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Orientation of self-assembled block copolymer cylinders perpendicular
to electric field in mesoscale film

S. Elhadj, J. W. Woody, V. S. Niu, and R. F. Saraf?
Department of Chemical Engineering, Virginia Tech, Blacksburg, Virginia 24061

(Received 9 October 2002; accepted 11 December)2002

The possibility of using self-assembled films of block polymers as templates to fabricate nanoscale
structures for devices has attracted great attention towards this class of material. Self-assembly of a
block copolymer can be directed by using an electric field to orient featupes~10-nm-diam
cylinderg parallel to the electric field, making the material more attractive as a nanoscale
lithography mask. In this letter we describe an approach to influence the electric field orientation
phenomena by interfacial effects. As a result, the 15-nm-diam polystyrene cylinders of the
polystyrene—polyisoprene—polystyrene triblock copolymer openpendicularto the electric field.

The described approach along with the previous method can produce a directed self-assembly to
fabricate complex nanoscale structures with orthogonally oriented nanoscale width lin@9039
American Institute of Physics[DOI: 10.1063/1.1543253

Self-assembfy is emerging as a powerful principle to resenting the dielectric susceptibiliy/in ordered block co-
fabricate organized structures and devices in the mesoscalgolymer film with cylindrical discrete components there are
bridging the gap between molecular and macroscopitwo free energy(per unit volume minima: F, andF, , cor-
scales’ Monolayers of block copolymetsre attractive tem- responding to parallel and perpendicular orientations,
plate materials that self-assemble to create a broad range tgspectively®!’ The difference is given By*®
nanostructures. Typically, the minority component can be tai-
lored to spontaneously order on a periodic lattice to form a
variety of features, such as spheres, cylinders, etc., with a
characteristic length on the order of'10m.* The ordered

structure, composed of chemically dissimilar discrete fea-

tures and of a continuous matrix, may be selectively etche&vhereso is the permittivity in vacuum and wheres, and

away to form templates by a variety of wet and dry process-8 psare the dielectric gonstants of polyispprgﬁa and poly-
ing methods—® Furthermore, these nanoscale discrete fea_styrene(PS, respectively. TheAF,=0 indicates that the

. o . free-energy well for alignment parallel to the electric field is
tures may be manipulated by electric fi€ldnechanical : ) )
a0 : . . deeper than the transverse orientation. In this study we de-
strain’® rapid solvent evaporatioft,or by chemically tailor-

) . . ) . scribe a method to trap the orientation in the shallower en-
ing the film/substrate interfateto create an anisotropic or- I di . . dicul h
dered structure. ergy well corresponding to orientation perpendicular to the

. . . . electric field.

Several interesting functional structures and devices ;.o ¢ 4 polystyrene—polyisoprene—polystyrene
f_sSemiconductor—insulator—semicondudtSrS)] triblock co-
polymer were prepared by spin casting from a 0.9%%()

(8P|_8Ps)2

= —_— = —_— 2 —
AFe F” FJ_ E0802(8P|+8p5)’

@

For example, GaAs/GaAs quantum dots for laser emisSion,

array on nanowire¥) and nanoscale patterned barium i, ene solution on a SigISi wafer with Au electrodes. The
titanate-” In the above manipulation t_echmqu%%, the ori-  yojecular weights of polystyrene and polyisoprene blocks
entation of the anisotropic feature, viz., the axis of the cyl-;.o 18000 and 64 000 g/mol, respectively, with polydisper-
inder, orientsparallel to the external electric field, mechani- sity of <1.09. The thermally grown SiQlayer is ~500 nm

cal deformation, or the solvertdiffusion) flow direction. In hick The Au electrode€20 um aparj and Cr adhesion
this study we describe a method to induce the orientation OIfayers are 200 and 20 nm thick, respectively. Prior to poly-
cylindersperpendicularto the electric field. A combination ,er deposition, the wafer is immersed overnight in ethanol
of the method discussed, with the prior electric field orienta+g|owed by a 30 min at 110 °C in Natmosphere. The spin-
tion techniqueSmay hopefully lead to a highly versatile ap- cast film is immediately placed in a sealed chambet60
proach to fabricate long-range complex patterns of nanosca@n3) for 24 h at 22 °C under an electric field ranging from 0
width lines. to 150 kV/cm.

Orientation of an anisotropic dielectric body in a dielec- As the solvent evaporates the film commences to order
tric media due to external electric fielHo, occurs due to a with discrete cylindrical component of PS in the Pl matrix.
depolarization fieldEp, which is normal to the interface |n order to achieve better long-range order, the rate of evapo-
between two dielectric materials. The system minimizes itsation is reduced by adding a reservoir of solvéf ul) in
free energy by orienting the dielectric body such that thethe chamber, similar to the solvent-annealing process de-
torque at the interfacg(Ep+ Eo) X Eq is zero, withy rep-  scribed before for an identical polymer syst&tmAtomic
force microscopdAFM) was used to study the surface mor-

dauthor to whom correspondence should be addressed:; electronihology i_n tapping mOdef- A film thiCkne_SS of 19:3_-8 nm
mail: rsaraf@vt.edu was obtained on films with dry spots. Since the diameter of
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FIG. 2. Average orientatioff ) defined in Eq.(2) as a function of applied

electric field indicates a threshold fielHy, at 65+5 kV/cm (shown as the

dashed ling The nominal orientation of~0.15 at low voltages indicates

that the “grain size” of the PS cylinder domains is comparable to the image
size. Error bars are calculated from three 5 hyr images for each sample.

