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ABSTRACT

ELECTRIC FIELD ALIGNMENT OF DIBLOCK COPOLYMER THIN FILMS

MAY 2004

TING XU, B.S., DALIAN UNIVERSITY OF TECHNOLOGY

M.S., CHANGCHUN INSTITUTE OF APPLIED CHEMISTRY, CHINESE

ACADEMY OF SCIENCES

M.S., UNIVERSITY OF MASSACHUSETTS AMHESRT

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHESRT

Directed by: Professor Thomas P. Russell

By anchoring random copolymers to the substrates, the interfacial

interactions were tuned precisely and dependence of the orientation of lamellar

microdomains in thin films on interfacial interactions was investigated

quantitatively. A critical film thickness was found, below which a parallel alignment

of the lamellar microdomains was seen throughout the film and depends upon the

strength of the interfacial interactions.

The electric field alignment process is a competition between the applied

electric field and surface fields. In the early stages, the surface field dominates. A

mixture of orientations of the lamellae was found if the interfacial interactions were

not balanced. However, in the presence of lithium ions (210ppm), lamellar

microdomains were aligned along the applied electric field direction throughout the

film, regardless of the strong interactions of blocks with substrate.

For cylindrical microdomain forming diblock copolymer thin films, starting

from a poody-ordered state, surface fields and opposed electric fields biased the

cylinder orientation. With time upon annealing, the cylinders are locally disrupted to

ix



form ellipsoidal shape microdomains that connected into cylinders in the applied

field direction. Starting from an ordered state with cylinders parallel to the surface,

the applied field enhanced fluctuations at the interfaces of the microdomains and

disrupted cylinders into spheres. This transition is similar to thermoreversible

cylinder-to-sphere order-order transition. With time, the spheres deformed into

ellipsoids and reconnected forming cylindrical microdomains oriented at -45" with

respect to the applied field, which subsequently aligned along the field direction.

These studies were complemented by studies on an electric field induced

disordered sphere-to-cylinder transition in thin films. Under an electric field, the

asymmetric diblock copolymer formed spherical microdomains that were deformed

into ellipsoids and, with time, interconnected into cylindrical microdomains oriented

in the direction of the applied electric field.

A route to control the microdomain orientation in three dimensions in diblock

copolymer thin films was also studied by use of two orthogonal, external fields. An

elongational flow field was applied to obtain an in-plane orientation of the

microdomains of the copolymer melt and an electric field, applied normal to the

surface, was then used to further align the microdomains.
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CHAP I FR 1

EFFEC T OF INTERFAC IAL UN I FRAC TIONS ON MICRODOMAIN
ORIENTATION IN DIBIXK K COPOLYMER I IIIN FILMS

Introduction

In block copolymer thin films, Ihc presence ofa surface or interface can

strongly influence the microdomain morphologies and the kinetics of

microdomain ordering.'"^ Much work has appeared on the infiuence of surfaces

and interfaces on the ordering properties of symmetric diblock copolymers.

Fredrickson studied the surface ordering phenomena in symmetric diblock

copolymers near the microphase separation transition using mean field

arguments. An oscillatory profile was found normal to the substrate where the

amplitude of the oscillations decayed exponentially from the surface with a decay

length that increased with increasing proximity to the microphase separation

temperature, i.e.;^;A^ (xN)s where / is the segmental interaction parameter

between the two blocks, and {xN)s is the value of/A' at the microphase separation

transition, and is the number of the repeat units. In the disordered diblock

copolymer thin film, the concentration of one block at the substrate interface is

dictated by the difference in interfacial energies of the blocks with the substrate

and the strength of segmental interactions. Experiments of Menelle et al. and

Mansky et al. quantitatively described the concentration profiles of phase mixed

symmetric diblock copolymers and found general agreement with the mean field

arguments.

Experiments on the thin films of ordered symmetric diblock copolymer

have typically focused on the behavior of copolymers at the interfaces where the
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surface field strength is either large'^-'^ or zero."'^ \n the cases of a strong surface

field, one block has much lower interfacial energy with the substrate and this

block wets the substrate, inducing an orientation of the microdomains parallel to

the substrate that propagate through the film. When the surface is neutral, i.e.

where the interfacial interactions of both blocks with the substrate are the same,

there is no preferential wetting and the microdomains orient normal to the

substrate interface. This orientation persists a few periods from the interface

before a randomization of the microdomain orientation occurs. While these

phenomena result from the surface field, there has been no quantitative study on

the extent to which interfacial energies can induce the propagation of

microdomains orientation into a block copolymer film.

Here, the influence of interfacial interactions, a surface field, on the

propagation of lamellar microdomain orientation parallel to the substrate in thin

films of symmetric diblock copolymer polystyrene-block-poly(methyl

methacrylate) thin films was quanfitatively studied. By anchoring a random

copolymer of styrene and methyl methacrylate onto the silicon substrates, the

interfacial energy, i.e. the strength of the surface field was precisely tuned by

varying the composition of the anchored random copolymer. It was found that

the stronger the surface field, i.e., the larger the difference in the interfacial

energies between the blocks with the substrate, the further the orientation of the

microdomains propagates into the films. For a specific surface field strength, a

film thickness limit was found beyond which the orientation of the microdomains

parallel to the surface was found throughout the film and above which a loss of
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orientation was found in the center of the film. This thickness Hmit was found to

be proportional to the strength of the surface field. In addition, the surface field

was found to suppress the fluctuations at the interfaces between the

microdomains in the vicinity of the interface, thereby retarding the formation of

defects, and promoting the alignment of the microdomains parallel to the

substrate interface.

Experimental

Materials

Diblock copolymers of polystyrene and polymethyl methacrylate,

denoted as PS-Zj-PMMA, were made by conventional anionic polymerization

procedures and were characterized by size exclusion chromatography using

polystyrene as standard. The molecular weight was Mn = 71,900 g/mol with a

polydispersity of 1.06. For small angle neutron scattering studies, the PS block

was deuterated and the copolymer was denoted as dPS-^-PMMA. The molecular

weight of dPS-^-PMMA was Mp = 70,500 g/mol with a polydispersity of 1.05.

The preparation of the narrow molecular weight distribution random

copolymers of styrene and methyl methacrylate and modificafion of the silicon

substrates has been described elsewhere.'^''"* The volume fractions of styrene in

the random copolymers were 0.58, 0.65, 0.30, 0.7, 0.90 with interfacial energy

differences between PMMA and PS with the modified surface of approximately

0, 0.25, 0.45, 0.5, 0.75 dyne/cm, respectively.'^

Sample Preparation

Films with thickness ranging from 100-900nm were spin coated onto

silicon wafers modified with the random copolymers and annealed at \70°C
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under vacuum for 3 days. All film thicknesses were measured with a Rudolph

Research AutoEL®-II ellipsometer using a helium-neon laser (?i=632.8nm) at a

70° incidence angle. SANS experiments were performed on the 30-meter NG3-

SANS instrument at National Institute of Standards and Teclinology (NIST) with

a 1 .25 cm pinhole at the sample defining a beam with a wavelength ofX=6k and

AA / A = 1 5% .
The sample surface was either normal to the incident beam or

tilted an angle of 60° with respect to the incident beam. Thin cross-sections (SO-

SO nm in thickness) were microtomed at room temperature using a diamond knife

and placed on a copper grid. A thin layer of carbon (10-20nm) was coated on the

surface and the film was embedded in epoxy and cured at 60°C for 12 hrs. The

film was peeled off the substrate by dipping into liquid N2. The substrate was

checked with ellipsometry and less than 5nm of film was left for all the samples

shown here. The samples were exposed to ruthenium tetroxide for 35 minutes to

enhance the contrast. The TEM images were taken on a JEOL lOOCX at an

accelerating voltage of 1 OOkV.

Results and Discussion

The microdomains in block copolymer thin films are oriented parallel to

the surface due to the preferential wetting of one block with the substrates.

Islands and holes will form on the surface if the film thickness is not equal to nLo

or (n+l/2)Lo (where n is an integer, Lq is the equilibrium period of the

copolymer) depending on the boundary condition.'^ This surface topography is a

simple yet quantitative indicator of the orientation of the lamellar microdomains



were
parallel lo substrate interface. Four samples, with sim.lar thickness ~10.3U

prepared on substrates modified with random copolymers having styrene

fractions of 0.58, 0.65, 0.30, 0.90, where the differences in the interfacial

energies were 0, 0.25, 0.45, 0.75 dyne/cm respectively. No islands or holes were

found on the surface modified with 58/42 ( A/ = 0 dyne I cm ) and 65/35

( = 0.25 dyne I em
) random brushes, whereas, islands and holes were clearly

seen on the surfaces modified with 30/70 (A/ = {)A5 dyne I em) 90/10

( ^y = 0.75 dyne /cm ) random brushes. By varying the film thickness, the

absence of a surfiicc topography on films prepared on substrates coated with a

58/42 random copolymer brush can be attributed to an orientation of the

microdomains normal lo the surface. In the case of the 65/35 surface, the PS

block preferentially wets the substrate. However, the strength of the surface field

is weak and the preferential orientation of the microdomains parallel to the

interface is lost with increasing distance from the substrate. In both cases, the

orientation of the microdomains normal the surface, or at least at orientations that

are not parallel to the surface, alleviates commensurability constraints between

the film thickness and and, consequently, the surface of the film remains

smooth.

Shown in Figure 1.1a (58/42), 1.1b (65/35) and 1 . Ic (90/10) arc the small

angle neutron scattering profiles of three films on substrates with different

surface fields. Figure 1 . 1 d shows the integration of the SANS intensity over q as

a function of the a/,imuthal angle. The samples were tilted at 60" with respect to

the incident beam. In this case, the scattering arises from microdomains oriented

5



at angles more than 60° away from the surface planes. The azimuthal angle

dependence of the scattering reflects the different orientations of the lamellar

microdomams. Clearly, the overall intensities decrease with increasing surface

field strength. Even with much thicker films (~500mn), the mtensity of scattering

for the film on the 90/10 substrate is much lower than that for films on either the

58/42 or 65/35 substrates. Thus, the extent to which the orientafion of the

microdomains is maintained parallel to the surface increases with increasing

strength of the surface field, hi all three cases, the majority of the microdomains

that are not parallel to the surface have orientations close to being normal to the

surface.

To assess the orientation of the microdomains quantitatively SANS was

performed with the beam normal to the substrate surface. Since the diffraction

vector is oriented parallel to the surface, the intensity of the scattering maximum

corresponds to the number of lamellar microdomains oriented normal to the

substrate surface. Figure 1.2a shows the peak intensity for samples with different

thicknesses on different substrates. For films with a similar thickness, the peak

intensity decreases as the strength of the surface field increases. The film

thickness dependence of the SANS on any given surface shows that no SANS is

observed until a specific thickness is reached. Then, with increasing film

thickness, the peak intensity increases. Thus, for very thin films on any particular

surface, the lamellae are oriented parallel to the film surface throughout the entire

film. However, above a critical film thickness, the influence of the surface is lost

and the lamellae orient normal to the interface in the film interior. This cridcal



film thickness is directly related to the strength of the surface field. Shown in

Figure 1.2b is the critical film thickness as a function of the strength of the

surface field. Essentially a linear relationship is seen.

Figure 1.1 Small angle neutron scattering profiles of dPS-^-PMMA thin films
on Si substrate modified with random copolymers of (a) 58/42 (~320nm) (b)
65/35 (~320nm), and (c) 90/10 (~505nm) after annealing at 170°C under'
vacuum for 72hrs. The samples were tilted at 60° with respect to the incident
beam, (d) shows the azimuthal angle integration of the SANS intensity in (a)
(b) and (c).
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'^^^^ " ^"^^^ scattering peak intensities of the dPS-b-PMMA thni films with different thicknesses. The fihiis were on Si substrates

modified with different random copolymers, 58/42, 65/35, 70/30 90/10 (b) is
the plot of the critical film thickness beyond which the parallel lamellar
microdomains could not propagate throughout the whole film vs. interfacial
interaction.

a

^ c
1 .b--

1.4-

1.2-

-*—

'

1.0-

'(/)

c 0.8-

inte 0.6-

m 0.4-

CL 0.2-

0.0-

-0.2--

2

1 '
-1—'—1—1

—

----90/10

I'll T . y ,

/

- -ir- - 70/30
/

/

- -A- - 65/35
/

/

- -•- - 58/42
•
/

/

/

/

/

> -

/

/

/

/

1 ' 1 ' 1 1

A^H -'

6 8 10 12 14 16 18

film thickness (period)

0.0 0.2 0.4 0.6 0.8

interfacial interaction (dyne/cm))

1.0

8



IS

seen

Figure 1.3 shows typical cross-section TEM images of the samples in this

study. Figure 1.3a shows a ~400nm film on a neutral surface (58/42). From the

TEM sample preparation, the top surface corresponds to the copolymer/modified

Si substrate interface. The lamellar microdomains are oriented normal to the

interface and propagate into the film. At the air/polymer surface, the

microdomains are parallel, due to the lower surface tension of PS. Figure 1.3b

a ~430nm film on the substrate modified with 70/30 random copolymer. As

before, the lamellae are oriented parallel to the substrate due to the preferential

wetting of PS on the modified substrate. This orientafion propagates through the

entire film for the thinner films (no shown). However, for thicker films, the

parallel orientation is lost after a given distance from the surface and in the

middle of the film, different microdomain orientations appear as shown in Figure

1 .3b. Mixed orientations become obvious when the film gets thicker as shown in

Figure 1.3c. The parallel orientation was seen at copolymer/substrate interface.

However, the coherence of the orientation across the films is lost after ~3Lo.

