including the n-type Si(100) substrate



Delivering OPA SAMs on Oxide Surfaces J. Phys. Chem. B, Vol. 110, No. 42, 20081103

having a resistivity of 35130 ohm-cm and the coated Al films
were cleaned with methanol followed by being subjected to UV
irradiation at primary lines at 184.9 and 253.7 nm with the
presence of an ozone stream generated by a discharge ozonel ]
generator from a dry air flow~1 SLPM) for periods of 45

60 min. This UV/ozone (UVO) cleaning/oxidation served to
remove organic contamination from the surface and to render
it hydrophilic2” Then, the freshly prepared OPA solution at
room temperature was spin-coated on the substrate rotated at |
3000-9000 rpm under a controlled relative humidity. Contami-
nation on a substrate surface is thought to weaken or even block
the interaction between the OPA headgroup and the substrate.
Therefore, the treated substrate of interest should be used " L ]

immediately for OPA SAM formation. Fi > AFM i ( am x 1 ) X OIA SAM
. - igure 2. images (scan area: x 1 um) for s
AFM. Dynamic force mode AFM (TopoMetrix's Explorer delivered onto (&c) a freshly cleaved mica substrate ane-{da 45-

model) was used to image the OPA layers formed on a substratemin yyo-treated Si substrate by applying increasing aliquots of a
Rectangular-shaped silicon cantilevers with a spring constantnominally 2 mM trichloroethylene solution of OPA to the substrate
of ~40 N/m were used in the dynamic force mode AFM. The rotated at 5000 rpm under a relative humidity of 57% and 65% for the
cantilever was 12%m long, 35xm wide, and 4.Q¢m thick. mica and the Si substrate, respectively. (c) and (f) show morphology
The tip integrated on the free end of a cantilever had a nominal of the SAM with 100% coverage. The height scale bar is inserted in
apex radius of 10 nm. The dynamic force mode AFM measures "¢ 'Mage-
the surface morphology through a feedback mechanism of
maintaining constant damped oscillation amplitude while the OPA/mica
vibrating tip scans the contour of the surface. The AFM scanner
was calibrated using a height standard having a step height of
26+ 1 nm. The images were obtained at a nominal scan speed

S: .
of 5 um/s under a relative humidity 6£50%. The data points A OPA/SI
in an AFM image were typically 40& 400.

FTIR. Grazing-angle infrared (IR) reflection absorption

spectra were obtained using a Fourier transform IR (FTIR) 0 200 400 600 800 1000
spectrometer (Bruker’s IFS 55 model) equipped with a grazing- Distance (nm)
Egglri r?ﬂzcéiggﬁiggcnﬁﬁg;ycggguit%ﬂ%rézggri?glgzeolfn ggeAnérLR Figure 3. Prof[les isolated. from Figure 2a.and 2d fqr OPA SAMs
- : . . ; ormed on a mica and a Si substrate. The insert bar is 2 nm.
Si substrate and OPA on a commercial Al foil substrate having
a lateral dimension of 1.5 cm 4.0 cm by measuring reflectance
of the p-polarized IR beam with an 8&ngle of incidence. FTIR
spectra were recorded @ 2 cnt?! resolution with 20 000
averaged scans because of the weak absorbance detected usi
our instrument. The bare substrate was used as the backgroun
Contact Angle. A contact angle goniometer (Rarhtart's
Model 100-00) was used to collect the data of contact angles
for hexadecane and deionized water on the OPA samples havin
a full coverage. A sessile liquid drop of interest was used to
measure the contact angles.

-

Height (nm)

we noticed that higher solution concentration and relative
humidity rendered larger islands.

A profile from Figure 2a is shown in Figure 3. As seen in

gure 2a, there are occasional small “islands” that have a
sSmaller thickness. Because the length of a fully extended OPA
molecule is 2.5 nM¢ we conclude that the OPA molecules
forming SAMs on the surface are tilted at a significant angle to
9. The height of OPA SAMs on a mica substrate has been
estimated to be 1.Z 0.2 nm from analysis of numerous OPA/
mica samples.

