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Lateral copolymer domain patterning through thermal gradients
Galen T. Pickett
Department of Physics and Astronomy, California State University, Long Beach, Long Beach,
California 90840

~Received 22 October 2001; accepted 20 December 2001!

Lateral patterns in thin films of microsegregated copolymers can be controlled through the
application of a static thermal gradient. Patterns are promoted lateral to the imposed gradient.
Calculations in a lattice self-consistent field method are presented and compare favorably with
predictions of a simple scaling theory. ©2002 American Institute of Physics.
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Control of self-assembled patterns is an increasingly
portant technological goal,1,2 and a proven equilibrium
pattern-forming class of materials are the diblo
copolymers,3 composed of a long runA monomers followed
by another long run of a different monomer type, sayB. At
low temperature/high molecular weight, diblocks microse
regate producing a phase with a geometry and length s
dependent temperature and the composition of the cha
will focus here on the lamellar phase, dominant for symm
ric diblocks ~equal amounts ofA andB on the chain!, as in
Fig. 1. Long, parallel layers ofA-rich material alternate with
layers of B-rich materials, and the diblocks themselv
stretch normal to the composition pattern.

In thin films this lamellar pattern occurs in one of tw
orientations.4–9 The stripes can lay in the plane of the su
strate, or they can ‘‘stand up’’ so that the film overall pr
sents a lateral pattern useful as templates. The equilibr
layer orients so as to lower the free-energy per chain. E
more interesting, perhaps, are driven, nonequilibrium me
ods for controlling the system. In this communication I co
sider static thermal gradients as a means to control lam
orientation. Beyond strict thermal equilibrium, the first st
is determining the steady-state driven structures that can
pear when the temperature varies in space, but not in tim

Gradients in temperature can be imposed normal t
thin film by maintaining the substrate at an elevated temp
ture, while the free surface of the film held at a lower te
perature. Heat will of necessity flow from the hot toward t
cold surface, and the temperature profile will be linear,
appropriate solution to the static heat equation. Thermal
dients lateral to the substrate can be generated by loc
heating the substrate, say through maintaining optical in
ference fringes in a static pattern.10

To get a handle on the ordering possibilities of fix
thermal gradients, it is useful to consider the simplest p
sible theory, one intended only to capture broad trends
the manner in which various quantities scale with molecu
weight and film thickness. Initially, consider a microseg
gated diblock film with a uniform thermal distribution. Fu
ther, as in Fig. 1, let us suppose that a singleA–B domain is
parallel to the film, of thicknessh. A simple estimate of the
free energy per chain here has been given by Alexander
deGennes.11,12 These~symmetric! diblocks have a total mo
2690021-9606/2002/116(7)/2692/4/$19.00
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lecular weightN, the layer is completely filled with mono
mers, each occupying a volumea3 where a is the typical
monomer size. All geometric constants of order unity a
suppressed, here. The number of chains per unit area,s sat-
isfies s5h/(Na3). The thermodynamically incompatibleA
andB fluids come into contact at the heightz5h/2, whereA
and B contacts raise the system free energy by a quan
proportional to the total area of contact between theA andB
domains. On a per-chain basis, the amount ofA–B contact
area is simply 1/s, so that the thermal energy per chain is

F thermal5
g

s
5

gN a3

h
, ~1!

whereg is the interfacial tension betweenA-rich andB-rich
domains. In generalg is temperature dependent.

The entropic part of the free energy arises mainly~when
h@Rg the melt chain radius of gyration,Rg;aN1/2! from
stretching the diblocks over a distanceh: The chain acts like
a spring with a spring constant proportional to the inverseRg

squared:13

Fentropy5
1

2

h2

a2 N
. ~2!

The overall chain free energy is thus

F tot~h!5F thermal1Fentropy5
1

2

h2

a2 N
1

gN a3

h
. ~3!

The thickness of the layer is fixed, that is, not allowed
come to equilibrium, althoughh could certainly be chosen to
match a convenient, known experimental length. The nat
length scale is, of course,heq, the bulk repeat spacing of th
lamellae in the bulk, which satisfies

dFtot

dh
50→heq5a5/3g1/3N2/3. ~4!

Without considering the details of exactly how the perpe
dicularly oriented domains encounter the neutral wall~an
entropic interaction partially compatibilizes theA andB do-
mains as they near the substrate6–9! the perpendicular orien
tational energy is simplyF tot(heq). The perpendicularly ori-
ented domains are free to space themselves in orde
2 © 2002 American Institute of Physics
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minimize F tot , while the parallel domains cannot. Thus, t
difference in energy between the perpendicular and par
orientations of the lamellar domains is

D5F tot~h!5F tot~heq!5F tot~heq!S x2

3
1

2

3x
21D , ~5!

wherex5h/heq. Thus, for neutral substrates~A andB mate-
rials have the same surface energy!, when the film thickness
exactly matches the bulk equilibrium length scale (x51) the
parallel and perpendicular orientations have the sa
energy,14 and, the perpendicular orientation is stabiliz
when xÞ1. The incommensurability of film thickness an
bulk repeat spacing has been proposed4 and observed
experimentally5 to promote film lateral ordering.

