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ABSTRACT: We show that the near surface structure of lamellar ABC triblock copolymer mesostructures
can deviate considerably from the “ideal” surface anticipated from the bulk structure of the material.
Varying the molecular architecture and the surface energy difference between the respective blocks, we
show that such surface reconstructions are caused by a complex balance of enthalpic and entropic
contributions to the free energy of the system. The results are compared to the well-known surface behavior
of classical crystals and experimental conditions for what may be called “block copolymer surface science”

are discussed.

1. Introduction

Microphase-separated block copolymers present a
class of ordered materials,! which in many respects
resemble crystalline matter. While the latter may be
viewed as a three-dimensional periodic arrangement of
atomic nuclei and electron density, an ordered block
copolymer structure is a periodic array of polymer
density. Despite the fact that the characteristic length
scales differ by some 4 orders of magnitude, the search
for similarities between the rather different types of
ordered matter has repeatedly attracted scientific
interest.2~4 Examples are the determination and clas-
sification of the symmetry of the ordered mesophases,
the characterization of defect structures and their
thermal behavior, and certain routes of “single-crystal”
preparation, such as the moving thermal gradient
technique recently devised by Hashimoto and co-work-
ers,®> which closely resembles the zone melting procedure
established for metal and semiconductor single-crystal
preparation. An interesting similarity, which has not
yet widely been investigated, concerns the surface
behavior of ordered block copolymer samples. It is well-
established in classical surface science that the absence
of nearest neighbors can lead to significant deviations
of the structure of the topmost atomic layer(s) of a
crystal.® If only the lattice spacing perpendicular to the
surface is changed, the effect of the surface is referred
to as a “surface relaxation”. If, in addition, the lateral
arrangement of the atoms is affected by the surface, the
effect is referred to as “surface reconstruction”. Both
relaxation and reconstruction can affect more than just
the topmost atomic layer. The prominent example of the
Si(111)7 x 7 reconstruction,” for example, is brought
about by structural rearrangements (both laterally and
perpendicular to the surface) of as much as the topmost
five atomic layers.

The study of block copolymer surfaces dates back to
the early 1980s when it was realized that irrespective
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of the underlying microdomain structure, the surface
of diblock copolymer specimens is usually covered by
the lower surface energy block.® Initiated by the thin
film work of Anastasiadis et al.,® surface effects became
an area of increasing interest at the beginning of the
past decade, as they tend to dominate the morphology
of block copolymer films in a thickness range of several
bulk lamellar spacings.1%11 Much of the work concen-
trated on lamella forming diblock copolymers, where the
major effect lies in an alignment of the lamellae parallel
to the confining surfaces. The more complex situation
of ternary block copolymers has only recently been
addressed both theoretically’?3 and experimentally.14-16
The first explicit comparison between structural effects
on block copolymer surfaces and classical surface science
was put forward by Stocker et al.,* who investigated
the surface structure of an ABC triblock copolymer and
interpreted the experimental findings as a surface
reconstruction. Despite a constantly growing number of
publications dealing with block copolymer thin films,
an in-depth discussion of the observed effects in the light
(and language) of classical surface science is still lack-
ing. In a recent letter, we have started such a discussion
based on experimental results on the near-surface
structure of a lamellar ABC triblock copolymer forming
a nonlamellar, reconstructed surface structure.” In the
present publication, we present further experimental
data on the surface behavior of the same and similar
block copolymer systems. Furthermore, we work out in
more detail the comparison between the effects found
on the surfaces of block copolymer and the surface
behavior of classical crystals. Our work is motivated by
the conviction that similarities in the behavior of rather
different classes of matter can reveal information on the
underlying (general) concepts of nature.

The remainder of the paper is organized as follows.
We first describe experimental results on the thin film
and near-surface structure of four different ABC triblock
copolymers, all of which exhibit a lamellar morphology
in the bulk of the films (Figure 1). We then discuss the
experimental results in view of the concepts established
in classical surface science and try to identify similari-
ties and differences of the surface behavior of these
rather different classes of material.
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Figure 1. Cross sectional TEM images of thin films of SBM?162
(a), BSM% (b), and SBT?0 (c). All samples were stained with
0Os0yg; therefore, the dark regions can be assigned to PB. The
scale bars represent 200 nm.

2. Experimental Section

Monodisperse batches of different linear triblock
copolymers of the type polystyrene-block-polybutadiene-
block-poly(methyl methacrylate) (SBM), polybutadiene-
block-polystyrene-block-poly(methyl methacrylate) (BSM),
and polystyrene-block-polybutadiene-block-poly(tert-bu-
tyl methacrylate) (SBT) were investigated in this study.
All polymers were synthesized anionically following
standard procedures.'® Details concerning the synthesis
and the bulk properties of the materials can be found
in ref 19. The molecular parameters of the polymers are
listed in Table 1. All four polymers exhibit a lamellar
microstructure in the bulk. The characteristic lamellar
spacing Lo is included in Table 1.

