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ABSTRACT: Solvent vapor annealing (SVA) is known to be
a simple, low-cost, and highly efficient technique to produce
defect-free diblock copolymer (BCP) thin films. Not only can
the solvent weaken the BCP segmental interactions but it can
also vary the characteristic spacing of the BCP micro-
structures. We carry out systematic theoretical studies on
the effect of adding a solvent into lamellar BCP thin films on
the defect removal close to the BCP order—disorder
transition. We find that the increase of the lamellar spacing,
as is induced by addition of the solvent, facilitates more
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efficient removal of defects. The stability of a particular defect in a lamellar BCP thin film is given in terms of two key
controllable parameters: the amount of BCP swelling and the solvent-evaporation rate. Our results highlight the SVA
mechanism for obtaining defect-free BCP thin films, as is highly desired in nanolithography and other industrial applications.

I. INTRODUCTION

Thin films of a diblock copolymer (BCP) with an extended
and defect-free lateral order can serve as ideal templates or
scaffolds for fabricating nanoscale functional materials, as is
highly desired in nanolithography and ultrafiltration membrane
alpplications.lf3 However, when a BCP thin film coats a solid
substrate, it is usually kinetically trapped in a nonequilibrium
and poorly ordered state with a significant amount of defects,
hindering the mainstream use of BCP thin films in nano-
technology.l_3 To facilitate the fabrication of defect-free films,
further treatments are needed. As examples of techniques that
have been developed to tailor the self-assembly behavior of
BCP thin films, we mentioned electric field alignrnent,“’5 shear
alignment,é’7 microwave annealing,8 and thermal anneal-
. T1,2,9-16 . .
ing. Besides these approaches, solvent vapor annealing
(SVA)"*"77*! has been used to enhance the mobility of
polymer chains and to facilitate the annihilation of defects.
In a typical SVA process,””'”*"*** the BCP thin film is
first exposed to vapors of one or more solvents for a certain
amount of annealing time. After a swollen and mobile polymer
film is formed on the substrate, it is then dried by controlled
solvent evaporation. During the film swelling in SVA, solvent
molecules diffuse into the thin BCP film and screen (or
weaken) the unfavorable interactions between polymer seg-
ments, leading to a lower effective Flory—Huggins parameter,
JZep than its value for dry (no solvent) case.””***~** Hence,
the effective Flory—Huggins parameter y.; = yea(¢p) is a
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function of solvent volume fraction, ¢b. Furthermore, as the
solvent is introduced, the spacing 4 = A(¢$) of the
microdomains also changes as a function of P17 TE93836
Compared to conventional thermal annealing (TA), SVA
offers several unique advantages for defect annihilation:"**!
(i) SVA provides means to anneal BCPs that are sensitive to
thermal degradation. (ii) SVA is generally more effective (with
shorter annealing time) in removing defects for thin films of
high-molecular-weight BCPs. (iii) SVA provides additional
controllable parameters for tuning film morphology. For
example, solvent molecules allow the segregation para-
meterized by Ny to vary continuously over a larger range
than what can be achieved in TA. In addition, selective
solvents can be used to induce asymmetric swelling between
BCP blocks and thus change the morphology of the BCP film.
Despite the widespread use of SVA, a quantitative
understanding of its effect in defect removal has not yet
been established."*'”*"***’ 7! The two principal problems
are lack of standardized SVA processes and no rigorous
understanding of the evolution of the nanostructure of the final
dried film from its solvent-swollen state. Therefore, it is of
interest to investigate theoretically how relevant system
parameters affect the BCP swelling and solvent removal in
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SVA.*>?7**73! Such parameters include the swelling ratio (i.e.,
the fractional increase in the film volume due to solvent
absorption), solvent-annealing time, solvent-evaporation rate,
film thickness, temperature, and solvent selectivity. The
understanding of their effects on the structure of BCP thin
films is necessary to fine-tune and control the SVA process to
obtain the desired morphology.

Most previous theoretical and computational studies use
either self-consistent field theory or particle-based simulation
methods that include a large number of molecular parame-
ters.”’ ' Here, we propose an alternative continuum two-fluid
model for SVA processes in BCP thin films. The detailed
numerical analysis is carried out employing dimensionless
system parameters: (i) Swelling ratio R, representing the ratio
of the swollen film volume V to its original volume V, i.e,
R = V/V,. (ii) Normalized solvent-evaporation rate a, = 7,/7,
with 7, representing the characteristic time for complete
solvent evaporation in the swollen film and 7, characterizing
the time for copolymer reorganization in the scale of
microdomain period A. More specifically, we investigate the
removal of a typical defect occurring in symmetric BCP
lamellae in their perpendicular orientation by SVA using a
nonselective solvent. In SVA experiments of thin BCP
films,'”*'** it has been well established that the swelling
ratio, R, and the solvent-evaporation rate, a,, are the essential
annealing parameters and should be specified explicitly.
However, a quantitative understanding of their effects on the
directed self-assembly using SVA and, particularly, on the
efficiency of SVA in defect removal is still missing. Our main
theoretical finding is that the lamellar spacing increase induced
by the added solvent facilitates a more efficient removal of
defects in BCP films. Moreover, the dependence of the final
morphology of the dried BCP film on R and ¢, is summarized
in a stability diagram, which can be verified in future
experiments.

In the next section, we present the thermodynamical
modeling of BCP solutions and a two-fluid model for
evaporating BCP solution films. A simplified two-dimensional
model is obtained in the thin-film limit without macroscopic
convection. Our numerical method and the preparation of a
specific initial defect are also explained. In Section III, we show
and discuss our simulation results. We focus on the effects of
the solvent-swelling ratio and solvent-evaporation rate on the
removal of the initial defect in the BCP film. This paper is then
summarized and concluded in Section IV. Some qualitative
remarks are given in the end.

