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ABSTRACT: A microphase-separated structure of a poly(deuterated styrene-block-2-vinylpyridine) (dPS-b-P2VP)

block copolymer thin film was studied by neutron reflectivity (NR). The spun-coated dPS-b-P2VP block copolymer (on

a Si substrate) showed the coexistence of a minority thin lamellar layer (holes) dispersed in a majority thick layer. The

‘‘terraced structure’’ was formed due to the mismatch between the initial film thickness and the intrinsic lamellar pe-

riodicity of the dPS-b-P2VP block copolymer. The amount and height of the holes were evaluated using atomic force

microscopy (AFM), transmission electron microscopy (TEM) and transmission electron microtomography (TEMT).

The three-dimensional (3D) images obtained from the TEMT experiments clearly showed that the microphase-separat-

ed structure inside the thin film was homeotropically aligned. The thickness of the thick and the thin lamellar layers

corresponded to ð5=2ÞL0 and ð3=2ÞL0, respectively (L0 is the lamella periodicity in the bulk state). The NR profile from

the dPS-b-P2VP thin film, Rexp, showed many distinctive scattering peaks. Based on the structural information obtained

from the microscopy, a scattering length density profile along the depth direction, i.e., the direction normal to the film

surface, b=vTEMT , was evaluated, which was then used as an initial profile in the conventional model fitting method. An

excellent best-fit to Rexp was obtained using b=vTEMT , even though the thin film had the terraced structure. The surface

coverage of the holes was estimated from the resulting b=v, which was in good agreement with the estimated value from

TEM. [doi:10.1295/polymj.PJ2007100]
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In recent years, block copolymer thin films have
drawn considerable attention in many technological
areas such as microelectronics1–4 and nanoporous
films.5,6 For example, Guarini et al. reported that
block copolymer thin films can be used as the mask
layers for dense nanoscale dot patterning.1 They also
presented the following possible applications of the
nanometer-scale structures: high surface area sub-
strates for capacitors and biochips, quantum dot arrays
for nonvolatile memories, silicon pillar arrays for
vertical transistors or field-emission displays, etc. In
order to understand the self-assembling morphologies
of the block copolymer thin films, it is particularly
important to study in detail the self-assembling proc-
esses and the resulting morphologies.
The surface interaction (between the block copoly-

mer and substrate or between the block copolymer and
air surface) as well as the confinement significantly
affects the microphase-separated structures.7,8 In order

to obtain a smooth surface, i.e., constant thickness in
the block copolymer thin film, the film thickness, T ,
should fulfill the following relationship (in the case
of an asymmetric wetting condition):

T ¼ nþ 1=2
� �

L0; ð1Þ

where n and L0 are an integer number and the domain
periodicity of the microphase-separated structure, re-
spectively. For films with thicknesses which do not in-
itially satisfy the requirement, islands or holes with a
step height of L0 are formed on the surface (‘‘ter-
raced’’ or ‘‘holes’’ structure).7,9,10

The organization of a poly(deuterated styrene-
block-methyl methacrylate) block copolymer thin film
on silicon has been studied previously by Mayes et al.
by neutron and X-ray reflectivity.11 Their work sug-
gests that, after substantial annealing time, surface
roughnesses decay or grow into holes depending on
the initial film thickness. Although the reflectivity
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profiles (corresponding to the terraced structure) were
carefully analyzed, the scattering length density pro-
files were not comprehensively explained except for
the decrease in the surface dPS-rich half-layer and
the simultaneous increase in the total film thicknesses.
Based on these two trends, Mayes et al. concluded
that holes formed in their thin film. Cai et al. later
challenged the terraced structure in a poly(styrene-
block-methyl methacrylate) block copolymer thin
film. They measured the surface structure in real-
space by atomic force and optical microscopies, which
was compared with the results from the reciprocal
space, i.e., specular and off-specular reflectivity pro-
files.12 The height of the holes determined from the
scattering and microscopic methods agreed well,
although the internal morphology in the thin film
was only assumed and left unclear. Thus, even though
the reflectivity measurement is a very powerful tech-
nique, it always involves some kinds of assumption(s)
due to the lack of complete real-space structural infor-
mation.
In the present paper, we employ transmission elec-

tron microscopy (TEM) and transmission electron mi-
crotomography (TEMT) to image not only the surface
but also the internal morphologies. Surface morpholo-
gy will also be examined by atomic force microscopy
(AFM). With the three-dimensional (3D) structural in-
formation obtainable by these three real-space meth-
ods, the scattering length density profiles with truly
physical meaning (not merely an assumption!) will
be obtained, which will be further used to explain
the neutron reflectivity (NR) profiles for better statis-
tical accuracy in understanding the terraced structures.