The normalized magnitude of the FFT amplitude
maxima along the azimuthal axis is the orientation distribu-
tion of the cylinders. Thus, the average orientation angle,
(cog ¢), is given by

™2 cog ¢l (¢p)d
(co8 ¢)= p = LA @
Tl (@).de
wherel (¢) is the FFT amplitude at the maxima of the halo.
Since the cylinders form a 2D monolayer, the average orien-
= v tation is defined a§=(2 co¢ ¢—1). From Eq.(2), for ran-
FIG. 1. AFM phase images of the SIS block copolymeEatof (8) 0 and ~ dom orientation| (¢) = constant leads td=0 and for per-
ine pitch s 34 3.2 nm. The FFT mage in e inact shows the frstorder «p o meono w0) = 0(¢) leads tof =1 [Ad) s the Drac
pealf(i.e., FFT an.1plitu<5e maxin)a:orregponding to the pitch. The distribu- del.ta funCtloj' Flgu.re 2 shows as a fur.]Ctlon OE.O' .The
tion of the FFT amplitude along the azimuthel angfeindicates that the solid curve is a fitted S-shape function that indicates a
cylinders are orientederpendicularto the electric field. A slight distribution ~ threshold fieldgy, in the range of 60—70 kV/cm to influence
atEo=0 is observed due to limited sample size of28”. In both cases the  alignment of the cylinders perpendicular to the electric field.
image is obtained from the central region between the electrodes. For Eo<Ey, f is low, indicating no orientation. A finite
valuef below 0.15 for low fields is due to small sample size

the PS cylinders measured by transmission electron micro®f the 5 by 5um area. Because of long-range order in these
copy is~15 nm2° the ordered structure is a two-dimensional films, the 25um? area atE,=0 always exhibitsf>0. A
(2D) array of PS cylinders in the PI matrix. high orientation close td~0.7 is obtained for field above

Figures 1a) and 1b) compare 5 by 5um AFM phase E;,. The saturation at low value df~0.73 is due to disori-
images of the surface morphology of the block copolymerentations caused by dislocation and disclination defects on
between the electrodes B =0 andEqo=125kV/cm, re- the 5 by 5um sample. Thus, due to the statistical limitations
spectively. Lighter regions are PS cylinders while darker refrom the limited small sample size, the threshold may not be
gions are the Pl matrix. The images show that the cylinderapparent unless a nonlinear fitting analysis is performed. In
are highly oriented when ordered under an electric field inaddition, there is a statistically significant differencp (
contrast toEy=0. The corresponding fast-Fourier-transform <0.0001) between th&value (i.e., orientation under high
(FFT) pattern of the two images shown in the insets of Figs(Eqg>Ey,) versus low Eqo<Ej,) fields.

1(a) and Xb) have a “halo” corresponding to intercylinder Similar low saturatiorf values are observed for electric
packing. The intensity of the halo is nominally uniform along field orientation where cylinders align parallel to the in-plane
the azimuthal anglep, for Eo=0 [Fig. 1(a)], indicating that ~ field. However, for alignment parallel to the electric field
the orientation is random. A slight nonuniform distribution that is perpendicular to the film thickne$s; 0.9 is observed
occurs because the sample size of 5 byrf is not large by the small-angle x-ray scatterif@AXS) technique® A
enough compared to thel um grains seen in the AFM large value may partly be explained by the 0* times larger
image. In contrast, the FFT of the AFM image correspondingsample area for SAXS compared to the AFM method. The
to Eqo=125 kV/cm[Fig. 1(b)] shows a sharp azimuthal dis- orientation behavior in Fig. 2, similar to parallel
tribution. The peak of the intercylinder halo @=0 indi-  alignment*8 exhibits a switching field ofy, such that the
cates that the cylinders are along #he-0 andr, consistent orientation above and beloi, is nominally independent of
with the AFM image. the E field. Similar to the Freederickz transition in liquid
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dicular to the electric field. Figure(®) shows the orientation
propagates well over 2500 n¢ne., >80 cylinder$ when the
film is ordered under electric field. Thus, due to a second
force field caused by interfacial effects, the system is trapped
into the shallower minima where the cylinders orient perpen-
dicular to the electric field.

If the ordering process was by “homogeneous nucle-
ation,” the total free energy will be a combination AfF,
~— E(23<0 [see Eq(1)] andAF ,=F,—F, >0 (since orien-
tation parallel to electrode edge is favoretdhus, at some
threshold electric field, the total free energyF,+AF,
=0, i.e., the two effects will balance out. Beyond this thresh-
old field the orientation should bparallel to the electric
field. Since noparallel alignment of the cylinders was de-
tected up toEg=150 kV/cm for these thin films composed
of monolayers of PS cylinders, the suggested mechanism of
“heterogeneous nucleation” initiated at the electrode edge
may be a likely mechanism.

One of the authoréR.F.S) would like to thank the Car-
ilion Biomedical Institute for financial support.
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