Il. MODEL

IlLA. Thermodynamics of BCP Solutions: Generalized
Landau—Brazovskii Theory. When a BCP melt is exposed
to the vapor of a good solvent, solvent molecules diffuse into
the melt to form a swollen BCP solution, in which the chains
gain mobility. We consider a BCP solution of monodisperse
A/B diblocks dissolved in a neutral (nonselective) good solvent
for which the two polymer—solvent interactions are equal,
Xas = Xps- We restrict ourselves to symmetric A/B BCP where
an A-block with Ny monomers is covalently bonded to a B-
block with Ny monomers such that N, = Ny = N/2 and N
being the total chain length (polymerization index). For
simplicity, we assume incompressibility upon mixing the
solvent and the BCP. In this case, the structure of the BCP
solution can be described by two independent order
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parameters: the solvent volume fraction ¢ with 0<¢<1 and
the relative volume fraction of the two blocks

S N (1)

with —1<y<l1. In addition, since the BCP solution is
incompressible, we have

o+ o+ =1 oo+ p=1 (2)

in which ¢p = ¢, + ¢g is the total volume fraction of A/B
copolymer blocks. Another simplifying assumption in the
above is that the two monomers have the same molecular
volumes.

It has been known that adding a neutral solvent to the BCP
melt has a similar effect as increasing the temperature,”"*’
namely, shifting the ghase diagram of BCP melts toward a
higher temperature.”” Based on this understanding, a
symmetric BCP solution close to the order—disorder transition
(ODT) can be described by generalizing the Landau—
Brazovskii free en<>_rgy,3'8_44 F (in units of kzT) as

or

T u
Flw, 9] = fdsl‘ [5(1/7) + 51//2 + Z‘/ﬁ
+ S(Vy + qzw)z]

2 3)
in which the ideal mixing entropy of the solvent is fs(¢p) =
¢In¢ — ¢, and the parameters are given by**™*

6n, 1
K~ ) q~ —

Ry

(4)
with n. = 1/(Na®) being the copolymer closed-packing chain
density of an incompressible BCP melt, a the monomer size,
Ny, = 10.5 for the melt ODT (no solvent), R; = Na*/6 the
gyration radius for Gaussian chains, and q is the characteristic
wavenumber of ordered BCP microdomains, which gives the
thermodynamically preferred lamellar spacing 4 = 27/q ~ R,.

For a swollen BCP solution with a nonselective solvent, the
effective interaction parameter y.4 in 7 of eq 4 and the
wavenumber g (or the lamellar spacing 1) are both functions of
the solvent volume fraction, ¢. That is, the phase diagram of
BCP solutions is described by the same form of energy
functional eq 3 as BCP melts, in which the effects of the added
solvent are represented by solvent-dependent y,4(¢) and q(¢).

For y. we follow the experimental results and take the
following power-law form?">#32 3%

Kg = 2(9p) =x(1 = §)

in which the exponent ¢ > 0 varies from 1.0 to 1.6 in a wide
range of ¢.”>~*" This y.q(¢s) represents the dilution effect of
the added solvent on the polymer chains by reducing the
unfavorable A/B segmental interactions. Particularly, the case
with § = 1.0 can be obtained from the mean-field dilution
approximation,”** by assuming a uniform distribution of the
solvent throughout the BCP structure. The scaling of 1 with
the volume fraction of the solvent is often approximated by
another power law™'7 723293536

A= 20(p) = 20(1 = @) (6)

which represents the effect of the added solvent on the BCP
lamellar spacing A with A, being the lamellar spacing of the dry
film. Here, the exponent § can be either positive or negative

T2 20Ny, — 2xq),

u~n,

()
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. - . 3,17-23,29,35,36
and is a characteristic parameter of BCP solutions e

and depends in general on the degree of solvent selectivity,
solvent volume fraction, and morphology of the ordered state.
Hence, the wavenumber g in the free energy (eq 3) is given by

q=gq,(1-¢)”

with gy = q(¢p = 0) = 27/,

It is known from previous studies both in BCP bulk
solutions””*° and films®*'~** that the solvent-induced changes
in lamellar spacing can be classified into two regimes according
to the solvent volume fraction, ¢, with a crossover between
them at ¢p = ¢p*, where ¢* is taken in our theory to be an
external (material) parameter.

Kinetically controlled regime with f < 0 for low amount of
solvent, ¢ < ¢*. Here, the lamellar spacing A increases with
increasing ¢, and 1 is kinetically controlled™***° i

7)

in the sense
that the copolymers do not gain much motility. The BCP
structure reorganization cannot take place in a typical
annealing time, and further addition of the solvent therefore
results in an expansion in all directions. For example, it can be
obtained from solvent volume conservation that for an
isotropic swelling # = —1/3 and for a uniaxial swelling of a
(dense) BCP solution f# = —1.

Thermodynamically controlled regime with f > 0 for a larger
amount of solvent, ¢ > ¢*. Here, the lamellar spacing
decreases with increasing ¢. This results from a decrease in the
segregation magnitude as seen in eq 592172 For large ¢, A is
thermodynamically controlled*' ™>***® in the sense that the
copolymers are sufficiently mobile and expand efficiently along
the lamellae interface for a given annealing time. Any addition
of the solvent can then result in a decrease of the lamellar
spacing 4, in a direction perpendicular to the interface.

For example, it was found experimentally that f =~ 1/3 for
dilute BCP bulk solutions of polystyrene-polyisoprene (PS-PI)
with nonselective solvents®>*° and # &~ 2/3 for dilute solution
films of polystyrene-poly(2-vinyl pyridine) (PS-P2VP) with
nonselective solvents.”””* The crossover solvent volume
fraction, ¢*, is found experimentally to be ¢* =~ 0.3 for
PS-PI and PS-P2VP copolymers in solutions with a non-
selective solvent.”"*>**

The equilibrium structure of a swollen BCP solution is then
given by the minimization of the Landau—Brazovskii free
energy ¥ of eq 3 with respect to y and ¢ while subject to the
constraints of conserved ¢ and phase parameter y

oF

= — = In ¢ = const.
=y =Y (8)
K, = % = 2Py + w’ + k|q* (P + 247 (H)Viy + Viy | =
const. (9)

Note that in eq 8 we have neglected the ¢-dependent
contribution of 7 and g as shown in eqs 4, 5, and 7. This is
equivalent to neglecting the influence of copolymers on the
chemical equilibrium of a solvent, ug on the other hand, ¢
appears in eq 9 as 7 and g are both functions of ¢. The
resulting equilibrium distribution is consistent with the
assumption of uniform distribution of the solvent through
the BCP films. In addition, we would like to point out that the
Landau—Brazovskii free energy (eq 3) can be further extended
to include more physical effects by introducing more terms,
e.g, solvent selectivity via a coupling term ¢y, solvent
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accumulation at the A/B interface via a gradient term (V¢)?,
and Marangoni effects via a concentration-dependent rigidity
k().