Defects in the structure appear (highlighted by the circle) and lamellar with

mixed orientations are dominant in the center of the film. Figure 1.3d shows the

cross-section TEM image of a film with a thickness similar to that of the samples

in Figure 1.3c prepared on a substrate modified with the 90/10 random

copolymer. The parallel alignment of the lamellae propagates further into the

samples. In the center of the films, a mixed microdomain orientation is seen. This

microdomain orientation in the film did not change significantly with further

annealing. In keeping with the SANS results, the TEM images show that there is

9



a distance from Ihc substrate where the

microdomains persists and this distance

orientation of the copolymer

increases with increasing strength of the

interactions between the copolymer and the modified substrate surface.

PS^rPM^A'. '"'rf r '^^i^^«^^«Py in^ages of annealed
PS-/,-PMMA thm films wUh different film thicknesses on Si substrates modified
with random copolymers: (a) 58/42 (~4()()nm) (b) 70/30 M30nm) (c) 70/30MOOnm) (d) 90/10 (~800nm).

^

a

100 nm

10



The TEM images were used to quantify the persistence of orientation of

the copolymer microdomains as a function of distance from the surface. By

projecting the contrast of the TEM image onto a line oriented normal to the

surface, the projected amplitude of the contrast is a direct measure of the

copolymer orientation. An alternate approach used here was to determine the

linear fraction of lamellae oriented parallel to the surface of the TEM images as a

function of distance from the surface. This is shown in Figure 1.4. Films

(~800nm) on three substrates modilied with 30/70 ( A/ = 0.45 dyne I cm ), 70/30

( ^y = 0.5 dyne /cm ), 90/1 0 ( A/ = 0.75 dyne /cm ) random copolymers were

analyzed. Each point was obtained from ~20|.im wide cross-section TEM images.

The results in Figure 1 .4 are quite revealing. First, the shapes of the profiles are

similar. Adjacent to the surface, the profiles are flat, indicating the parallel

alignment of the copolymer microdomains. The persistence of the orientation

was found to depend on the strength of the interfacial interactions. The 70/30 and

30/70 cases are identical where the orientation extends only ~1 period from the

surface. For the 90/10 case, the parallel alignment extends ~5 periods from the

surface, as would be expected from the stronger interfacial interaction. The

transition of the orientation from parallel to ramdom is essentially the same in all

cases, i.e. the profiles can be horizontally shifted and superposed. Such behavior

has been predicted theoretically and indicates that the decay in orientation is a

characteristic of the copolymer.^

11



Figure 1 .4 Fraction of parallel lamellae microdomains vs. the distance fromthe copolymer/substratc interface. Each image was sectioned into slices of heequ hbrium period thickness from the copolymer/substratc interface. The
fraction of the parallel lamellae was counted in each slice and plotted vs the
distance from the copolymer/substrate interface. Each point was obtained byaveraging ~20^m wide cross-sectional TEM images. The solid lines were
plotted to guide the eye.
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Conclusions

It is well known that the preferential wetting of one block with the

substrate induces the parallel alignment of the lamellar microdomains. Here, by

modifying a surface with random copolymer brushes, interfacial energies were

controlled and the influence of interfacial energy on the lamellar microdomain

orientation of PS-/)-PMMA thin films was studied quantitatively. Mixed lamellar

microdomain orientations were found when the surface field, i.e. the difference

in the interfacial energies between each block with the substrate, is not strong

enough to orient the lamellar parallel to the substrates throughout the film. The

critical film thickness, below which the lamellar microdomains are parallel to the

12



substrate throughout the film, is proportional to the surface field strength. TEM

images indicate that the presence of a surface field suppresses microdomain

fluctuations and defect formation, thereby promoting the propagation of

orientation into the films. A linear relationship is found between the strength of

interfacial interactions and the distance over which the orientation of the

microdomains persists. These results have direct bearing on the strength of fields

necessary to induce orientation in thin block copolymer thin films.

13



References

(1
)

Hasegawa, H.; Hashimoto, T. Macromolecules 1985, 18, 589.

(2) Henkee, C. S.; Thomas, E. L.; Fetters, L. i.JMaterSci 1988, 23, 1685.

(3) Winey, K. I.; Patel, S. S.; Larson, R. G.; Watanabe, H. Macromolecules
1993,26, 4373.

(4) Yokoyama, H.; Mates, T. E.; Kramer, E. J. Macromolecules 2000 33
1888. '

'

(5) Fredrickson, G. H. Macromolecules 1987, 20, 2535.

(6) Milner, S. T.; Morse, D. C. Physical Review E 1996, 54, 3793.

(7) Menelle, A.; Russell, T. P.; Anastasiadis, S. H.; Satija, S. K.; Majkrzak,
C. F. Physical Review Letters 1992, 68, 67.

(8) Mansky, P.; Russell, T. P.; Hawker, C. J.; Mays, J.; Cook, D. C; Satija,

S. K. Physical Review Letters 1997, 79, 237.

(9) Anastasiadis, S. H.; Russell, T. P.; Satija, S. K.; Majkrzak, C. F. Physical

Review Letters 1989, 62, 1852.

(10) Karim, A.; Singh, N.; Sikka, M.; Bates, F. S. Journal of Chemical

Physics 1994, 100, 1620.

(11) Huang, E.; Rockford, L.; Russell, T. P.; Hawker, C. J. Nature 1998, 395,

757.

(12) Huang, E.; Russell, T. P.; Harrison, C; Chaikin, P. M.; Register, R. A.;

Hawker, C. J.; Mays, J. Macromolecules 1998, 31, 7641.

(13) Hawker, C. J. Macromolecules 1996, 29, 2686.

(14) Mansky, P.; Liu, Y.; Huang, E.; Russell, T. P.; Hawker, C. ^c/ewce

1997,275, 1458.

(15) Coulon, G.; Deline, V. R.; Russell, T. P.; Green, P. F. A/acrawo/ecM/e5

1989, 22, 2581.

(16) Thum-Albrecht, T.; DeRouchey, J.; Russell, T. P.; Jaeger, H. M.

Macromolecules 2000, 33, 3250.

14



CHAPTER 2

EFFECT OF INTERFACIAL INTERACTIONS ON ELECTRIC FIFI DALIGNMENT OF SYMMETRIC DIBLOCK COPOLYMER THIN FILMS

Introduction

Thin films of block copolymers, have attracted significant attention due to

their potential uses as templates and scaffolds for nanostructured materials.'"^

However, a crucial element for the success of such strategies is the complete

alignment of the copolymer microdomains. The interfacial energies of the blocks

of the copolymer play a key role in achieving full alignment of the copolymer

microdomains. The preferential segregation of one block to the substrate will

orient the microdomains parallel to the substrate surface.^"^' To overcome such

surface directed orientation, external fields have been used.'""' For example,

lamellar and cylindrical microdomains in thin films of polystyrene-/j-poly(methyl

mcthacrylate) (PS-/?-PMMA) can be oriented normal to the substrate with an

electric field, achieving complete orientation in the direction of the applied

field.^'"-'^

Several theoretical studies have appeared addressing the alignment of

symmetrical diblock copolymers in thin films by an electric field. The roles

of the applied electric field strength, interfacial energies, film thickness,

dielectric constant difference between the two blocks, and commensurability of

the film thickness and the natural period of the copolymer, have been

1 1

7

investigated. From these, however, the interfacial energies of the blocks

emerge as the critical parameter or impediment in achieving complete alignment

of the domains. A parallel orientation of the microdomains is favored when there

is a difference in the interfacial energies, whereas a normal orientation of the

microdomains is favored by the applied electric field. Under certain conditions, a
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mixed orientation of the microdomains is predicted. Here, parallel orientation of

the micrdomains at the surHice occurs, whereas, away from the surface, the

influence of the applied electric field dominates and the microdomains orient in

the direction of the applied electric Held. With such mixed orientations, however,

'T' junctions form when the lamellae, oriented in orthogonal directions meet.

These defects represent a significant energetic penalty. A dimensionless

parameter 5 can be defined as b={y^,. y„s)/y , , where y^, and y^s are the

interfacial energies of block A and B with the substrate respectively, and y , is the

interfacial energy between block A and block B. Theoretical calculation done by

Pereira, el a/, predict that in the strong segregation limit, for 5<1, only normal

orientation is favored, whereas, for 6 > 1, a mixed orientation is predicted." It

should be noted that Tsori and Andelmann, using the identical variables predict

normal orientations when 5 < 2 and a mixed orientation when 5 > 2."*

Here, an experimental study on the infiuencc of the interfacial energies on

the alignment of symmetric diblock copolymers, of poIystyrene-/j-poly(mcthyl

mcthacrylate), PS-/j-PMMA, is shown as a function of 6. Complete alignment of

the lamellar microdomains normal to the surface, i.e. in the direction of the

applied field, is found only when the interactions of the blocks with the substrate

are balanced (6=0). In all other cases, a mixed orientation of the microdomains

was found. This very narrow window in 6 contradicts theoretical predictions, but

can be ascribed to a kinetic trapping of the microdomain orientation and a high

activation energy associated with reorienting the microdomains.

I

I
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Experimental

Materials

PS-^-PMMA was prepared by anionic synthetic routes and contained

50% (by volume) styrene. The number average molecular weight M, is 7.19 X

1 0' with a polydispersity of 1 .08 as measured by size exclusion chromatography

using polystyrene standards. Silicon wafers were modified by anchoring

hydroxyl terminated random copolymers of styrene and methyl methacrylate,

prepared by living free radical procedures, to the substrate." Four random

copolymers with styrene fractions of 0.58 (58/42), 0.7 (70/30), 0.8 (80/20) and

0.9 (90/10) were anchored to the surface, as described previously, to give a

covalently attached random copolymer brush with thicknesses of approximately

6 nm. Using yt=0.8 dyne/cm, the respective values of 5 are 0, 0.62, 0.73 and 0.94

respectively.''^

Sample Preparation

Films of PS-6-PMMA, ~900nm in thickness, were prepared by spin

coating (-10^ rpm) a 7% (w/v) toluene solution of the copolymer onto the

substrate. An aluminized Kapton film comprised the top electrode, where a thin

layer (20-25|im) of crosslinked PDMS (Sylgaid ) was used as buffer layer

between the Kapton electrode and the copolymer thin film. Crosslink PDMS

(Sylgard 184™) was purchased from Dow Coring and used as received. The 10:1

mixture was mixed and spin coated on top of the aluminized Kapton, cured for

24hrs at 60T. Then the crosslinked PDMS coated Kapton was annealed at 170T

under vacuum for 12hrs to remove the residue small molecules. The Si elemental

concentration in the copolymer film after annealing in an electric field for 16hrs

is less than 1% measured by X-ray photoelectron spectroscopy with probing

17



depth of 4.5nm. The PDMS layer confomis to the electrode surface, eliminates

air gaps between the top electrode and the copolymer film, and mamtains a

smooth surface of the copolymer film. The copolymer films were heated to

170r under N2 with an applied electric field of ~40V/^m for 16hrs, and then

quenched to room temperature before removing the electric field. The samples

were embedded in epoxy, microtomed with a diamond knife at room temperature

and transferred to a copper grid. A thin layer of carbon (10-20nm) was coated on

the surface and the film was embedded with epoxy and cured at 60"C for 12 hrs.

The film was peeled off the substrate by dipping into liquid N2. The substrate

was checked with ellipsometry and less than 5nm of film was left for all the

samples shown here. The thin sections were exposed to ruthenium tetraoxide for

35min to enhance the contrast. Electron microscopy experiments were performed

on a JEOL lOOCX TEM at the accelerating voltage of lOOKV. Grazing incidence

small angle x-ray scattering (GISAXS) was performed at the National

Synchrotron Light Source, (Brookhaven National Laboratory), using x-rays with

a wavelength of 1 .567A. Typical exposure times were 90 seconds per sample.

Results and Discussion

Shown in Figure 2.1 are the GISAXS patterns for a ~900nm thick ?S-b-

PMMA film on a silicon substrate with native oxide layer, obtained at a 0.2"

incidental angle. Figure 2.1a is for the sample annealed at 170"C under vacuum

for 48hrs with no applied field. The arc-like pattern indicates that the lamellar

microdomains are randomly oriented in the film. The scattering from a similar

sample annealed under an applied electric field (~40V/|im) is shown in Figure

2.1b. The two equatorial spots show that the lamellae orient normal to the

18
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surface, in the direction of the applied field. However, with GISAXS, it is not

possible to discern whether the alignment of the microdomains extends

completely to the interfaces, only that the average degree of alignment is high.

Figure 2.1 Grazing incidence small angle x-ray scattering patterns of PS-/?-
PMMA (~900nm) films on silicon substrate with native oxide layer (a) after
annealing under vacuum and (b) after annealing under ~40V//xm electric
field.
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To examine the orientation of the microdomains at the interfaces, TEM

was used. Figure 2.2a is the cross-section TEM image of PS-^-PMMA thm film

after anneahng under vacuum for 48hrs with no field applied. The film is on the

substrate modified with 90/10 random copolymer with styrene fractions of 0.9.

The lamellar microdomains are parallel to the substrate at both interfaces due to

the preferential wetting of one block. Whereas, in the center of the film, the

effect of the interface dissipates and the microdomains assume random

orientations. Figure 2.2b, 2.2c, 2.2d, 2.2e show cross-section TEM images of PS-

b-?MMA thin films after annealing under a ~40V//im electric field on four

different substrates to which random copolymers with styrene fractions of 0.58,

0.7, 0.8 and 0.9 respectively were anchored. From the TEM sample preparation,

the top of each image corresponds to the copolymer/substrate interface. An

orientation of the lamellar microdomains in the direction of the applied field is

seen in the middle of the films. Complete alignment of the lamellae extending to

the interfaces was achieved only when 8=0, i.e. when the interactions between

the surface and the blocks were balanced. Mixed orientations were seen in all

other cases, even when the difference in the interactions between the blocks and

the substrate was much smaller than the interfacial energy between the two

blocks.
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PM M A ,f r r
^'^••"^^oPy cross-section images of PS-/,-PMMA Ih.n l.lms after (a) 90/10, annealed under vacuum for 48hrs and

anncalmg under ~40V4mi electric Held on the substrates modified with

6-0.73, (e) 90/10, h~0. 94.

