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ABSTRACT: Smectic ordered films of the copolymer PS-P2VP were studied on periodic silicon surfaces
(surface gratings). The modulation of the film surface with respect to that of the underlying substrate
was found to be either in phase (conformal) or—surprisingly—out of phase (anticonformal). The critical
height of the surface grating which is defined by the transition from conformal behavior to the
anticonformal conformation of the films was found to be proportional to the lamellar height of the diblock
copolymers. This has been quantitatively understood within a mean field theory as a result of balancing
the deformation and interfacial energies. Furthermore, diblock copolymer films propagate the substrate
roughness by significantly larger distances than observed for amorphous homopolymers.

1. Introduction

The properties of copolymers on flat surfaces have
been extensively studied.! But a systematic experimen-
tal study of the morphologies of copolymer thin films
on rough surfaces has not been performed. It is well-
known that A—B symmetric diblock copolymers can be
induced to form lamellar layers ordered parallel to the
substrate surface. Islands or holes can be formed if the
film thickness is not an exact multiple of the period,
which is defined by the lamellar height, L. The motiva-
tion of the present work was given by Turner and
Joanny,? who have studied theoretically the ordering
of symmetric diblock copolymers on a sinusoidal surface
under the condition that the amplitude, ho (referred to
as “the roughness” throughout this papers), of the
sinusoidal surface is small compared to the lamellar
height, L. They found that when the lateral period of
the surface, d, is large compared to L, the roughness of
the film surface is in phase with the roughness of the
substrate. On the other hand, when d/L < 1, the result
that the roughness on the copolymer surface is anti-
conformal, i.e., completely out of phase, to the substrate
was derived. In the first part of this paper we show
that such unexpected anticonformal configurations in
diblock copolymer films can also result from the internal
structure of the block copolymer. In the present case
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the condition d/L < 1 is relaxed and we show both,
experimentally and theoretically, that the conformal/
anticonformal transition happens as a function of the
ratio ho/L when the roughness amplitude hg is not small
compared to the lammellar height L.

A related topic which is of great interest in thin film
physics is the propagation of interfacial roughness in
the direction perpendicular to the solid substrate. This
phenomenon has been studied in thin films of small
molecules*® and homopolymer liquids.6? It has been
shown that the degree of roughness propagation is a
result of balancing the surface tension of the liquid film
against the surface confinement of the liquid molecules.
For small molecule liquids, the confinement is simply
the van der Waals interaction between the liquid and
the solid. Consequently, the healing length a, which is
a measure of the propagation of the roughness through
the adsorbed film, never exceeds 100 A and scales as a
= [Aeri/(27y)]¥2 where Ae is the effective Hamaker
constant and y is the surface tension of the film.# For
small molecule organic liquids wetting silicon surfaces,
a is typically on the order of 10 A.5 Polymer liquid films
have been shown to be confined much more strongly due
to the size of the polymer chains. Confinement of the
polymer chains can change the amorphous polymer
liquid into a gel or solidlike structure over a distance
corresponding to several polymer radii of gyration (~
102—103 A) near a solid interface.® This effect has been
shown to significantly increase the healing length.%7 In
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Table 1. Summary of the Conformations Obtained for the Triblock (Column 2) and the Diblock (Columns 3-5)
Copolymer Films with Lamellar Heights, L, on Top of Si Gratings with Spacing, d = 1 gm, and Different Heights, ho?

Np2ve — Nps — Npave

Nps — Npavp

Nps — Np2avp Nps — Np2vp

90—-560—-90 200—-200 510-540 1000—-1000
L=210A L=310A L=550A L=720A
ho= 40 A conf conf conf
ho =120 A anticonf conf conf conf
ho =170 A anticonf anticonf conf
ho = 250 A anticonf anticonf anticonf conf
ho = 440 A anticonf anticonf anticonf

the case of block copolymer films, it is known that the
surface induced smectic ordering can propagate for
several thousand angstroms into the film.1 An impor-
tant question addressed in the second part of this paper
is whether this ordering also makes copolymer films
more efficient in propagating surface roughness.

The third issue addressed in this paper deals with
the contours of islands of block copolymers on rough
surfaces. On planar surfaces it was found that the
contour of the island boundaries was well fit with the
theory of Turner et al.®19 In this paper we will also
investigate whether this fact remains unchanged on
rough surfaces.

We have studied the conformation of di- and triblock
copolymers on trapezoidal shaped-Si grating surfaces,
acting as model roughness with only a few enhanced
Fourier components of the roughness spectrum, using
atomic force microscopy (AFM), to detect directly the
surface morphology, secondary ion mass spectrometry
(SIMS) for depth profiling, and transmission electron
microscopy (TEM) for obtaining detailed in-plane infor-
mation. Additionally X-ray scattering experiments were
performed which will be discussed in detail in a forth-
coming paper.1!

The paper is organized as follows: After the Introduc-
tion a description of the samples and the experiments
follows. In section 3 we show that a conformal to
anticonformal transition happens as a function of the
grating and lamellar heights and is found to be con-
nected to the edge confinement of the lamellar islands.
This new phenomenon will be discussed in terms of a
mean field theory approach in section 4, which is
formulated in the thick film (continuum) limit. There
it will be shown that this transition can be explained
by a balancing of the interfacial tension and the bending
energy across the grating (sections 4.1 and 4.2). Also
an analytic expression for the vertical roughness propa-
gation is found and will be compared in section 4.3 with
the experimental data. Finally, in section 5 we sum-
marize our results.

