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The control of the surface energy of self-assembledmonolayers
(SAMs) for orientating diblock copolymer mesophases has been
achieved using different methods. The goal is usually to obtain a
neutral surface, that is, a surface exhibiting similar interfacial
energies with both blocks of the copolymer in order to promote
perpendicular orientation. Historically, the first method to be
used was to spin-coat random copolymers made of the same
monomers on the substrate,1 as different surface energies can be
achieved by varying the ratios ofmonomers in synthesis. Further,
a major improvement was to modify the random copolymer at
one end with a chemical group which could be grafted on the
surface in order to prevent the random copolymer to dewet or
diffuse in the block copolymer.2,3 Besides this surface specific
chemistry, cross-linking on the random copolymer has also
recently been used to increase the film stability.4 More recently,
the thickness dependence of the orientation has been investi-
gated,5 and it has been shown that the formationof perpendicular
domains on a random copolymer brush needs to be viewed in
terms of the equilibration of the block copolymer and the random
copolymer in the presence of each other and not simply in terms
of interfacial energy.6

A different strategy has been to use self-assembled monolayers
(SAM) like octadecyltrichlorosilane (OTS).However, though it has
been shown that 3-(p-methoxyphenyl)propyltrichlorosilane could
provide neutral surfaces for PS-b-PMMA (polystyrene-poly-
(methylmethacrylate)) ona siliconwafer,7 suchmonolayers usually
do not have the right surface energy, and different methods have
been used in order to control this energy. It has for example been
shown that incomplete OTS monolayers could also be used.8

Whereas this method is extremely versatile, it leads to a necessarily
heterogeneous film which might prevent control at very small
scales. Another possibility is irradiation of SAMswith synchrotron
soft X-rays9,10 or treatment with CO2 plasma.11 Oxidation through
ultraviolet (UV) radiation has also been recently used to produce
wettability gradients.12 In this paper we show that UV irradiation
indeed provides a versatile tool to precisely tune the surface energy
of a SAM. We show in particular that the orientation of PS-b-
PMMA lamellar and cylinder phases can be controlled using this
method.

Si wafers (p-type, boron doped, 250 μm thick) were first
cleaned by sonication in purified Millipore water (resistivity 18
MΩ 3 cm), 1:1 water/ethanol mixture, chloroform, and heptane,
followed by piranha treatment (1/3 v/v of 30% H2O2/98%
H2SO4) at 80 �C and exposure to UV under an oxygen atmo-
sphere for 30 min. The cleaned wafers were rinsed with purified
water, dried with nitrogen, and silanized in a 2 mM solution of
OTS in heptane for 1 day. The reaction of OTS with oxidized

silicon wafers proceeds first by hydrolysis of the labile Cl groups
of theOTSmolecule into hydroxyl groups by the small amount of
water present inheptane.Then, condensation tooligomers occurs
followed by bonding to the silanol groups of the substrate.13 The
wafers were then sonicated in chloroform and purified water and
dried with nitrogen before UV/ozone treatment.

The silanized wafers were then exposed to UV light (185 and
254 nm) in an oxygen-filled chamber at a distance of 4 cm from
the lamp, for specific time periods, rinsed with purified water and
chloroform, and dried with nitrogen.

TheOTS layers were first characterized usingX-ray reflectivity
using a Siemens powder diffractometer D5000 operated with a
homemade software. The Cu KR is first collimated using 50 μm
slits. A graphite monochromator is placed after the sample in
front of the NaI scintillator detector. The homemade software
allows one to record rocking curves at each point of the
reflectivity curve in order to subtract the background. The
reflectivity curves before and after UV treatment are given
in Figure 1. X-ray reflectivity curves were fitted using the
IMD extension of the XOP package using the classical Parratt