(a)

200 nm

In comparison with the theoretical calculations, the observed range in 6 to

ievc complete orientation of the microdomains is much narrower. iMgurc 2.3
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shows the cross-section TEM image of PS-^-PMMA thin fUm with film

thickness ~3nm annealed under ~40V/nm electric field on the substrate modified

with 90/10 random copolymers. Similar to the thinner films (~900nm) in Figure

2.2, mixture orientations were seen. The lamellar microdomains were parallel to

the surface at the copolymer/substrate interface and were aligned along the

electric field direction in the middle of the film. Comparing Figure 2.2a, 2.2e and

Figure 2.3, there is no dramatic change in the number of parallel lamellar

microdomain at the copolymer/substrate interface.

Figure 2.3 Transmission Electron Microscopy cross-secfion images of PS-/)-
PMMA thin films (~3|am) after annealing under ~40V/|im electric field on
the substrates modified with 90/10 random copolymers.
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One explanation for the discrepancy between theory and experiment is a

pathway dependence of the ahgnment process that is not considered theoretically.

Figure 2.4 shows the cross-section TEM image of the thin film after annealing at

160±5T under an electric field of ~40V/nm for Ihr. A random copolymer was

anchored to the surface such that 5-0.73. In this case, full alignment of the

microdomains should occur. At the substrate interface, the lamellar

microdomains are seen to orient parallel to the substrate initially, whereas, in the

center of the film, the copolymer, while microphase separated, is not aligned.

Further annealing of the sample under an electric field produced the film shown

in Figure 2.2c.

Figure 2.4 Transmission Electron Microscopy cross-section images of PS-/?-
PMMA thin films after annealing under ~40V/^m electric field for Ihr at

160±5"C on the substrates modified with 80/20 (6=0.73) random copolymer,

200 nm
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Based on these TEM images and others, it is evident that two kinetic

processes are in competition, namely the ahgnment of the microdomains by the

electric field and the surface induced alignment of the microdomains. While an

electric field can bias concentration fiuctuations of a disordered copolymer, it is

apparent that the surface induced orientation is a stronger field initially.^" This

can be understood by the infiuence of a surface on the ordering of the copolymer.

It has been shown that the order to disorder transition can be markedly increased

in the vicinity of a surface.'' Consequently, the copolymers near the interfiice

microphase separate initially with an orientation that is strongly biased by the

interface. The infiuence of the interface, of course, dissipates with increasing

distance from the surface and, in the absence of other fields, the copolymer

orders and orients under the infiuence of the applied field. Consequently, in the

center of the film, the copolymer microdomains are oriented parallel to the

applied field, i.e. normal to the substrate surface. This structure does not

correspond to the equilibrium structure, since the formation of T-junctions is

energetically costly. However to fiilly orient the microdomains, the

microdomains at the interface must be rotated 90" A simple rotation of the

micrdomains is not feasible and an undulation of the microdomains is a more

plausible route. This, however, increases the interfacial area between the

microdomians and also necessitates the stretching and compression of the chains,

since the substrate is fiat. Thus, the energetic barrier to complete the transition to

a fully aligned state is high, requiring a higher electric field than that predicted

theoretically to achieve the perfectly aligned state.
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Conclusions

In conclusion, the intcrfiicial energy was controlled precisely by

anchoring random copolymers to the substrate and the influence of interfacial

energy on the electric field alignment ofthin films of symmetric PS-/)-PMMA

thin films was studied. Complete aligmnent of symmetric diblock copolymer thin

films was found only when the interactions between the blocks of copolymer and

substrate were balanced. Mixed orientations were found in all other cases, even

when the difference in the block-substrate interactions was smaller than the

interfacial energy between two blocks. Electron microscopy results suggest a

pathway dependence of the alignment process to explain the discrepancy

between the experimental results and the theoretical predictions.
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CHAPTER 3

ELECTRIC FIELD ALIGNMENT OF SYMMETRIC DIBLOCK
COPOLYMER THIN FILMS

Introduction

Block copolymers self-assemble mto airays of microdomams, e.g.

lamellae, cylinders, or spheres dependmg on the volume fraction of the

components. The sizes of the domams are dictated by the total molecular weight

of the copolymer and, hence, are tens of nanometers in size. Locally, the ordering

of the domains is high, but globally the arrays grains form where the orientation

of the grains, on average, is random. External fields, such as shear,'"^ electric^'^

and surface fields^ have been used in both the bulk and thin films to affect

alignment. ' The preferential interaction and consequent segregation of one

block to the substrate orients the microdomains parallel to the substrate

suiface.'^"'^ Electric fields normal to the surface have been used to overcome

interfacial interactions and orient the microdomains in the direction of the

applied field. Neglecting confinement effects, the critical electric field strength

needed to orient the microdomains is given by: '^ '"^

where, ls.y is the difference between the interfacial energies of each block with

the substrate, f^, are the static dielectric constants of block A and B,

respectively, and t is the film thickness. Thus, from equation (1), it is seen that

either the film thickness or can prevent or limit the orientation of the

copolymer microdomains. If is too large or the film is too thin, Ec is greater
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than the dielectnc break down and the copolymer onentation is not be possible.

If Ar=0, i.e. when, interfacial interactions are balanced, then E,=0.

The orientation of diblock copolymers has been studied in both the bulk

and m solution."^ '^ '^ Theoretically, Onuki and Fukuda investigated the dynamics

of undulations in two-dimensional lamellar systems as a route towai'd

20
alignment. Amundson et al. studied the mteractions of defects and defect

mobility as a means of microdomam reorientation. Using TEM, they showed

evidence of defect movement and subsequent annihilation of defect structures in

bulk copolymer samples.''' Recendy Kj-ausch and coworkers studied the electric

field alignment of concentrated copolymer solutions by the real-time synchrotron

SAXS measurements and have shown that close to the order-disorder transition

(ODT), migration of grain boundaries is the dominant mechanism, while rotation

of grains dominates further away from the ODT, i.e., under strongly segregating

conditions. ' They argued that the viscosity plays a key role in deteraiining the

mechanism of the orientation. Zvelindovsky et al. simulated the same alignment

process and showed that the mechanism by which the orientation occurs is

determined by the magnitude of the interactions between the two blocks, which is

related to the segmental interaction parameter /as - In the strong segregation limit

v/hevexAB is large, it costs more energy to deform the microdomains due to the

' 2

1

increase in interfacial area resulting from these deformations. They also studied

dynamics of mesophase formation in the framework of dynamic density

functional theory (DFT) for a diblock copolymer melt. Under an electric field,

the domain alignment is achieved by a relatively local defect movement, i.e. the
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lamellae locally break up and merge again.^^ DeRouehey al. have also recently

argued, from small angle x-ray scattering results, thai the copolymer domains m

thick films are initially disrupted to create smaller grains that can rotate more

easily ,n the field.'^ " The presence of two interfaces in thin films ampl.f.es the

importance of interfacial interactions that become increasingly more dominant as

the film gets thinner. In addition, with decreasing thickness, confinement of (he

morphology in the thickness direction can present a geometric barrier. Grain

rotation, for example, may not be possible due to this film thickness constraint.

In the present study the dependence of the electric field alignment of a

symmetric diblock copolymer polystyrene-b-polymethyl methacrylate, PS-/;-

PMMA, was studied as a function of film thickness using in-siin small angle

neutron scattering (SANS) and transmission electron microscopy (TEM). It is

shown that the orientation in thin films is a competition between the applied

electric field that aligns the microdomains normal to the surface and the surface

fields that align the microdomains parallel to the surface. For very thin films,

surface induced orientation dominates and the lamellar microdomains are always

parallel to the substrate surface. With increasing film thickness, surface effects

diminish with distance, and the applied field orients the lamellar microdomians

in the center of the film in the direction of the applied field. The intermediate and

late stages of the alignment were studied using transmission electron microscopy.

Results from these studies indicate that the lamellae locally break up, then

reform, in agreement with the arguments of DeRouehey et al. and Zvelindovsky

et al.
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Experimental

Materials

Symmetric diblock copolymers of polystyrene and poly(methyl

methacrylate), PS-Z.-PMMA, with a number-average molecular weight of

T.lQxlO'^ g/mol and a PS volume fraction of 0.5 with a polydispersity of 1.09

were synthesized anionically. SANS studies were perfomied with PS-/.-PMMA

where the polystyrene block was deuterated, denoted as dPS-Z^-PMMA. The

molecular weight of dPS-Z;-PMMA was 7.05x10^ g/mol with a polydispersity of

1.05 and a dPS volume fraction of 0.5. Films were prepared by spin coating a

toluene solution of the copolymer onto a substrate.

Sample Preparation

Film thickness was controlled by varying the solution concentration and

spinning speed. An aluminized Kapton film was used as a top electrode, where a

thin (20-25|im) layer of crosslinked polydimethylsiloxane (PDMS) (Sylgard™)

was used as a buffer layer between the Kapton electrode and the copolymer thin

film. The interfacial energy of PS with PDMS is lower than that of PMMA with

PDMS as indicated by x-ray photoelectron spectroscopy. The preparation of the

crosslinked PDMS layer has been described previously.

Transmission small angle neutron scattering (SANS) experiments were

performed on beam-line NG-3, a 30 meter SANS instrument at National Institute

of Standard Technology (NIST), using neutrons with a wavelength 1=0.6 nm and

A/l/zi, = 0.15 Pqi- the in-situ SANS studies, the spin coated samples were dried

at 25°C under vacuum to remove solvent. In the SANS experiment, the samples

were heated from room temperature to 170"C in less than ~5 minutes under N2

under a ~40V/|im applied electric field, held at 170°C under the field and
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scattering profiles were obtained every 5 minutes. Early stages of the

development of order and orientation were examined as the copolymer was

heated from a poorly ordered state into the ordered state under an applied

external electnc field (~40V/^m). Real time small angle neutron scattering

studies were performed on dPS-Z,-PMMA films on silicon substrates with the

native oxide layer. Films having thicknesses of -llOnm, ~700nm and ~3^m were

investigated.

For TEM, the copolymer films were heated to 170°C under N2 with a

~40V/^m applied electric field for a predetermined time and then quenched to

room temperature before removing the field. The films for TEM were prepared

on a substrate modified with a random copolymer of styrene and methyl

methacrylate having a 0.9 styrene fraction. A thin layer of carbon (10-20nm) was

coated onto the surface before the film was embedded in epoxy and cured at 60°C

for 12 hrs. The film was removed from the substrate by dipping into liquid N2,

microtomed at room temperature with a diamond knife and transfen-ed to a

copper grid. The thin sections were exposed to ruthenium tetraoxide vapor for

30-35min to enhance the contrast. Electron microscopy experiments were

performed on a JEOL lOOCX TEM at the accelerating voltage of lOOKV.

Results and Discussion

Figure 3.1a shows the evolution of the azimuthally averaged SANS

intensity of a ~1 lOnm thick film at 170°C under ~40V/|im electric field. At t=0,

i.e. immediately after spin coating, a broad, weak peak is seen, indicating that the

copolymer is poorly ordered.
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Upon heating to 170°C a sharp reflection is seen in the SANS at

q -0.02A- sin ^, where X is the neutron wavelength, and ^ is the

scattering angle), coiTesponding to a period of ~31nm. The peak intensity

increased initially, reached a maximum, and then decreased with continued

annealing. Shown in Figure 3.1b is the peak intensity as a function of time. The

peak intensity at q* is proportional to the number of microdomains oriented along

the applied electnc field direction, i.e. normal to the surface. Thus, there is a

rapid orientation of the lamellar microdomains normal to the surface. However,

with time, the microdomains reorient parallel to the surface, due to the

preferential interactions of the PMMA with the oxide substrate. The evolution of

the peak intensity reflects the competition between the applied electric field and

interfacial interactions. For the llOnm films, approximately four periods in

thickness, interfacial interactions are seen to dominate.

Figure 3.2a and 3.2b show the cross-sectional TEM images of ~300nm

thick dPS-Zj-PMMA films annealed under an electric field for 3hrs and 6hrs,

respectively, on a silicon substrate that has been modified with a random

copolymer of styrene and methyl methacrylate having a styrene fraction of 0.9.

After 3his, the lamellar microdomains aligned parallel to both electrode

interfaces, due to the preferential wetting of the PS blocks. In the center of the

film, however, the microdomains have mixed orientations with very small grain

sizes. After 6hrs, the lamellar microdomains are oriented parallel to the substrate

interfaces throughout the film, even with the applied electric field normal to the

interface. Annealing the film for 16hrs did not change the microdomain
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orientation. Results from tiie TEM studies also indicate that the applied electric

field IS not sufficiently high to overcome the interfacial interactions, and the

lamellar microdomains orient parallel to the surface.

m
Figure 3.2 Cross-sectional TEM image of a ~300nm PS-/>PMMA fi

annealed under ~40V/^m electric field for (a) 3 hrs. (b) 6hrs. Scale bar-
lOOnm.

Previous studies have shown that interfacial interactions have a limited

range over which orientation propagates into the film. The range depends on the

strength of interfacial interactions. The stronger the interactions, the greater is the

distance that the orientation propagates into the film. Beyond this range,

however, fluctuations can not be suppressed by the interface and different

orientations appear. A second set of in-situ SANS experiments was performed

to follow the alignment of a dPS-/>PMMA thick film (~700nm). Figure 3.3a

shows the time evolution of the circularly averaged SANS from a ~700nm film

on the Si substrate with native oxide layer. At t=0, i.e. after spin coating, a broad,

weak maximum is seen, indicating the copolymer is poorly ordered. Once heated
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above the glass transition temperature, the polymer chains become mobile and

microphase separate under the mfluence of the applied electric field.