2. Experimental Section

The Si grating substrates were produced using holographic
methods and subsequent chemical etching techniques.*? X-ray
scattering and AFM investigations of bare surface gratings and
gratings covered with homopolymer films have revealed that
both probes yield equal results for the surface parameters. The
deviation in the z-direction perpendicular to the surface is less
than 5 A.713 The spacing of the gratings used in this paper
was d = 1 um, and the heights varied in the range 40 < hg <
440 A (see Table 1). Figure 1 shows an example of the
structure of a bare grating obtained with the AFM.

The block copolymer system chosen was that of polystyrene—
poly(2-vinylpyridine) (PS—P2VP) for which the Flory—Huggins
parameter %, was previously measured to be, ¥y = —0.033 +
63/T.1* Consequently, for the annealing temperature T ~ 180
°C used in this study, ¥ ~ 0.1, and all the copolymers listed in
Table 1 are strongly microphase segregated. The anionic
synthesis and the '3C characterization procedure of the block
copolymers is described in ref 15. The polymerization indices
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Figure 1. AFM image of a Si surface grating with periodicity
d = 1 um and height hy = 250 A.

of the copolymers used and their lamellar heights, L, are
summarized in Table 1. The lamellar heights were determined
for each copolymer by spinning layers approximately 1000—
3000 A thick, on flat polished Si surfaces, and annealing for 5
days at 185° C and 10~* Torr. The lamellar height was then
measured using dynamic SIMS (DSIMS). As described previ-
ously, this procedure causes the symmetric block copolymers
to order in lamellae parallel to the Si substrate with PS and
P2VP layers always present at the vacuum and Si interfaces,
respectively.®

The triblock copolymers (P2VP—PS—P2VP) used in this
study have also been shown to order in layers consisting of
cylinders lying parallel to the Si interface. The cylinders have
P2VP cores and PS coronas, and the lamellar height listed in
Table 1, L = 210 A, is the measured core—core spacing
perpendicular to the surface between cylinders in adjacent
layers (for details see ref 16).

If the initial film thickness of the block copolymer films is
not an integer multiple of L, island or hole morphologies form
on the surface.!”*® The height of these islands or holes, as
determined by AFM, provided another measure of L. Since
the DSIMS and AFM results agree within 20 A, the average
of the two determinations is listed in Table 1.

Due to the corrugation it is not possible to obtain uniform
films by spin casting directly on the grating surfaces. The
samples were therefore prepared by first spin casting the
copolymer from toluene solution on float glass plates and then
floating from the surface of deionized water onto the Si
gratings. Afterward the samples were annealed until the films
reach equilibrium. At 185 °C, 10~ Torr the annealing time
was 2 days for the diblock and 3 days for triblock copolymers.
Control samples were also generated by floating some of the
films on polished flat native oxide covered Si substrates. The
total film thickness H was measured on the float substrates
using ellipsometry. Note that in section 3 we always give as
film thickness H the value determined by ellipsometry on a
flat surface and before annealing. The actual thicknesses on
the surface gratings may be different from these values.
However X-ray scattering measurements have shown that the
thicknesses H determined on the flat glass substrates are
about 10%—15% larger than those determined on the gratings
after annealing.** The morphologies of the surfaces were then
scanned with a Digital Instrument Nanoscope 11 AFM.

The films were built up either layer by layer or by floating
directly on the grating surface a layer of thickness H. In the
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Figure 2. SIMS profiles of CN, C, and Si perpendicular to
the surface from a H = 3200 A thick Nps — Npoyp = 1000 —
1000 film on a Si grating with height hy = 250 A.

first case, a thin layer, approximately L in thickness, was first
floated on top of the bare grating, annealed and analyzed with
the AFM. The second layer, also approximately L in thickness,
was floated on top of the first, annealed again, and analyzed.
In this manner, a layer consisting H < 6L was generated (for
most of the experiments H < 4L ). No difference in the final
surface structure was observed between the two methods for
a given final film thickness.

In order to determine the ordering on the grating DSIMS
experiments were carried out. Several samples were covered
with a sacrificial deuterated PS layer,!® and the concentration
profiles of CN— (proportional to P2VP content), CH— (propor-
tional to the PS content), CD—, and D— (proportional to dPS)
were obtained. The DSIMS experiments were performed on
an Atomika 6000 instrument at 30 nA with a 2 keV beam as
described in ref 19. The spatial resolution in this configuration
is approximately 80 A, although the accuracy of the peak
position determination is far better (~15 A).

Figure 2 shows the SIMS spectra obtained from an Nps —
Np2vp = 1000—1000 film of H = 3200 A on a grating having ho
= 250 A. The CN ion trace is proportional to the P2VP
concentration profile, while the Si profile indicates the grating
interface. The carbon trace monitors the sputtering rate,
which appears constant from layer to layer. From the well-
defined oscillations in the CN profile, the lamellar height was
found to be L = (720 & 20) A, in good agreement with previous
measurements on flat silicon. Similar SIMS measurements
were done on all block copolymer samples to prove indepen-
dently that the lamellar structure of the films on the gratings
was still present.