Copolymer films of thickness 100—1000 nm were
prepared on polished Si wafers by dip coating from 5
wt % polymer solutions in chloroform. To drive the
samples toward thermodynamic equilibrium, the films
were exposed to a well-controlled pressure of chloroform
vapor (near but below saturation) for 1 day and dried
slowly, by reducing the vapor pressure continuously over
a period of 10 h. The samples were kept at a tempera-
ture Tsample = 20.0£0.1 °C in a closed vessel together
with a chloroform reservoir kept at a slightly lower
temperature Teowent = 19.5+0.1 °C. The solvent vapor
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Table 1. Molecular Parameters of the Polymers Used in
This Paper, Where My, and M\/M, Are Determined by
Size Exclusion Chromatography (SEC) Using a PS

Standard)

Mw Lo
polymer (kg/mol) ¢ps ¢pB ¢PMMAIPtBMA MW/Mn (nm)
SBM162 162 0.33 0.47 0.20 1.02 ~802
SBM>4 54 0.34 0.37 0.29 1.04 47b
BSM1% 196 0.35 0.35 0.30 1.12 105P
SBT160 160 0.32 0.35 0.33 1.04 85b

a For SBM162, the characteristic bulk spacing Lo was estimated
based on the data provided in ref 38. b For the three remaining
copolymers, the characteristic bulk spacing L, is taken from small-
angle X-ray scattering (SAXS) experiments.1®

pressure was varied by variation of Tsovent. Care was
taken to keep Tsovent < Tsample to avoid infinite swelling
of the polymer film and to ensure reproducible sample
preparation. The preparation procedure resembles the
solvent casting (slow drying) process typically used for
bulk samples of these!® and similar materials.

The resulting thin film samples were investigated by
optical microscopy (OM), TappingMode scanning force
microscopy (SFM), cross sectional transmission electron
microscopy (TEM), and low energy scanning electron
microscopy (SEM). For the TEM experiments the films
were floated off the SiOx covered Si substrates onto
aqueous KOH solution, picked up onto a TEM grid,
embedded into epoxy, and subsequently cut into ~50
nm thick slices. To avoid swelling in unreacted epoxy,
the films were coated with a thin carbon layer prior to
embedding. To enhance contrast the films were stained
with OsO,. For the SEM investigations RuO,4 was used
as a selective stain. A field emission source with low
energy electron beam (~1 kV) was used. No further
coating with a conductive material was needed.

3. Results

3.1. Surface Reconstructions. SBM. We start our
discussion with the two SBM triblock copolymers. Prior
to investigating the near-surface structure of the block
copolymer, we have to unambiguously determine the
“bulk structure” of our thin film samples. On the basis
of the work on thin films of symmetric polystyrene-
block-poly(methyl methacrylate) (SM) diblock copoly-
mers,®20 one expects an attraction of the polar M end
block to the polar SiOy substrate surface. In the diblock
copolymer case, this attraction is known to lead to an
alignment of the lamellae parallel to the plane of the
film. To establish the “bulk structure” of the SBM
triblock copolymer films, cross-sectional TEM images
were taken. Figure 1a shows such an image for SBM162,
One can clearly see the lamellar microdomain structure
of the block copolymer aligned parallel to the plane of
the film. The black regions can be assigned to PB, which
is stained preferentially on exposure to OsO, vapor.
According to the PMMA volume fraction, the thinner
bright regions are assigned to PMMA. The wider bright
regions are considered to be PS. The lamellar spacing
Lo fiim amounts to 47 +£ 5 nm and therefore is somewhat
smaller than the bulk lamellar period Lo = 80 nm (see
Table 1). This deviation may be due to both beam
damage on the PMMAZ?! and some shrinkage of the
film during the preparation process. The layered struc-
ture of the films is also reflected in SFM topography
images of regions, where the film thickness is laterally
varying. Here, the annealing process leads to the
formations of areas of well-defined thickness (terraces),
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Figure 2. TappingMode SFM images of the phase contrast (a) and the topography (b) of the surface of a thin SBM% film. The
phase contrast image corresponds to the black square in (b) and is a composite of 16 individual SFM images.

separated by steps of well-defined height Hstep (Figure
2b). The terraced structure of the film surface is also
found on spin-coated samples after solvent vapor an-
nealing. So far the results closely resemble the behavior
of diblock copolymer thin films. SFM measurements of
the step heights Hswep, however, yield values of only
about half the lamellar period Lo fiim found in the bulk
of the film (Lo fiim ~ 30 nm). The absolute values are
found to vary somewhat between different experiments.
The relative values Hstep/Lo fim, however, always follow
the same trend, i.e., Hswep = 2Lofim. We note, though,
that the determination of the lamellar spacing in the
bulk of the film Lo fim presents only a lower boundary
to the actual value due to the beam damage on the
PMMA blocks. In any case, we find that the step heights
determined by SFM are always considerably smaller
than the lamellar spacings determined from the cross
sectional TEM images.

If the lamellar structure would proceed throughout
the entire sample to the free surface of the film, a
laterally homogeneous surface layer rich in one of the
end blocks would be expected. However, higher resolu-
tion SFM images show unexpected lateral patterns on
the terraces (Figures 2a and 3a). Two different types of
lateral patterns are observed, which strictly alternate
between successive terraces. For further reference and
for reasons to become clear below, we refer to the two
terrace structures as Sp. and Mp, respectively. Spy is
characterized by isolated bright dots with a typical
lateral repeat distance of some 60 + 3 nm embedded in

a continuous matrix. Terrace Mp_ shows a similar
pattern however with less contrast. Along with the
terraces, the shape of the steps between them is found
to alternate as well. As we move downward on the
sample (from left to right in Figure 3a), the step from
MpL down to Spi is continuous and rather featureless,
while the step from Sp. down to Mp_ has a dotted
appearance in the SFM phase image.