OPA/Si. Shown in Figure 2¢2f are AFM images for OPA
SAMs formed on an oxidized n-type Si(100) substrate. The Si

OPA/Mica. As mica is perhaps the most studied substrate Substrate had been first cleaned in a UV/ozone system to render
for OPA SAM formation, we first describe our results on this the surface hydrophilic by removing organic contamination from
system: Using a nonpolar medium, we have been able to readilythe surface. It was found that the SAM coverage could be
prepare a full-coverage OPA SAM on cleaved mica substrates.increased to virtually 100% (Figure 2f) by spin-coating suc-
Dynamic force mode AFM images in Figure-2ac show that  cessive aliquots of a nonpolar solution of OPA onto the surface.
the OPA SAM coverage increases up to 100% (Figure 2c) as The increase in coverage on the Si substrate is shown in Figure
aliquots of OPA are delivered to the mica surface. The apparent2d—2f by imaging the surface between medium applications.
full coverage is judged from AFM images in an area qirf Succeeding applications of the nonpolar medium continue to
x 1 um, which have a lateral spatial resolution of a couple of fill the unoccupied substrate with newly formed SAMs without
nm. Therefore, any defects less than the AFM lateral resolution disturbing the existing ones. We confirmed that OPA SAMs
are not detectable by our AFM systems. Succeeding applicationsformed on a clean quartz substrate closely resembled those on
of the nonpolar solution to the OPA SAMs that have the the oxidized Si substrate.
morphology shown in Figure 2b are able to fill the80-nm- The incomplete coverage shown in Figure 2a, 2b, 2d, and 2e
wide pits. For another type of mica, biotite, we also confirmed is used to illustrate the additivity of the OPA SAM growth when
the ability to form full-coverage OPA SAM on it. On the basis a dilute OPA solution was used. When an adequately high
of our extensive investigation on OPA SAM formation, we have concentration of OPA solution is used, only one application of
found that the coverage is controllable by varying solution the solution onto a rotated substrate renders a full-coverage OPA
concentration, spin speed, and relative humidity. For example, monolayer on the Si substrate. Dipping or immersing a UVO-

Results and Discussion
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treated Si substrate in an OPA solution in TCE was also able
to produce OPA monolayers on the substrate. This shows that
once the substrate is in contact with the OPA containing TCE

medium, the OPA molecules concentrated on the medium

surface will be transferred onto the hydrophilic substrate.

Shown in Figure 3 is a profile from Figure 2d for displaying
the OPA monolayer thickness. The thickness of the OPA SAMs
on a Si substrate was estimated to be4.8.2 by averaging a
large amount of thickness data we have obtained in our work [ESeSs
of using AFM to characterize the SAM formation. This thickness A — =
estimation from the AFM results has been confirmed using Figure 4. AFMimages (scan area: /m _
spectroscopic ellipsometry, from which a full-coverage OPA structure for a 10-nm-thick Al film sputter-coated on a Si substrate

. . . and (b) OPA SAMs delivered, under a relative humidity~e70%,
SAM on a Si substrate has been estimated to have a tm(:knes’s(‘)nto the Al film surface by allowig a 2 mMtrichloroethylene solution

of .99+ 0.13 nm? of OPA to stay on the UVO-treated Al film for1 min followed by
Other Solvents.When polar solvents, such as ethanol, were spinning.
used, there was no formation of OPA SAMs at all on a Si
substrate; instead, “liquidlike” multilayers were formed when OPA/Al
the substrate was immersed in the solution, on which OPA
molecules were observed to move around forming rodlike and
crystalline features on a time scale of hours to ddy/e also
tried spin-coating OPA solution in ethanol, a polar solvent with
a dielectric constant of 2423,0n a Si substrate; however, instead
of monolayer formation, observed were round features having WW‘WWV
a lateral dimension of 2006400 nm and a height of-46 nm, j ’ ; ) j
which are composed of smaller aggregates. This inability to form 0 200, 400 600 800 1000
OPA SAMs from their solution in a hydrophilic medidf?® Distance (nm)
might indicate that the weak interaction between the OPA Figure 5. Typical profiles isolated from Figure 4 for the bare and
headgroup and the Si substrate yields to other probably strongeCPA covered Al film. The insert bar is 2 nm.

