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Grain Rotation in lon-Complexed Symmetric Diblock Copolymer Thin
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ABSTRACT: In symmetric polystyrenblockpoly(methyl methacrylate) (PB-PMMA) diblock copolymer thin

films, lithium—PMMA complexes were formed with the addition of lithium chloride (LiCl), significantly increasing
both y and dielectric constant. These led to a transition in the kinetic pathway of the orientation of lamellar
microdomains under an applied electric field from a disruption and re-formation of the microdomains to a grain
rotation mediated by movement of defects. By controlling the number of lithiBMMA complexes, the
microdomain alignment is possibly regulated in B®MMA copolymer thin films.

Diblock copolymers (BCPs) can self-assemble into periodic al.824suggested that both defect translation and grain rotation
arrays of nanoscopic domains that have potential use inoccurred in studies of BCP solutions. In addition, simulations
applications ranging from optics to microelectrontc®.The by Tsori et al. and Zvelindovsky et al. supported both mecha-
microphase separation is driven by the nonfavorable interactionsnisms?3-25.26Nucleation and growth of microdomains by small-
between the blocks. The degree of microphase separation isscale undulations typically occurred close to the oraksorder
determined byyN, wherey is the Flory-Huggins segmental  transition (ODT), while grain rotation happens in the more
interaction parameter arl is the degree of polymerization.  strongly phase-separated systéfi¥d.Here, we show that the
As shown experimentalfy ! and theoretically?—1° an electric formation of lithium—PMMA complexes in symmetric PB-
field can be effective means of aligning the microdomains in a PMMA diblock copolymer thin films induces a transition in
desired direction. In this case, the applied field acts on the the mechanism of the orientation of lamellar microdomains from
dielectric constant difference between the domains and thea disruption and re-formation of the microdomains to a grain
matrix. However, complete alignment of the microdomains in rotation mediated by movement of defects.

films is not always achieved due to the preferential interactions A pSh-PMMA diblock copolymer with a number-average
of one of the _blOCkS with the eleCtrOdeS.Conﬁn"’]g the fifn. molecular We|ght|(/|ﬂ) of 57 kg/moL a po|ydispersity (PD|) of
Although Tsori and co-workers recently discussed an argument 09, and a PS volume fractiofpd) of 0.60 was used to study
of “free-ion mechanism” which enhanced the ability of electric the mechanism of reorientating the BCP microdomains in a dc

field to align diblock copolymer microdomaif&?* our experi-  electric field of ~40 Vjum. The preparation of the BCP thin
mental results have demonstrated that the formation of ion fjjms, addition of lithium chloride (LiCl) into P&-PMMA, and
complexes in a symmetric polystyrebsckpoly(methyl meth-  the alignment experiment have been discussed previétishe

acrylate) (PS-PMMA) diblock copolymer played a significant  change in the morphology during alignment was measured by
role in the process of microdomain reorientation, even leading TEM and grazing incidence small-angle X-ray scattering
to a complete alignment of lamellar microdomains, as a (GISAXS). TEM experiments were performed on a JEOL
consequence of an increased difference in the dielectric constantyEM200CX at an accelerating voltage of 200 kV. GISAXS
of the PS and PMMA microdomairis. measurements were performed on the X22B beamline (National
While the end result of the complexation is evident, the Synchrotron Light Source, Brookhaven National Laboratory)
underlying mechanism of the rearrangement of the domains with using X-rays having a wavelength éf= 1.517 A with an
the lithium—PMMA complexes is still unclear. For symmetric  exposure time of 30 s per frame. Measurements were also
BCPs, several kinetic pathways of aligning lamellar micro- performed on the 8-ID beamline (Advanced Photon Source,
domains have been proposed on the basis of computationalArgonne National Laboratory) using X-rays having a wavelength
simulations and experiments. Amundsen €t'&lproposed two of 2 = 1.675 A with the exposure time of 10 s per frame.
mechanisms: a selective electric-field-induced disordering and Typical GISAXS patterns are taken at an incidence angle of
alignment through movements of defects. Only the latter 0.2°, which is higher than the critical angle of the copolymer
mechanism was supported by the experimental results wherebut lower than the critical angle of silicon substrate. Conse-
the movement of edge dislocations was observed. De Roucheyquently, the beam penetrated through the entire BCP thin film.

et al®® and Xu et all® on the other hand, found that the PSH-PMMA with a number-average molecular weigM)
reorientation of lamellar microdomains proceeded by a disrup- of 62 kg/mol and dP®-PMMA (where d indicates perdeutera-
tion or disordering of the original lamellar morphology, followed  tion of the PS block) with number-average molecular weight
by a rotation of smaller grains in the direction of the applied (M,) of 56 and 115 kg/mol, a polydispersity (PDI) of 1.06, and
field using in-situ small-angle X-ray scattering (SAXS) and 3 PS volume fractiorfg of 0.53 were used to study the domain
transmission electron microscopy (TEM). RecentlykBoet  spacingD using small-angle X-ray scattering. dBSRMMA
with a number-average molecular weigh) of 28 kg/mol, a