Figure 3.3(a) The evolution of the SANS angular average intensity of the
hick film (~700nm) annealing under ~40V/^m electric field. Solid line is
the Gaussian fit of the data, (b) The evolution of the peak intensity with
annealing time under electric field.
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The peak is seen to intensify rapidly (within the first 5 minutes) with a

maximum at q~0.02lk^ and full width at half maximum (FWHM) of 0.0074 A
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'. Further annealing causes Ihe peak to intensify, shift to a smaller q*^0.02A
'

and

narrow with a full width at half maximum of ().()()55 A '
at t=25 min. As shown i

Figure 3b, the peak intensity initially increases rapidly indicating that the number

of the microdomains aligned along the electric field direction has rapid increased.

Subsequently, the intensity increases only slowly. In comparison to thin films

where the intcrfacial interactions dominate, in thicker films the applied electric

field is more effective in orienting the microdmians.

Figure 3.4 Cross-sectional TEM image of a ~700nm PS-/>PMMA film
annealed under ~40V/^m electric field for (a) 6hrs. (b) 16hrs. Scale bar:
lOOnm.
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Shown ,n Figures 3.4a and 3.4b are cross-sectional TEM images of a

-700nm tiiick PS-Z,-PMMA film on a silicon substrate (modified with 90/10

random copolymer) that had been annealed under electric field for 6 hrs and 16

hrs, respectively. Mixed orientations were observed and an onentation of the

lamellar microdomains in the direction of the applied field is found in the middle

of the films. This results from a kinetic trapping as discussed earlier.^^ After

annealing for 6 hrs, the lamellar microdomains near the electrode interfaces are

aligned parallel to the interfaces, due to the preferential wetting of PS blocks

with the electrodes. However, in the center of the film, the lamellar

microdomains formed small anisotropic grains. Within these small grains, the

microdomains are, on average, oriented in the direction of the applied electric

field. After 16 hrs, the orientation of the microdomains by both electrode

interfaces and the applied electric field is evident as shown in Figure 3.4b.

Consistent with previous studies, the parallel orientation extends -SUfrom both

interfaces into the film before any orientation due to the applied field is evident.

Figure 3.5a shows the evolution of the circulariy averaged SANS

intensity for a ~3|im film. After spin coating, t=0, a diffuse, weak peak is seen at

q=O.02 i Vith a FWHM of O.OOSA'' . This is similar to the results observed for

the thinner films. With increasing time, the peak intensifies, narrows and shifts to

a slightly smaller q. From the peak intensity in Figure 3.5b, the orientation is

seen to continue steadily, even after annealing under the applied field for 6 hrs.

38



fj^r
^^^"^^^"tio" of the SANS angular average intensity of the

thicker film (~3^m) annealing under ~40V/^m electric field. Solid line is the
Gaussian fit of the data, (b) The evolution of the peak intensity with
annealing time under electric field.
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Shown in Figure 3.6a is the cross-sectional TEM images of a film

annealed under electric field for 3 hrs. The microdomains adjacent to the

interfaces are aligned parallel to the surface, due to the preferential wetting of PS

blocks. Though SANS shows very strong scattering for the samples subjected to

the same treatment, only very small grains were seen in the center of the film and

the orientation of microdomains is not immediately clear. Figure 3.6b is the

cross-sectional TEM images of a film annealed under electric field for 6 hrs. The

lamellar microdomains are easily seen and the grain size has increased. The

orientation of the microdomains is along the electric field direction, though there

are still microdomains with no prefen-ed orientation. In this image, there are

several distinct features (labeled A, B, C) that provide insight into the alignment

process. In all the A type regions, there are ellipsoidal grains with their long axis

parallel to the surface. The lamellar microdomains within these grains are aligned

parallel to the electric field direction. In regions marked B, the lamellar

microdomains have random orientation. Here grains are very small with many

defects in the stacking of the lamellae. Some of the lamellar microdomains are

disrupted and are melding with nearby microdomains. In regions marked C, the

disruption and melding process are clearly manifest. Fluctuations with a period

similar to that of the equilibrium lamellar period are evident. Both conformal and

nonconformal fluctuations in adjacent lamellae can be seen, with non-conformal

fluctuations prevalent in the lamellae adjacent to the substrate.

40



^,-^5;'o^^-^^clional TEM images of PS-/,-PMMA films annealed
under ~40V/nm electric field for (a) 3hrs. (b) 6hrs. (c) 16hrs. Scale bar-
20()nm.
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Figure 3.6, continued

c

There are striking similarities between the TEM images shown here and
I

the images shown in the simulations of Zvelindovsky. The movement and
|

coalescence of the defects, i.e. the local disruption and reformation of lamellae
'

appears the dominant pathway in achieving alignment.
j

A cross-sectional TEM image of a film annealed under electric field for

16 hrs is shown in Figure 3.6c. Throughout the image, the lamellar microdomains

are aligned parallel to the field direction. The number of defects is substantially

reduced, though slight misalignment of adjacent grains still exists. Removal of
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this misalignment, however, requires extended anneahng, since the driving force

to perfectly align the domains parallel to the applied field is small.

Conclusions

Electric field alignment of symmetric diblock copolymer thin films was

studied using in-situ small angle neutron scattering and transmission electron

microscopy. The early stage of the alignment process was found to be a

competition between the applied electric field strength and the interfacial

interactions. For thin films, the surface induced orientation dominates and the

lamellar microdomains remain parallel to the substrate surface, independent of

the strength of the applied electric field. With increasing film thickness, surface

effects dissipate with distance from the surface and, in the interior of the film, the

lamellar microdomians were oriented normal to the surface, i.e. parallel to the

direction of the applied electric field. The migration and coalescence of the

defects were found to be the dominant pathways to align the lamellar

microdomains in the direction of the applied field.
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CHAPTER 4

EFFECT OF IONIC IMPURITIES IN ELECTRIC FIELD ALIGNMENTOF DIBLOCK COPOLYMER THIN FILMS

Introduction

Thin films of block copolymers have attracted significant attention due to

their potential use as templates and scaffolds for nanostructured materials.''^

Controlling orientation of the copolymer microdomains, however, is crucial.

Electric fields have been shown to be an effective route to achieve this control in

3 8
thin films. " By applying an electric field normal to the surface, the

microdomains can be oriented along the applied field direction. The preferential

interactions of either block with the interfaces present a barrier to this orientation

that must be overcome to achieve the desired alignment.^"" The influence of

interfacial energy on the microdomain orientation of symmetric diblock

copolymers by an electric field has recently been discussed.'^ Complete

alignment of the microdomains could be achieved only when the interfacial

interactions were balanced. In all other cases, microdomains adjacent to the

substrate were found to be oriented parallel to the substrate interface, whereas in

the interior of the film the microdomains oriented in the direction of the applied

field. These results were ascribed to a pathway-dependent alignment and a high

energetic barrier to achieve complete re-orientation of the microdomains adjacent

to the surface. At the early stages of alignment, the microdomains adjacent to the

substrate were oriented parallel to the surface. The field strength required to

achieve full alignment exceeded the dielectric breakdown of the copolymers.

Therefore, relying strictly on the difference in the dielectric constants of the
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microdomains to affect alignment was not possible. Consequently, an altei-nate

alignment mechanism that requires lower electnc field strength is needed.

Recently, we observed that an electnc field could be used to introduce a

transition m the morphology, from spherical to cylindrical microdomains.'^ Tsori

et al calculated the electric field strength necessary to induce this transition

based on the dielectric constant theory and found that the required electric field

strength exceeded the dielectric breakdown of the copolymers. To explain the

experimental observations, they proposed an alternate mechanism wherein the

presence of ionic impurities may be responsible for inducing the observed

morphological transition.'' The concentration of ionic impurities required to

significantly reduce the critical field strength for alignment was quite low. These

compelling arguments led us to undertake a systematic study of the influence of

impurities on the microdomain alignment.

The effect of ionic impurities on the electric field alignment of lamellar

microdomains of polystyrene-Z)/ocA:-poly(methyl methacrylate) (PS-Z?-PMMA) in

thin films was studied using transmission electron microscopy (TEM) and atomic

force microscopy (AFM). At lithium ion concentrations greater than -210 ppm,

the microdomain morphology in block copolymers could be aligned in the

direction of an applied electric field regardless of the strength of interfacial

interactions. For thin films with thickness -lOLo {L„ is the equilibrium period of

the copolymer in the bulk), where the lamellar microdomains are oriented

parallel to the surface throughout the film, a re-orientation of the lamellar

microdomains normal to the surface, i.e. in the direction of the applied field, was
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observed wherein the appHed field was seen to enhance fluctuations at the

interfaces of the microdomains with a wavelength comparable to L„ the

equilibrium period of the copolymer. The enhancement in the fluctuations led to

a disruption of the microdomains into microdomains in size that, with time,

reconnected to forming lamellar microdomains onented in the direction of the

applied field. This differentiates copolymers from polymer/polymer liquids,

where the fluctuations enhanced by electric field vary with field strength,

dielectric constants difference and interfacial energies between two polymers.
'^"^

Experimental

Materials

Polystyrene-Z)/ocA:-poly(methyl methacrylate) (Mn= 6.4 x 10^ PDI= 1.08),

denoted as PS-Zj-PMMA, was prepared by anionic synthesis under a nitrogen

atmosphere, using Schlenk techniques and contained 50% (by volume) styrene.

Prior to polymerization, a small amount of lithium chloride (LiCl) (-0.5 g) was

added to aide in the ion separation of the propagating end. Precipitation of the

polymer was achieved by pouring the solution into 5 times its volume of

methanol and filtering. Size exclusion chromatography was done versus

polystyrene standards using a Knauer SEC system with K501 HPLC pump,

K2301 RI detector and K2600 dual UV detector, equipped with 3 Plgel 5 [im

columns (two mixed-D and one 50 Angstroms). The elemental concentration of

lithium impurity of the PS-Z?-PMMA diblock copolymer prepared this way is 210

ppm as measured by Quantitative Technologies Inc. with 1 ppm resolution. The

purified diblock copolymers used in this study were cleaned by running the
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copolymer through 3 sihca gel (70-230 mesh) plugs ( % " diam.x 5" tall). The

polymer (0.5 g) was dissolved in 5 mL of HPLC grade toluene, passed through

the plug once and the first 10 mL fraction containing polymer was precipitated

into methanol. This was repeated 3 times using fresh silica gel each time. The

elemental concentration of lithium after purification is lower than Ippm.

Sample Preparation

Silicon substrates were modified by anchoring hydroxyl terminated

random copolymers of styrene and methyl methacrylate with styrene fractions of

0.9, prepared by living free radical procedures.'^ '^ The interfacial interaction

difference between PS and PMMA homopolymers with the modified substrates is

approximately 0.9 dyne/cm (yPMMA/sub-YPS/sub = 0.9 dyne/cm). Films of ?S-b-

PMMA, -300 nm, -800 nm, ~1 ^im in thickness, were prepared by spin coating

toluene solution of the copolymers on to the substrates. Films of -800 nm were

annealed at 170°C for 3 days under vacuum.

The capacitor setup for the electric field alignment used an aluminized

Kapton film as the top electrode (positive electrode). A thin layer (20-25jLtm) of

TM
crosslinked PDMS (Sylgard ) was used as a buffer layer between the Kapton

electrode and the copolymer thin film. The PDMS layer conforms to the

electrode surface, eliminates air gaps between the top electrode and the

copolymer film, and maintains a smooth surface of the copolymer film. The

preparation of the crosslinked PDMS layer was described previously. A

conductive silicon substrate with a 2 nm native silicon oxide layer was used as

the bottom electrode (ground/negative electrode). The silicon substrates were

modified with a random copolymer of methyl methacrylate and styrene as

described above. The copolymer films were heated to 170"C under N2 with an

applied DC electric field of -40V/|am for 16hrs, and then quenched to room

49



temperature before removing the electric field. Tapping mode AFM was

performed with a Dimension 3100, Nanoscope ffl from Digital Instruments Coip.

For TEM, the copolymer films were heated to 170 °C under N2 with a ~40V/|im

applied electnc field for a predetermined time and then quenched to room

temperature before removing the field. The samples were embedded in epoxy,

microtomed with a diamond knife at room temperature and transferred to a

copper grid. The thin sections were exposed to ruthenium tetraoxide for 35min to

enhance the contrast. Electron microscopy experiments were performed on a

JEOL lOOCX TEM at the accelerating voltage of lOOKV.

Results and Discussion

Interfacial interactions and surface tension are sensitive to residual

impurities in polymers and, to our knowledge, there is no report on whether the

presence of lithium ions in PS-Z7-PMMA may significantly change interfacial

interactions and surface tension in thin films. Films (-800 nm) of the copolymer

before and after removal of lithium ions were prepared and annealed at 170°C for

72 hrs under vacuum. Figure 4.1 shows the cross-sectional TEM images of PS-b-

PMMA thin films before (Figure 4.1a) and after (Figure 4.1b) lithium ion

extraction. For both cases, lamellar microdomains were observed to be parallel at

both, the air/polymer and polymer/substrate interface, indicating lower surface

tension of PS and lower interfacial interactions between PS and the modified

substrate. In this case, the presence of trace lithium ions (210 ppm) did not

significantly change the interfacial interactions of each block with the substrate.
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Figure 4.
1
Cross-sectional TEM images of -800 nm PS-Z^-PMMA films (a)

Anon T '^^'^'"'^ extraction. The films were annealed at
1 /U C tor 72 hrs under vacuum.

Figure 4.2 shows a cross-sectional TEM image of a |im film spin

coated from a toluene solution of the copolymer after lithium ion extraction. The

film was on a silicon substrate that had been modified with a random copolymer

of styrene and methyl methacrylate having a styrene fraction of 0.9. Thus, the

modified substrate had lower interfacial energy with PS than that of PMMA.