Finally, the bulk eqs 8 and 9 are supplemented with
boundary conditions given at the neutral (nonselective) solid
surface by

n-Vy =0

B-V(Vy + q'y) =0 (10)
and at the film—air interface

Viy + 'y =0

aV(Vy+qgy) =0 (11)

Here, i = (=Vjh, 1)//1 + (V”h)2 is the normal unit vector
of the film—air interface with & being the film thickness and V|
being the 2D gradient operator in the xy-plane.

Close to the ODT (where the order—disorder transition
occurs), the BCP solution is described by two lengths: the
periodic spacing of BCP lamellae A = 27/g and the correlation
length & ~ (z/K)™V* ~ A(Ny.s — Ny.)~*, which diverges at
Yot = X (the ODT). In particular, for BCP solution films below
the ODT (7 < 0 or Ny.s > Ny.), a defect-free perpendicular
lamellar state can be described in the single-mode approx-
imation (in the limit of weak segregation, Ny.¢ > Ny.) by

(12)
with gy ~ /87/u = 4Ny — N)(C)l/2 being the amplitude

obtained by minimizing the free energy with respect to y, and
A = 2m/q being the periodic spacing of the lamellae.

II.B. Dynamics of BCP Solutions: Two-Fluid Model.
With the above-described generalized Landau—Brazovskii free
energy, we formulate a two-fluid model for the BCP solutions
with a nonselective solvent to explore the dynamic coupling
between BCP copolymers and small solvent molecules during
SVA. This is in analogy with a two-fluid model used to model
polymfsr 5soolutions, polymer blends, and diblock copolymer
melts.” ™

Let us consider a BCP solution in which the bulk flow and
diffusion are taking place simultaneously, i.e., the velocities of
the A/B blocks differ from each other as well as from the
solvent velocity. From the conservation of the solvent and A/B
blocks, we have

at‘/ﬁ = —V'((ﬁ}. V,') (13)

where j = A, B, and S, which represent the three components
A-block, B-block, and the solvent, respectively, and \/ and ¢j
the velocity and volume fraction of each component,
respectively. For simplicity, we assume incompressibility as
given in eq 2 and zero volume change upon mixing the solvent
in the BCP solution, from which we obtain

Vv=0

w =y, cos(qx)

(14)

with the volume-averaged velocity v defined by v = ¢hvg + @pv,

+ Ppvp.
From eqs 13 and 14, we obtain

o + V-V = —Vj
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where
H=>0-¢+y)/2
b= (1= )2
jS = ¢(VS - V) = _¢A(VA - V) - ¢B(VB - V)
]I// = ¢A(VA - V) - ¢B(VB - V) (16)

where jg and j,, are the two currents. Note that ¢ and y are
both conserved order parameters of the BCP solution.
To determine V, js, and j,, we employ Onsager’s variational

45—49,51

principle, in which the Rayleighian functional is

R =F + @ with the temporal change rate of free energy

given by
oF = F = fdsr (/{,,atl// + Msat¢) (17)
The dissipation function is generally given by
o = /d3r—Zva+ —vs)
Mive <T\2
+ —(Vv + V¥v))
¢ (18)

where i, j = A, B, and S and the friction matrix Z’ij must be
symmetric. Furthermore, since @ has to be invariant under the
Galilean transformation, we get

24=0 2§=0
i j (19)
and hence there are only three independent elements in the 5,.,.

matrix. We can now rewrite the Galilean-invariant dissipation
function in the form

o= [dr [% T TR
2 2 2
+ L(vv + VVT)Z]
4 (20)
or equivalently
S A T I S I
b = /dr[zLW J, + 2st J, s + ZLSW J, s
1 2, Mo _T\2
+ ~Lgjo + (Vv + V
> ss Jg 4( v V)] (1)

where the resistance matrix L;; (with i, j = S, ) is given (up to
a prefactor) by

LSS LSy/
st LW

(22)

with
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L, =
WA=+ - +w) +(1—¢—y)]
Lys =L,
=4yl — ) + 21— ) - g+ P
-1+ —</>—l//)2]
L = 40y" + = ¢ Sl —w) (- +y)

+1+w)Q-¢-—w)
(23)

In the above, we have assumed equilibrium conditions as given
in eqs 8 and 9 at the boundaries of the BCP film. The first
three terms in the energy dissipation (20)—(21) are caused by
the relative motion either between the two polymer blocks or
between the polymer blocks and the solvent. The fourth term
represents the energy dissipation caused by solvent velocity
gradients, where 7 is the solution viscosity and { and {g are the
friction constants per unit volume. Note that for neutral
solvents (i.e., nonselective solvents that interact equally with
A/B blocks), the same friction constant, g, is used to describe
the relative motion between the solvent and the A/B blocks. In
addition, we would like to point out that the viscoelastic
properties of BCP solutions can be incorporated into the two-
fluid model as discussed in ref 46 for polymer solutions and
blends.

Substituting eq 15 into eqs 17 and 21, minimizing the
Rayleighian with respect to ¥, jg, and j,, and substituting the
obtained results back into eq 15, we obtain the following set of
dynamic equations™~**!

0 + V-V = V- [MgsVpg + Mg, Vi |
o + Yy = V-[MysVg + M, Vi |

—-Vp + nvv — ‘//VM,, - ¢Vug =0 (24)
with the incompressibility condition (14). Here, we have
substituted the following constitutive relations resulting from

the Rayleighian minimization
jg = —[MssViug + Mg, Vi |

j, = -

v M, Vs + MWVMW]

(23)
into the conservation eq 15. The motility coefficient matrix M;;
(mth i,j=S, l//) is the inverse of the resistance matrix L,] glven
in eq 23. It is also symmetric, and its elements in the limit of a
dilute solution (i.e., small ¢)) are found (up to a prefactor) to

be
—1,2 -1
o L W
- -1 -1
_geff ¢y/ ceff
where the effective friction constant per volume (.4 depends
on the relative values of { and (.
Note that here, for simplicity, we consider only the case of

isotropic diffusion as an application of the two-fluid model.
This means that all of the mobility coefficients M;; are scalars.