The TEM samples were imaged with a Philips CM12-T
microscope using a 120 keV electron beam. The preparation
was done by floating films approximately one lamellar height
on the grating and annealing them at 180 °C. The films were
then floated off the grating onto SiO-covered TEM grids
through a 5% KOH/water solution at 80 °C. The KOH removes
the polymer film by reacting with the underlying native silicon
oxide. Afterwards the KOH residue was removed by rinsing
the samples in destilled and deionized water after floating.
The samples were then stained in I, vapor which segregates
only into the P2VP regions and yields an enhanced contrast
between the P2VP and PS blocks. The phase separation in
the diblock copolymer films can then be resolved in addition
to height variations.

3. Results and Discussion

3.1. Conformality of Smectic Copolymer Films.
The phases of the surface modulations of the films
compared to those of the substrate were obtained with
the AFM by scanning a region which shows both, the
bare grating and a region covered by the copolymer film.
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Using this technique, in phase or complete out of phase
configurations were found for various samples. Figure
3a shows a typical conformal configuration of a diblock
copolymer film (Nps — Npayps = 200—200 ) of total
thickness H = 440 A on a grating with hg = 120 A. It
can be seen that the depths of the holes are exactly one
lamellar height, L = 310 A, which indicates that the
lamellar structure is unperturbed and the same as that
measured on flat silicon. The only difference is that the
shapes of the holes which are normally circular on flat
Si are now rectangular where the long edges of the holes
follow the grooves of the grating.

The contour of the thin film as measured by AFM
reveals a sinusoidal shape, indicating that the higher
harmonics of the substrate are rapidly damped and only
the n = 1 component survives. This attenuation is
similar to that previously reported for homopolymer
films.”13 It is interesting to note that the contours
inside the holes are also roughly sinusoidal i.e. they do
not correspond to the bare grating (see sectional scan
in Figure 3a).

The difference between the film thickness, H = 440
A, and the depth of the holes, L = 310 A, corresponds
to the thickness of a conformal P2VP layer which always
formed at the grating surface due to the strong interac-
tion of P2VP with the SiO surface.® This layer occurs
for all structures (lamellar, cylindrical, conformal, and
nonconformal) on the gratings or flat Si, and the
thickness never exceeds L/2.

A typical anticonformal configuration is demonstrated
in Figure 3b, and shown schematically in Figure 4,
where we show the edge of a Nps — Np2yp = 1000—1000
diblock copolymer film of nominal thickness H = 710 A
on a grating with hy = 440 A.29 The left part of the
grating is covered with polymer while the right half is
the bare grating. It can clearly be seen across the film
boundary that the higher parts of the film lie in the
depressions of the bare grating. These high sections are
composed of islands of height 720 A or exactly one
lamellar layer. This was determined from an AFM
cross-sectional scan running parallel to the grooves. In
contrast to the holes in Figure 3a, these islands (and
small holes) fit neatly into the grooves. A cross section
of the surface contour shows it to be sinusoidal, indicat-
ing again that the n = 1 Fourier component is predomi-
nantly propagated in the anticonformal configuration
as well.

Figure 3c shows the anticonformal configuration
formed by a triblock (Np2vp — Nps — Npoyp = 90—560—
90 ) copolymer film of nominal thickness H = 400 A on
a grating with hg = 120 A. The height of the ordered
cylindrical layer in this case was previously measured?!®
to be L = 210 A or the same as the height of the islands
observed in the grooves. A conformal layer adjacent to
the silicon grating is also observed. This layer was
previously found on flat silicon and neutron reflection
showed that its conformation is lamellar.® It is inter-
esting to note that the island contours appear much
more “square” in this figure than those shown for
diblock copolymers in parts a and b of Figure 3.
Apparently, the higher Fourier components can be more
efficiently propagated in both the conformal and anti-
conformal layers of triblock copolymer films. This
phenomena may be related to the fact that the triblock
copolymer forms an interconnected micelle network with
fewer defects than the diblock copolymer films.%16

The formation of an anticonformal layer can then be
described as follows: When the film thickness is less



Macromolecules, Vol. 30, No. 26, 1997

Confinement of Block Copolymers 8413

Fis R e S WSS
£9
=288 uE—=
__!i_"' - '-““-_-"“'\. AN
=t —l == . = Ay
|." L 30.469 ne
-
"o 2.5 5.0 7.5 io.0
1]
riM
E_ |_|, 2.0 pe = |
| e
= 7 |
II_‘\-I |_-"I ™ | l_."I Il_'. / 191.23 n= |
)L I '-Il'—l-r.—l-'r—'
J |
-~
1
] z.00 4.00 6.00 8.00
(1]
= N
ﬁ |
a2, 938 ue-= 9.285 nm
; Y
o I o
I'I Bt I e __-Lll,-I'r =y _.-L
| 4 I Y
= 7 :
f
]
- ]
NRWE /'
=
E- T X
" g 2.5 5.0 7.8 0.0
]

Figure 3. (a) Conformal configuration of a Nps — Np2yp = 200—200 PS—P2VP diblock copolymer film of total thickness H = 440
A on grating with height hy = 120 A. (b) Anticonformal configuration of a Nps — Npayp = 1000—1000 film with a thickness of H
= 710 A ~ L on a grating with hy = 440 A. (c) Anticonformal configuration of a Npavp — Nps — Npavp = 90—560—90 triblock
copolymer film of total thickness H = 400 A on a grating with hy = 120 A. The associated cross-sectional AFM scans are shown

above all pictures.