Let us suppose, however, that the temperature field is
uniform in space, and furthermore that theAB interfacial
tension g is temperature-dependent~apart from the trivial
scaling of all energies withkT implicit here!. As long as there
is no mass transport caused by the varyingg(T(rW)), the
expressions above are still a valid estimate of a ‘‘free
ergy’’ which when minimized indicates the spontaneou
occurring steady state.

Now, let T5T(y), so that the temperature is a later
function of position, as in Fig. 1, lower left. For a parall
oriented film, established in this nonuniformT(y):

F tot5
h2

2a2 N
1

*0
Lydyg~y!N a3h21

*0
Lydy

→F tot
i

5
h2

2a2 N
1

N a3

h
^g&, ~6!

where ^g& is the spatial average ofg(rW). If further, h is
chosen to minimizeF tot

i , then

FIG. 1. Schematic: Here, a typicalAB diblock is shown, with the typical
orientations for the microsegregated lamellae. On the left are the par
orientations. The upper figure is a schematic showing a single half-lam
layer. The middle and lower figures show the output of the numerical S
lattice calculations. In the middle-left, the thermal gradient is normal to
substrate, and at the bottom, the gradient is lateral to the substrate. The
column shows the situation for the perpendicular orientations. Note that
the ‘‘hot’’ end of the system, the diblocks are unsegregated. The la
dimensions for the middle panels areLy540, Lz510. The lower figures are
substantially expanded iny:Ly5200,Lz510.
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F tot
i

5
3

22/3a4/3N1/3^g&2/3. ~7!

The parallel oriented film with lateral gradients ing has the
same free energy as an unstrained lamellar layer held a
average temperature of the system.

In the perpendicular orientation, the calculation is a
more complicated. Here, we have a collection of sepa
lamellar domains, each one characterized by a differ
g(y). Roughly speaking a stripe with itsAB interface located
at y will have an overall equilibrium size set by the loc
value ofg(y). Thus, the free energy per chain can be cal
lated as

F tot
' 5

*0
Lydy

3

22/3a4/3N1/3g~y!2/3

*0
Lydy

5
3

22/3a4/3N1/3^g2/3&.

~8!

Thus, in the presence of an inhomogeneousg(y), the quan-
tity controlling the ordering of the lamellar domains is~in the
most possibly favorable parallel scenario, whenh5heq for
the half-layer!

D5F tot
i F12

^g2/3&

^g&2/3G . ~9!

As a result of the concavity of the functionx2/3, D is negative
definite, thus stabilizing the perpendicular domains. Roug
speaking, the entire parallel layer is either compressed
much, or stretched out too much. The perpendicular la
allows the stretching energy in the various stripes to ad
itself to be in equilibrium with the localAB surface tension.

Clearly, if the layer thickness is many many equilibriu
repeat spacings, and ifg5g(z), the situation will be exactly
the same. That is, with the thermal gradients in the norm
direction, lateral patterns are suppressed. However, wit
singleAB layer in the system, there is a different free ener
comparison. Here, there is effectively a singleg in the sys-
tem, g(h/2), since that is the location of the one and on
interface. Now the stability of the competing orientations c
be tuned through controllingg(h/2) on the one hand and
^g2/3& on the other. When the thermal profile is linear, so th
g(z)5go(11az/h), parallel orientations can be favored d
pending on the precise value ofh. So, the general conclusio
from the scaling theory is that the two moments,^g&, and
^g2/3&, of the surface tension serve to determine the stab
of the orientations.

To check these ideas, I performed lattice self consist
field ~SCF! calculations. This method is a mature numeric
technique.15 The details of the implementation of this metho
are set out in many places, and for brevity’s sake I o
mention here what has to change to model thermal gradie
While there is a great freedom available in designing, a
controlling the thermal profile of the layer, I start here wi
the simplest possible. I consider two scenarios, namely
dients normal to the substrate, and gradients perpendicul
the substrate. For the normal case,

xAB~rW !5xbot2~x top2xbot!
z

Lz
, ~10!
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while in the lateral case, I have chosen

xAB~rW !5x left2~x right2x left!
y

Ly
, ~11!

wherexAB(rW) is the spatially varying Flory–Huggins inter
action parameter betweenA and B monomers. TheLz3Ly

calculation lattice has impenetrable, neutral surfaces az
51 andz5Lz , and the vertical surfacesy51 andy5Ly are
maintained as planes of reflection symmetry in the infin
layer. Thus, the lateral gradients are actually a sawtooth
tern in an infinite film. Surprisingly little has to change in th
lattice model. For example,A-monomer potential is

UA~rW !5a~rW !1xAB~rW !^fB&. ~12!