(26)
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Figure 1. (a) Schematic illustrations of the BCP film setup. (b) Sketch of the temporal evolution of the solvent volume fraction. Three important

parameters are shown: the equilibrium solvent volume fraction,

°d, of a swollen film; the annealing time 7,; and the characteristic evaporation time

7.. The lines A — B, B — C, and C — A’ represent the subsequent swelling, annealing, and evaporation (deswelling) processes, respectively. (c)
Preparation of the initial metastable defect structure from an artificially prescribed morphology at t = 0, and its temporal evolution to t = 127,

However, it is worthwhile to point out that the copolymer
diffusion is in general anisotropic, depending on the BCP
morphology.””*”** Namely, each motility coefficient M;
should be an anisotropic tensorial function of the local
morphology. It has been shown that anisotropic diffusion can
significantly affect the rate of relaxation of perturbations in
BCP films.*”*” Particularly, for lamellar BCP films, the effects
of transverse mobility are generally negligible as compared to
longitudinal copolymer diftusion. Thus, we expect that when a
defect becomes unstable, such anisotropic diffusion in a
lamellar BCP thin film can significantly increase the
longitudinal boundary velocities of defects through the
coupling between the longitudinal and transverse diffusive
modes within the defect region.

For a thin film of BCP solution, the above set of equations
At
the bottom (neutral) substrate (z = 0), we take the no-slip

has to be supplemented with proper boundary conditions.>’

condition for the average velocity and the impermeability
conditions for diffusion fluxes as

v

=0,

g = ﬁ'jy/ - (27)
with js and j, given by eq 25 and assume equilibrium
conditions for order parameter, y, as given in eq 10. At top free

surface at z = h(t), we have stress-free conditions

ne=0

(28)

where 6 = —pI + (V¥ + V¥7) is the viscous stress tensor. We
also assume equilibrium conditions for order parameter, v, as
given in eq 11. In addition, at the free boundary z = h(t),
solvent evaporation occurs, and from the evaporation flux
defined by j. = po(¥v — v;) it = ps(vs —

kinematic boundary conditions as

v,)-1, we can get the

9325

8-V =0h +j/p,
fj,=(1-¢)j/p,

n-]W =

-y je / o (29)
Here, the velocity of the free film/air interface satisfies v; - nn =
0/h. We assume that the evaporation flux follows the Hertz—

Knudsen relation®”*®
pote [#(h) — %]

in which ¢ is the equilibrium solvent fraction of a swollen
film in coexistence with the vapor phase and v, is an adjustable
velocity parameter, proportional to the mass transfer
coefficient. It relates the rate of evaporative loss 7," from the
free surface to the solvent interdiffusion through the film by
v, = hy/ 7, with h, being the initial thickness of the BCP film. As
the surface tension is usually quite small in comparison to the
bulk energy of the BCP film, we neglected its contribution.
This results in a flat free surface of the BCP film throughout
the SVA process.

Regardless of the physical properties of BCP films, the
formulated problem is intrinsically nonlinear due to the
moving free boundary. Numerical integrations are carried out
following a scheme that was successfully employed for other
moving boundary problems.”"*>** The method consists of the
following four steps: (i) Assume that y(x, t), ¢(x, t), and ¥(x, t)
are known functions at time t. The functions y(r, t), ¢(r, t),
and ¥(r, t) satisfy eqs 24 and 30. (ii) Neglect the dynamic
nature of y(r, t), ¢(r, t), and ¥(x, t). The moving boundary
h(x, y, t) is extrapolated to the forward time step, t + At, by
means of an explicit forward difference expression of eq 29 (iii)
Let the boundary h(x,y,t) be fixed at the new time step ¢ + At.
Determine y(r, t + At), ¢(r, t + At), and ¥(r, t + At) of the
forward time step satisfying eq 24 and the boundary conditions
27 through eq 30. (iv) Repeat the iteration scheme of the
previous second and third steps till a final time, tg,,.

(30)
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Il.C. Two-Dimensional Model for Thin BCP Films. We
consider the limit of no macroscopic convection®*” and focus
on thin films of concentrated BCP solutions (with relatively
small ¢). Then, from eq 26, we have Mg, = M5 = 0. That is,
the cross-coupling between the solvent and copolymer
dynamics can be neglected. In this case, the above set of eqs
2428 and 30 reduces to”**°

o9 = =V,

oy = _V'iy,) j

is = _Mssvﬂg

= ~My, VK, (31)

supplemented with boundary conditions at the bottom
substrate, z = 0

174

2 =2, =0

dy=0

o.(Vy + q’y) = 0 (32)
and at the top free surface, z = h(t)

zjs = (1 — @) j./p,

zj, =-wj/n

Vi + qzl// =0

o,(Vy + ¢'w) =0 (33)

with the evaporation flux given by eq 30. For a small volume
fraction of the solvent with yg &~ 2A,¢ and A, being the second
virial coeflicient, the dynamic equation for the solvent in eq 31
reduces to a simple diffusion equation with the collective
diffusion constant given by Dg = 24,Mgs ~ 24,{5" ¢

Furthermore, we take the limit that the relaxation dynamics
throughout the film thickness (z-direction) is much faster than
the lateral one (xy-plane), as is schematically shown in Figure
la. The variations of y and ¢ are then negligible in the normal
direction (z-axis), leading to y = y(x, y, t) and ¢ = ¢(t), and
the changes of BCP morphology occur in the two-dimensional
xy-plane. The solvent volume fraction ¢ is a spatially uniform
“external” control parameter, which is determined by the
evaporation rate of the solvent at the free surface.

In the simplified limit, the temporal evolution of the phase
structure is determined by the following 2D Cahn—Hilliard
equationss’56

O = VH‘(MWVH /‘w)

in which V| denotes the 2D spatial gradient in the xy-plane.
Moreover, from eqs 31 to 34, we obtain the temporal evolution
of the film thickness and the integrated solvent fraction,
respectively, as

(34)

ath + je/po =0 (35)

o(hg) +j,/py =0 (36)
from which we derive

h=ho/(1 = ¢)

o = -7 (1 — §)*(¢p — ¢°%) (37)

That is, the morphological dynamics of thin BCP film in the
xy-plane is described by eq 34 for the order parameter y,
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which, in turn, is controlled by the solvent fraction ¢ following
eq 37.