Al ‘ l l ‘
(1] !
Figure 4. Schematic drawing of the anticonformal arrange-

ment of block-copolymer films on a grating as observed by AFM
in parts b and c of Figure 3.

than an integral multiple of L, the excess material forms
islands or holes confined only in the grooves. The
islands grow till the grooves are completely filled. Upon
the completion of the one layer, another layer begins to

grow in the grooves of the previous layer. In this
manner alternating anticonformal and conformal layers
to the substrate grating are formed. This process is
illustrated in Figure 5 which shows an anticonformal
structure of a Nps — Npayp = 200—200 film of thickness
H = 660 A on a grating having ho = 250 A. Even though
this film is probably in a nonequilibrium state, it
nevertheless provides a good snapshot of the layer
formation process. In the figure it can be seen how new
layers are formed in the grooves of previous underlying
ones, forming alternating anticonformal/conformal/an-
ticonformal structures with respect to the grating.

The proposed underlying morphologies of the block
copolymer in the conformal and anticonformal configu-
rations are illustrated schematically in Figure 6. The
trapezoidal structure of the bare grating is shown in
Figure 6a. In both conformal and anticonformal struc-
tures, the bare grating is first covered by a conformal
brush layer of maximum height L/2 (the height of this
layer is somewhat larger than L/2 for the triblock
copolymer, since the in-plane structure of subsequent
layers changes from lamellar to cylindrical). This cover
layer is shown in Figure 6b—d. The P2VP and PS layers
are drawn as shaded and clear, respectively. Strong
hydrogen bonding with silanol groups always assures
that the P2VP layer is present at the grating interface,
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Figure 5. Three-dimensional AFM image of a Nps — Npoyp =
200—200 diblock copolymer film of thickness H = 660 A on a
Si grating with hy = 250 A. Several layers are visible which
form alternating conformal and anticonformal structures
relative to the grating.

(a)

Figure 6. Schematic cross section of the configurations: (a)
bare Si grating, (b) conformal arrangement of a diblock
copolymer lamellar on a grating with hy < hg; (c) anticonformal
configuration of a copolymer film on a grating with h > hg; (d)
arrangement of different layers in the anticonformal case. This
drawing is based on the TEM image shown in Figure 8c. Note
that the uppermost two layers are anticonformal to each other.

while the lower surface energy of PS?! requires a PS
layer at the vacuum interface. Figure 6b shows the
conformation of block copolymer layers in the conformal
configuration, while Figure 6¢c shows the configuration
of the same block copolymer on a higher grating where

Macromolecules, Vol. 30, No. 26, 1997

Figure 7. TEM plan view of an Nps — Npayp = 1000—1000
film of thickness H ~ 710 A on (a) a grating of ho = 173 A, d
= 0.5 um, which is conformal to the grating surface and (b) a
grating of ho = 440 A, d = 1 um, which is anticonformal to the
grating surface.

the ordering becomes nonconformal to the grating
interface. In Figure 6d a sketch of a layer system of an
anticonformal sample is shown. Note that our TEM
data reveals that the P2VP cores of the different layers
are not connected (see below) so that each single layer
is anticonformal with respect to the underlying inter-
face. The structures of the triblock copolymer are
similar, except that the in-plane ordering of the cylin-
ders could lie either parallel or perpendicular to the
grating grooves.

Parts a and b of Figure 7 are TEM micrographs of
films having both Nps — Npayp = 1000—1000 and a
thickness of H = 710 A but lying on gratings with
heights ho = 173 A and hy = 440 A with conformal and
anticonformal structures, respectively. In both figures,
the P2VP phase is stained with I, to enhance the
electron transmission contrast between the P2VP and
PS phases. The electron density contrast which results
from imperfect flattening of the grating structure when
the film is floated on a flat grid is significantly smaller
than that due to staining.22

Figure 7 is in qualitative agreement with Figure 6.
The major difference in a plan view TEM image between
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a

Figure 8. (a) Magnified section of the boundary at the island
formed in the grating grooves shown in Figure 7b. Note the
defects decorating the island boundary. (b) Ordering of cylin-
ders in a triblock copolymer of P2VP—PS—P2VP on a grating
with hy = 90 A. The structure is anticonformal. (c) Plan view
of a thicker edge of the film shown in Figure 7b. A third layer
is seen to form in the grooves of the second. Defects decorate
the boundaries of all islands.

the proposed structures in parts b and ¢ of Figure 6 for
a lamellar phase is that only the anticonformal struc-
ture would show significant in-plane contrast. Figure
8a is a magnified section of the anticonformal film in
Figure 7b. The defects observed around the dark P2VP
rich sections further confirm that they are the borders
of islands confined in the grooves. Similar structures
were also found by Liu et al.® to decorate island
boundaries on flat silicon. They were interpreted as
local order—disorder transitions which occur to mini-
mize chain stretching when the islands are confined
between two high energy surfaces.?324
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Figure 8b shows a slightly thicker film than the one
in Figure 8a. The excess material is seen to form the
beginning of a third layer in the grooves of the second.
It is clear from the plan view shown that the P2VP part
of the second and third layers are arranged as shown
in parts ¢ and d of Figure 6, respectively. The same
defect structure decorates the islands of the third layer,
and we would like to emphasize again that it is not
connected to the underlying second layer.