Mixed orientations were seen after annealing at 170^C under a -40V/)Lim DC

electric field for 16hrs. The film surface was covered by PS and showed no

features except surface roughness as measured by AFM. For the film of --300 nm
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thickness, the lamellar microdomains were parallel to the surface regardless of

the electric field applied normal to the surface (not shown). These TEM images

show results consistent with previous studies based on a dielectric mechanism,

where complete alignment of lamellar microdomains could not be achieved using

an electric field if the interfacial interactions were not balanced.'^

Figure 4.2 Cross-sectional TEM image of a ~1 ^im PS-/>PMMA film after
annealed at 170°C under a ~40V/^m DC electric field for 16hrs. The
copolymer has been cleaned off lithium ions.

The mixed orientations were due to a pathway-dependent alignment and a

high energetic barrier to achieve complete reorientation of the lamellae adjacent

to the surface. The driving force for alignment, based on a dielectric constant

difference between two blocks, is not strong enough to reorient the

microdomains adjacent to the substrate, where the fluctuations were suppressed

by surface field. With the presence of a trace amount of lithium ions, dissociated

lithium ions reside predomainantly within the PMMA domains due to Li<-0=C

coordination bridges as measured by Kim and Tsori et al.}^'^^ Under an electric

field, there will be positive charges at one end of the PMMA microdomain and
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negative charges at the other end, creating an effective dipole. Dipole-field

interactions are known to be a much stronger dnving force compared with that

from a dielectric mechanism and may be able to reorient the lamellar

microdomains adjacent to the substrate.

Figure 4.3a shows a cross-sectional TEM image of a -300 nm ?S-b-

PMMA thin film after annealing at 170°C under a -40V/|im DC electric field for

16hrs. The substrate had been modified with the same random copolymers as that

shown in Figure 4.2, thus having a lower interfacial interaction with the PS

blocks. The diblock copolymer has not been purified and contained 210 ppm

residual lithium impurities as measured by Quantitative Technology Inc. From

the TEM image, it is cleady seen that lamellar microdomains were aligned along

the applied electric field direction throughout the entire film. Figure 4.3b shows

AFM height and phase images of the film surface. Both, PS (dark) and PMMA

(bright) lamellae are visible on the surface, in agreement with a complete

alignment. Figure 4.3c shows a cross-sectional TEM image of a ~1 ^m film with

the same treatment. Again, lamellar microdomains were aligned along the field

direction completely. Thus, in the presence of lithium ions (210 ppm), the

electric field can overcome the interfacial interactions to achieve complete

alignment.
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Figure 4J (a) Cross-sectional TEM and (b) height and phase AFM images
of a ~300nm PS-^-PMMA film after amiealed at 170°C under an ~40V/um

pa2I'rT J^^l
Cross-sectional TEM image of a ~1 ^m PS-b-PMMA film with the same treatment. The copolymer contains 210 ppm

lithium residual impurity.

a
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The effect of electnc field induced transition of lamellar microdomains in

diblock copolymer thm films (~10Lo) from a parallel to peipendicular orientation

was studied. Figure 4.4 shows cross-sectional TEM images of a -300 nm film

annealed at 170°C under a ~40V/|.im DC electric field for 6, 9, 12 hrs,

respectively. The films were used after spin coating and were in a poorly ordered

state. After 6hrs, the lamellar microdomains are oriented parallel to the substrate

interfaces throughout the film, as seen in Figure 4.4a. This is due the dominance

of the surface field in orienting the microdomains parallel to the surface initially.

For copolymers without lithium ions, further annealing under an electric field did

not change the microdomain orientation.'' However, with lithium ions present

after an additional 3 hrs of annealing (total 9 hrs annealing under electric field),

the applied electric field enhanced fluctuations at the microdomain interfaces

with a wavelength comparable to U, the equilibrium period of the copolymer,

and the lamellar microdomains began to break up into microdomains U in size

as shown in Figure 4.45.12,15,16,22-24
j^^^ mainly occurred in the center of the film,

away from solid interfaces, where fluctuations are strongly suppressed by the

surface field. With time, the electric field was able to enhance fluctuations on the

lamellae adjacent to the substrate and broke them into small microdomains as

shown in Figure 4.4c. With further annealing, these lamellar fragments

reconnected and formed lamellar microdomains aligned along the applied field

direction, similar to that shown in Figure3a. For the study shown above (Figure

4.4), the diblock copolymer thin films were in a poorly ordered state initially.
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The same results were obtained by starting from a well-ordered state with

lamellae parallel to the substrate throughout the film.

Figure 4 4 Cross-sectional TEM image of a -300 nm PS-/>PMMA film after
annealed at 170 C under a -40V/^m DC electric field for (a) 6 hrs, (b) 9 hrs
and (c) 12 hrs. The copolymer contains 210 ppm lithium residual impurity.

a

From the set of images in Figure 4, the parallel to perpendicular transition

process is not a global coordination, but rather a local movement of polymer

chains. For those microdomains in the center of the film, away from solid

interfaces, it is easier for the electric field to enhance fluctuations. Thus, the

reorientation is a faster process and only a minimum field strength is needed.

However, for those adjacent to the interfaces, the fluctuations are suppressed and
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s a
consequently, the reonentation requires a much stronger driving force and i

much slower process. Having lithium ions changes the driving force from

dielectric constant contrast to much stronger driving forces, dipole-field

interactions. Thus, the applied electric field is able to enhance fluctuations at the

interfaces of the microdomains with a wavelength comparable to U and induce

the transition from a parallel to a peipendicular orientation.

Two cases for the effect of lithium ions on the lamellar microdomain

orientation under an electric field were presented. With very little to no lithium

ions, the applied electric field (~40V/|im) is not sufficient to reorient lamellar

microdomains adjacent to the copolymer/substrate interi'ace and only mixed

orientation could be observed. With 210 ppm of lithium impurities, the electric

field was able to reorient the parallel lamellar microdomains to achieve complete

alignment. However, the limit in the concentration of lithium ions to achieve

complete alignment was not determined. The interactions between ionic

impurities and polymer chains need a more careful characterization. Our

preliminary experimental results show that by adding LiCl salt back to the

diblock copolymer after lithium ion extraction, the effect shown here could not

be achieved.

The mechanism presented here should be applicable to other copolymer

systems and opens a new route for controlling microdomain orientation in thin

films by applying an electric field. Especially, for those copolymer systems

where two blocks have little or no dielectric constant difference, electric field

alignment may not occur based on a dielectric mechanism. The presence of
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charged impurities in one block may be an effective and simple method to

introduce electric field alignment.

Conclusions

The effect of ionic impunties on the electric field alignment of lamellar

microdomains of polystyrene-/?/oc/:-poly(methyl methacrylate) (PS-/?-PMMA)

films was studied using TEM and AFM. At lithium ion concentration less than 1

ppm, a mixture of lamellar microdomain orientations was found if the

preferential interfacial interactions exist between one block with the substrate. At

the copolymer/substrate interface, lamellar microdomains were oriented parallel

to the surface and the electric field showed no effect. At lithium ion

concentrations greater than -210 ppm, the microdomain morphology in block

copolymers could be aligned in the direction of an applied electric field

regardless of the strength of interfacial interactions. Complete alignment of the

copolymer microdomains, even those adjacent to the polymer/substrate interface,

occurred by a pathway where the applied electric field enhanced fluctuations at

the interfaces of the microdomains with a wavelength comparable to Lq, the

equilibrium period of the copolymer. The enhancement in the fluctuations led to

a disruption of the microdomains into smaller microdomains ~Lo in size that,

with time, reconnected to forming microdomains oriented in the direction of the

applied field.
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CHAPTER 5

ELECTRIC FIELD ALIGNMENT OF ASYMMETRIC DIBLOCK
COPOLYMER THIN FILMS

Introduction

Block copolymer thin films have significant potential for use as templates

and scaffolds for the fabrication of arrays of nanometer-scale structures.'-^ The

microdomains are typically oriented parallel to the surface due to the preferential

wetting of one block with the surface.^'^ Electric fields are an effective means to

align microdomains, as shown experimentally and theoretically.^'^"'^ For

example, cylindrical microdomains in thin films of diblock copolymer

polystyrene-Z;-poly(methyl methacrylate) can be oriented normal to the substrate

using an electric field.^ '^ Nanoporous films can be made subsequently by the

selective removal of cylindrical component.'^ The pore size can be easily tuned

by varying molecular weight of the copolymer.'^

Electric field alignment of lamellar and cylindrical microdomains in

diblock copolymers has been studied in both the bulk and in thin films.^'^"'^''^"^'^

Amundson suggested that, starting from a disordered state, the final oriented

morphology was obtained by a simultaneous orientation and ordering of the

lamellar microdomains, whereas, starting from randomly oriented lamellar

microdomains, alignment would occur by movement of "grain boundaries" such

that regions of favorable orientation grow at the expense of others7'*^ Krausch et

al. and Zvelindovsky et al. found that with ordered lamellar microdomains in

concentrated copolymer solutions, whether the orientation occurs through grain

boundary migration or grain rotation is determined by the magnitude of the
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interactions between two blocks."' " Thum-Albrecht et al. followed the

alignment process of cylindncal microdomains using in-situ small-angle x-ray

scattering and found that the pathway depended upon the initial state.^" From the

disordered melt, the applied field biased concentration fluctuations that serve to

template the formation of an oriented microphase-separated morphology. They

assumed that the orientation of the copolymer obtained after spin-coating would

occur by a similar route. For a copolymer having ordered microdomains normal

to the field direction, the applied field leads to an instability that enables the large

grains in the initial copolymer to be broken up into smaller sections. However,

the wavelength of this instability was not determined."* '*^

Recently, our

transmission electron microscopy study on electric field alignment of lamellar

microdomain in thin films showed that the applied electric field enhanced

fluctuations at the interfaces of the microdomains with a wavelength comparable

to Lo, the equilibrium period of the copolymer. The enhancement in the

fluctuations led to a disruption of the microdomains into microdomains ~L„ in

size that, with time, reconnected to form microdomains oriented in the direction

of the applied field.^"*

Most of these studies were performed with films that were at least -20-

50)im thick using scattering techniques.^'"^''°'''''^° For many applications,

copolymer thin films having cylindrical microdomains with thickness less than

Ijim are desirable. Interfacial interactions become increasingly more important

with decreasing thickness and grain rotation is precluded due to the film

thickness. Combining electron microscopy with scattering techniques,
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information in both reciprocal space and real space could be attained to address

the alignment process thoroughly. In particular, the length scale of the

fluctuations, the effect of interfacial interactions and the formation of defects

could be studied. Fully understanding the alignment process of these thin films

with different initial states is key for success in generating nanoporous films with

a desired orientation.

In the present study, electric field alignment of cylindrical microdomains

in diblock copolymer thin films (-500 nm) of polystyrene-block-poly(methyl

mcthacrylate) was studied using small angle neutron scattering (SANS) and

transmission electron microscopy (TEM). Starting from a poorly ordered state (as

cast), in the early stage, interfacial interactions induced a parallel orientation of

the microdomains in the vicinity of the copolymer/substrate interfaces and the

applied electric field biased the orientation of the cylindrical microdomain in the

center of the film. With further annealing, the cylinders are locally disrupted to

form, most likely, ellipsoidal microdomains that, with time, connect into

cylindrical microdomains in the field direction. Starting from an ordered state

with cylinders parallel to the surface, electric field enhanced fluctuations at the

interfaces of the microdomains with a wavelength comparable to Lq, the center to

center distance of the cylindrical microdomains. The enhancement in the

fluctuations led to a disruption of cylindrical microdomains and formation of

spherical microdomains. This electric field induced sphere to cylinder transition

is similar to the thermorcversible cylinder to sphere order-order transition. With

time, the spheres deformed into ellipsoids and reconnected to form cylindrical
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microdomains oriented at ~45« with respect to the apphcd field. Further

annealing aligned the cylinders along the applied field direction. This

reorientation process is much slower than that from poorly ordered state.

Experimental

Materials

Asymmetric diblock copolymers of polystyrene and poly(methyl

methacrylate), PS-Z.-PMMA, with a number-average molecular weight of

1.2x10^ g/mol (120K) and a PS volume fraction of 0.72 with a polydispersity of

1.05 were synthesized anionically. SANS studies were performed with PS-b-

PMMA where the polystyrene block was deuterated, denoted as dPS-Z?-PMMA.

The molecular weight of dPS-/>PMMA was 4.7x10"^ g/mol (47K) with a

polydispersity of 1.04 and a dPS volume fraction of 0.7. The center to center

distance, D = 4;r/V3cy,o, between cylindrical microdomains of dPS-/;-PMMA

(47K) is -32 nm, coiTesponding to a scattering vector (5f;o=0. 22 nm'. Here

= 47r/ Asm0, where X is the neutron wavelength and 20 is the scattering

angle. Films (-500 nm-700 nm) were prepared by spin coating a toluene solution

of the copolymer onto a silicon substrate. The silicon substrate was modified

with a random copolymer of styrene and methyl methacylate having a 0.7

volume fraction of styrene. The modified substrate has a lower interfacial

interaction with PS than that of PMMA (ypMMA/sub-yps/sub== 0.45 dyne/cm).