*To whom correspondence should be addressed. E-mail: russell@ Polydispersity (PDI) of 1.06, and a PS_Vqlume fractifsy)(of
mail.pse.umass.edu. 0.53 was used to study the characteristic segmental length by
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Figure 1. Left: cross-sectional TEM images of BREPMMA thin films
after applying a~40 V/um dc electric field at 175t 5 °C under N

for (A) 4, (B) 10, (C) 14, and (D) 20 h. Scale bar: 200 nm. Right:
corresponding GISAXS pattern measuredxat 0.20°.

igure 2. Left: cross-sectional TEM images of REPMMA thin films
SAXS. The measurements are employed at room temperaturé;vith lithium complexes after applying-a40 V/um dc electric field at

under vacuum with the exposure time of 30 min, using an OsMiC 175 4 5 °c under N for (A) 4, (B) 10, (C) 14, and (D) 20 h. Scale
MaxFlux X-ray source with a wavelength of 1.54 A. All bar: 200 nm. Right: corresponding GISAXS pattern measured=at
SAXS samples with a thickness abeu0.5 mm are drop-cast  0.20.
on Kapton films, annealed at 17€ under vacuum for 2 days,
and then quenched to room temperature. where the dominant kinetic pathway of reorientating the lamellar
Figure 1 shows the alignment of lamellar microdomains in microdomains in the pure BCP thin films is by a local disruption
pure PSb-PMMA thin films annealed at 175 5 °C under a and re-formation of lamellae.
dc electric field of~40 V/um. The cross-sectional TEM images In contrast to the pure PBPMMA, Figure 2 shows results
show that most lamellae are broken up into small pieces thatfor a thin film of PSb-PMMA complexed with LiCl under the
are randomly oriented in the center of BCP films. However, same experimental conditions. Despite the defects, the lamellar
several lamellar layers adjacent to the interfaces remain microdomains remain intact, forming randomly oriented grains
orientated parallel to the interface due to the preferential initially (Figure 2A). Although there are lamellar microdomains
interactions of PMMA with the electrode interfaces (Figure 1A). adjacent to the interfaces, they do not completely cover the
The corresponding GISAXS patterns (Figure 1a), comprised of interfaces. With increasing the annealing time (Figure 2B), the
a ring of scattering, suggest that there is a random orientationdefects propagate and annihilate when two of them meet,
of the microdomains in the center of the film. By increasing resulting in grains that increase in size with grain boundaries
the annealing time under the applied field (Figure 1B), some bent (indicated in arrows) in the direction of electric field. As
of these small sections of the microdomains tend to align locally the process continues (Figure 2C), the grains continue to grow
and recombine to form lamellae oriented parallel to the applied until a critical size is reached, where upon they rotate into the
electric field direction. However, on average they are still direction of the applied electric field. Amundson et al. predicted
randomly oriented in the film. The TEM results are mirrored the whole grains, whose sizes exceed a certain critical size of
by the GISAXS patterns where a diffuse ring is observed with 150 nm, could be effectively rotated by an electric fi&ldhis
some intensification along tteg direction (Figure 1b). In alater  early prediction is in keeping with the results in Figure 2D,
intermediate stage, more recombinations of the lamellae occurwhere larger grains are rotated into the field direction and extend
to form lamellae oriented in the applied field direction (Figure from one surface of the film to the other. Large grains not only
1C) and a further intensification of the scattering alongdjie  rotate by themselves, but they cause the orientation of adjacent
direction (Figure 1c). This process continues with longer times smaller grains. This enhances the ability of the applied field to
as evidenced by the results in Figures 1d and 1D. Throughoutovercome preferential interfacial interactions and to eliminate
the alignment the lamellar adjacent to the substrate remaindefects, so that complete alignment of lamellar microdomains
oriented parallel to the interface, unaffected by the applied field. can be achieved. GISAXS results also provide evidence of a
This is consistent with previous observatiftend simulations® grain rotation mechanism. In the early and intermediate steﬂge
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Figure 3. Cross-sectional TEM images of RSPMMA thin films with Figure 4. Left: SAXS profiles of (A) PSb-PMMA and (B) PSb-
molar ratios of added LiCl to the carbonyl group in PMMA: (A) 1:10, PMMA with lithium complexes after annealing at 17Q for 2 days

(B) 1:6 after applying a~40 V/um dc electric field at 175+ 5 °C (no electric field was applied) followed by quenching to room
under N for 20 h. Scale bar: 200 nm. temperature. Inset: corresponding 2-D SAXS images. Right: corre-

. - . . sponding TEM images. Scale bar: 200 nm.
(Figure 2a,b), the GISAXS patterns exhibit an isotropic scat- ponding 'mag

tering ring due to the random orientation of the grains. The presence of sufficient lithiumPMMA complexes grain rotation
relative scattering intensities increase as the annealing timemediated by defect movement is the dominant mechanism of
increases, since the growth of grains promotes further mi- reorientating the microdomains in thin films of BSPMMA
crophase separation. After annealing 14 h (Figure 2c), the under a dc electric field.