Finally, we would like to point out that the above limit is
justified when the viscous time scale 7, = hj/v (with v being
the kinematic viscosity of the BCP solution) is much smaller
than the evaporative time 7, = hy/v, for an initially stationary
film to evaporate to a dry film, ie., 7, < 7. Furthermore, we
focus on the simple case that the evaporation of the solvent is
slow compared with the vertical solvent/polymer diffusion, i.e.,
T3> Ty, Tp, with 75 = h3/Dg and 7}, = hi/Dy being the diffusion
times through the film thickness of the solvent and the polymer
segments, respectively, and Dg and D; the corresponding
collective diffusion constants.

II.D. Numerical Method and System Setup. Using the
classical central finite-difference method,**”” we numerically
integrate the dynamical eq 34 for the order parameter y and eq
37 for ¢ (in the xy-plane), as is schematically shown in Figure
la. The length is measured in units of

Iy = (c/u)'/* (38)
and from eq 4, we obtain /=0.254,. Note that the number of
lamellar periods in our simulation box equals to an integer that
is the closest to L,/A,. It is five for L, = 20/, and dry lamellar
spacing 4, ~ 4/, as can be seen in Figure lc.

Time is measured in units of

Ty = l(z)/uMW, (39)
which characterizes the time for copolymer reorganization in
the scale of the lamellar period 4, ~ /,.

We employ periodic boundary conditions in the simulations
to realistically model experimental setups of BCP films. The
experimental lateral size is extremely large and cannot be
modeled in any finite simulation box. However, periodic
boundary conditions are the best way to model large systems
as any effect of an artificially imposed lateral wall is removed.
The box lateral size is set to include an integer number of
lamellae to remove the artificial confinement effect that does
not exist in the experiments. In addition, we have also varied
the time step and mesh size to confirm the accuracy and
efficiency of our numerical scheme. For a mesh size of 0.05/,,
the simulations are stable for time steps smaller than
5 X 107%z,, whereas for meshes of size 0.4/, the simulations
are stable for time steps smaller than S X 10™z,. We note that
the results are not found to be sensitive to the mesh size and
time step in the tested range. Specifically, in most of the
presented simulations (except for Figures 4 and 6), we have
chosen the mesh size to be 0.1/, and the time step 10z, for a
simulation box size of L, = L, = 20/,

We carry out a numerical study for the effects of solvent
swelling and solvent evaporation on the morphology of a dry
BCP film with a specific defect as shown in Figure Ic. In our
simulations, the initial defective morphology of the dry film is
prepared at Ny = 30, starting from an artificially designed
initial morphology that is close to the desired defect structure
as shown in Figure lc. In addition, when the dry film is
exposed to solvent in experiments, the uptake (swelling) rate
of the solvent in most cases strongly depends on the
morphology of BCP films even for a nonselective solvent.'”
However, the exposure time to solvent vapor (the annealing
time) is usually longer than that required for the film to swell
and reach an equilibrium (solvent) volume fraction.'”*" In our
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simulations, we ignore the effect of the solvent uptake process
and assume “instantaneous” saturation to equilibrium (solvent)
volume fraction ¢°? as schematically shown in Figure 1b. After
an annealing time 7,, the solvent is removed by a controlled
evaporation rate, 1/7,, according to eq 37.

lll. RESULTS AND DISCUSSION

We present results on the effects of two key parameters on
defect removal during SVA: solvent-swelling ratio R, which is a
monotonic function of equilibrium volume fraction ¢, and
the normalized solvent-evaporation rate, a, = 7,/7..

lllLA. Effects of the Solvent-Swelling Ratio. The
swelling of the BCP film is one-dimensional along the normal
z-direction, due to the lateral confinement of the fixed area set
by the in-plane periodic boundary conditions, as shown in
Figure la. The swelling ratio R = V/Vj, is then given by

1
1 — ¢

from the conservation of copolymers and eq 37 with hy and h
being the film thicknesses of the original dry film and the
swollen film, respectively.

I.A.1. Negligible Changes in the Lamellar Spacing with
B =0. As pointed out in Section II, there are two major effects
of a nonselective solvent that swells a BCP film: dilution effect
acting on y.4(¢h), eq S, and increase of the lamellar spacing
A(@), eq 6. We first concentrate on a simpler case for which
the solvent-induced change in the lamellar spacing, 4, is
negligible during solvent annealing. Hence, A & const. This is
modeled by the limit # &~ 0 in eq 6. It can result from the weak
deperzlflgzznce of either y.4 on ¢ or A on the incompatibility
N){ off,

From the simulations, we can infer that the defect stability
strongly depends on ¢ (or swelling ratio R given in eq 40) in
the swollen film. For a relatively small R (small ¢*9), the
system is kinetically trapped (metastable). On the other hand,
in the limit of a very large swelling ratio, occurring for y.¢ < .
(equivalently, for R > 2.86 or ¢*1 > 0.65), the BCP undergoes
an order—disorder transition (ODT) and the BCP solution
evolves into a disordered phase (no lamellar phase). As shown
in Figure 2, only in a narrow window of swelling ratio,
2.5<R<2.86 (or equivalently 0.6<¢°1<0.65), the copolymer

T

(d 'l t—156to |!:t18010 (f) |||t24—010

Figure 2. Defect removal upon instantaneous solvent swelling for
B = 0 leading to A = const. only due to the dilution effect on the
Xeil(@) parameter, given the term y(1 — ¢) in eq S. Other parameters
are Ny = 30 and ¢*! = 0.6, which corresponds to a swelling ratio of
R =25

R =h/hy =
(40)

t—096ro
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segments gain large enough mobility and maintain an ordered
structure such that a defect-free lamellar structure is obtained.
Note that this window in R values should be considered only
for the case of very long annealing times and very slow solvent
evaporation. In other cases, it can be varied significantly by
changing the solvent-evaporation rate, ,, as shown in the inset
of Figure 7.

The mechanism of defect removal by the added solvent
(reducmg x) is verz similar to thermal annealing (TA), where

~ 1/T>7'%"" The presence of a threshold value of
1ncompat1b111ty in Ny (given by a threshold of ¢ or R) in
SVA has also been seen in TA,””~"* where Ny is a function of
T. For small Ny (large swelling ratio), defects are unstable
and can be removed spontaneously as there are no energy
barriers to overcome. For large Ny.s (small swelling ratio),
defects are metastable and some free-energy barriers need to
be overcome. However, in the simulation method, the
morphology dynamics is driven by free-energy minimization.
Therefore, we can neither examine the stability of a metastable
defect nor quantify the dependence of the energy barrier on
Ny.g or ¢p. We can only check when the energy barrier of the
defect removal vanishes and the defect becomes unstable as R
is increased (see discussions above), as well as examine the
dynamic processes of spontaneous defect removal.