To gain further insight into the near surface micro-
domain structure and to distinguish between the dif-
ferent materials we made use of the different etching
rates of the three blocks in an oxygen plasma. The
samples were exposed to an RF plasma in air (Harrick
Plasma Cleaner, 1 mbar, 60 W at 13.56 MHz, 45 s). As
determined from SFM measurements prior to and after
the etch, this procedure removes about the topmost 14
nm of the polymeric material. Note that the same spot
was imaged with SFM before (Figure 4a) and after
etching (Figure 4b). Before etching terrace Sp. exhibits
an array of protrusions, while no significant roughness
is detected on terrace Mp.. After the etch, the protru-
sions on terrace Sp_ have turned into depressions while
terrace Mp now exhibits an array of protrusions. We
have determined the etching rates for the three com-
ponents in a separate experiment?223 and found that
the B and M blocks are etched twice as fast as the S
block. Therefore, we can assign the continuous phase
remaining after the etch on terrace Sp_ as PS. The same
holds for the protrusions formed on Mp._ during the etch.
To further distinguish between PB and PMMA, we have
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Figure 3. (a) TappingMode SFM phase image of a SBM*¢2 film showing the two different kinds of terraces at the free surface.
Scale bar: 1 um. (b) Scanning tunneling microscopy image of a stepped Si(100) surface forming a (2 x 1) surface reconstruction
(courtesy of M. G. Lagally, University of Wisconsin, Madison). The different orientations of neighboring terraces are clearly visible.

Scale bar: 5 nm.

Figure 4. SFM height images of a SBM*¢2 film before (a) and
after (b) etching with RF plasma. (c) shows a SEM image of a
RuOy-stained SBM'%2 film. The dark regions correspond to
PMMA rich areas. Scale bars: 1 um.

treated the films with RuO,, which is known to selec-
tively stain the PB and PS blocks. The samples were
then investigated with a field emission SEM (Figure 4c).
Under the employed imaging conditions the stained
regions appear bright in the SEM images. Therefore,
the dark areas can be assigned to M. From Figure 4c,
we conclude that on terrace Mp_ we have a continuous
matrix of M, whereas on Sp_, isolated M domains are
present.

Summarizing the results discussed so far, the follow-
ing picture evolves. The bulk of the thin film exhibits a
lamellar structure with the lamellae being aligned
parallel to the film by virtue of interactions with the
substrate (cross sectional TEM). The film develops
“gquantized” thicknesses, which are found to be integer
multiples of half the lamellar spacing Lo siim (SFM height
images). Two different surface terminations of the
lamellar structure are observed (Mp_ and Spi), which
strictly alternate between neighboring terraces (SFM

Figure 5. Schematic model of the near surface morphology
of SBM'%2 (see text for explanation).

phase images). Terrace Mp_ consists of isolated PS
microdomains (SFM and etching) in a continuous matrix
of PMMA (SEM and staining), while terrace Sp_ is
characterized by PMMA domains (SEM and staining)
in a continuous matrix of PS (SFM and etching). In
other words, terrace Mp._ can be looked at as a perfo-
rated PMMA lamella with PS inclusions and vice versa
for terrace Sp.. This finding led us to the notations Mp._
and Sp, respectively.

To visualize the potential structure of our films,
Figure 5 shows a model comprising all the experimental
results. In addition, the model allows for the fact that
from the three components of our triblock copolymer,
the PB middle block has the lowest surface energy.
Therefore, we expect the surface to be covered homo-
geneously by a thin PB layer. In contrast to the ideal
surface, which would be terminated with a PS block,
the polymer rearranges, folding back the S chains into
the adjacent M domain and thereby giving way to PB
to cover the surface. Below this thin PB layer, the near
surface structure is a continuous layer of PMMA
perforated by isolated PS microdomains (Mp.). Accord-
ingly, if a lamella would ideally terminate with PMMA,
the respective process leads to a perforated layer of PS
including isolated M microdomains. In both cases, a
continuous layer of PB can cover the surface. The model
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Figure 6. SFM images of a step from a Sp._ terrace down to
a Mp__ terrace (from left to right): (a) image of the true surface;
(b) image of the indentation with an amplitude set point of
0.6. It is the difference between the true surface image shown
in part a and the height image taken at a set point of 0.6;
scale bar: 100 nm. (c) Profiles of the true surface shown in
part a and of height images determined from amplitude/phase
vs distance curves for set points of 0.95 and 0.6. Tapping with
a set point of 0.95 is usually called “soft tapping” . Note that
there is no height offset between the three curves.

explains both the existence of two different terminations
which strictly alternate between neighboring terraces
as well as the observation that the step heights Hstep
amount to only about half the lamellar spacing Lo fiim
in the bulk of the film.

