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RECEIVED DATE

Abstract We studied the kinetics of nanopattern evolution in (polystyrene-b-polyethylene oxide)
diblock copolymer thin films. Using scanning force microscopy, a highly unexpected cylindrical
flipping of morphology from normal to parallel to the film plane was detected during solvent annealing
of the film (with average thickness of 30 nm) at high vapour pressure. Using an in-situ time resolved
light scattering device combined with an environmental cell enabled us to obtain kinetic information at
different vapour pressures. The data indicated that there is a threshold value for the vapour pressure
necessary for the structural transition. We propose a swelling and de-swelling mechanism for the
orientation flipping of the morphology. The cyclic transition occurs faster in thick films (177 nm)
where the mass uptake and solvent volume fraction is smaller and therefore the driving force for phase
separation is higher. We induced a stronger segregation by confining the chains in graphoepitaxially

patterned substrates. As expected, the cyclic transition occurred at higher rate. Our work is another step



forward to understanding the structure evolution and also controlling the alignment of block copolymer
nano cylinders independently of thickness and external fields.
Keywords: Nanopattern evolution. Block copolymer thin films. Cyclical morphology transition. /n-situ

light scattering. Graphoepitaxial alignment.

Self-organized block copolymer (BCP) systems have been shown to have a host of applications' *
most notably in the fabrication of inorganic structures used in electronic, optoelectronic > * and magnetic
devices’. Absolute and precise control of pattern orientation (i.e. to the surface plane) is central to their
possible use and requires a profound understanding of phase behavior 6 and structure evolution® " ®
during post annealing of the BCP films. In this work we demonstrate that pattern orientation coupled to
pattern alignment can be achieved for cylinder forming poly (styrene-b-ethylene oxide) (PS-b-PEO)
films. We also show highly unexpectedly cyclic transitions with anneal time of the polymer structure
between perpendicular and parallel arrangements of microphase separated cylinders in these films using
in-situ time resolved light scattering data combined with an ex-sifu time evolution AFM experiments.
This is the first time such observations have been reported. In particular, our work shows how
orientation of the pattern can be determined independently of the initial film thickness, surface
segregation effects and solvent fields 14

Microphase separation in BCP systems has emerged as potentially the most practical self-assembly
technique for fabrication of ultra-small nanoelectronic circuitry. However, achieving long range ordered
patterns of controlled orientation (to surface) and alignment (to an in-plane surface direction) is the key
to the industrial development of this technology. In order to perfect pattern formation for application, a
good understanding of structure formation is needed. Thermal and solvent annealing of thin film block
copolymers afford a means to sponsor the ordered microphase separation of these systems and so deliver
organized patterns for industrial applications.'”” Russell and co-workers have pioneered the use of
solvent annealing to direct the orientation of cylindrical patterns at the substrate surface using the

16-18

‘solvent field’ generated by solvent evaporation ~ . This work, however, demonstrates that solvent



annealing is a (poorly understood) dynamic process that may offer considerable advantages in terms of
structural control. To this effect, the dynamics of pattern formation in thin films (30 nm and 177 nm) of
cylinder forming PS-b-PEO exposed to toluene vapour are detailed herein.

Results and discussion

Cyclic transition. Evidence for structural orientation control and the highly unusual cyclical
‘flipping’ of orientation is shown in figure 1. These films were solvent annealed at 50 °C with nominal
saturated vapour pressure of toluene about 12.3 kPa. Although these effects occur over a range of
temperatures, 50 °C was the optimum temperature to work with as significantly higher temperatures lead
to severe de-wetting of the films and lower temperatures did not provide sufficient driving force for this
transition to occur. AFM images were collected after removal from the vapour. The process of
microphase separation appears to begin through the formation of micelle structures (figure 1a). This
configuration is stable for approximately 35 minutes when small voids begin to appear presumably due
to micelle coalescence (figure 1b). This period appears to represent solvent diffusion through the film.
PS is a glassy polymer and in appropriate organic solvent, case II diffusion takes place'” *. This is a
relatively slow process as the volume fraction of the solvent has to reach a critical value before the
polymer chains can extend and relax. At this time a front forms and propagates in the film. After 40
minutes of exposure the chains are stretched enough for front propagation, mass uptake is large enough
and the phase transition to a vertical cylindrical (i.e. PEO cylinders within a PS matrix) occurs (figure
Ic). Surprisingly, this structure is not the thermodynamically stable state of the final film structure.
Once formed, it can be repeatedly transformed between a parallel and vertical orientation depending on
solvent anneal time. This i1s highly unusual as additional solvent exposure normally only refines the
structure through defect annihilation. Figures 1(d-h) represent the recycling of these cylindrical
structures. It should be noted that the structures formed extend through the film and are not surface
effects only. This can be proven by selective wet/dry etching which removes the PEO cylinders from the

outermost surface to the substrate-polymer interface (see supplementary figure 1- 3).