Figure 8c shows the edges of the island structure of
an anticonformal triblock copolymer film in the grooves
of a grating of height hy = 90 A. The diameter of the
cylinders is approximately 210 A, as previously observed
on flat Si.? It is interesting to note that in contrast to
the diblock copolymer films, which are disordered at the
island boundary, the in-plane ordering of the cylinders
is strongest at the island boundaries. Furthermore, the
ordering at the boundary orients the cylinders in a
direction roughly perpendicular to the grating grooves.
This result is not understood as yet, since it seems to
maximize rather than minimize the bending of the
cylinders by the grating.

The observed conformalities of the smectic copolymer
films with different lamellar heights L as a function of
ho are listed in Table 1. The lamellar heights for all
copolymers are consistent with previous investiga-
tions.’® From the table we can summarize as follows:
(a) For a given lamellar height L the grating height hg
is the key parameter that determines whether the
conformation of the copolymer is conformal or anticon-
formal. On gratings with lower heights conformal
configurations are prefered whereas higher gratings
always yield anticonformal configurations. (b) We may
define a critical grating height h. by the condition that
for hg < h the surface of the copolymer film and the
substrate are conformal and for hg > h. the film surface
and the substrate are anticonformal. The data in Table
1 suggest that h; increases linearly with the lamellar
height, L, and we may roughly estimate the relationship
he ~ L/3.

A qualitative explanation for this conformal/anticon-
formal transition is that as hg increases, the energy
penalty of bending the lamellae around the edges of the
grating increases, too. When ho becomes larger than a
critical value h; the bending energy becomes too large
for the lamellar layer to form the conformal configura-
tion. The lamellae then break down to form flat islands
in the grooves with an energy cost of increasing the
interfacial energy between the PS and P2VP blocks. The
energeticly favorable state is a result of balancing the
elastic and interfacial energies. This will be discussed
further and compared with mean field theory estimates
in section 4.

3.2. Roughness Propagation. The second topic
which is of importance in connection with diblock or
triblock copolymer films is their ability of roughness
propagation over rather large vertical distances. This
is demonstrated in Figures 9 and 10 where the rough-
ness attenuation y = h/hg, h being the roughness of the
topmost surface, is shown for different systems as a
function of the overall thickness H of the adsorbed films.
In Figure 9 the dots are the theoretical prediction for
simple liquids,* and the dot dashed line shows the result
for a homopolymer (PS) with large (Myw = 1.03 M)
molecular weight (for details see refs 6, 7, and 13). The
curves for the copolymers in the anticonformal config-
uration are given by the other symbols. The data of the
conformal and anticonformal cases corresponds to a



8416 Lietal.

12— T 1T

LA S S S A

—©—anticonf. diblock
—A-—anticonf. triblock
simple liquid

——polystytene 1000k

v
I
I
|
s
}
k?
:
!
>
PN AU U NATR RN BRI BRI

0ol Iyl e L
500 1000 1500 2000 2500 3000

H A

Figure 9. Roughness attenuation |x(q,H)| = h/ho as a function
of the total film thickness H for different systems: small
molecule liquid (dots); homopolymer liquid (broken line);
diblock copolymer anticonformal case (open circles); triblock
copolymer anticonformal case (open triangles). The solid and
broken lines for the block copolymer films are just lines drawn
to connect the points for clarity. They are not given by the
theory.

o

1.0 — — -
E ~ |
F \\ O experiment
L \ _ ]
09l \ theory N
L O — —homopolymer ]|
L \ ]
L \ ]
~—~ 0.8 - \ —
T F \ B
= L \ o<H_1 ]
> F \ i
071 \ O ]
- \ 4
L \ ]
0.6 - \ O 4
. \ o<H_4 |
L \ i
- \
0.5 PRI A NN SR SR ENNY RO ST SO AT S S NN SO T
0 200 400 600 800 1000
Ho[A]

Figure 10. Measured roughness attenuation (open circles)
and calculation (solid line) with the model presented in the
text. The broken line is the calculation for a homopolymer
liquid.

series of Nps — Npayp = 200—200 diblock copolymer
films on gratings with heights hg = 120 and 250 A,
respectively.