In this expression,a(rW) is the hard-core incompressibilit
potential, and̂ & refers to the usual lattice contact fraction

When the gradient inxAB is normal to the plane of the
film, the prediction of the simple Alexander theory is that t
repeat spacing of the microsegregated lamellae is the sam
the bulk spacing for the average value ofxAB in the system,
occurring when a singleA–B layer occupiesz512Lz , as in
Fig. 2. Here, I have plotted the free energy per chain a
function of the~as yet unknown! layer spacing,Lz . In equi-
librium, Lz would be chosen to minimize this free energy. A
in Fig. 2, this is accomplished uniformly whenLz is main-
tained at its value appropriate to^xAB(rW)&. In this example,
NA5755NB , x top50.5 andxbot50.15. Thus, the spatial av
erage ofx is ^xAB&50.1. For each value ofLz59 – 70, I
varied Ly57 – 13 and verified that in each instanceLy510
minimized the perpendicular pattern energy. This cor
sponds well with the bulk spacing for diblocks at the avera
x50.1 of 10 lattice units.

It is interesting that this prediction of the Alexand
model survives in the present case. It is known that the or
disorder transition for symmetric diblocks occurs f

FIG. 2. Lateral Dimension: With a normal thermal gradient of magnitu
e51.0, here is shown the free energy per chain for for several film th
nesses when the lateral dimension of the repeating pattern is varied
Ly57 – 13. For each value of film thickness, the lateral dimension wh
minimizes the free energy per chain isLy510—the same length scale fo
diblock in the bulk with the average value ofx50.1.
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xABNtot'10.5. Near the lower substrate,xABN'0.153150
522.5, well above the ODO transition. Near the upper s
strate, however,xABNtot'7.5. Indeed, the local profiles indi
cate that in both the perpendicular as well as the para
orientations, the diblock fluid near the ‘‘warm’’ surface is n
microsegregated, but that the segregation occurs in the la
and becomes stronger as the colder surface is approac
This is clearly visible in Fig. 1. Near the ‘‘hot’’ edge of th
lattice, the diblocks are unsegregated, and become prog
sively more strongly segregated as the ‘‘cold’’ surface is a
proached.

As in Fig. 3, when the thermal gradient is linear a
normal to the substrate, the parallel orientation is progr
sively stabilized. Here, the free energy per unit area for e
orientation is shown. The degree of stability depends on
film thickness, and contrary to the Alexander considerati
the perpendicular orientation has a ‘‘head start’’ in terms
stability that eventually is overcome with increasing fil
thickness, and therefore a smaller and smaller penalty to
alize the parallel orientation.14 The oscillations in the paralle
orientation ~dashed line! are caused by the appearance
successive half-lamellar layers. The perpendicular orien
tion does not display these oscillations, for as the laye
made thicker, one is merely adding more material to the c
ter of the film~in other words, adding material at the positio
corresponding to the average value ofxAB !, and hence ap-
proaches a constant value for large thicknesses. In short,
mal gradients tend to stabilize the film-parallel orientation

On the other hand, gradients lateral to the film directi
stabilize the perpendicular orientation for the lamellar p
tern, as in Fig. 4. Here, the lattice is fixed atLy5200 and
Lz510, while the amplitude of the thermal gradient is i
creased. Here,

e[
xbot2x top

^xAB&
~13!

where the average value ofxAB is held fixed by ^xAB&
50.1, again for symmetric diblocks of total molecul
weightN5150. Here, the perpendicular orientation is clea

-
m

h

FIG. 3. Normal gradient: Here, the free energy per surface area for per
dicular and parallel oriented domains is shown. Clearly, for these nor
thermal gradients, the parallel orientation is progressively stabilized at fi
e as the film thickness is increased.
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stable across the entire range ofe, and as the inset diagram
shows, the degree of the stabilization increases as the g
ent is increased in magnitude. Here, the oscillation in
difference free energy~inset curve! shows characteristic os
cillations as lamellar layers are melted near the hi
temperature areas.

Alexander-model and SCF calculations yield the sa
conclusion. Control over the direction of static thermal g

FIG. 4. Lateral gradient: Here, the free energy per chain in each of
perpendicular and parallel oriented films is shown for fixed film thickn
and lateral dimension~Ly5200, Lz510!. The perpendicular film is stabi
lized more and more as the magnitude of the gradient is increased~by an
amount shown in the inset!. Lateral gradients promote, in this case enhan
perpendicular ordering.
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dients is tantamount to microscopic control of lamellar o
entation. This conclusion will be drastically altered,
course, if a hydrodynamic instability~surface-tension in-
duced convection, say! occurs in the system, a highly inter
esting scenario for future study.
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