The existence of a homogeneous layer of polybutadi-
ene on the surface of both Sp. and Mp_ is—although
expected in terms of surface energy—difficult to estab-
lish experimentally. We can get indirect evidence, how-
ever, by quantitative measurements of the indentation
depths of the SFM tip during TappingMode imaging.
As both PS and PMMA are glassy solids at room
temperature, the SFM tip can indent only by small
amounts under the typical imaging conditions. PB, on
the other hand, is easily indented by several nanometers
under typical imaging conditions, since it is a rubbery
liquid at room temperature. SFM TappingMode height
images of surfaces with a laterally varying stiffness do
not necessarily represent the topography of the surface
but are complex superpositions of both true surface
topography and lateral variations in the indentation
depth of the tip. Following a protocol devised by Knoll
et al.,2* we therefore have determined both an image of
the true sample surface (Figure 6a) and of the absolute
indentation depth at a set point of 0.6 (Figure 6b). The
images consist of 64 x 64 data points, each of which is
calculated from an entire amplitude/phase vs distance
curve taken at the respective location. In Figure 6c,
three line scans taken at different set points are shown.
All heights are in absolute values. Indeed, the indenta-
tion of the tip is much higher than on a pure PS or
PMMA surface. It is comparable to what was found on
the surfaces of thin films of polystyrene-block-polybuta-
diene-block-polystyrene (SBS) exhibiting PS cylinders
in a PB matrix.2* Here, as well, the hard PS domains
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Figure 7. (a) TappingMode SFM phase image of an SBM?62
film. It shows the step between the first terrace and the
neighboring Sp. terrace. (b) SEM image (RuO, stained) of a
step between the first terrace and the neighboring Sp,_ terrace.
(c) TappingMode SFM phase image of the stripe pattern
appearing in regions with a film thickness of tim ~ 18 nm. (d)
Profile of the phase signal averaged along the short side of
the boxed area in Figure 4c. The dotted lines are a guide to
the eye.

are covered with a continuous, soft PB layer. Our data
therefore corroborate the presence of a continuous PB
layer covering both surface terminations Mp. and Spp
found on the SBM surface.

In the thinnest regions of the film, yet another surface
pattern is observed. This can be seen in the bottom of
Figure 2 (middle part). Parts a and b of Figure 7 show
higher magnification images of the boundary between
this layer and the neighboring Sp,_ terrace. This pattern
has the highest contrast in the SFM phase image. The
most distinguished features are the stripelike domains
oriented perpendicular to the boundary with the neigh-
boring terrace.?> We note that we have used this
particular boundary structure to unambiguously iden-
tify the “layer number” both in the SFM and in the SEM
experiments referred to above in order to assign Sp._ and
Mg in the images taken by the two different techniques.
We also note that in some of our experiments, this
particular boundary pattern was found to extend over
rather larger lateral areas. This can be seen in Figure
7c, which shows an SFM phase image of an area of
thickness 18 + 2 nm. A cross section through the phase
image (Figure 7d) reveals that all three blocks are
arranged in a stripe like fashion which may best be
described as a perpendicular lamella. Although this
particular structure may be of interest in the context
of nanopatterning applications, we shall not discuss it
in any further detail since this is not a surface recon-
struction but an effect of confinement and shall be
discussed elsewhere.

3.2. Effect of Block Copolymer Molecular Weight.
SBM>4. So far our discussion concerned the SBM62
triblock copolymer only. We have performed similar
experiments on thin films of the lower molecular weight
SBM> triblock copolymer (Figure 8). This material
shows qualitatively the same behavior, while all char-
acteristic lengths, Lo, Logim, and Hsep, as well as the
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Figure 8. (a, b) TappingMode SFM phase images of a SBM>
film. They show, from left to right, a step from an Mp_ terrace
down to an Sp, terrace (a) and a step from an Sp_ terrace down
to an Mg, terrace (b). Scale bar: 500 nm.

in-plane characteristic spacing, are considerably smaller.
The step heights are again significantly smaller than
the lamellar period found in bulk samples. In the SFM
phase images, we observe a weaker contrast between
the different blocks. This may be attributed in part to
the smaller lateral domain size. In addition, PS and
PMMA will be less incompatible at this rather small
molecular weight. In consequence, the PS/PMMA in-
terfaces are considerably wider and the two polymers
exhibit weaker segregation. However, qualitatively the
same features are observed: Two different surface
terminations are found to alternate between neighbor-
ing terraces, and two types of steps can be identified
on top of an otherwise lamellar structure.

Aside from the differences in molecular weight, SBM>*
exhibits an almost perfectly symmetric composition
(¢ps = 034, ¢pB = 037, ¢PMMA = 029), while in SBM162
the PB block is significantly larger than the PMMA
block (¢’PS = 0.33, ¢pg = 0.47, ¢pvma = 020) The
observation that SBM>* shows qualitatively the same
surface behavior therefore clearly indicates that the
effects described above for the higher molecular weight
material are not due to its asymmetric composition.

3.3. Role of Molecular Topology. BSM. In the
above discussion, we have identified the lower surface
energy of the PB middle block as the driving force for
the rearrangement of the near-surface microdomain
structure of SBM thin films. To test this hypothesis, we
have extended our investigations to thin films of BSM
triblock copolymers, where the low surface energy PB
block has been moved from the middle to one of the ends
of the block copolymer. In this case, the lamellar
structure should extend throughout the entire film, and
we expect a lateral homogeneous film surface. We start
again with the cross sectional TEM image (Figure 1b),
which shows a lamellar microdomain morphology. Since
we only stain the PB block by RuO4 and PS and PMMA
domains are no longer separated by PB, we cannot
distinguish all three blocks. However, the alignment of
the lamellae parallel to the plane of the film is clearly
visible. We also find a certain shrinkage of the films
perpendicular to the lamellae; i.e., the lamellar period
Lofim is again smaller than the bulk value Lo.2° SFM
height images show regions of well-defined thickness
separated by steps of height Hsep. To determine the
absolute thickness of the different regions with SFM,
we applied a scratch to the film, which reached down
to the substrate surface (Figure 9a). From the height
profiles obtained this way (Figure 9c), we find that
Hstep & Losim for all but the first steps. The first step,
i.e., the thickness of the thinnest regions of the film
amount to about ;Lo siim. Again the absolute values of