Such dynamic processes have a symmetric pathway in the
sense that the two horizontal arms break simultaneously, as
seen in Figure 2a. This is in contrast to the kinetic pathway of
defect removal that is seen in TA studies. Here, the defect
removal pathway is asymmetric’ in the sense that the two
defect horizontal arms (shown in Figure 1c) break sequentially,
one after the other, by crossing two consecutive free-energy
barriers." !>

I1.A.2. Solvent-Induced Increase in the Lamellar Spacing
with f < 0. We also find on general grounds that the change in
the lamellar spacing A during solvent annealing of BCP films is
visible and cannot be neglected.””"** At small ¢*d below some
critical value, ¢b*,>**° the spacing A increases with increasing ¢b.
In Figure 3, we take ¢° = 0.4, which is smaller than ¢*. Also,
for f < 0, the equilibrium lamellar spacing increases from
Ay ® 41, for the dry state to A = 6/, for the swollen state.
Correspondingly, the energy-preferred number of lamellar
periods, given by L,/A,, changes from five to three. Figure 3
shows that an increase in lamellar spacing tends to drive long-
wavelength structural evolution. After the defect removal is
completed, the system evolves into an intermediate metastable
defect-free state with four lamellar periods instead of energy-
preferred three periods. This result again indicates that the
addition of the solvent alters the kinetic pathway of the
microstructure evolution of the BCP film.

Comparing the results obtained with spacing changes (4 #
const.) as in Figures 3 and 4 to those without spacing changes
(4 = const. as in Figure 2), we find that in both cases the
defect-free state can be obtained only in a narrow window of ¢.
This window is large enough to make the defect state unstable
as well as it exists below ODT to be in the ordered lamellar
phase. This observation agrees with experiments.'” Even more
interesting is the fact that the defect structure of a BCP
solution with ¢°d = 0.4 is still metastable in the latter case
without changes in A. However, the domain becomes unstable
in the former case with an increase in spacing (as shown in
Figure 3). We, therefore, assert that the solvent-induced
increase in A(¢) facilitates a more efficient removal of defects.
It seems reasonable to conjecture at this point that this
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Figure 3. Destabilization of defects upon instantaneous solvent swelling due to an increase in the lamellar spacing. Here, we take Ny = 30, ¢* = 0.4

(corresponding to R = 1.67) and # = —1.0 as defined in eq 6.

t=2T0

]

(0l l%?

Figure 4. Defect removal in a film with larger lateral dimensions, L, = L, = 40/,. The mesh size is 0.4/, and the time step is 107 7z,. All other

parameter values are the same as in Figure 3.

important observation is more general than the specific model
we have presented in this study.

IIL.A.3. Effects of the System Size for 5 < 0. The lateral
confinement set by periodic boundary conditions also plays a
role in determining the final morphology of the thin film. We
have carried out larger-scale simulations as shown in Figure 4,
where the system sizes are doubled in both lateral directions
(see Figure 3). Comparing these results in Figure 4 with those
in Figure 3, we find that for larger systems, it takes longer times
to remove the defect because the distance of the defect from
the boundary is larger. However, the dynamics of defect
removal is qualitatively similar for the two different system
sizes. In both cases, the defects are unstable and move along
the lamellae when the same fraction of the solvent is added.

lIl.B. Effects of the Solvent-Evaporation Rate. It is well
known that the final morphology of the dried BCP film
depends not only on the swelling ratio R but also on the
solvent-evaporation rate, &..”'”*"*> To examine this depend-
ence, we carry out simulations for swollen films with different
swelling ratios R (i.e., with different ¢*?) for evaporation at
different @, rates. As schematically shown in Figure 1b, the
solvent is removed by evaporation following eq 37 after
annealing time, 7,.

II.B.1. Dependence of the Dried BCP Film Morphology on
a, at Different R. For a small swelling ratio R < 1.2 (¢*? <
0.15), the amount of the solvent in the swollen film is not
sufficient to enhance polymer chain mobility and the original
defect remains metastable and kinetically trapped. After solvent
evaporation, the original defect persists in the dried film and is
found to be independent of the evaporation rate.

In contrast, at a large swelling ratio R > 2.86 (¢*1 > 0.65)
where Ny ¢ < Ny,, the system passes through the ODT and the
swollen BCP film is disordered. After the solvent evaporates,
the film re-enters into the ordered phase, but the final dry film
is usually trapped in a poorly ordered state characterized by a
significant amount of defects. Furthermore, the final phase
morphology strongly depends on the evaporation rate. To
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obtain a defect-free state, one has to direct the film
morphology by controlling the solvent-evaporation rate*™>*
or by applying a shear flow.%”

At intermediate swelling ratio R ~ 1.7 (¢*1 ~ 0.4), the
copolymer chains have sufficient mobility and the defect is
removed spontaneously if the annealing time 7, is long enough,
as shown in Figure 3. In SVA experiments, the solvent
evaporates after some small annealing time, 7, < 7, This
motivated us to choose an annealing time 7, = 0.48 7, after
which the solvent is evaporated with the controlled rate, 7, ".

I11.B.2. Quantifying the Defect Strength of the BCP Film at
Different a,. To quantify how the evaporation rate influences
the defect dynamics, we introduce for convenience a new
parameter defined as ¥ = Y, (y;; — w;1)%, with i, j denoting
the sites in the computational box. Although this “defect
strength” parameter is not uniquely defined for a particular
morphology, and even is not meaningful if tilting of the
lamellae occurs, it is simpler to analyze ¥ than to look directly
at the specific film morphology. From the temporal evolution
of this parameter shown in Figure S, we can quickly see that
the phase structure of the dried BCP film strongly depends on
the evaporation rate a, = 7,/7.. The initial defect [Figure 5(a)]
can be removed only via slow evaporation with a, < 1, as in
Figure S(cl) [a snapshot before the defect is removed can be
seen in Figure 5(b1)]. At intermediate evaporation rates with
a, ~ 1, the initial defect becomes unstable but is retrapped into
another defective structure (but with larger spacing) as shown
in Figure 5(c2), whereas at fast evaporation, @, > 1, the defect
persists as shown in Figure 5(c3).