interactions such as OPA molecular t#il interaction and formationl-12 We demonstrated here that the polarity as

head—heaq interaction. defined by dielectric constant plays a dominant role for the
Along with TCE, several other nonpolar solvents have been gy ccess of delivering OPA monolayers on a Si substrate.
tested including chloroform, trichloroethane, dichloromethane, opa/aAl. OPA SAMs have also been formed on an Al film
hexane, heptane, dodecane, and toluene; it appeared that onlyhat had been oxidized and cleaned using a UVO treatment for
chloroform and TCE were able to deliver a full-coverage OPA 50 min, Despite the roughness introduced by Al particles (Figure
SAM on an oxide. Therefore, it is clear that selection of solvent 4a) with an average corrugation height of 0.8 nm, it appears
polarity is essential if one needs to have a full-coverage OPA that the OPA molecules in the SAM (Figure 4b) can follow the
monolayer free of pits. These are all nonpolar solvents but with nderlying corrugation where the corrugation height is shorter
different polarities, as indicated by their different dielectric than the OPA molecular length. Shown in Figure 5 are two
constant$®3! Trichloroethane and dichloromethane have di- profiles each from Figure 4a and 4b for the bare and OPA
electric constants of 7.5 and 9.1, respectiv@lhese tend to  geposited Al films, respectively. The apparent thickness of the
lead to the formation of aggregates, rather than monolayers ongpa layer is estimated to be 2420.2 nm from the AFM image
a Si substrate, as confirmed by AFM imaging. With a dielectric  shown in Figure 4a; this suggests that OPA molecules are less
constant ranging from 1.9 to 222hexane, heptane, dodecane, tjited on Al than on mica and silicon.

and toluene did not appear to allow formation of good quality  For thicker Al films (e.g.,~200 nm) deposited on a Si
OPA SAMs on a Si substrate. The dielectric constants for TCE substrate as well as for Al plates and foils' the OPA monolayers
and chloroform, from which a full-coverage OPA SAM can be were not able to be detected using AFM images because of
readily formed, are 3.4 and 4.8, respectivyTherefore, a  rough surface features on these substrates. Although other
nonpolar solvent with a dielectric constant around 4 appears to methods, such as contact angle measurement, indicated that the
deliver a fU”'COVerage OPA monolayel’ on the mica surface. treated surface was terminated by methyl groups, it was not
This suggests that a nonpolar solvent needs to have a suitablq,ossime to use AFM to visualize how OPA molecules are
polarity to allow an adequate concentration of the OPA attached to these rough surfaces. Thus, there appears to be two
hydrophilic headgroup aligned at the medium surface, which is critical conditions for the Al film that allow the AFM observa-
essential for OPA SAM formation on a Si substrate. tion of OPA SAMs (Figure 4b): (1) UVO treatment and (2)
For solvents having a dielectric constant much higher than surface corrugation less than the OPA molecular length. In
4, they tend to dissolve the hydrophilic OPA headgroup within Figure 4b, the lower coverage was chosen for display purposes;
the medium instead of allowing the concentration of the a full-coverage SAM on the oxidized Al film resembles the
headgroups on the medium surface. On the other hand, when @opography of the bare Al film itself. We believe that this is
solvent has a dielectric constant substantially lower than 4, they the first morphological evidence for formation of full-coverage
may tend to render the amphiphilic OPA molecules reversed OPA SAMs on a noncrystalline Al film; other analytical tech-
micelles in the solution as well as to result in a deficiency in niques have indicated the existe#fe® and lubrication proper-
concentration of the hydrophilic OPA headgroups on the ties’! of OPA monolayers deposited on oxidized Al films using
medium surface; both of these would not favor OPA SAM the immersion method in either a polar or a nonpolar solvent.
formation on a Si substrate. There are many solvent properties It was also possible to form a full-coverage OPA SAM on a
such as solubility and polarity that may have an impact on SAM clean sapphire surface. As the sapphire substrate surface is