Macromolecules, Vol. 36, No. 9, 2003

—_—
1A

g

height z [nm]

Il butadicne slyrane Dmg&m

Figure 9. SFM height images of a scratch (at the left side of
the images) in a BSM (a) and an SBT film (b). Parts ¢ and d
show height profiles of the corresponding lines in parts a and
b, respectively. Parts e and f are schematic models of BSM (e)
and SBT (f) films. Scale bars: 2 um.

oo 0T
-5 deg +5 deg
Figure 10. TappingMode SFM height (left) and phase images

(right) of the free surface of BSM (a, b) and SBT (c, d),
respectively. Scale bars: 400 nm.

film thickness Hsiim vary due to differences in prepara-
tion, but the relative values all follow the relation
Him ~ (n + %) Losmim with n = 0, 1, 2, .... Closer
inspection of the surfaces by SFM imaging did not reveal
any lateral structure on the terraces (Figure 10, parts
a and b).

The results on BSM resemble the well-known behav-
ior of lamella forming diblock copolymer thin films
under asymmetric wetting conditions, i.e., when one of
the blocks preferentially wets the substrate while the
other preferentially wets the surface of the film.° This
behavior is found, e.g., for PS-block-PMMA diblock
copolymers on polar substrates: Having a lower surface
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energy, PS accumulates at the free surface while PMMA
is attracted to the polar substrate. Consequently, the
smallest “quantized” value of film thickness compatible
with these boundary conditions is /,Lo. Thicker films
will tend to form (n + 1/5) multiples of Lo. In BSM, the
B block has the lowest surface energy while the M block
is attracted to the substrate. The S middle block can be
considered “neutral” with respect to the boundary
surfaces and therefore does not interfere with the
lamellar structure in the thin film.

3.4. Strength of the Surface Field. SBT. We turn
back to the surface reconstruction observed in the SBM
system, where we have identified the gain in surface
energy as the driving force for the formation of a
different near surface structure. One has to realize,
though, that the proposed “backfolding” of the PS and
PMMA blocks into the topmost PMMA and PS lamellae,
respectively, will lead to an increase in free energy, both
by unfavorable chain conformations (entropic contribu-
tion) and by the creation of additional PS/PMMA
interfaces (enthalpic contribution). In the case of SBM,
this cost in free energy seems to be more than compen-
sated for by the gain in surface free energy realized by
the exposition of PB to the free surface.

This is not necessarily the case. To demonstrate the
competition between the different contributions to the
free energy, we have studied thin films of SBT as well.
The incompatibility between the two end blocks PtBMA
and PS is larger than in the case of PS and PMMA 1°
In addition, the surface energy difference between the
middle block PB and the lower surface energy end block
PtBMA is smaller than in the case of SBM.?6 In
consequence, one may expect a different surface behav-
ior. We again start our discussion with the cross
sectional TEM results (Figure 1c). A lamellar morphol-
ogy is observed as in the two preceding cases. The
lamellae are aligned parallel to the plane of the film.
Also a terraced film topography is formed. In contrast
to both preceding cases, however, SFM investigation of
the height profiles (Figure 9, parts b and d) show that
the quantized values of film thickness are integer
multiples of the lamellar spacing, i.e., Hfim &~ nLofim
with n =1, 2, 3, .... As detected by SFM topography
(Figure 10c) and phase imaging (Figure 10d), the
surfaces of the films do not exhibit any lateral features.

This result is comparable to what is known for lamella
forming diblock copolymers under symmetric wetting
conditions, i.e., when the same block preferentially wets
both interfaces.?® The increased interfacial tension
between PS and PtBMA together with a decreased
driving force (i.e., a smaller surface energy difference
between PtBMA and PB) prohibits the formation of a
lateral surface structure, which would allow the lower
surface energy component B to be exposed at the free
surface. A comparison of the behavior of SBM and SBT
indicates that a subtle balance between the different
contributions to the free energy of the system deter-
mines whether the termination of the bulk structure at
the free surface is “ideal” or whether a reconstruction
of the near-surface structure is energetically favorable.

4. Discussion

The experiments described above clearly show that
the near-surface structure of a block copolymer sample
can deviate from the bulk structure by formation of a
surface reconstruction. By comparing the behavior of
different ABC triblock copolymers, we have identified
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(a) dangling bonds (b} M

[ methylmethacrylate
butadiene

Figure 11. Schematic model of ideal (left) and reconstructed
surfaces (right) of Si(100) (a, c) and SBM (b, d). The arrows in
parts a and b indicate the nonequivalent layers.

the gain in surface free energy as the driving force for
this surface reconstruction. Moreover, we have given
evidence that the gain in surface free energy must be
large enough to balance other (positive) contributions
to the free energy related to the deviation from the bulk
structure in order for a surface reconstruction to be
formed. In the following, we shall briefly recall the
concept of surface reconstructions as introduced in
classical surface science and identify some similarities
and differences between the different classes of materi-
als. We shall then propose a general nomenclature for
block copolymer surface reconstructions. Finally, we
shall discuss the experimental conditions required for
a successful study of block copolymer surface structures.