We suggest that this flipping process results directly from a solvent swelling and de-swelling process
as the number of times this recycling occurs cannot be a result of continued uptake of solvent since the
film cannot swell infinitely. As the solvent swells the film, the film reaches a critical thickness where a

%21 and the film reconstructs to that shown in

parallel arrangement is more thermodynamically favorable
figure 1f and h (note that figure 1d represents an intermediate structure where both vertical and parallel
arrangements are observed). It is suggested that the parallel cylinder orientation film continuously
recycles into the vertical arrangement because this structure cannot maintain the volume of solvent
absorbed and effectively ‘thins’ as excess solvent is released. This is schematically illustrated in figure
2. The release of solvent might be associated with the surface energy differences of the film (surface
composition is very different) or because of internal strain differences between the vertical and parallel
arrangements. It is clear that for this process to occur, both the vertical and parallel morphologies must
have very similar free energies of formation and small differences in conditions allow one structure to
realise a different arrangement depending on e.g. thickness of the swelling film, solvent content ezc. It
should be noted that a recent GISAXS study of structure rearrangement™ suggests lamellae PS-b-PB
(polystyrene-b-polybutadiene) systems can go through de-swelling within a few minutes after exposure

to toluene. However, this is solvent dependent as de-swelling in chloroform does not appear to occur for

similar films?®.
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Figure 1. AFM topographic images showing repeated conversion of vertical and parallel orientation in a
hexagonal forming PS-b-PEO film of 30 nm thick (a) after 5 minutes exposure to toluene at 12.3 kPa,
(b) 35 minutes, (c) 40 minutes, (perpendicular arrangement), (d) mixed perpendicular and parallel
arrangements, (€) 55 minutes, (f) 60 minutes, (g) 90 minutes, (h) 105 minutes. The images are 2x2 umz.

The insets are FFT results, showing the pitch of about 39 nm. See text for further details.
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Figure 2. Schematic illustration of structural re-cycling in PS-b-PEO film (a) micelle formation after
exposure to toluene, (b) perpendicular arrangement of the structure due to solvent uptake, (c) parallel

orientation due to further swelling, (d) deswelling leads to flipping of the parallel to vertical alignment.



Thickness effect. This phenomenon was observed for all films prepared here and, e.g., the cyclical
nature of structural evolution was not affected by the initial film thickness. A thick film (177 nm) shows
a similar behavior to the thinner film but the rate of structural conversion is significantly quicker in the
thicker film. In figure 3b, after 20 minutes the perpendicular cylinders are already formed - for the
thinner film it takes 40 minutes to reach this point (see figure 3c). This is followed by a parallel
orientation of cylinders (figure 3¢) which grow in length through the annealing process (see figure 3c, d,
fand h). The more rapid transition in thick films could be due to lower solvent uptake. By increasing the
film thickness, the mass uptake and, therefore, the solvent volume fraction in the film decrease® ,
leading to a strong Flory-Huggins interaction parameter between the polymer segments which induces
the driving force for the early phase separation (see equation 1).

Xett= X (1-¢5) (D

Xefr and y are the Flory-Huggins interaction parameters in presence and absence of the solvent. s is

the volume fraction of solvent.
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Figure 3. Cyclic transition in thick (177nm) PS-b-PEO films exposed to toluene for different annealing

times. A transformation similar to thin film (shown in figure 1) happens but at higher transition rate. A



parallel structure is formed after 40 minutes (c) as opposed to 60 minutes in figure (1c). The images are

2x2 pm?.