isotropic scattering ring changes into arcs, indicating that grains  Usually, grain rotation is not possible in the BCP thin films
are effectively rotated by the electric field. In thedirection, due to the geometric constraint of the film thickri€ssd occurs

the scattering remains very strong, arising from grains oriented in strong segregation regini€%27.30 For pure P%-PMMA
parallel to the interfaces, whereas the scattering of pure-PS- copolymer used in our studieg\ is about 2231 Consequently,
PMMA copolymers (Figure 1c) is relatively weak since only the copolymer is in the intermediate separation, that is, neither
several parallel lamellae exist near the interfaces. Near the finalthe strong nor weak segregation regime. Yet, with the litkium
stages of orientation (Figure 2d), the scattering rods are seenPMMA complexes, a transition in the orientation mechanism
along theqy direction, and the scattering in thg direction to grain rotation is evident. Furthermore, thg scan of the
significantly decreases, suggesting that most of BCP grains areGISAXS pattern atj, = O nm ! (not shown here) shows that,
rotated normal to the surface. Furthermore, such a mechanismin thin films, the equilibrium domain spacing (D = 2x/qg*)
transition can also be observed from the cross-sectional TEM for PSH-PMMA complexed with lithium is 38.5 nm, more than
images of PS-PMMA thin films with an increasing molar ratio 2 nm greater than the period of the pure BBMMA. SAXS

of added LiCl to the carbonyl group in PMMA (Figure 3). In  results of bulk copolymers show a similar increase of the
the diblock copolymer thin films with a molar ratio of added equilibrium domain spacing for PSh-PMMA complexed with
LiCl to the carbonyl group in PMMA of 1:10 (Figure 3a), there lithium from 35.5 for pure P®PMMA to 37.7 nm for the

still exist some small pieces of broken lamellar microdomains complexed PS®-PMMA (Figure 4). This increasinB after the
even after applying the electric field for 20 h, similar to the formation of complexes in copolymers is consistent with recently
situation in the pure diblock copolymer thin films, indicating published result&2—3> The corresponding TEM images show
that fluctuations are still predominant and do not allow gains that numerous defects exist i x 2 um? area of for pure
grow large enough to rotate due to an insufficient concentration PSh-PMMA, whereas the grain sizes of BEPMMA copoly-

of lithium—PMMA complexes. As the molar ratio of added LiCl mers with the lithium complexes are so much larger that grain
to the carbonyl group in PMMA is increased to 1:6, a similar boundaries cannot be seen over similar areas (Figure 4). These
kinetic pathway to reorient the lamellar microdomains was results suggest that must be significantly increased with the
observed (images were not shown) as the sample with the molarfformation of lithium—PMMA complexes’334

ratio of added LiCl to the carbonyl group in PMMA of 1:1 As is well-known, the equilibrium domain spacibgsatisfies
(Figure 2); i.e., the grains become larger and larger and the relationshipD ~ aN#3y%6 in the strong segregation limit
eventually rotate to the direction of electric field (Figure 3b). (SSL)! To quantify the increasegd SAXS measurements were
Thus, both TEM and GISAXS results indicate that in the performed on P®PMMA (M, = 62 kg/mol) and dP®- cDV
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Figure 5. Domain spacingD, vs chain lengthN, in a double-
logarithmic plot. Triangle: data from PISPMMA copolymers;
diamond: data from corresponding BSRMMA copolymers with
lithium complexes. Full lines: nonlinear least-squares fitting with an
R? of 0.999 for each line in the rande = 535-1102.

PMMA (M, = 56 and 115 kg/mol) with and without lithium
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Figure 6. Cross-sectional TEM image of REPMMA thin film with
almost saturated lithiumPMMA complexes after annealing at 125

5 °C in N, environment under a dc electric field 640 V/mm for 24
h.

PMMA complexes increases. After annealing under an applied
field for 24 h complete alignment of the microdomains is
achieved (Figure 6).

In conclusion, we have found that, in thin films, under an
applied electric field, the formation of lithium complexes with
PMMA in PSb-PMMA enables a grain rotation mediated by
the movement of defects to bring about an alignment of lamellar
microdomains. The mechanism, normally found in copolymers
in the strong segregation limit, is enabled by the increasge in
and dielectric constant with the complex formation in thin films.
Concentration fluctuations at the interface between the micro-

complexes. In the scattering patterns from ordered, lamellar yomains are suppressed due to the increase in the interface

samples, Bragg reflections are observed at scattering vegtors
= gk = kg*, wherek is an odd integerg = 4xt/4 sin(0/2) is the
scattering vector} is the wavelength, and is the scattering
angle. The third-order reflectiongs are used to determine
domain spacind because of the smaller relative erférn

tension. By controlling the number of lithiutsPMMA com-
plexes, the microdomain alignment is possibly regulated in PS-
b-PMMA copolymer thin films.
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