Figure 1. Reflectivity results of a typical OTS layer (circle) and a 6 min
UVozone-treatedOTS layerwith the calculated curves (dashed line and
dotted line, respectively).
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formalism. We used a two-box model with one box of constant
electron density for describing the C18H37 OTS chains and
another one for the Si headgroups. Each box is limited by two
rough interfaces described using an error function profile char-
acterized by its rms roughness. Best fit of the reflectivity curve to
this model yields a substrate roughness of 0.4 nm, an OTS layer
thickness of 2.45 nm, and an OTS layer-air roughness of 0.65
nm, in good agreement with ref 14. After 6 min UV ozone
treatment, the thickness of the OTS layer decreases to 2.27 nm
whereas its roughness increases to 0.785nm, indicating changes in
the top surface structure and composition. Attempts to add a
specific surface layer to the model did not lead to significantly
better fits.

In order to better understand the surface chemistry of UV
irradiation, XPS analyses were performed using a Kratos Axis-
UltraDLDspectrometer, using themonochromatizedAlKR line
at 1486.6 eV with a power source of 150 W. Fixed analyzer pass
energy of 20 eV was used for all core level scans. The photoelec-
tron takeoff anglewas 90�with respect to the sample plane,which
provides an integrated sampling depth of ∼15 nm. The analyzed
surface was 700 μm � 300 μm. Binding energies were calibrated
against the Au 4f7/2 binding energy of a gold surface at 83.90 eV.

Figure 2 shows high-resolution XPS spectra of the C 1s core
level peaks corresponding to OTS-coated Si wafers (Figure 2a),
after 5 min of UV/ozone treatment (Figure 2b), and after 30 min
of UV/ozone treatment (Figure 2c). The C 1s peak, of the OTS
surface, was best fitted with one peak at 284.8 eV corresponding

to the carbon in C-C and C-H bonds.15 After 5 min of UV/
ozone, we observe the apparition of three new peaks. The first
peak, at the lowest binding energy of 286.3 eV, is assigned to the
carbon atoms in C-OH bonds (hydroxyl groups), the second
peak at 287.7 eV is attributed to the carbon atoms in OdC-H
bonds (aldehyde groups), and the third peak at 289.1 eV is
assigned to the carbon atoms in HO-CdO bonds (acidic
carboxylic groups).16,17 After 30 min of UV/ozone treatment,
we observe an increase in the component at 289.0 eV and the
apparition of a peak at 285.7 eV corresponding to the carbon
atoms in R position of acidic groups, which cannot be visible
before due to the small amount of acidic groups. We also
observed a decrease of C-C area peak with the increase of
UV/ozone irradiation timewhich is attributed to the formation of
oxidized carbons and a likely break of C-Cbonds. After a longer
time of UV/ozone (spectra not shown), we observe a complete
disappearence of theOTS layer. ThisXPS study showsUV/ozone
oxidation of OTS layers, first by hydroxyl and aldehyde groups
formation then by carboxylic acid groups formation. These
results can be connected to the contact angle measurements
which shows an increase in hydrophilicity with increasing UV/
ozone irradiation times.

Contact angle measurements were performed according to the
sessile drop method using a Dataphysics OCA20 contact angle
system at room temperature. The volume of the water droplets
used for the measurements was 3.0 μL. All reported contact
angles are the average of three measurements taken at different
locations of the wafer.Advancing and receding contact angles for
water aswell as the contact angle hysteresis on the order of 10� are
given in Table 1. More precisely, the surface energy of solid
surfaces is usually characterized through so-called Zisman plots
which consist of plotting the cosine of the contact angle θ of an
homologous series of liquids as a function of the liquid surface
tension γ of the liquid (Figure 3a).18,19 The intercept at cos θ=1
gives the critical surface tension of the surface γC, which indicates
whether a given liquid will wet (γ < γC) or not (γ > γC) the
substrate. In principle, nonpolar homologous liquids like alkanes
should be used, but in practice this alsoworks very well even with
water.20 From fitting the Zisman plots for tetradecane, hexade-
cane, squalane, bicyclohexyl, diiodomethane, and purified water
(Figure 3a), we obtain the critical surface tensions shown in
Figure 3b.The critical surface energies range from 19.6mN/m for
the native surface layer, in good agreement with literature,21 to
27.7 mN/m after 8 min UV irradiation, demonstrating that our
method allows a very precise control of the surface energy, down
to a fraction of a mN/m. In order to characterize the surface
independently of our irradiation time (a parameter which may
vary from an apparatus to another), we report in Figure 3b the
critical surface tension as a function of the water contact angle.
This parameter is very sensitive to the oxidation state of the
surface. A very smooth and linear variation is then obtained over
a range of angles very similar to the one found by Han et al.6