In-situ time resolved light scattering. To validate the tentative model described here, we have
performed an in-situ time resolved light scattering experiment in an environmental cell allowing
samples to be annealed under different toluene pressures. This allowed the verification of the case II
diffusion scenario (through the threshold value for vapour pressure) and monitoring of the solvent
uptake through reflectivity. The vapour pressure in the reaction chamber was established by flowing
nitrogen through a temperature controlled solvent reservoir so that the solvent vapour pressure was
determined by the reservoir temperature. Figure 4 is the schematic diagram of the set up. To perform the
experiment at 50 °C and to avoid condensation, most of the experimental set up parts including the
bubbler, all tubes carrying the gas and the environmental chamber were wrapped in heating tapes (not
shown here). The temperature was set 1°C above the annealing temperature at 51°C to avoid
condensation and was controlled by thermometers at different points. More details about this
experimental set up can be found elsewhere™. Figure 5 shows reflectivity- time graphs during toluene
exposure of PS-b-PEO film at saturated vapour pressure of 12.3 kPa (50 °C) and 3 kPa (at 12 °C). In
both cases there is an immediate change in reflectivity after exposure to toluene. According to the
Fresnel equation, reflectivity is a function of the thickness. Therefore the change in reflectivity is due to
change in thickness and density. However, there is a clear difference between the reflectivity changes
and the structure evolution at low and high vapour pressure (figure 5). When the film is exposed to
toluene at low vapour pressure (3 kPa), there is no structural change after 120 minutes (see the insets
figure 5b). This is because micelles form within 5 minutes of exposure and remain stable (see the lower
inset in figure 5). Also after the initial drop in reflectivity which is due to swelling and an increase in
film thickness, there are no further pronounced changes (figure 5b). It is thought that at lower vapour
pressure (3 kPa), the osmotic pressure that acts on a semi-permeable surface of a glassy polymer is not
high enough to overcome the resistance exerted by immobilized chains in glassy PS. A contact angle

measurement (0=74°) at a similar surface is consistent with the top layer consist of hydrophobic glassy
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PS. At high vapour pressure (12 kPa) there are 3 different regimes in figure 5a. After an immediate
change in the reflectivity due to a change in refractive index, a metastable equilibrium state is achieved
for about 8 minutes. The small fringes are due to interference effects of the laser light from the top of the
film and the polymer-substrate interface. After about 8 — 10 min there is a sharp but gradual decrease in
the reflectivity before it plateaus. Between 30 and 40 min there is a discernible (but relatively small)
increase in the reflectivity. The changes in the reflectivity observed are consistent with the AFM time
evolution experiment shown in Figure 3. Three distinct reflectivity regimes in figure 5 correspond to the
formation of the initial three different patterns formed in PS-b-PEO films, as shown in the AFM images
in figure 3. The interval of 0-8 min represents the micelle structure, 8 — 25 minutes represents vertical
cylinder formation and stability whilst 25 — 35 minutes represent horizontal cylinder structure
formation. The effect of the temperature is controversial in our experiment. While the higher
temperature is expected to decrease the Flory Huggins interaction parameter and therefore reduce the
driving force for separation, in our experiment the phase separation and the subsequent cyclic transition
happens at higher temperature. One possible reason could be due to access ability of the polymer chains
to the solvent in interior film. Low temperature does not provide enough pressure for the solvent to
diffuse into the glassy layer easily. This can be clearly seen in figure 5b in which the change in
reflectivity (which reflects the change in thickness) is not apparent. On the other hand in figure Sa, the
high temperature provides enough vapour pressure for diffusion of the vapour in the film and creates
enough chain mobility for structure configuration. However, due to the complicated relationship of the
reflectivity with thickness, it is not easy to predict the exact trend of thickness change during the
swelling. But nevertheless, three distinctive regimes in reflectivity- time data (figure 5a ) and the
coincident of time duration of each zone with structural change in AFM images back up our theory that

the structural changes are related to thickness fluctuations.
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Figure 4. Schematic diagram showing the main components of the in-situ light scattering set up during
solvent and thermal annealing in a costume made environmental cell**. Nitrogen was blown into a
toluene reservoir. The temperature of the reservoir was controlled in a water bath. The cell can be
saturated with toluene with different nominal vapour pressures. The reflectivity- time data was recorded
during the annealing. To avoid wall condensations, most components were wrapped in heating tapes

(not shown here).
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Figure 5. Specular reflectivity measured during the exposure of the PS-b-PEO film to toluene vapour (a)
at 12.3kPa and (b) 3 kPa. The insets are AFM images during structure evolution. At high vapour
pressure there are three different regimes correspond to different morphologies formed during that time.
At low vapour pressure there is no change in reflectivity during the exposure and also no morphology

evolution, suggesting a vapour pressure threshold is needed for the transition. The insets AFM images

are 2x2 urnz.