2 nm

Height (nm)
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Figure 6. Grazing-angle FTIR absorption spectra for OPA SAMs spin-
coated, under a relative humidity 6f70%, on a 60-min-UVO-treated
(a) Si and (b) Al surface.
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frequencies of(CH,) andv,(CH,) for the OPA SAMs prepared

on a Si substrate were found to be 2849.3 and 2916.8,cm
respectively. These two frequency positions for the symmetric
and asymmetric methylene stretching modes indicate that the
methylene chains in OPA SAMs on a Si substrate are closely
packed732-34 The peak seen at 2956.3 chis assigned to
the out-of-plane asymmetric methyl stretching madgHs,op)].

The FTIR result for the OPA/Si shown in Figure 6a resembles
those obtained for OTS SAMs on &®r on a quartzsubstrate
and chemically bonded alkyl monolay&rg6 on a hydrogen-
terminated Si(111) substrate. It is thus clear from the FTIR result
shown in Figure 6a that on a Si substrate, OPA molecules form
ordered monolayers having comparable quality to the well-
investigated OTS SAMs on a silicon oxide. Also, the octadecyl-
dihydrogen-phosphate [GKCH,);70P(O)(OH}] deposited on
ZnSe or Ge surfacédas a similar IR absorption spectrum to
that shown in Figure 6a.

It was difficult to perform the IR reflection absorption study
on OPA SAMs on a mica substrate because of its low
reflectivity, biaxial optical properties, and the occurrence of
high-intensity interference fringes that overwhelm the signals
from thin adsorbed film§’ However, some researchers were
able to obtain transmission IR spectra for OTS SAMs on a mica
substrate either under strict conditions of orientation of the mica
substrate and the angle of incidence of the IR bEamn by
using an extremely thi§ (e.g., 1um-thick) mica substrate. The
IR spectra for OTS SAMs formed on a m#¢&® substrate
resemble those on a%3iubstrate and the result shown in Figure
6a. We thus infer that the OPA monolayers on a mica substrate
also have a similarly ordered structure as that prepared on a Si
substrate.

We show in Figure 6b the FTIR spectrum for OPA SAMs
deposited on an Al foil surface, which had been cleaned using
the same procedure as for the AIl/Si sample (the interface
between a 10-nm-thick Al film and the Si substrate seemed to
cause spectral interference). The peaks at 2850.3 and 2916.8

smooth, one can monitor the OPA coverage increase with CT * are assigned tes(CH,) andv,(CHy), respectively. Once
increasing aliquots of the OPA solutions applied onto the again, these peak frequencies are a signature for closely packed

substrate, in a similar way as those shown in Figure 2.
FTIR of OPA/Si and OPA/AI. The AFM images in Figures

methylene chain&’-32-34 Also shown in the spectrum are the
symmetric methyl stretching modes[CHs)] at 2878.2 cm?