4.1. Similarity to Surface Reconstructions of
Inorganic Crystals. We start our discussion by con-
sidering a perfect single crystal, which is terminated
along one of its crystal planes by a surface. If the crystal
structure of the respective planes remains unchanged
all the way to the surface layer, one often refers to this
termination as the ideal surface of the crystal. However,
quite often the atomic layers near the surface do not
exhibit the same structure as the respective bulk crystal
planes. Because of the absence of neighboring atoms,
the distribution of electron density and atomic nuclei
experience a potential considerable different from the
bulk. As a consequence, a different spatial distribution
of electron density and nuclei may result, representing
the lowest free energy state of the system. In the case
of so-called surface relaxations, the in-plane structure
of the surface layers remains unchanged and only the
layer spacing is affected by the presence of the surface.
Often, however, the in-plane structure is changed as
well. This situation is referred to as a surface recon-
struction. While many metal surfaces exhibit surface
relaxations only, covalently bound materials often ex-
hibit complex surface reconstructions.

The Si(100)—(2 x 1) surface represents a well-known
example for a surface reconstruction. In the case of the
ideal Si(100) surface, two-half-filled electronic orbitals
(so-called dangling bonds) would extend from each
surface atom into free space (Figure 11a). This state is
characterized by a rather high surface energy. A lower
free energy is reached by the formation of atomic dimers
in the surface layer, which cuts the number of dangling
bonds in half and thereby considerably reduces the
surface energy. Different microscopic models have been
proposed for the detailed structure of the Si(100)—(2 x
1) surface reconstruction, and a discussion of them
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would be beyond the scope of the present article.2’-29
We only note that the formation of dimers breaks the
4-fold symmetry of the (100) lattice plane of the cubic
diamond lattice and leaves the surface with only 2-fold
symmetry. This is clearly revealed by scanning tunnel-
ing microscopy images?° of the reconstructed surface as
shown in Figure 3b. The image has been taken on a
stepped surface. Each of the terraces exhibits straight
lines resulting from rows of Si dimers. Quite interest-
ingly, the orientation of these dimer rows rotates by 90°
between successive terraces. Therefore, the stepped
surface is characterized by two nonequivalent termina-
tions, which strictly alternate between successive ter-
races. Along with the orientation of the dimer rows, the
shape of the monatomic steps alternates as well between
rather straight steps and meandering steps, the latter
being rich in kinks.

The alternation between two different dimer row
orientations results from the particular crystal structure
of silicon. We may view the diamond lattice as a stack
of (100) planes. As we move perpendicular to this stack,
the orientation of the two bonds connecting between
atoms in adjacent (100) layers rotates by 90° from layer
to layer. Therefore, the orientation of the Si dimers at
the surface rotates by 90° between adjacent terraces on
a stepped surface as well. We may therefore envisage
the diamond lattice as a alternating stack of two
nonequivalent (100) layers, which have different surface
properties, i.e., different orientations of the Si dimer
rows. We note that the two layers are transformed into
each other by reflection at a mirror plane along (100).

The observations on the SBM surfaces closely re-
semble the situation of the Si(100) surface: The near-
surface region exhibits a structure different from the
ideal case, which would be a laterally homogeneous
termination by one of the end blocks of the block
copolymer. Moreover, two different terminations are
observed, which strictly alternate between adjacent
terraces on a stepped block copolymer surface. Finally,
the shape of the steps limiting the terraces alternates
between two different possibilities as well. Similar to
the case of the diamond lattice, the bulk structure of a
lamellar ABC triblock copolymer can also been described
as an alternating stack of two nonequivalent layers, i.e.,
ABC and CBA. Also the two layers are transformed into
each other via reflection at a mirror plane along the
layers. While equivalent in the bulk, these two layers
will have different surface properties, as they lead to
ideal surfaces terminated with one or the other end
block.

The structure of a classical crystal is described by the
periodic spatial arrangement of electron density and
pointlike nuclei. Therefore, its symmetry belongs to the
class of point groups. The microdomain structure of a
block copolymer on the other hand is described by the
density of its components (S, B, and M in the case of
SBM) and a region with an increased density of one
component is called a microdomain. Microdomains can
form spheres, cylinders, lamellae or more complex
shapes, which self-assemble into regular periodic struc-
tures resembling crystal like order. However, as cylin-
ders and lamellae exhibit (partial) continuous transla-
tional symmetry, the corresponding bulk microdomain
structures belong to the more general class of space
groups. (Smectic and columnar phases of liquid crystals
exhibit a similar symmetry.)
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The lateral order within the layers of the bulk
structure is different for the two materials: Si is a
classical crystal with 2D lattice symmetry within its
(100) plane, while the SBM bulk structure is lamellar
with continuous 2-dimensional translational symmetry
(Euclidian symmetry) within the lamellae. In both cases
the symmetry of the reconstructed surface is lowered
with respect to the ideal surface, however in very
different ways. In the case of the Si(100) surface the
size of the unit cell of the 2D surface lattice doubles. In
the case of SBM, the Euclidian symmetry is broken. We
emphasize the fact that in both cases a laterally
homogeneous boundary imposed in the direction per-
pendicular to the layer breaks the in-plane symmetry
of the ideal surfaces. This indicates that all three spatial
coordinates are coupled on an underlying microscopic
scale. This coupling is due to the 3-dimensional nature
of the underlying elements (atoms in one case and
polymer molecules in the other). The same phenomenon
is found in other fields of physics (e.g., high energy
physics), where the type of symmetry breaking can
reveal properties of underlying (invisible) microscopic
particles and processes.