Graphoepitaxy. If solvent exposure is to be a practical (e.g. to define parallel nanowire structures)
method of controlling nanopattern orientation, it is also necessary to combine the solvent anneal

methodology with a technique such as graphoepitaxy > %

that facilitates pattern alignment (i.e.
relative to an in-plane surface direction). These methods of directing the self-assembly process may

impose additional boundary conditions which may prevent orientation control. Therefore, substrates

were studied that were engineered with parallel channels of 400 nm width and 30 nm depth. Samples

10



were prepared and processed similar to methodology described in figure 1. The film thickness was
sufficient to just fill the channels, i.e. about 30 nm (just enough to allow parallel cylinder morphologies)
and the films demonstrated that orientation control coupled to directed alignment of both vertical and
parallel pattern orientations could be achieved (figure 6). Ordered pattern formation is very rapid
(indeed little evidence of micelle formation was observed even prior to solvent annealing) and the first
ordered phase observed is a parallel arrangement of cylinders. As can be seen in figure 6, the
morphology of the cylinder structure switches between parallel and perpendicular arrangements with
time, but at a significantly faster rate than seen on flat substrates. The films also exhibit strong
graphoepitaxial effects typical of the PS-b-PEO system®’, because PEO interacts strongly with a silica
surface due to its higher polarity compared to PS*’. This could account for the faster kinetics as
graphoepitaxy is mediated by the strong interaction of one component with the topography and so
induces component segregation®. In strongly segregated block copolymers, the chains are more
stretched and solvent uptake happens faster” thus explaining the faster kinetics for both microphase

separation and structure cycling.
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Figure 6. The effect of graphoepitaxy on cyclic transition. (a) The parallel lines form quickly, within 10
minutes of exposure. Then the structure fluctuates between dotes and lines (b and c). It reaches the best
parallel alignment after 90 minutes. (e) and (f) more transition of perpendicular and parallel rays of

cylinder. The images are 2x2 pm®.

Conclusions

In summary, we have demonstrated continuous control of pattern structure and alignment through
solvent exposure. We have investigated the nature of a cyclic transition observed in PS-b-PEO thin
films during the solvent annealing process. The morphology fluctuates between perpendicular and
parallel arrays of cylinders over time. /n-situ light scattering measurements during solvent annealing are
consistent with a model where structure cycles according to amount of solvent in the film. The data

indicates that there is a threshold value (~12 kPa at 50 °C) for the vapour pressure and solvent volume
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fraction in the film necessary for the full structural transitions to occur. This can be related to a case 11
diffusion in which a critical value of solvent is needed for formation and propagation of the front
through the film. The cyclic structural transitions occur faster in both thick and topographically confined
films consistent with a mechanism where structural transitions are related to solvent volume uptake.

Methods:

Materials. We used polystyrene-block-poly ethylene oxide (PS-b-PEO) block copolymer purchased
from Polymer Source with average molecular masses of blocks Mps = 42 kg mol ' and Mpgo = 11.5 kg
mol ™" and polydispersity of 1.07. Thin and thick (30 and 177 nm) PS-b-PEO films were spun cast from
HPLD toluene solution from Sigma Aldrich onto bare and topographically patterned silicon substrates
with 2 nm thick native oxide layer. The silicon substrates were provided and patterned by Intel using
electron beam lithography techniques.

Characterization. For solvent annealing, the films were placed inside individual screw cap bottles of
100 ml volume with a toluene reservoir and were placed in the oven. The saturated vapour pressure of a
gas is a function of temperature only, which means that by changing the temperature we are able to
change the vapour pressure of the gas inside the cell. The films were exposed to toluene at different
nominal vapour pressures, 12.3 kPa (at 50 °C) and 3 kPa (at 12°C) for different periods of time. Every 5-
10 minutes one sample was removed from the oven. The samples were quenched at room temperature.
The topographic and phase images of the films were recorded with a Park XE-100 AFM system in non
contact mode with silicon microcantilever probe tip with a force constant of 60000 Nm™ to study the
structure evolution. Film thickness was measured by Woollam spectroscopic ellipsometer M-2000U.

In- situ time resolved light scattering experiments were performed in a custom made environmental
cell (figure 4) that was heated by heating tapes to prevent wall condensation. During the annealing, a
laser beam (He-Ne, 633 nm) incident on the sample is reflected. The intensity of the incident and the
reflected light is measured by two photodiodes. The specular reflection (reflectivity) was collected for

40 minutes and the reflectivity-time data was analysed.
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