From these figures it can be seen that the copolymers
are much more efficient in the propagation of the
roughness than homopolymers or simple liquid films.
Figure 6d indicates that for the anticonformal configu-
ration the roughness of the next layer is simply given
by a subtraction of the roughness of the present layer
from the lamellar height; i.e., the roughness should
oscillate under ideal conditions between h ~ L — hg and
h =~ ho. Oscillations in h/hg can be seen for the
anticonformal configuration of the diblock copolymer
sample.?5

For the film thicknesses studied, i.e. H < 6L we
observe that when hg ~ L/2 then h ~ hg in all layers
and the roughness remains nearly constant (see tri-
angles in Figure 9). Similarly if hg < L/2, then h > hg,
and amplification of the grating roughness occurs in
alternate layers. This was observed with the triblock
copolymer film value L = 210 A. On a grating surface
with hg = 90 A an amplified roughness of h = 120 A

Macromolecules, Vol. 30, No. 26, 1997

was found whereas on a grating with hy = 100 A a
roughly constant value of h ~ (105 + 5) A was mea-
sured. A similar amplification was also observed with
a Nps — Npzyp = 1000—1000 diblock copolymer film on
a grating with hy = 280 A and maximum h &~ 440 A. An
amplification of the roughness is always present if a
strongly ordered copolymer of appropriate lamellar
height L is chosen. Anticonformal copolymer films,
which are very easy to produce, are therefore well suited
for applications of nanocontact printing.26

4. Theory

The theory of Turner and Joanny,? which we men-
tioned in the introduction, assumes ho < L and predicts
a conformal/anticonformal transition as a function of the
lateral spacing, d, and the lamellar height, L. Since we
always work in the region hg ~ L, this theory is not
applicable to explain our data.

In this section we will give a theoretical explanation
for both major experimental findings—the conformal/
anticonformal transition and the very effective rough-
ness propagation of smectic diblock copolymer films.
This theory also works in the case hy ~ L but is only
rigorously true in the thick film limit; i.e., H/L > 1. Note
that experimentally we always work in the limit of only
a few layers H < 4L (for diblock copolymer films) so that
deviations between our results presented in Table 1 and
the calculations shown below in sections 4.1 and 4.2 are
not unexpected. However, we will see that the theory
is able to yield the experimentally determined relation-
ship between h; and L quite well. For this purpose we
first have to calculate the free energy of a smectic film
on a periodic surface.

4.1. Free Energy of Copolymer Films on Peri-
odic Surfaces. A free energy analysis of a conformal
layer stack of diblock copolymer films on periodic
surfaces can be carried out using a mean field theory
ansatz. The smectic-A phase has rotational symmetry
around the layer normal (the z-direction) and symmetry
in the x—y plane. Since we have a smectic film of
thickness H on a grating with very long parallel grooves
we assume translational symmetry in the y-direction.
Deformation away form the average (flat) layer position
may conveniently be expressed by a continuous scalar
displacement field u(r) which represents the normal
displacement of the layers in the z-direction. Such a
description has been shown to lead to the so called
Landau de-Gennes?”:28 free energy per unit length in
the y-direction

F="2 [ [0u)° + E(3,07] dx dz @

where § is a length characteristic of the smectic defined
by

£=VKIB )

and B and K are the compressional and bending moduli
of the smectic and may be estimated from appropriate
microscopic theories.’® The length & is predicted®27 to
be on the order of the lamellar period L. The Landau
de-Gennes free energy represents the leading order term
in an expansion in powers (and derivatives) of u(r) and
is accurate for slowly varying deformations.?”28 Mini-
mization of F and subsequent calculations are most
easily performed in Fourier space where, anticipating
periodicity in X, the Fourier transform of u(r) is defined
by the series
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1 c .
ux,z) =—— Z {,(z) exp(ingx) (3)
2r "%
where q = 2x/d. Apart from the periodicity of the
problem the following calculation follows closely that of

ref 10. Minimizing the free energy F gives the deforma-
tion field which minimizes the bulk deformation energy

’2) + B, exp(—En’a’z)  (4)

where the integration constants o, and 3, are deter-
mined by the boundary conditions at the substrate and
the free surface of the film, i.e. atz=0and z = H, finally
yielding

Un(2) =
(@,(H) —

0i(2) = o, exp(én’q

0,(0) exp{ —&n“q”H}) sinh(En’g?H)

(in(0) exp{ —&n’q’z} (5)

A surface term must now be added to eq 1 in order to
include the work done in deforming the free surface of
the smectic film against the surface tension y. This
term is an energy density of the form

F (8 u)? o(z — H) (6)

surf —

which leads to the following energy per unit area of the
surface

l (o]
F=— 3 |Lnet,(H)a_,H) +
2'7[ n=-—oo

—j; (9,00(2)3,0_0(2) + £n*q"0,(2)0_(2))| dz (7)

Minimization of eq 7 with respect to the shape of the
free surface, specifically Gn(H), gives

Un(2) =

0.0) cosh{&n?g*(H — 2)} + I sinh{&n%g*(H — 2)}
" cosh(én®g®H) + T sinh(En?g?H)

8)

where I' = y/(KB)'2 is assumed to be much larger than
unity in what follows. This is a quite reasonable
assumption for diblock copolymer films where (KB)Y2
~ yas, the interfacial tension acting at the interface
between the two copolymer blocks. Substitution of the
result (eq 8) into eq 7 yields

00

KB
F= 3 — a0 A, (9)

n=—oo

with

_ A +tanh(n’nS?)
" 1+ Atanh(n?n_2)