4.2. Nomenclature. The notation used for crystal
surfaces can also be applied to surfaces and surface
reconstructions of block copolymers (Table 2). This
further illustrates the analogy between both classes of
materials. Usually first the material and its crystal
structure is identified, for instance, a-Sn, 6H-SiC, or
GaAs. For denoting the bulk microdomain structures
of block copolymers we have followed the notation of
Stadler et al.’8 (To focus on the microdomain structures,
we have not denoted the stoichiometry and the total
molecular weight of the block copolymers in Table 2.)
For ABC triblock copolymers a two-letter prefix is used
to indicate the shape of the two main structural ele-
ments. For instance, Il denotes the S and M lamellae
in the SBM triblock copolymer that we have studied.
In the case of the SBM triblock copolymer studied by
Stocker et al.,'* the bulk structure is referred to as
“lamellar—spherical™® which is denoted by the prefix
Is. The next part of the notation identifies the surface
and its orientation, for instance, (100) or (111). Miller
indices can also be used to denote planes (and surfaces)
in block copolymer microdomain structures. However,
as single crystals of block copolymers are rare, there is
no general agreement on the assignment of unit cells
for the various microdomain structures, in particular
for the rather new ABC triblock copolymers. Another
difficulty is that many microdomain structures, in
particular cylinders and lamellae, have continuous
symmetry. Although it is straightforward to define unit
cells also for these systems, the definition is not unique.
To avoid this problem, we have used the “natural” block
copolymer language to specify lattice planes and sur-
faces in cylinder and lamella forming systems. In a
lamellar system, the lattice planes (and surfaces) paral-
lel and perpendicular to the lamellae are well-defined
and we have denoted them as L and Lp, respectively.
In a polar system different surfaces with the same
Miller indices are denoted with a suffix, for instance,
GaAs(111)A.2% Analogous to this notation we have
denoted the two different ideal surfaces of lamella
forming SBM with a suffix which indicates the compo-
nent at the free surface. For instance, II-SBM(L;)M
denotes the ideal M-covered surface parallel to a lamel-
la. In analogy to the notation used for inorganic crystals,
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Table 2. Examples of Ideal Surfaces and Surface Reconstructions (See Text for Explanation)

material (surface) surface reconstruction notation acronym experiment theory?
(a) Inorganic Crystals
a-Sn
6H-SiC
GaAs(111) ideal A surface GaAs(111)A 30
Si(100) (2 x 1) buckling row Si(100)—(2 x 1) 28, 29
Si(111) 7 x7) Si(111)—(7 x 7) 7
(b) Block Copolymers
¢-SBS(Cp) ideal surface c-SBS(Cp) Co 32, 39,0 40P 32,41-45
¢-SBS(Cy) ideal surface c-SBS(Cy) Ci 24,32,39,° 40,0 46 32, 41-45
¢c-SBS(Cy) perforated lamella c-SBS(Cy)-PL PL 34,032 32,42, 43,45
¢-AB(C)) lamella ¢-AB(C))-L L 34b 32, 41-43
c-AB(Cy) wetting layer c-AB(Cy)-W w 33b 32,41-43, 45
11-SBM(L) ideal M surface 11-SBM(L)M M
11-SBM(Ly) perforated M lamella 11-SBM(L;)M-PL MpL this work
11-SBM(L) perforated S lamella 11-SBM(L;)S—PL SpL this work
I1s-SBM(Lp) missing row I1s-SBM(L)—(2 x 1) 14
(c) Block Copolymers (Hybrid Structures)
c-SBS(Cy) cylinders with necks c-SBS(Cy)-necks 45 47
c-SB PL and spheres 48b 47

aOnly in ref 32 are cylinder-forming triblock copolymers studied; all other studies investigate diblock copolymers. ® Work on cylinder-

forming diblock copolymers.

the type of surface reconstruction is added to the “name”
of the ideal surface. For example, the full name of the
Mg, perforated lamella reconstruction of a surface
parallel to a bulk lamella is 1I-SBM(L;)M-PL. With this
notation also other surface structures can be described
(see Table 2). For instance, Stocker et al.’ have reported
at the surface of SBM a striped surface structure with
twice the period of the lamellar bulk structure and have
interpreted it as a missing row surface reconstruction.
Analogous to crystal surfaces, the period doubling along
(only) one lattice direction is denoted as a (2 x 1)
reconstruction.

4.3. Experimental Conditions for Block Copoly-
mer Surface Studies. Similar to the situation for
inorganic crystals, most impurities tend to be surface
active and enrich in the near-surface region when the
sample is driven toward thermal equilibrium. Therefore,
the actual surface structure may easily be dominated
by even smallest amounts of impurities present in the
bulk of the material. Indeed, complex block copolymers
often contain considerable amounts of residues of the
synthesis process, such as homopolymers, other (lower
generation) block copolymers, oligomers or other addi-
tives. While in the case of many classical crystals, the
bulk material can be depleted from impurities by
iterative cycles of thermal annealing and surface clean-
ing (e.g., by ion sputtering), no such cleaning procedures
are established for block copolymer surfaces. Therefore,
bulk pieces of block copolymer material are questionable
candidates for surface studies. Indeed, transmission
electron studies of the near-surface region of diblock
copolymer samples have revealed significant deviations
from the bulk structure, which were attributed to
accumulation of impurities (Figure 12).31

In the case of classical surface science, two alternative
routes have been devised for cases in which clean
surfaces cannot be achieved by successive annealing and
surface cleaning. At first, cleavage of bulk pieces of
material can be used to create “clean” surfaces. Since a
single crystal typically cleaves along a preferred low-
index crystallographic plane, a surface of well-defined
crystallographic orientation is created. However, for a
study of the equilibrium structure these surfaces will
have to be annealed as well and a compromise has to
be found concerning the annealing conditions, to avoid