2 and 4 show an apparently single-layered structure of the opaand its Fermi resonance Splltftlng compont_avg((I;Hg),_FRC)]
molecules on three different oxide substrates. To verify the at 2936.1 cmt. Thev,(CHs,0p) is not determined as it may be
orderliness of the OPA SAMs produced with our method, we Puried within the shoulder of the strong(CHs,ip) peak. The
conducted FTIR absorption spectroscopy study on OPA samplesn-Plane asymmetric methyl stretching modg(€H,ip)] with
prepared on a Si surface and an Al surface. For a molecularthe peak frequency at 2965.0 chis the strongest peak in the
monolayer having backbone methylene chains, the peak fre-SPectrum. Alkanethpl SAMs formed on a silver surface haye a
quencies in an IR spectrum for the symmetric and asymmetric Much stronger,(CHs,ip) peak than that on a gold surface, which

methylene stretching modes, denotedvg€H,) andvy(CHy),

is attributed to a less tilt angle for the SAMs on the silver

respectively, have been established as a definitive means ofSurface? Therefore, the IR absorption results shown in Figure
distinguishing whether the methylene chains are an ordered® suggest that the OPA methylene chains are less tilted on an

(crystalline-like) structure or a disordered (liquidlike) struc-
ture87:3234 For a crystalline-like structure with all-trans me-
thylene chain conformation, the peak frequenciesvf(€H,)
andv,(CH,) appear at 2851 and 2918 chrespectively, while

Al surface than on a Si substrate. The IR spectrum for the OPA/
Al sample shown in Figure 6b resembles those obtained on
OTS? and OPA&2 monolayers formed on an Al surface, where
the v4(CHs,ip) peak is the strongest.

a liquidlike structure of hydrocarbon chains is characterized with ~ Contact Angle Measurements.Knowing from the FTIR
the two absorption bands shifting to higher frequencies, typically absorption spectra shown in Figure 6 that the methylene chains
to 2855 and 29242929 cntl, respectively:3* We confirmed in the OPA SAMs are crystalline-like with all-trans conforma-
this by conducting a grazing-angle FTIR absorption measure- tion,” we also verified the orderliness of the methyl groups
ment for a Vaseline (a typical example of a structure having terminating the monolayer by conducting contact angle mea-
highly disordered hydrocarbon chains) film spin-coated on a surements for OPA SAMs on mica, Si, and Al surfaces using
gold film, wherev{CH,) andvs(CH,) modes showed their peak hexadecane (HD) because contact angles for HD on a surface
frequencies at 2855.4 and 2927.1 ¢nrespectively. is sensitive to the orderliness of methyl grodpSurfaces
The grazing-angle FTIR absorption spectrum for the OPA terminated with well-ordered methyl groups give an advancing
SAMs on a Si substrate is shown in Figure 6a. The peak contact angle of~45° for HD.5 Our results are shown in Table
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TABLE 1: Contact Angles (°) for Hexadecane (HD) and angle measurements, respectively, and their orderliness is
Deionized Water comparable to other well-established SAM systems, such as OTS
advancing advancing receding static on a Si substrate. It appears, therefore, that our approach using
(HD) (water) (water) (water) an appropriate nonpolar solvent has provided a route to form a
OPA/mica 46+ 1 96+ 2 <10 60+ 5 full-coverage OPA monolayer within seconds on an oxidized
OPA/Si 4641 51+ 2 <10 38+ 3 Si surface. This type of delicate OPA SAMs on a Si substrate
OPA/AI/SI 46+ 1 111+1 92+1 101+ 1 may find applications in areas where easy removal of the

monolayer template is required, for example, in lithography on
1, in which the advancing HD contact angles aré6° on a the basis of the OPA/Si system.
full-coverage OPA SAM prepared on all of the three sub-  op, the other hand, for a full-coverage OPA SAM on a UVO-
strates: the cleaved mica, UVO-treated Si, and Al/Si surfaces. yraated Al film, the advancing and receding water contact angles
Therefore, the OPA monolayers on the three substrates were; o..111° and~92° respectively. Water beads up on the OPA
terminated by well-ordered methyl group¥: We also con-  gam surface, giving a static contact angle sfL0%°. The
firmed using full-coverage OTS SAMs prepared on a Si ghgerved wetting behaviors suggest that the OPA SAMs on
substrate that the HD contact angle was alsbabthe OTS . igized Al films have similar wetting properties to that of