(10)

where we have introduced n, = 1/(q«/§_H). We model
the deformation of the substrate by a periodic step
function of peak to peak amplitude hy (the grating
height)
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u(x,0) = £hy/2 (11)
where the plus sign has to be chosen for md < x < md
+ d/2 and the minus sign for md — d/2 < x < md,
respectively, and m is an integer. Calculating the
Fourier coefficients and inserting the respective {,(0)
into eq 9 finally leads to

F= 2 o heds, (12)

=Todd T’

where we have introduced n* = cy/(q(€L)Y2 = cine(H/
L)Y2 as a high wavelength cutoff in order for F to
converge. Here c; is a positive constant of order unity
which depends on the precise choice of the small
wavelength cutoff. The physical origin of this cutoff is
the failure of the continuum smectic theory to correctly
account for modes with wavelengths smaller than the
lamellar period. The length (EL)Y2 ~ L appears in the
definition only for notational convenience. Our estimate
of F neglects the energy of deformation, or local phase
changes, on length scales smaller than L. Clearly the
energy F can be calculated numerically for arbitrary
parameter values, but in order to develop an under-
standing of the physics involved, it is convenient to
assume separation of length scales according to n* >
n.. Such separation is valid provided that the film has
several layers H/L > 1. In this case A, has the following
asymptotic behavior

———— for n<n
A, =~ {1+ TI'n?ng ‘ (13)

1 for n>n,

With the further assumption nZ > T, i.e., that the
grating repeat period d is large enough, we find to
leading order

iﬂh 2 ;7_ TJALUH + ¢, (14)

where we recall that c; is an undetermined positive
constant of order unity which depends on the precise
choice of the small wavelength cutoff. The factor q/(27)
in eq 14 must be present in the g — 0 limit and simply
means that the energy is linear with the number of
grooves per unit length in x-direction.

Before estimating the critical height with eq 14 we
would like to recapitulate the assumptions made to
obtain this result.

(i) We have worked in the thick film limit. The
calculation described in this section is formulated in the
continuum limit which is appropriate for H/L > 1. We
extrapolate our results to the thin films studied experi-
mentally here with the warning that our theory is
starting to break down for films with only one or two
layers.

(i) The calculation is valid only for strongly segre-
gated copolymers and the lamellar phase. It is valid
neither for the hexagonal phase nor for the anticonfor-
mal array shown in parts c and d of Figure 6.

(iii) There was the assumption that we have d > H,
L, £&. This assumption is not crucial, and at least we
would be able to calculate the sum given by eq 12
numerically for arbitrary configurations. Furthermore
we have calculated eq 14 for a periodic step function
grating rather than for the trapezoidal shape of our
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substrates. Since the deviation from a periodic step
function is small we expect that this effect on the final
result is negligible.

Points (i) and (ii) mean that our theory may only be
expected to give an estimate for the critical height he.
A completely different, discretized theory may be able
to be more quantitative. However, in the following
section we will see that our simple result given by eq
14 is able to explain the experimentally observed
connection between h; and L quite well.

4.2. Estimate for the Critical Height. So far we
have merely derived the energy of a conformal film on
a general, but periodic, substrate. The problem which
we are primarily interested in here is predicting under
what conditions the upper free film surface is caused
to undulate out of phase with the substrate. This kind
of arrangement will be produced whenever defects occur
consisting of stripes of material inside the grooves of
the grating.

The energy Fcont Of the conformal arrangement of the
smectic film on the periodic substrate is simply given
by eq 14. To calculate the energy Fanti of the anticon-
formal case we have to bear in mind that in the thick
film limit H/L > 1 the P2VP cores may be connected
and only the layer next to the substrate consists of
defects, so that also for the anticonformal arrangement
a bending energy Fpend &~ Fanti according to eq 14 has to
be taken into account but with L — hg instead of hg.
Balancing both energies, i.e. solving Feons = Fanti, would
simply yield for the critical height h, = L/2.

However, since our experiments were done in the
region of only a few layers and we found experimentally
that the structure can be described by parts ¢ and d of
Figure 6, i.e., by defects throughout the whole sample,
this result is not applicable to explain our data.

The main contribution to the free energy in the
anticonformal case of only a few layers stems from the
creation of new interfaces between PS and P2VP. This
interfacial energy Fin¢ is obviously proportional to the
height of the lamellar and the number of stripes so that
we may assume

I:anti ~ Fint = CZ % L vKB (15)

where c; is another positive constant which magnitude
can be crudely estimated from a calculation given by
Semenov.?® Solving Feont = Fant is again the condition
for the critical height h; leading to (§ ~ L)

h, = 2C L (16)
¢ \WALH + 2¢,/x

Since H is always on the order of L in our experiments,
eq 16 yields a linear increase of the critical height h
with the lamellar height L of the polymer with a pre-
factor which is on the order of 'Y ~ 0.4 for our
copolymers in good agreement with the experiment (see
Table 1, section 3.1, and note ref 30).