The copolymer thin films were annealed at ITC^C for 72 hrs under vacuum.
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Sample Preparation

For the electnc field expenments, an aluminized Kapton film was used as

the upper electrode, where a thin (20-25^m) layer of crosslinked

polydimethylsiloxane (PDMS) (Sylgard'^' ) was used as a buffer layer between

the Kapton electrode and the copolymer thin film. Preparation of the crosslinked

PDMS layer has been described previously.^^Thin films of dPS-Z)-PMMA (47K)

were annealed at IVO'^C under ~40V/^im for a predetermined time and quenched

to room temperature while the electric field was on. A small portion of the

sample was removed for TEM studies. After the SANS measurements, the

sample was put back to an oven preheated to 170°C under the applied electric

field. Transmission SANS experiments were performed on beam-line NG-3, a 30

meter SANS instrument at the National Institute of Standard and Technology

(NIST), using neutrons with a wavelength X=0.6 nm and ^'klX=\5%. The

exposure time for each frame was 15 minutes. For TEM, a thin layer of carbon

(10-20 nm) was coated onto the surface before the film was embedded in epoxy

and cured at 60'^C for 12 hrs. The film was removed from the substrate by

dipping into liquid N2, microtomed at room temperature using a diamond knife

and transferred to a copper grid. The cutting angle was 90±2° with respect to the

substrate (parallel to the electric field direction) as confirmed by optical

microscopy. The thin sections were exposed to ruthenium tetraoxide vapor for

15-20 min to enhance the contrast. Electron microscopy experiments were

performed on a JEOL 200KV TEM with an accelerating voltage of 200KV.

Results and Discussion

Shown in Figure 5.1a is a schematic diagram of hexagonally packed

cylinders oriented parallel to the surface in real and reciprocal space,
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respectively The rings result from many grains of cylindrical microdomams

oriented randomly in the plane of the film.

Figure 5.1 Schematic diagram of hexagonally packed cylmders (a) paralleland (b) peipend.cular to the surface in the real and reciprocal space (c) Thegeometry of SANS measurement.

a

m

a = 45°

Incident neutron

beam

Y

By varying the incidence angle (a) of the neutron beam, defined with

respect to the substrate normal as a = 0, different points on the two diffraction
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nngs are observed. If the cyHnders are onented normal to the surface as shown in

Figure 5.1b, the charactenstic reflections appear in the K., Ky plane. Since there

are different grams of the hexagonally-packed cylinders in the plane of the film,

a ring of scattering is seen for a = 0°. For any other incidence angle, two arcs (or

spots) on the axis of rotation (here the vertical axis) are seen. For an isotropic

sample, the scattering pattern consists of a homogeneous nng independent of the

incidence angle. All the measurements shown here were taken at a = 45° using

the geometry shown in Figure 5.1c. With this setup, a four-point scattering

pattern with reflections at 45°, 135°, 225° and 315° indicates oriented cylinders

parallel to the surface, and a two-spot pattern in the vertical direction indicates

cylinders normal to the surface.

The alignment process was studied using a -500 nm as-cast dPS-Z^-

PMMA (47K) film that was annealed at 170°C under ~40V/|Lim electric field for

different times. The film was dried to remove residual solvent with the initial

state being kinetically trapped and pooriy ordered. Figure 5.2a-c shows the 2-D

SANS patterns of the film annealed at 170°C under ~40V/jLim electric field for 3,

7, 14 hrs, respectively. The modified substrate has a lower interfacial interaction

with PS than that of PMMA. The SANS pattern shown in Figure 5.2a is after the

sample was annealed under electric field for 3 hrs. Overall, a ring pattern was

seen indicating that the cylindrical microdomains were randomly oriented. The

integrated peak intensity as a function of azimuthal angle in Figure 5.3 shows

higher scattering intensities at -45°, 90°, 135°, 225°, 270°, and 315° The

scattering pattern was a superposition of a ring, a two-spot pattern indicating
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microdomains normal to the surface, and a four-spot pattern indicating

cylindrical microdomains parallel to the surface. The two-spot pattern originated

from the fact the biasing of the concentration fluctuations by the applied field in

the center of the film as shown by Thurn-Albrecht et al?' The copolymer

the interface were strongly biased by the interface and thus, microph;

separated with a parallel orientation initially, which contributed to the four-spot

pattern in SANS.'' Thus, similar to that of symmetric diblock copolymer thin

films, the alignment process is a competition between two fields: a surface field

and an electric field where the surface field showed a dominant effect at the early

stages of the alignment process in thin films.^^'^'^ In the absence of an electric

field, a parallel microdomain orientation was found. Here, with the applied field,

cylindrical microdomains were slowly aligned along the field direction as shown

in Figure 5.2b, c. The intensity visible in Figure 5.2b is lower than the intensity

in Figure 5.2a. This is because only some of the grains of the microdomains

contributed to the scattering intensity at a fixed incidence angle. However, the

degree of orientation in Figure 5.2c is much lower than that usually obtained and

may be due to the sample preparation.-^''-' Figure 5.2a-c were obtained from one

sample by annealing the sample for a predetermined time. After SANS

measurements, the sample was put back into an oven preheated to 170"C with an

applied electric field. Due to the difference in thermal expansion coefficients

between crosslinked PDMS and Kapton film, there were always air bubbles

between the top electrodes and film surface in the first 5-10 minutes. The

presence of air bubbles effectively reduced the electric field strength
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dramatically. With no or low electric field, the surface field oriented the

cylindrical microdomains parallel to the surface. Orienting these microdomains

in the applied field direction was a much slower process, as discussed below,

reducing the degree of orientation. Figure 5.2d shows a 2-D SANS pattern of

another ~500 nm film after annealing at 1 70"C under a ~40V/^m electric field for

16 hrs. A high degree of orientation is cleariy seen.

Figure 5.2. 2-D SANS patterns of a -500 nm dPS-/)-PMMA (47K) film
annealed at 170°C under a ~40V/^m electric field for (a) 3, (b) 7 (c) 14 hrs
(d) The mtegrated peak intensity as a function of azimuthal angle of SANS
patterns m a, b and c. (e) 2-D SANS pattern of another dPS-/)-PMMA (47K)
film annealed at 170"C under a ~40V/^m electric field for 16 hrs.
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Shown in Figure 5.3b-d are a set of cross-sectional TEM images of -700

nm PS-/>PMMA (120K) films after annealing at 185±5°C under ~40V/^m

electric field for 9, 12, 16 hrs, respectively. The samples were identical except for

the annealing time under the applied electric field. Cross-sections were

microtomed at 90±2'^ with respect to the substrate as shown in Figure 5.4a. After

annealing under an electric field for 9 hrs, cylindncal microdomains were seen

with mainly random orientations. Particularly, cylindrical microdomains adjacent

to copolymer/substrate interfaces were not parallel even with the lower

interfacial interactions between PS blocks with the modified substrate. This is

clearly different from symmetric diblock copolymer thin films where under the

same treatment, the lamellae were oriented parallel to the surface first and only

mixed orientations could be achieved if the interfacial interactions were not

balanced. This can be ascribed to the free energy barrier related to a surface

induced cylinder to lamellar transition and the stretching and compression of

polymer chains to pack the cylinders onto a flat surface.^^'^'' After annealing

under electric field for 12 hrs, ellipsoidal-shaped objects were seen with long axis

oriented along the field direction throughout of the image shown in Figure 5.4c.

TEM images reflect the projection of microdomains with different orientations

and there are always different possibilities to give the same image. The TEM

image shown here can be explained with either a fraction of cylinders normal to

the surface tilted out of the imaging plane or ellipsoidal-shaped microdomains.

Projections of the tilted cylinders will give ellipsoids of different lengths for

different angles.
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Schematic diagram ofTEM sample preparation Cross-
secttonal TEM .mages of -700 nm PS-6-PMMA (120K) filths afteramreahng at 1 85 ± 5°C under a ~40V/,m electric field for (b) 9 (c 12 (d)16 hrs. Scale bar: lOOnm. ^ ' '



At one cutting angle, a TEM image may show ellipsoids with different

aspect ratios due to different grain orientations. Here, images similar to Figure

5.4c were seen across hundreds of micrometers with a uniform aspect ratio of the

ellipsoids. These TEM images most likely show the ellipsoidal shape

microdomains. Further annealing (16hrs) leads to cylinders aligned along the

field direction throughout the film as shown in Figure 5.3c.

Starting from a poorly ordered state, copolymers form cylindrical

microdomains with the onentations biased initially by the surface field and

electric field. With time, the electric field breaks the cylindrical microdomains

into ellipsoids with a size comparable to the equilibrium period that connect to

form cylinders along the electric field direction. The cylindrical microdomains do

not align parallel to the surface in the early stage due to the free energy

associated with packing curved objects onto a flat substrate. Consequently,

complete alignment of cylindrical microdomains along the field direction could

be achieved even when the interfacial interactions are not balanced. The electric

field alignment process in thin films occurs by the local arrangement of the

cylindrical microdomains and is much slower compared with those in thick or

bulk samples.

Figure 5.4a shows the SANS pattern of a -500 nm dPS-Z^-PMMA (47K)

film annealed at 170°Cfor 72 hrs. Previous studies showed that the propagation

of the lamellar parallel orientation depends on the strength of the surface field.

For a finite surface field, there is a certain distance beyond which the parallel
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orientation gets lost and the microdoma.n onentation randomizes. This is the

case for cylindrical microdoniains too."

^'Z' ^Hp'^K^^^ P'"^" ("> "°^s-sectional TEM image of a~500mn dPS-i-PMMA (47K) nim amtealed at 1 70°C under vacuum for 72
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In Figure 5.4a, the four-spot scattering pattern indicates that the

cyhndrical microdomains were mainly oriented parallel to the surface. The

parallel orientation was not perfect and there were also cylindrical microdomains

with random orientations giving rise to the ring pattern. This was confirmed by

the cross-sectional TEM image shown in Figure 5.4b. The cylindrical

microdomains were parallel to the surface at the copolymer/substrate interface

and were randomly oriented in the center of the film. Projections of cylinders
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with different orientations were seen ,n one image and the in-plane grain size of

the parallel cylinders was small.

Figure 5.5a is the SANS pattern after annealing the films in Figure 5.4a

under an electric field (~40V/Mm) for 3 hrs. The four-spot scattering pattei-n can

still be seen. However, the shape of the spots has changed dramatically. The

streaking of the spots can be explained by deformation of the cylindrical

microdomains in the direction of the applied electric field, i.e. the cylindncal

microdomains are deformed by the applied electric field. The integrated peak

intensity as a function of azimuthal angle is plotted in Figure 5.5e. The plots

were shifted for clarity. After annealing for 7 hrs under an applied electric field,

the scattering intensity increased for the reflections at -38" and -217" with full

width at half maximum (FWHM) of 33" as shown in Figure 5.5b. The reflection

position shifted to -45" and 222" (FWHM of -20") and intensified with further

annealing as shown in Figure 5.5c, d. Detailed information on the peak intensity

and position can be seen in Figure 5.5e. After annealing under electric field for

up to 29 hrs, the cylindrical microdomains have not been reoriented normal to the

surface. Instead, the SANS pattern indicates that the cylindrical microdomains

were mainly oriented at -45" with respect to the electric field direction.

Compared with the as cast films, the reorientation was a much slower process.

However, the details on the alignment were not immediately evident from the

SANS results.
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Figure 5.5. 2-D SANS patterns of a pre-annealed dPS-/)-PMMA (47K) film
armealed under a -4QV/(xm electric field for (a) 3, (b) 7, (c) 14, (d) 29 hrs
(d) I he integrated peak intensity as a function of azimuthal angle of SANS
patterns in a, b, c and d. The plots were shifted 40 units with each other for
clanty.
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A detailed study on the reorientation of cylindrical microdomains parallel

to the surface was performed using TEM. Figure 5.6a shows a cross-sectional

TEM image after annealing the film under a ~40V/nm electnc field for 7 hrs (the

same sample as that in Figure 5.5b). Compared to Figure 5.4b, the projections of

parallel cylinders were no longer seen within the field of view and only spherical

objects were seen. Considering the small grain size in Figure 5.4b, it is unlikely

that the spherical objects were edge-on cylindrical microdomains. Instead, the

electric field may enhance fluctuations at the interfaces of the cylindrical

microdomains with a wavelength D, the center to center distance between

cylindrical microdomains, and break the cylinders into spheres. The process of

electric field induced cylinder-to-sphere transition is very similar to the

thermoreversible order-order transition (OOT) that has been studied

thoroughly.- " There are striking similarities between Figure 5.6a with those

TEM images of OOT shown by Lodge and Hashimoto. "^'^^ The (100) plane of

hexagonally packed cylinders becomes the (110) plane of body centered cubic

(BCC) packed spheres and the long axis of the cylinder is the <1 1 1> direction of

BCC spheres that is parallel to the surface in diblock copolymer thin films.

Figure 5.6a shows the projections of the distorted hexagonal array of the

spherical microdomains.

The intermediate state of spherical microdomains under an applied

electric field was not stable and the spheres connected to form cylinders oriented

along the electric field direction to lower the free energy as shown before.'*'
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f.W fwThVooV c'^r ^ ~40V/nm electric field for
(a) 7, (c) 7, (d) 29 hrs. Scale bar: lOOnm.

a
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Figure 5.6b shows how spheres were connecled. On the right side ol the

image, spheres with distorted hexagonal packing were clearly seen, hi the center

of the film, the spheres were deformed into ellipsoids and connected to each

other at an angle of -45" with respect to the applied field direction instead of

along the field direction. This may explain the SANS observations in Figure 5.5

that the reflections at 45" and 222" intensified with further annealing under

electric field. The copolymer morphologies having cylinders tilted at a 45" with

respect to the field direction were not energetically favorable and cylinders will

be reoriented along the field direction with further annealing under the applied

electric field. Figure 5.6c captured a region that was undergoing this step after

annealing under the electric field for 29 hrs. In the center of the film, the tilted

cylinders were undergoing a transition from being tilted at 45" to the surface to

being oriented normal to the surface. A superposition texture of cylinder at 45"

and normal to the surface was seen. With further annealing, the cylindrical

microdomains will be aligned along the field direction. However, this

reorientation process is much slower and takes tens of hours. Adjacent to the

copolymcr/substrate interface, spherical microdomains that had not yet connected

to form cylinders were still seen. The presence of the surface field suppresses the

fluctuations and slowed the reorientation process.