SAM surface. This suggests that the orderliness of the methyl 5 anethiol SAMs on a gold surfaéae observed that the static
group in OPA SAMs on a Si substrate is comparable to that of g qct angle did not change with time; the water bead

the well-understood OTS SA.MS' N maintained the same shape as it evaporated. Further, after the
A!though the OPA SAMs display cr.ystgllme-llke methylene sample was sonicated in water and even in methanol for 10
chains and well-ordered methyl-terminating groups, as prpbed min, no change was observed in the water contact angle.
by FTIR and HD contact angle measurements, respectively, therefore, it appears that OPA SAMSs on oxidized Al films are
wetting properties probed by water were dramatically different . atected by water and alcohol attacks; thus, the interaction

among the SAMs formed on the three different substrates, aspeyeen the OPA headgroup and the oxidized Al film is likely
clearly shown in Table 1. For OPA SAMs on a mica surface, of chemical bonding.

the advancing contact angle with wateri96°. The static water . . . .

contact angle is~80° at the beginning and reduces te60° Al Thz (g?it\llc @ﬁeren(t):g'larjlg\{ettmtg properties t:etii\]/ete?hthe(?PN
within a few minutes. The receding contact angle with water is i an h mica Ortb d'ffl systelrgs sbuggets_ S tad' © ah sorpd-
less than 19 indicating that water has a strong interaction with tlf?:t micmaé':ﬁ;?e?ﬁih;ns' tiﬁ:ae dnléss 2@0;3:"3'”;;/\/'23 tshe;)tmt/ﬁe
the OPA SAMs. The wetting properties of the OPA SAMSd SAMs have a greater thickness on the Al surface than on the

prepared with the nonpolar solvent scheme were in good ™. . .
agreement with those prepared using the conventional polar.m'ca and Si surfaces. It is thus reasonable to assume that there

solvent schemé& indicating that the two differently prepared |5.Iess free'volurrﬂé’ in the SAMs on the Al surface than on the
SAMs have similar wetting properties. Although OPA SAMs mica or Si substrate. It has been known that phosph_ate or
prepared on a mica substrate appear to be mechanically robus _hosphonate_ groups make strong attachmgnt to an oxidized Al
as probed by scratch testititthey appear prone to water attack, im, most likely because of the formation of fO—Al

1,23,24
suggesting that they are not chemically bonded to the substrate®©nds* .
under the ambient conditions. Fast Growth Rate of OPA SAMs.For OPA SAM formation