It is interesting to note that in the simulations, we have not
seen any annihilation of the new intermediate defect [Figure
5(c2)] up to times ~6207,. However, such a defect has been
found in previous self-consistent field simulations'” to be
thermodynamically unstable but with very long annihilation
times. The understanding of this inconsistency deserves further
studies, although these will be difficult to perform using our
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Time: ¢/

Figure S. Temporal evolution of the defect structure (shown in
Figure 1c) of a swollen BCP film at various evaporation rates a, = 0.2,
0.5, and 5.0 after annealing time 7, = 0.487;,. The Flory parameter is
Ny =30, ¢*1 = 0.4, corresponding to R & 1.67 and f = —1.0 as in eq
6. The defect strength is defined by ¥ = E,-‘]-(l//,.‘/- — ;)% with 4, j
denoting the sites, and is a convenient way to quantify the process of
defect removal in the computational box. Snapshots of the temporal
evolution of the original defect (a) (no solvent) are shown for
different evaporation rates, a,. For slow evaporation, the defect (a) is
removed and the system evolves spontaneously toward a defect-free
state (cl), after crossing an intermediate transition state (bl). In
contrast, for faster evaporation, the defect (a) is either kinetically
trapped as in state (c3) after crossing the intermediate transition state
(b3) or becomes unstable and is retrapped in a new defect state (c2)
after crossing (b2).

method. Other methods such as the string method can be used
in future studies to explore the energy landscape.

IIl.B.3. Influence of the Finite System Size. To investigate
the influence of the finite system size on the evaporation rate
results (Figure S), we have carried out larger-scale simulations
and present them in Figure 6. The system size is doubled in
both lateral directions, and the simulations are applied to the
specific case presented in Figure 5(c2) with evaporation rate
a, = 0.5. Comparing these results, we find that for larger
systems, it takes a longer time for the defect to be removed as
can be seen in Figure 4 because of the larger distance of the
defect from the boundary. However, the dynamics of the defect
removal remains qualitatively similar. For an intermediate
solvent-evaporation rate (a, = 0.5), the initial defect becomes
unstable and the thin film is retrapped into a new intermediate
defect state, as shown in Figures 5(c2) and 6.

Ill.B.4. Morphology of the Dried Film Emerging from the
Competitions in Multiple Time Scales. All of these results can
be understood in terms of the total sum of annealing time 7,
and the evaporation time 7. The combined 7, + 7, gives the
time allowing the copolymers to reorganize during SVA (with
characteristic time 7). For a given small 7,, when the solvent is

removed rapidly, the copolymer loses its mobility almost
instantly and is kinetically trapped into the defect-swollen
morphology. When the solvent is removed gradually, on the
other hand, the lamellar spacing changes and the defects are
destabilized. Moreover, the BCP microdomains have time to
relax so that the defects can be removed, just as in the case of
very long annealing times without solvent evaporation. In the
annealing process of thin BCP films on neutral substrates by
nonselective solvents, the most efficient pathway to remove
defects is first to swell the BCP film sufficiently such that
defects become unstable and only then to evaporate the
solvent rapidly when the defect is almost “healed” sponta-
neously.

II.B.5. Defect Stability Diagram Showing the Dependence
of the Dried Film Morphology on R and .. Finally, we note
that the dependence of the final morphology of dried BCP
films on the solvent-swelling ratio R and the solvent-
evaporation rate o, can be summarized in a defect stability
diagram, as shown in Figure 7. Three regions are identified:

I
20F stable region II
defect-free region
St
1.0r
‘ ! 11
region :
0.0 e E
22 ODT™ 3
0.0 4 '-' * * 7
1.0 1.5 2.0 25 opr30

R=1/(1-¢%)

Figure 7. Defect stability diagram shown in Figure 1c during SVA due
to the dilution effect and changes in the lamellar spacing. The diagram
is plotted in terms of two parameters: the swelling ratio
R=1/(1 — ¢*) and the evaporation rate @, = 70/7.. We set
Ny = 30 and the solvent-induced spacing exponent f = —1.0 as in
eq 6. The solvent is evaporated after an annealing time 7, = 0.487,,.
Three regions are identified: stable region (I), where the original defect
is still (meta-) stable; defect-free region (I), where the defect becomes
unstable and is removed spontaneously; intermediate region (III),
where the original defect is unstable but is retrapped into a new defect
state. The lines are shown to guide the eyes. (Inset) The same defect
stability diagram but with A = const. (no spacing changes are allowed)
during SVA.
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Figure 6. Defect destabilization and its retrapping into an intermediate defect state in a film with larger lateral dimensions of L, = L, =40/,. The
mesh size is 0.4/,, and the time step is 1077z,. All other parameters are the same as in Figure 5(b2) and (c2) with the evaporation rate a, = 0.5.
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Figure 8. Destabilization of defects upon instantaneous solvent swelling due to the changes in the lamellar spacing A. The used parameters are Ny =
30, ¢4 = 0.6, and @* = 0.1. As ¢ increases, 4 increases (with an exponent f# = —1.0) when ¢ < ¢* but decreases (with # = 1/3) when ¢ >¢*.
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Figure 9. Destabilization of defects upon instantaneous solvent swelling due to the change of the lamellar spacing A. The used parameters are

Ny = 30, ¢*4 = 0.4, and f = 1/3, as defined in eq 6.

(1) A stable region at small R and large a,, in which the original
defect is still stable or metastable and persists in the dried film;
(1) a defect-free region at large R and small ., in which the
defect becomes unstable and is removed spontaneously; (III)
an intermediate region, in which the original defect is unstable
but can be retrapped into a new defect state. Such trapping or
transition into an imperfect lamellar structure with a new
defect has been reported previously. Using the TA technique,
in-plane defect pairs'' ™"’ and cross-sectional out-of-plane
defect pairs'* have been observed.