Regarding the question of why the cylinders were tilted at 45" with

respect to the field direction, instead of along the field direction, there are two

possible reasons. First, the spheres need to be deformed into ellipsoids to connect

with other spheres. The further apart the neighboring spheres are, the more the
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spheres need to be deformed. The distance to reach another sphere along the field

direction is V2 D. The closest spheres (V3/2D) are at -45° with respect to the

field direction. Deforming spheres further means more interfaces between two

blocks and stretching or compressing polymer chains and, consequently, a higher

energetic barrier. Though deforming spheres along the electric field direction is

thermodynamically favored, it is much easier kinetically for spheres to connect

with closest neighbors. Another possibility is the trace amount of ionic impurities

such as lithium ions in the diblock copolymers from anionic copolymerization.^^

If there are dissociated lithium ions, they may locate mainly in PMMA

microdomains.^^''^^ When cylinders were broken into spheres, under electric field,

there will be positive charges at one end and negative charges at the other end of

the spherical microdomains, forming an effective dipole. Laterally, there will be

attractive forces between two oppositely charged ends of the ellipsods. This

generates dipole-dipole interactions and thus another field parallel to the surface.

Combined with the electric field normal to the surface, the overall field direction

will be at an angle with respect to the electric field direction. Thus, the spheres

are connected to form tilted cylinders. The experimental observations shown here

are very possibly because of the combination of both.

Conclusions

Electric field alignment of cylindrical microdomains in diblock

copolymer thin films (-500 nm) was studied using SANS and TEM. The

alignment processes were followed with different initial states. Starting from a
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poorly ordered state, the cylindrical microdomain onentations were biased by the

surface field and the electric field and, m the early stage, the surface field

dominated. With further annealing, the cylinders were locally disrupted to form

ellipsoidal-shaped microdomains that, with time, connected into cylindrical

microdomains m the field direction. Starting from an ordered state with cylinders

parallel to the surface, the applied electric field enhanced fiuctuations at the

interfaces of the microdomains with a wavelength comparable to D, the center to

center distance of the cylindrical microdmains. The enhancement of the

fluctuafions broke cylindrical microdomains into spherical microdomains. This

electric field induced sphere to cylinder transition was similar to

thermoreversible cylinder to sphere order-order transition. With time, the spheres

deformed into ellipsoids and reconnected forming cylindrical microdomains

oriented at -45" with respect to the applied field direction. Further annealing

aligned the tilted cylinders along the applied field direction. This reorientation

process was much slower than that from poorly ordered state.
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CHAPTER 6

ELECTRIC FIELD INDUCED SPHERE TO CYLINDER TRANSITIONIN DIBLOCK COPOLYMER THIN Ell MS

Introduction

Diblock copolymers are composed of chemically dirfcrcnt polymers

covalently coupled at one end that microphase separate into morphologies

ranging from spheres to cylinders to lamellae (and other morphologies)

depending on the volume fraction of the each block. '

"^ The Flory-Huggins

interaction parameter,;., which characterizes the interactions between segments

in each block, is inversely proportional to the temperature. By increasing

temperature, /A/ decreases and transitions between different morphologies, called

order-to-order transitions (OOT), are possible. Themoreversible order-order

transitions in the weak segregation limit were theoretically predicted years ago.^

Experimentally, different transitions, such as cylinder to gyroid and sphere to

cylinder have been reported in bulk copolymer systems.^"'^ For example, Sakurai

et al. reported the thermoreversible OOT between spheres in a body-centered

cubic lattice to hexagonal cylinders for a polyslyrene-/)-polyisoprene diblock

copolymer. The cylinders were transformed into a series of spheres, where the

axes of the cylinders defined the direction of the bcc-spheres upon heating. The

spheres deformed and interconnected to cylinders upon cooling.

Electric fields have been shown as an effective method of controlling

copolymer microdomains orientations.'^"''' Experimental results and theoretical

calculations show that the electric field enhances Huctuations along the interface

between two blocks due to the difference in dielectric constants of the
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microdomains and aligns the microdomams m the direction of the apphed field to

lower the fi-ee energy Numerous studies have descnbed the mechanism by

which the electric field reorients the anisotropic microdomains.^ '"^^
However, it

should also be possible to induce an order-to-order transition, such as the sphere

to cylinder transition, with an applied field.

Landau showed that a spherical dielectric can be deformed into ellipsoids

under the influence of an applied electric field.^^ Recently, Tsori et al suggested

that the presence of dissociated ions in block copolymers, as opposed to simply

differences in the dielectric constants, can be used to induce morphological

changes under an electric fields and lead to phase transitions.'' hi both cases,

under sufficiently high electric fields, it should be possible to deform spherical

microdomains into ellipsoids and, for the block copolymer thin films with

multiple layers of spheres, the ellipsoids can be sufficiently stretched such that

they interconnect to form cylinders that penetrate through the film. Taking the

volume conservation into account, the diameters of the cylinders will be smaller

than those of the spherical microdomains. Such a transition may offer a simple

route to generate cylinders with high aspect ratios fi-om symmetric spherical

microdomains. As shown by Kramer and Register et al, it is possible to generate

thin films with exceptional long-range order using block copolymers with

spherical microdomains. Thus, by using a sphere to cylinder transition, a simple

route in achieving highly ordered arrays of nanoscopic cylindrical domains

having large aspect ratio may be possible.'^''^^
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Experimental

Materials

Diblock copolymers polystyrene-Z,-poly(methyl methacrylate), denoted a

PS-Z>-PMMA, was prepared by anionic synthesis having a molecular weight of

151,000 g/mol, a polydispersity of 1 .06, and a PS volume fraction of 0.9, as

measured by H' NMR. In the bulk, the diblock copolymer microphase separates

into spherical microdomains ofPMMA in a PS matrix. The copolymers were

precipitated in methanol and the elemental concentration of residual lith

impurities from the initiator was less than 1 ppm (Measured by Quantitative

Technologies, Inc) with 1 ppm resolution.^°

Sample Preparation

Smooth -400 nm thick films ofPS-^-PMMA were prepared by spin

coating 6% (w/v) solutions of the copolymer in toluene onto the modified Si

substrate. The silicon wafer was modified by anchoring a hydroxyl-terminated

random copolymer of styrene and methyl methacrylate with a styrene fraction of

0.58 as described previously. Interactions between the PS and PMMA blocks

with this modified surface are balanced.^' An aluminized Kapton film comprised

the top electrode. A thin layer (20-25|im) of crosslinked PDMS (Sylgard™) was

used as a buffer layer between the Kapton electrode and the copolymer thin film

to ensure physical contact between the electrode and copolymer films. The

copolymer films were heated to 1 70"C under N2 with an applied electric field of

~40V/^m for 20hrs, and then quenched to room temperature before removing the

electric field. For transmission electron microscopy, the samples were embedded
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in epoxy, peeled off the substrate by dippmg into Hquid N. microtomed with a

diamond knife at room temperature onto a water surface and retneved with a

copper grid. The thin sections were exposed to ruthenium tetraoxide for 15 min

to enhance the contrast. Electron microscopy expenments were performed on a

JEOL 200KV TEM at an accelerating voltage of 200KV. Tapping mode AFM
was performed with a Dimension 3100, Nanoscope III from Digital Instruments

Corp. Grazing incidence small angle x-ray scattering (GISAXS) was performed

at the National Synchrotron Light Source, (NSLS, Brookhaven National

Laboratory), using x-rays with a wavelength of 1.567A. The exposure times were

30 seconds per sample.

Results and Discussion

To confirm the copolymer thin films formed spherical microdomains, a

~50nm film was spin coated onto a silicon wafer having a native silicon oxide

layer and annealed at 170°C under vacuum for 48hrs. The film was then exposed

to UV and rinsed with acedc acid to selectively remove the PMMA block.

Figure 6.1a shows the in-plane view AFM phase image. Spherical domains with

liquid-like packing can be seen due to the comparable surface tension of PS and

PMMA and film thickness constraint.^^ The diameter of the PMMA

microdomains is ~22nm with a center to center distance -41 nm. The surface of

films thicker than several equilibrium periods was covered by the PS blocks, the

lower surface energy component, and showed no structure.
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Figure 6.
1

(a) AFM phase image of a ~50nm PS-/,-PMMA film annealed 48hrs

m g sizelx.rCb/r"
"^""^ '° ^"^ ac:ra d

^'''^

image size. IXljim
. (b) Cross-sectional TEM image and (c) Grazins—Zsantov'T""""^ """^ °f

^ ™ ";m'ma fi,mannealed 48hrs at 1 70 C under vacuum. Scale bar: 1 00 nm.

Figure 6.1b is the cross-sectional TEM image of a -400 nm film annealed

at 170"C under vacuum for 48hrs. Layers of spherical microdomains induced by
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the substrate (or air)/copolymer .n.erfaces are clearly seen.» « From ,he side-

vew, the packing of the spherical microdma.ns is not well-def.ned. Shown in

Figure 6. ic ,s the grazing incdence small angle x-ray scattenng pat.em of the

film. The halo in the data confirms the random packing of the spherical

microdomains. The scattering mtenstty is low due to the small electron density

difference between PS and PMMA. In addition, the volume fraction of the

spherical domains is only 0.1.

Figure 6.2a shows the grazing incident small angle X-ray scattering

pattern taken at an incidence angle of -0.2 degree of a -400 nm film after

annealing under ~40V/um electric field for -20hrs. The point-type scattenng

signal in along q, direction is a resolution limited reciprocal space signature of

the infinitely long line-type form factor. No maximum in the scattenng is seen

along q, direction. Thus, interferences normal to the surface, and, hence, the

layered structure of the sphencal domains seen initially, have vanished.

However, along qy (in the plane of the film) multiple reflections are evident. This

suggests that microdomains are aligned nonnal to the substrate and are no longer

spherical. A q, scan at ^,=0.022 A is shown in Figure 6.2b. After annealing under

an electric field, a first order peak is seen at q=O.0154 A and higher order

reflections with peak positions relative to the first order are seen at

1
:
Vs : V4 : V? : ^9 : Vl2 . This indicates that the microdomains oriented nornial

to the surface are laterally packed into a hexagonally array.
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(orlZsMT^ "V™ ^ under ~40V/,m electric fieldtor 24hrs b) The q,. scan at q,M).022 A of the left side of the GISAXSpattern of the films annealed with and without electric field

a
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A qy scan from the left side of the GISAXS image m Figurelc was also

plotted for comparison. For the film annealed without electnc field, only the first

order peak at q==0.0174 A with a diffuse shoulder is seen suggesting a

morphology consistent with lattice-disordered spheres (LDS).'"'^^ Thus by

applying an electric field normal to the surface, the spherical microdomains were

transformed into cylindrical microdomain oriented normal to the surface.

However, with GISAXS, it is not possible to discern whether the alignment of

the microdomains extends completely to the interfaces.

Figure 6.3a shows the AFM phase image of a copolymer film after

annealing under electric field at 170°C under N2 for ~20hrs. The Fast Fourier

Transform (FFT) of part of the image is shown in the inset. Hexagonally packed

PMMA domains in PS matrix are seen. After deep UV exposure and rinsing with

acefic acid, the AFM image in Figure 6.3b was obtained showing a nanoporous

film with pores ~14nm in diameter. Figure 6.3c shows the cross-section TEM

image of the film. The brighter PMMA cylinders oriented normal to the substrate

are seen to penetrate through the entire film. The roughness on the suri'ace is due

to the fracture separation of the film from the neutral surface by dipping into

liquid N2.
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n^P ^i^^^^r '""^^ -^^""^ PS-6-PMMA f,lm annealed at170 C under ~40V/Hm electrie Held for 24hrs. (a) before and (b) after UV

™"onhe mm'
™'"'

'° ^"^^ —-"onal

250 nm 250 nm

The process by which the sphere-to-cylinder transition occurs can be

elucidated by the cross-sectional TEM image in Figure 4. This copolymer film

has been annealed under electric field for lOhrs, shorter than the time necessary

to produce the cylindrical microdomains shown in Figure2. A mixed morphology

of un-deformed spheres (A, B), deformed spheres (C, D) and interconnected

spheres or ellipsoids (E) are seen in one image. Based on these different

observations, the transition process can be deduced. In the early stage of the

alignment, the diblock copolymer forms spherical microdomain even in the
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presence of electnc field. In A, B, the sphencal m.rodom.ns have not yet been

deWd. After annealing under an electnc field for a longer t,n.e, the spherical

microdon^ains m region A are deformed into ellipsoids (C, D) w.th their long

ax. onented m the d.rect.on of the applied electnc field. The ellipsoids, in tun.,

due most Hkely to mduced polanzation charges interconnect (E). These

interconnections are not onented m the field direction but, rather, are dictated by

the proximity of poles of the ellipsoids of different sign. Eventually, they

interconnect to cylindncal domams that become onented along the field Imes.

Figure 6.4 Cross-sectional TEM image of a ~400nm PS-Z.-PMMA film
annealed at 170°C under ~40V/nm electnc field for -lOhrs Different
moiphologies are discemable. Region A, B: undefomied sphencal
microdomains. Region C, D; defomied spherical microdomains. Region £•
deformed sphencal microdomain connected into cylinders.

E

The electric field induced transition from spherical microdomains to

cylinders was theoretically predicted to be -70 V/^im for the PS/PMMA system

based on dielectric constants difference (8ps=2.5, £pmma=6)^''. It was argued, that

presence of the dislocated Li ions in the block copolymer may require

considerably lower electric fields form this transition. Here, we present that

transition occurred at an electric field of ~40V/|im, lower than the calculated
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cntical field strength. This may very possible be due to presence of trace lithium

ion from anionic copolymerization. The measured elemental concentration of

lithium impunty is less than 1 ppm. 1 ppm is the best resolution we can achieve

and is much higher than the concentration necessary to reduce the cntical electric

field. Further experiments are carrying on quantifying the effect of lithium ion on

the electric field alignment of diblock copolymer thin films.