The advancing and static water contact angles for a full- ©nan oxidized Al surface, chemical bond formafiott between
coverage OPA SAM on a Si substrate are even smaller thanthe Al and the oxygen atom from the phosphonate group releases
those observed on the OPA/mica sample: they are o#ly a large amount of energy, accounting for the observed strong
and ’\’380, respectively The receding water contact ang'e on OPA SAMS Th|S appearS consistent W|th the I’eSU|tS from the
the OPA SAMs is less than 10it is thus clear from the water ~ calorimetric study by Ferreira et al., where they have reported
contact angle measurement that water wets the surface of OPA@ binding energy of-58 kJ/mol for OPA monolayer formed
SAMs formed on a Si substrate. Since the OPA monolayer is ©n Ti0.4* On the other hand, because OPA monolayers on Si
terminated by well-ordered methyl groups and has a closely Substrates are prone to water attack and are washable by
packed methylene Chain structure as determined by HD Contactmethanol, one infeI’S that th|S iS the reSUIt Of the |aCk Of Chemical
angle and FTIR spectrum, respectively, interactions betweenbond formation in the OPA/Si system. Such a delicate OPA
the OPA headgroup and the oxidized silicon surface must be monolayer on a Si substrate has thus to be formed via use of
weak to allow water attack. In fact, we observed partial removal an appropriate nonpolar solvent that allows a direct transfer of
of OPA molecules from their SAMs upon contact with water. aligned OPA headgroups at the nonpolar medium surface onto
Washing the surface with methanol for 5 min resulted in a the Si substrate surface upon contact, which requires a very low
removal of the vast majority of the OPA molecules from their activation energy to initiate the reaction for SAM formation.
SAMs on a Si substrate. These experimental facts thus Suggesfrhis environment also seems to be thermodynamically favorable
that the OPA headgroups are only physisorbed on the Sjfor SAM formation as concentration of OPA headgroups on
substrate. Since the OPA headgroup possesses a permaneme medium surface is ||k6|y to reduce the entropy loss for SAM
dipole and the UVO-treated Si surface is terminated by formation243
hydroxide ions, we infer that the OPA molecules are most likely ~ We believe that our method provides a mechanism of
adsorbed onto the Si surface through an electric chargelowering activation energy for SAM formation in that a “raft”
interaction or hydrogen bond. In addition, there may be sufficient of OPA molecules having the headgroup aligned on the nonpolar
free volumé®in the OPA SAMs to allow solvation of waté?, liquid medium surface is transferred onto the hydrophilic solid
especially when one considers that phosphonic acid is very substrate upon physical contact, leading to an extremely fast
soluble in water. Although the OPA SAMs formed on a Si monolayer formation. Growth rate is determined by the time
substrate are susceptible to alcohol and even water attack, theyhe molecules take to contact the substrate; this is practically
have an ordered structure from the methylene chains to theinstantaneous. For an adequately high concentration, only one
methyl termini as determined by the FTIR and the HD contact application of the solution is required to make a full-coverage
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OPA SAM on a substrate. On the other hand, for a lower as only the use of a nonpolar medium with a dielectric constant
concentration, more applications of the solution are necessaryaround 4, such as trichloroethylene and chloroform, renders a
to make a full coverage. This nature of additivity of the OPA full coverage of the monolayer. In particular, we showed that
SAM growth in our method when using a lower concentration solvent polarity determines whether OPA SAMs be formed up
OPA solution can be used for coverage control. to 100% coverage (using nonpolar solvent trichloroethylene or
We have noticed that an OPA containing TCE, upon contact chloroform) or not at all (using a polar solvent ethanol) on a Si
with the UVO-treated Al film, appeared to be fiercely moving substrate. The OPA SAMs that form on a Si wafer appear to
on the surface and the liquid medium often split to smaller be relatively weakly bonded to the substrate; by contrast, for
droplets; this event appeared to lastfat s. Immediately after ~ oxidized Al surfaces a strong chemical bond is formed. We
this event, the liquid medium stood still on the surface with a believe that the driving force for the formation of OPA SAMs
contact angle of~40°, indicating that the surface was now having a weak interaction strength on a Si substrate is due to a
rendered hydrophobic, that is, the OPA SAMs had been formed. decreased activation energy for SAM formation via use of an
This phenomenon was also observed on the surface of cleavedappropriate nonpolar solvent that allows hydrophilic OPA
mica and UVO-treated Si substrates. molecular headgroups to concentrate and align at the nonpolar
We confirmed that a pure TCE solvent wetted these high- liquid medium surface for rapid reaction with the substrate
surface-energy substrates (a near-zero contact angle). Thereforesurface. This leads to a vastly improved control on OPA SAM
the observed short-lived violent behavior of the OPA containing formation and its coverage on a solid surface.
TCE must bear information about the OPA SAM formation on
a hydrophilic substrate. One has to realize that an OPA  Acknowledgment. Part of this work was supported by a
containing TCE medium is no longer a pure nonpolar solvent, Western Innovation Fund from UWO. We thank B. Kobe and
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on the substrate immediately upon the contact between thew, - case in the last sentence was changed to “loss”. The
medium and the substrate; these newly formed, low-surface- corrected version was posted on September 29, 2006
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