Figure 12. Cross-sectional TEM micrograph (OsO, stained)
of the near-surface morphology of an SB 80/80 diblock copoly-
mer sample showing the complex morphology with a contami-
nant thought to be a fully polymerized PS block with varying
lengths of PB. The external surface has been marked with a
layer of gold. The normal lamellar structure is ~10 um below
the surface. Reprinted with permission from ref 31. Copyright
1992 Massachusetts Institute of Technology. Courtesy of
E. L. Thomas, Massachusetts Institute of Technology, Cam-
bridge, MA.

a significant amount of bulk impurities migrating to the
newly created surface. Second, thin films of the material
of interest can be prepared on suitable substrates again
creating a clean surface. Here, the total amount of
material (including impurities) is purposely kept small
and the problem of impurities accumulation at the



3270 Rehse et al.

surface is less severe. However, the film thickness has
to be chosen large enough in order to ensure that the
(bulk) crystal structure of interest is actually formed
underneath the surface. Otherwise, confinement effects
may dominate the entire structure of the film and the
results will not reflect the surface properties of a bulk
piece of the same material.

For block copolymers, the same two routes are in
principle accessible. Instead of cleavage, a new surface
may be created within the bulk of a sample by (cryo)
microtoming and subsequent (short) annealing. As in
the case of classical crystals, one has to ensure that the
annealing is sufficient to create the equilibrium surface
structure, however, does not allow significant impurity
migration. In contrast to the favorable situation of
classical single crystals, the newly created surface will
not be a low index crystallographic plane but will rather
cut through a variety of grains at arbitrary orientation.
Large scale alignment of the block copolymer micro-
domain structure in external fields prior to cutting may
be a successful approach.

Alternatively, the surfaces of thin films may be
investigated. Here, one has to ensure that the “bulk” of
the films is thick enough to form the structure expected
for the bulk block copolymer material. As in the case of
classical crystals, confinement effects may dominate the
microdomain structure in very thin films.32 In contrast,
though, the characteristic film thickness above which
bulk behavior is to be expected will be significantly
larger in the case of block copolymers due to the
inherent large molecular length scales. If the film
thickness is kept small enough, though, the interactions
with the supporting substrate can lead to microdomain
alignment and a free surface of well-defined crystal-
lographic orientation may be created. In any case, the
“bulk morphology” of the thin film has to be experimen-
tally established (see Figure 1) before potential surface
reconstructions can be identified.

4.4. Comparison to Earlier Experimental Re-
sults. The concept of block copolymer surface recon-
structions was first introduced in a paper by Stocker et
al.,»* who investigated the surface structure of an SBM
triblock copolymer bulk sample with a rather small
volume fraction of the B middle block and about equal
volume fractions of the S and M end blocks. In the bulk,
the material formed lamellae of S and M with B spheres
located at the S/M interfaces. At the surface, indications
of a perpendicular orientation of the lamellae were
observed and the B spheres were visualized by Tap-
pingMode SFM by virtue of their different mechanical
properties. The SFM results indicated an in-plane
periodicity different from the bulk periodicity deter-
mined by TEM. This difference was attributed to a
surface reconstruction.

Other studies have reported thin film structures
different from the respective bulk structures, which can
also be attributed to surface reconstructions. Indeed, in
cylinder-forming block copolymer systems, a variety of
thin film structures has been reported on, including a
laterally homogeneous wetting layer,33 spherical micro-
domains,3* and a perforated lamella.3* Systematic stud-
ies of the thin film phase behavior as a function of both
surface interaction and film thickness have recently
been performed both experimentally and by dynamic
density functional calculations.3? These studies have
revealed that in thin films both surface reconstructions
and confinement play a role and the resulting equilib-
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rium structures are determined by the interplay of the
two.

Other studies have reported on particular thin film
structures such as the so-called hybrid structure in
lamellar-forming diblock copolymer thin films3® and
cylinders exhibiting necks toward the free surface in
cylinder-forming block copolymers.23 In the former case,
asymmetric wetting conditions were shown to lead to a
parallel alignment of the lamellae at the substrate
interface, while a perpendicular orientation of the
lamellae was found at the free surface. This finding,
however, may rather be attributed to the observation
of two grains exhibiting the bulk structure, divided by
a planar grain boundary stabilized by surface interac-
tions. The observation of cylinders with necks may be
described in similar terms.

Other, more complex thin film structures have re-
cently been described for ABC triblock copolymer thin
films.36:37 Here, however, it remains unclear to what
extend thermal equilibrium has been reached during
film preparation. Further studies will be needed to
unambiguously classify the respective structures in the
framework provided here.

5. Conclusion

We have shown that differences in surface energy
between the different constituent materials of a block
copolymer can lead to deviations of the near surface
structure from the bulk structure, so-called surface
reconstructions. Despite the fundamental differences
between the materials, the type of order and symmetry,
and the length scales, these surface reconstructions
exhibit many similarities to the well-known surface
behavior of classical crystals. This finding indicates that
the concept of surface reconstruction is not limited to
classical crystals but can appear in similar ways for
other kinds of ordered materials as well. For the
particular case of block copolymers, the concept of
surface reconstructions and the clear distinction be-
tween surface reconstructions and confinement effects
can lead to a deeper understanding of the underlying
physics determining block copolymer thin film struc-
tures.
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