Conclusions

Thus, an electric field induced sphere to cylinder transition in FS-b-

PMMA diblock copolymer thin films has been observed. In the absence of an

applied electric field, thin films of the asymmetric diblock copolymer were found

to consist of layers of spherical microdomains with poor in-plane long-range

ordering. Under a ~40V/|am applied electric field, hexagonally-packed

cylindrical microdomains oriented normal to the surface were found. After

selecfively remove the minor component, AFM images reveal cylindrical

micrdomains with diameters smaller than the original spherical microdomains.

Cross-sectional transmission electron microscopy images of intermediate stages

of the alignment indicate that under electric field, the asymmetric diblock

copolymer forms the spherical microdomains that are deformed into ellipsoids

that, with time interconnected to form cylindrical microdomains oriented in the

direction of the applied electric field.
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CHAPTER 7

SEQUENTIAL, ORTHOGONAL FIELDS: A PATH TO LONG-RANGE 3-DORDER IN BLOCK COPOLYMER THIN FILMS

Introduction

The long-range orientation and ordering of microdomains in thin films of

diblock copolymers are requisite for applications that require spatial definition of

structures in three dimensions. Thins films of block copolymers with

microdomains oriented normal to the surface are finding increasing uses as

templates and scaffolds for functional nanoscopic materials.' Many methods

have been developed, such as shear and elongational flow fields, electric fields,

surface fields and solvent flow, to achieve the desired microdomain orientation.^"

Shear and elongational flow fields, that result in neariy single crystal-like

textures of the microdomains, as, for example produced in roll-casting processes,

have proven successful in achieving long-range ordering in bulk samples."^
"

Copolymer films with lamellar and cylindrical microdomains, prepared by these

methods, typically contain microdomains parallel to the shear or elongation

direction, i.e. parallel to the surface of the sample. Many emerging applications

for thin films of diblock copolymer require an orientation of the microdomains

normal to the surface that can not be achieved by the methods developed for bulk

samples. In thin films, electric fields have been effectively used to achieve an

orientation of the microdomains normal to the surface. ' However, such fields

are unidirectional causing a high degree of orientation along the field line

direction, but lacking any preferred orientation in the plane normal to this

direction. Consequently, a second field is required orthogonal to this field to
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achieve a morphology where the microdomain orientation can be controlled in

three dimensions.

Winey, et al investigated the mfluence of the thermal history on the

microdomain orientation in a lamellar diblock copolymer subsequent to sheanng,

and showed that large grains grew from nuclei formed dunng the sheanng

process.''^ This observation points towards a route to achieve three dimensional

ordering in diblock copolymer thin films. Using a shear field to generate onented

nuclei, a second field applied normal to the sheanng direction can be used to

further orient the growing microphase separated moiphology and, thereby,

produce a near single crystal texture.

Here, a simple process is shown that combines an elongational flow field

with an applied electric field where the three-dimensional control over the

orientation of lamellar microdomain orientation in thin films of poly(styrene-b-

methyl methacrylate) diblock copolymers is achieved. Roll-pressing was done

below order-disorder transition (ODT) but above the glass transition

temperatures of both blocks where oriented nuclei of the microdomains form.

Subsequent annealing under an electric field applied normal to the film surface

produced a lamellar microdomain morphology with a high degree of long-range

order and orientation as evidenced by small angle x-ray scattering and

transmission electron microscopy.
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Experimental

Materials

Symmetric polystyrene-Z./oc^poly(methyl methacrylate) diblock

copolymers, PS-Z,-PMMA, were prepared by standard anionic polymerization

methods, with Mn = 45,600 and a polydispersity Mw/Mn = 1.08. The

equilibrium penod of the lamellar microdomain morphology in the bulk is 18.7

nm, corresponding to the scattenng vector q*= 0.336 nm ', determined by small

angle x-ray scattering. Here q=47L^Asin6, where X is the wavelength of the x-rays

and 20 is the scattering angle.

Sample Preparation

Copolymer films were prepared by roll-pressing which is schematized in

Figure 7. la. A powder of the copolymer was sandwiched between two Kapton

sheets and heated at 130°C for 5 minutes before rolling. The rollers were heated

at 170°C and rotated at 5 mm-sec"'. Clear, uniform films of the copolymers, ~

300 jxm thick, were obtained after 4-6 passes through the rollers. Two or three

additional rolling passes were done to reduce the film thickness to -30 ^m. The

length of the film increased approximately 8 times in the rolling direction while

the width increased only slightly (typically less than a factor of two). The final

shape of the film is shown schematically in Figure 7.1b. The flow patterns in the

film vary across the width of the film during rolling. Near the center of the film

(position 1), the orientation is uniaxial, whereas near the edge of the film

(position 2 and 3), it is biaxial. Other, more complex orientations occur

elsewhere across the film. The experiments shown here were performed using

samples taken from the center of the film.
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After roll-pressing, the film was placed between two aluminized Kapton

electrodes (each 25.4 ^im thick) and annealed at 170"C for 14 hours under an

applied electric field of~ 20 V-^m '. Small angle x-ray scattering (SAXS) was

performed with nickel-filtered copper K« radiation from a Rigaku rotating anode,

operated at 8 kW. A gas-filled area detector (Siemens Hi-Star) was used.

Scattering patterns were obtained with the beam incident normal to the sample

surface with a counting time of 30 minutes. For transmission electron

microscopy, a thin layer of carbon (10-20nm) was evaporated onto the surface to

prevent the epoxy from diffusing into the copolymer films. The film was then

embedded in epoxy and cured at 60°C for 12 hrs. The samples were microtomed

with a diamond knife at room temperature and retrieved with a copper grid fi-om

the water surface. The thin sections were exposed to Ruthenium tetraoxide for 35

min to enhance the contrast. The images were taken with a JEOL lOOCX TEM at

an accelerafion voltage of lOOKV.

Figure 7.1 (a) Schematic drawing of the roll-pressing and (b) the typical

shape of copolymer thin films after roll-pressing.

7-=130"C

r = i70''c

Y: Roll-pressing direction

Z: Electric field direction
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Results and nisrn^^inn

Figure 7.2a shows the transmission SAXS pattern from the center of the

sample after roll processing. A diffuse reflection is observed with peak position

at q*= 0.342mn-' and half-peak width of 0.051 nm"'. The breadth of the reflection

indicates that microphase separation is not complete during the roll-pressing and

a non-equilibrium morphology is frozen-in when the film is quenched to room

temperature upon exiting the rollers. Transmission electron microscopy (TEM)

showed an ill-defined, microphase separated morphology (not shown here). The

intensity of the SAXS along the ring of scatterings, i.e. the azimuthal angular

dependence of the scattering, showed weak broad equatorial peaks indicating that

the oriented nuclei have formed during the roll-pressing.

Figure 7.2 (a) SAXS pattern of a copolymer thin film after roll-pressing and
(b) the integrated peak intensity as a function of azimuthal angle Q.
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Figure 7.3 shows the SAXS pattern of the roll-pressed, thin film after

annealing at 170"C under an applied electric field (-20 V/|im). Two sharp
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equatorial reflections, with peak position at q*= 0.336 nm ' and half-peak width

of 0.026 nm-\ are seen indicating a high degree of orientation of the lamellae

normal to the surface and along the direction of flow. This is in contrast to thin

films annealed only with an applied electric field, i.e without roll-pressing

elongational flow field, an isotropic ring of scattering is seen due to the random

orientation of grains of the lamellae oriented normal to the surface.

Figure 7.3 (a) SAXS pattern of copolymer thin films after roll-pressing and
applying a subsequent electric field normal to the film surface, (b) The
integrated peak intensity as a function of azimuthal angle Q.
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To quantify the degree of the aUgnmcnt, the order parameter

orientation function,/, was calculated.

or

/ =
2

with

|'f/Q(/,/Q)cos'S2sinQ)

_[f/f2(/^(S2)sinQ)

Where Q is the azimuthal angle defined from the orientation direction

(Q=0) and is the intensity at a given D. integrated over its full width in q. f

has limits of -1/2 and 1, corresponding to orientation of lamellae normal to and

parallel to the flow direction and 0 corresponds to a random orientation. From the

data in Figure 7.3b,/= 0.9, i.e the lamellae are almost fully oriented in the flow

direction. Thus, three dimensional control over the microdomain orientation was

achieved with the lamellar planes oriented parallel to the flow direction and

normal to the surface.

SAXS data shows that a global orientation of microdomains in the

diblock copolymer thin film has been achieved. On a more local level, TEM was

used as a probe. Figure 7.4 shows the cross-sectional TEM images of the

copolymer film viewed into the flow direction, i.e the XZ plane in Figure 7.1b.

Figure 7.4a is a typical TEM image at both surfaces of the thin film where a

mixed orientation can be seen. At both surfaces, the lamellae orient parallel to the

surface of the electrodes. This arises from a preferential wetting of PMMA on the

electrodes as discussed previously.'^ In the center of the film, the lamellae are

oriented perpendicular to the substrate (parallel to the electric field direction).
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Four-spot fourier transform (FFT) pattern of this micrograph, resulting from the

mixture orientation, is shown in the inset.

Figure 7.4 TEM cross-sectional images of (a) the copolymer/substrate
interface and (b) the interior of the film.

a

Continued next page
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Figure 7.4, Continued

Figure 7.4b shows a typical TEM cross-sectional image for rest of the

film along Z direction. Over very large areas, the orientation and order are

defect-free. Only one grain was found within the field of view. This result is
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quite remarkable m companson to previous results using only an electric field

where many grains are found.- The Founer transform (FFT) of this micrograph

is shown in the mset. Two shaip spots are observed m the pattern, showing the

presence of only one large grain of lamellae, with a uniform separation distance

between the lamellae, onented normal to the surface and in the flow direction.

The uniformity of the spacing in the micrograph also reflects the perfection in

orientation, since different onentations of the lamellae would result in different

widths of the lamellae in the TEM image. To characterize the extent of the

ordering, TEM images were taken every -3 ^m along the X and Z directions of

the sample. The FFT of each of these TEM images is shown in Figure 7.5.

Again, the interlamellar spacing is constant across the film and no deviation of

the orientafion along Z was observed. In the X direction, the ordenng extends

over hundreds of microns. Only a small fraction of the FFT's is shown here.

Though the order and orientation extends very large distances, defects still exist

with frequently-observed defects being shown in Figure 7.6. Shown in the inset

is the FFT transform of the micrograph. However, from the SAXS

measurements, it is apparent that the number of defects is very small.

SAXS and TEM results confirm that 3-dimensional control over lamellar

microdomain orientation can be achieved by using two orthogonal fields, namely

an elongational flow and an electric field, applied sequentially. The copolymer

thin film was biased first by an elongational flow field that produced oriented

nuclei during the roll-pressing at a temperature below the ODT. Complete

ordering of the copolymer in an applied external electric field yielded a lamellar
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microdomain morphology where there

orientation.

was a three-dimensional control over the

Figure 7.5 FFT patterns ofTEM images at different positions of the film. TheTEM images were taken every ^S^im (a) normal to the film surface (along theZ direction in Fig. 7.4a), the first images on the left side of the sequ nee w staken nght after Fig. 7.4a., and subsequent images were taken towards the
other side of the film. The last image on the right of the z-axis sequence (top)
exhibits a 4-point pattern due to the mixed orientation of the lamellar
microdomains at the film edge, (b) The first image was taken in the center of
the film and subsequent images were taken normal to the flow direction (along
the X direction in Fig. 7.4a). The grain size is too large to be shown all and
only small portion was shown.

Roll pressing direction

(a) Along Z direction:

electric field

direction

E

mm?

(b) Along X direction:

/
electric field

direction

107



Several important parameters affected the degree of orientation and

ordering in these samples. The influence of the electric field strength on the

microdomain alignment along the applied electric field direction has been studied

and there is a critical electric field strength required to achieve the alignment.^
'^

A similar situation is found with the elongational flow field where a high degree

108



ane

was

of in-plane ordering is achieved only when the strain rate is high. The ordering

parameter decreases with decreasing strain rate. The high degree of in-pL

shown was obtained with the strain rate ~8. Lower degree of orientation

obtained using lower strain rate. However, a simple squeeze flow generates the

in-plane orientation. Thus, three dimensional ordering could only be achieved

when both fleld strengths are sufficiently high. These results shown here were

acquired from the samples in the center where there is a high degree of uniaxial

stretching. Other locations in the sample that are subjected to different flow fields

do not exhibit such order and orientation. Different SAXS patterns were found

that show a direct correlafion between the flow-direction and the in-plane

microdomain orientation. Consequently, the in-plane orientadon of the

microdomains can be tailored by varying the flow pattern.

The experiments shown here have been done with copolymer films that

were ~20-50um thick. For many applications, films with thickness ^ Ijim are

desirable. Fundamentally, the mechanism behind the method reported here

should be applicable for such thin films also. Slight modifications in producing

an elongational flow field are necessary, since such thin films would be

supported on a rigid substrate. This can be solved by use of novel shearing

techniques, as, for example that recently developed by Chaikin and coworkers to

achieve long range ordering in thin block copolymer films with spherical or

cylindrical microdomains or by use of highly oriented flow fields in solution, as

recenUy discussed by Kimura et al}^
'^

In either case, oriented nuclei in thin films
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can be generated that can then be used to initiate the growth of microdomains

under an appHed electric field.

Conclusions

It has been shown that the orientation of lamellar microdomains in ?S-b-

PMMA can be controlled in three dimensions by use of two orthogonal external

fields. An elongational flow field was applied to a copolymer melt to control the

in-plane orientation and a subsequent external electric field was applied to

control orientation normal to the film surface. Excellent, long-range order and

orientation of the lamellar microdomains was observed by SAXS and TEM.
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