The question whether for thick films, i.e., films with
H/L > 1, the structures of the anticonformal arrange-
ment are also given by parts ¢ and d of Figure 6, or
whether anticonformal connected P2VP layers plus only
one defect layer exist cannot be solved by our study. We
may only estimate from which total film thickness H,
one may expect to see such a configuration by the
following consideration. The energy cost of creating
defect stripes throughout the sample is merely given by
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FintH/L for more than one layer. If this energy is
compared with the total deformation energy Fcons, the
maximum value of H. occurs for hg ~ L/2 for which we
find (I' = 30 in our study)

H,~ LI~ 3L 17)

Since almost all data for the diblock copolymer samples
were taken for three layers or less we have worked in
the regime H < H.. For thicker anticonformal films we
may expect to see a single layer of defect stripes and
alternate connected P2VP and PS layers.

4.3. Roughness Propagation in Copolymer Films.
For a conformal smectic film with thickness H the
attenuation function y(ng, H) = 0n(H)/Gn(0) of the
Fourier components with wave vector nq can simply be
calculated using eq 8. The result is the explict expres-
sion

1
cosh(En?g®H) + T sinh(En?g®H)

x(nq, H) = (18)

for the roughness propagation. The function y is for the
first harmonics, i.e., n = 1, equivalent to h/hy with h
being the depth of the grooves for a film of total
thickness H. If we chose the values for the Nps — Npavp
= 200—200 diblock copolymer sample used, we are able
to explain very well our data obtained with a hg = 120
A grating. This is demonstrated in Figure 10 by the
line which represents the theory. Note that this line is
close to the data points without having any free adjust-
able parameters.

For £g2 Hn? < 1 (i.e. n&2 > n?) we may expand eq 18

1

S —— 19
1+ T n’nS (19)

x(ng, H) =

yielding a rapid decay according to 1/n? for the higher
harmonics as observed in our experiments. Using the
definition b = 1/(I'§), eq 19 may be rewritten as

%(ng, H) = 1 ~HT (20)

1+n%PbtH

For small molecule liquids and homopolymers y is given
by4,6,7

1

-t H* 21
1+ n’g’a 2 H* D)

x(ng, H) =

with the healing length a which is on the order of 10 A
for simple liquids and on the order of 100 A for long
chain homopoloymers. The broken line in Figure 10
represents this function which can not be adjusted to
our data points. Equations 20 and 21 show that vertical
roughness propagation in thin diblock copolymer films
is much more efficient (h/hp O H™1) than in homopoly-
mer films even with much higher molecular weight (h/
ho OH™ ).

Since the theory of section 4.1 does not work for the
anticonformal arrangements of the thin films shown in
Figures 6¢c and 6d, we cannot make a quantitative
comparison with the data which we obtained for the
roughness propagation in this case. However, we may
do a crude qualitative discussion. Figure 6d and the
discussion in section 3.2 suggest that y(q, H) may be
written as (m is an integer)
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L — hg
——— — for modd
x(@, H=mL) ~ ho (22)

+1 for m even

because alternate anticonformal/conformal configura-
tions with respect to the grating are present. The minus
sign in front of the first case indicates that this layer is
anticonformal (the Fourier components are negative
compared to those of the grating!). Note that eq 22 does
not contain a g-dependence, which means that all
Fourier components are transferred with the same
strength. Since the experiments reveal that higher
harmonics are rapidly damped in the anticonformal case
too, we have to bear in mind that this is an oversimpli-
fied picture. In the limit of very thick films, where the
surface induced ordering is attenuated,?®> one would
expect a similar attenuation function y as in the
conformal case.

For the Nps — Npayp = 200—200 diblock copolymer
films with L = 310 A on a grating with height hy = 250
A, according to eq 22, we would expect an oscillation of
x between the values y(mMegq) = —0.24 and y(Meven) = 1,
respectively. In Figure 9 the measured absolute values
of x for the diblock copolymer films are given by the open
circles. The oscillation is clearly visible but the ampli-
tude is smaller than that calculated from eq 22. A
possible reason for this is the always present conformal
P2VP layer next to the Si surface which has to be
treated in a different way.

Equation 22 also suggests that if L ~ 2hg the attenu-
ation function |y(g, H)| should remain constant as
discussed in section 3.2. This behavior is confirmed by
the measurement with the L = 210 A triblock copolymer
film on the grating with height hy = 120 A ~ L/2. The
roughness remains constant but a lower value than the
ideal value 1 given by eq 22 is found. The reason may
again be the thin always present conformal P2VP layer
which leads to a certain amount of roughness attenu-
ation before the y function given by eq 22 can start to
work.

5. Conclusions

Ordered copolymers form conformal and anticonfor-
mal roughness configurations on patterned substrates
and have a high efficiency to propagate the roughness
over long vertical distances. This particular behavior
of diblock and triblock copolymer films on grating
surfaces is described by a simple mean field theory. It
is shown that this theory is able to explain the data both
the confromal—anticonformal transition and the rough-
ness attenuation. The reason for the transition from
conformal to anticonformal behavior is found to be the
edge confinement of the lamellar islands. The theory
has confirmed the experimental finding that the critical
grating height for the transition is proportional to the
lamellar height of the used copolymer. Furthermore we
have shown that block-copolymer films are much more
efficient in roughness propagation than homopolymer
or liquid films.
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