Diblock copolymers of PS52K-b-PMMA52K (PDI: 1.09) of
symmetric composition and PS46K-b-PMMA21K (PDI: 1.09)
of asymmetric compositionwere purchased fromPolymer Source
Inc. PS52K-b-PMMA52K exhibits a lamellar phase of period

Figure 2. High-resolution XPS spectra of the C 1s region of an OTS-
coated Si wafer (a), after 5 min of UV/ozone treatment (b), and after
30 min of UV/ozone treatment (c).

Table 1. Equilibrium Angle, Advancing Angle, Receding Angle, and
Hysteresis for Water on UV-Treated OTS Wafers as a Function of

the Irradiation Time

UV
irradiation
time (min)

equilibrium
angle (deg)

advancing
angle (deg)

receding
angle
(deg)

hysteresis
(deg)

OTS 111.5 114.4 101.0 13.4
5 78.3 86.1 72.9 13.2
7 74.6 77.0 65.1 11.9
9 71.0 73.0 56.7 16.3
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L0=49 nm in the bulk, as determined in ref 22, whereas PS46K-b-
PMMA21K exhibits a phase of PMMA cylinders (of about 36 nm
for the center to center spacing) in PS. 1 wt% solutions of PS52K-
b-PMMA52K and PS46K-b-PMMA21K in toluene were spin-
coated onto silanized silicon wafers treated with UV/ozone at
2000 and 2500 rpm to produce copolymer films with thicknesses
ca. 34 and 31 nm, respectively. Subsequently, the samples were
annealed in a vacuum oven of pressure less than 3 kPa at 170 �C
for 1 day.

Atomic force microscopy (AFM, Digital Instruments, Nano-
scope V) was employed in tapping mode for imaging PS-b-
PMMA films at room temperature. AFM images were taken at
different locations on the substrate and show that the orientation
is homogeneous over the entire surface. Phase images allow one
to easily distinguish PS (dark) from PMMA (bright) domains.23

After spin-coating, due to low surface energies, no copolymerwas
observed onnontreated (γC=19.6mN/m) and 3minUV/ozone-
treated (γC = 21.6 mN/m) samples. For the samples with water
contact angles of 87� and 84�, dewetting can be observed under
optical microscopy andAFM (insets of Figure 4a,f). As shown in
Figure 4a-e, perpendicular orientation of the lamellar phase of
the PS52K-b-PMMA52K copolymer is obtained on the samples
with γC from 23.9 to 25.7 mN/m. Its period is ca. 50 nm as
expected from bulk studies. Figure 4f-j shows the different
morphogies obtained after UV/ozone treatment for the PS46K-
b-PMMA21K copolymer films. First, on the sample with γC =
22.7 mN/m, dewetting of copolymer is observed after annealing
(Figure 4f). Perfect perpendicular orientation of the cylinders is
obtained after 5 min UV/ozone treatment (Figure 4g, γC = 24.6
mN/m). From the FFT of AFM images, the average distance
between them is 33 nm. After 6 min (Figure 4h, γC = 25.8
mN/m), the phase contrast is obviously much reduced and the

Figure 3. (a) Zisman plots, cosine of the contact angle cos θc as a
function of the surface tension of tetradecane, hexadecane, squalane,
bicyclohexyl, diiodomethane, and purified water (from left to right in
increasing order) on silanated wafers treated with different UV/ozone
time periods: native wafer (filled circles), 3 min (open triangles), 4 min
(filled squares), 5 min (open diamonds), 6 min (filled triangles), 7 min
(open circles), 9 min (filled diamonds). (b) Critical surface tensions as
determined by the intercepts of the curves in (a) as a function of water
contact angle. The latter angle is chosen as a sensitive characteristic
parameter of the surface.