When the solvent-induced changes in lamellar spacing, 4, are
negligible (see the inset of Figure 7 where 4 = const.), the
stability diagram contains only two regions: (I) a stable-defect
region and (II) a defect-free region. Note that the intermediate
region (I1I) does not exist anymore. Moreover, the defect-free
region (II) is much smaller when the solvent-induced spacing
changes are taken into account. Another remark is that the
numerical accuracy of the stability diagram depends on the
choice of the mesh size. Only a small enough mesh size can
fully resolve the “shape” of the free-energy landscape and gives
accurate stability. Here, we have chosen the mesh size to be
0.1/, as defined in eq 38 and checked that it gives the same
diagram as with a smaller mesh size twice as small, 0.05/,.
Furthermore, the defect stability also depends on the ratio of
the lamellar spacing between the swollen state and the dry
state, R, and the exponent S defined in eq 6, as will be
discussed in the next section. Our computational prediction
agrees, at least qualitatively, with experimental observa-
tions”"”” and indicates that the two key parameters R and
a, not only affect the lamellar spacing of BCPs but also govern
the removal of defects and lateral ordering of the BCP
microdomains. However, the predicted stability diagram still
needs to be verified quantitatively in future experiments and
more extended simulations.

ll.C. Effects of the Spacing Decrease Induced by
Large ¢. As discussed in Section ILA, the effect of the added
solvent on the lamellar spacing can be divided into two
regimes, separated by a crossover solvent volume fraction, ¢*.
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In previous sections, we have taken ¢* to be large such that
¢ < ¢* and the lamellar spacing increases with the added
solvent. Here, we choose small ¢p* and explore the effect of
spacing changes in the two regimes and concentrate, in
particular, on the effect that increasing ¢ has on decreasing A.

In both regimes, ¢ > ¢* and ¢ < ¢*, we find that the
change in lamellar spacing, 4, destabilizes the defect, as shown
in Figures 8 and 9. However, the kinetics of defect instability is
very different in the two regimes. At small ¢ < ¢*, the solvent-
induced 1 increases and tends to drive long-wavelength
structural evolution, as shown in Figure 3. Moreover, the
kinetically controlled spacing increase (when ¢ < ¢*) during
solvent annealing is essential for removing BCP defects
efficiently, as shown in Figure 8. In contrast, at large
¢ > ¢* the solvent-induced A decreases and introduces
small-wavelength undulations, as shown in Figure 9. Note that
the obtained defect-free lamellae adopt a tilted orientation in
the xy-plane to adjust to the smaller domain size under the
constraints imposed by a fixed L, X L, size of the simulation
box.

We find that the solvent-induced A decrease at large ¢
induces small-wavelength undulations in contrast to the long-
wavelength structural evolution, as shown in Figure 3.
However, these small-wavelength undulations are usually not
enough to remove defects as shown in Figure 9. Efficient defect
removal occurs only for cases with a significant spacing
increase during solvent annealing at small ¢ < ¢*.

IV. CONCLUSIONS

We have constructed a two-fluid model to study the
microphase separation dynamics of block copolymer (BCP)
thin films and applied it to solvent vapor annealing (SVA)
processes. We focus on the effect of the added (nonselective)
solvent on the defect annihilation in ordered BCP thin films on
neutral substrates. More specifically, we investigate the solvent-
facilitated removal of a single defect occurring in symmetric
lamellar BCP thin films with lamellae perpendicular to the
substrate.
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In our phenomenological two-fluid model, we have included
two key features of the added solvent: weakening the
unfavorable interactions between polymer segments and
changing the characteristic spacing of the BCP lamellae. We
find that the solvent-induced increase of the lamellar spacing in
a dense polymer solution (namely, at small solvent volume
fraction, ¢) facilitates an efficient removal of defects. The
kinetic pathway of defect removal during SVA is quite different
from that of thermal annealing (TA) and depends sensitively
on the volume fraction, ¢, and on the dynamics of the added
solvent. The final morphology of the dried BCP film after the
SVA process depends not only on solvent-swelling ratio R (or
solvent volume fraction, ¢) but also on the solvent-evaporation
rate, @.. Such a dependence is summarized in a stability
diagram (Figure 7) and can be verified in future experiments.

Based on these results, we are able to make an important
observation about the annealing of thin BCP films by
nonselective solvents. The most efficient pathway to remove
the defects is to first swell the film to a sufficiently large solvent
fraction where defects become unstable and then, as a second
step, evaporating the solvent rapidly when the defect almost
“heals” spontaneously.

We would like to conclude with a few qualitative remarks on
future directions and the relation of this work to experiments.
The competition between finite system size and lamellar
spacing is essential in determining the dynamics of defect
removal as well as the final morphology of the film. However,
in this work, we have chosen only two system sizes for a given
lamellar spacing. Systematic investigations of the finite-size
effect should be done in the future by gradually increasing the
system size to cover more periods and to unify our predictions.

The swelling dynamics of BCP films strongly depends on the
BCP morphology.'”*" For example, films with perpendicular
lamellae swell faster than parallel ones because a higher
amount of the solvent can penetrate through the A/B interface
that is exposed to the free surface. This effect is associated with
the inhomogeneous distribution of the solvent within the
microphase-separated BCP film. In our work, this is omitted
because we have neglected the coupling of the swelling
dynamics with BCP morphology dynamics. Nonetheless, the
inhomogeneous solvent distribution and morphology-depend-
ent swelling rate can have a significant effect on defect removal
during the solvent-annealing process.

We have assumed that the relaxation dynamics throughout
the film thickness is much faster than their lateral dynamics.
Based on this assumption, we have neglected completely any
variations of the structure and dynamics through the film
thickness. However, it has been shown in many experi-
ments"”'”*" that the structure and dynamics throughout the
film thickness can be of importance during SVA processes. For
example, as the solvent is introduced or removed, there must
be a rearrangement of the BCP chains, and some tilting of the
lamellae is expected. Moreover, the film thickness is an
important parameter, used as a mean allowing a direct access
to the dynamics of the structural rearrangements.”* *>*' By
controlling the film thickness in the fully swollen state,
Cavicchi et al.”® found for a cylindrical BCP phase that either
parallel or perpendicular orientation could be obtained. In
addition, Kim and Libera™ suggested that solvent diffusion
toward the free surface and solvent concentration gradients
within the film imposed by different solvent-evaporation rates
are responsible for the different microdomains orientations.
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More recently, experiments*® indicated that for a swollen
film of parallel cylinder morphology, when the solvent is
removed instantaneously, well-ordered parallel cylinders occur.
However, if the solvent is removed very slowly, the parallel
cylinders reorient and become perpendicular to the substrate.
Finally, it has been known that surface tension that was
neglected in this work can also play some role in determining
the orientation of the lamellar BCP film.”*'

We believe that the insights provided in this theoretical work
on defect removal from lamellar thin BCP films by SVA have
the potential to greatly expand and diversify the range of
applications of solvent-assisted, directed self-assembly of BCP
thin films.
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