Figure 4. Tapping-mode AFM phase images of (a-e) 34 nm thick
PS52K-b-PMMA52K and (f-j) 31 nm thick PS46K-b-PMMA21K

films on OTS layers treated with UV/ozone for water contact
angles of (a) 87�, (b) 80�, (c) 77�, (d) 70�, (e) 62�, (f) 84�, (g) 77�, (h)
71�, (i) 65�, and (j) 57�. The image size is 1.0� 1.0 μm2. Insets show
the FFTs of the images which exhibit structures. The difference
between the lamellar phase and the cylindrical phase is clearly
visible.



9612 Macromolecules, Vol. 42, No. 24, 2009 Note

orientation is lost. After 7 min treatment, elongated stuctures are
observed (Figure 4i, γC =26.8 mN/m). The structure gives a
spacing of 39 nm, which is close to the value of 33 nm � 2/

√
3.

This indicates that they should be the same cylindrical structure
observed on 5 min treated sample but lie flat on the surface.
Finally, after 8 and 9min treatment (Figure 4j, γC=27.7mN/m)
this orientation is lost again.

Perpendicular orientation of the lamellar phase was obtained
for a wide range of thicknesses from 30 to 55.5 nm. For much
thicker films of 80 nm no orientation was observed. Our techni-
que is therefore nicely complementary to Ham’s method5 since it
also allows the orientation of thicker films.We have also checked
the same behavior, for the cylindrical phase, where perpendicular
orientation has been obtained for 31, 36, and 42 nm thick films.

One puzzling question is the discrepancy between the optimal
critical surface tensions we find for perpendicular orientation and
expectations from PS and PMMA surface tensions. According to
the literature, the surface tensions of PS and PMMA at our
annealing temperature of 170 �C are γPS ≈ 29.7-29.9 mN/m and
γPMMA≈ 29.9-31 mN/m, respectively.2,24,25 If we assume that the
neutral surface would have a surface energy of≈29.9 mN/m, then
this would be ≈ 5 mN/m more than the corresponding critical
surface tension of 24.5 mN/m. Such a difference has been noticed
for polyethylene in ref 24, for which, at 20 �C, the critical surface
tension is found to be ≈5 mN/m smaller than the surface energy.

In this paper, we have demonstrated that UV/ozone oxidation
of OTS layers provides a simple and versatile way of controlling
the orientation of block copolymers through a precise control of
the surface energy. We have shown by XPS that the UV/ozone
treatment leads to oxidation of OTS layers, first by hydroxyl and
aldehyde groups formation and then by carboxylic acid groups
formation anda likely breakofC-Cbonds.The slight increase in
oxidation with the increasing UV/ozone irradiation times allows
for this precise control of the surface energy.
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Table 2. Results of Contact Angles, Critical Surface Energies, and the
Phases Observed in AFM Images

sample θC,water (deg)
a γC (mN/m)b descriptionc

C1 84 22.7
C2 77 24.6 C^
C3 71 25.8
C4 65 26.8 C )

C5 57 27.7
L1 87 22.7d dewetting
L2 80 23.9d L )

L3 77 24.5d L )

L4 70 25.7d L )

L5 62 27.1d dewetting
aContact angles of water in degrees. bCritical surface energy values in

mN/m. cThe phases or morphology observed in AFM images. dValues
calculated from linear interpolation of θC,water.