EXPERIMENTAL

Materials
The poly(deuterated styrene-block-2-vinylpyri-

dine)(dPS-b-P2VP) block copolymer was purchased
from Polymer Source Inc., Canada. The number-aver-
age molecular weights, Mn, of the dPS and P2VP
blocks were 55,000 and 38,000, respectively, which
were measured by 1H nuclear magnetic resonance
and elemental analysis, in order to determine the exact
volume fractions of the dPS and P2VP blocks. The
polydispersity index, Mw=Mn, is 1.15. The volume
fraction of dPS is 0.59. The scattering length density,
b=v, of the dPS and P2VP blocks were 6:47�
10�4 nm�2 and 1:95� 10�4 nm�2, respectively.

Specimens
In order to observe the morphology in the bulk state

of the dPS-b-P2VP block copolymer, a film specimen
was prepared by solvent casting from a 5wt% 1, 4-di-
oxane solution for ca. one week. The cast film was an-

nealed at 170 �C for one day under vacuum. The
annealed film was then ultramicrotomed using a dia-
mond knife at room temperature with a Lica Ultracut
UCT. The ultrathin section was transferred onto a Cu
mesh grid with a polyvinylformal substrate. Prior to
the transmission electron microscope (TEM) observa-
tions, the ultrashin section was stained with I2 vapor
for 3 h. The morphology in the bulk state was ob-
served by TEM, before the NR and TEMT experi-
ments. We confirmed that this copolymer formed a
typical lamella morphology in the bulk state. The
domain periodicity of lamella morphology, L0, was
evaluated to be 70 nm from the TEM micrograph.
The block copolymer thin film was prepared by

spin-coating from a 2wt% 1, 4-dioxane solution onto
a silicon (Si) substrate at 900 rpm. The thin film was
annealed at 170 �C for 14 d under vacuum. The same
thin film was used in the microscopy and reflectivity
experiments.

Atomic Force Microscopy
The free surface structure of the annealed thin film

was observed by atomic force microscopy (AFM)
(MFP-3D-SA, Asylum Technology Co., Ltd. U.S.A.)
operated in the tapping mode using a silicon tip.
The amount and the height of the holes were measured
from the AFM height images.

Transmission Electron Microscopy and Transmission
Electron Microtomography
The portion of the dPS-b-P2VP thin films used later

in the NR experiments was made into a TEM speci-
mens. In order to observe the thin film from the top-
view, the thin film was peeled off the Si substrate onto
a pool of hydrofluoric acid. The floating thin film on
hydrofluoric acid was picked up by Cu mesh grids
for the TEM experiment. In order to observe the thin
film from a cross-sectional view, the thin film was
stained with I2 vapor for 3 h and subsequently coated
with carbon in order to reduce the charge and to en-
hance the heat transfer during the ultra-thin sectioning
using the focused-ion-beam (FIB) method (JEM-
9310FIB, JEOL Co., Ltd., Japan).13 We note here
that the sectioning without peeling the block copoly-
mer thin film off the Si substrate became possible
by using FIB. The section was put on the Cu mesh
grid for TEM and TEMT experiments. Prior to TEMT
observations, the gold particles (diameter: 10 nm)
were placed on the ultrathin sections using the gold
colloidal solution (GCN005, BBInternational Co.
Ltd., U.K.).
The TEM and TEMT observations were carried out

using a JEM-2200FS (JEOL Co., Ltd., Japan) operat-
ed at 200 kV and equipped with a slow-scan CCD
camera (Gatan USC1000, Gatan Inc., USA) as a de-
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tector.14–20 Only the transmitted and elastically scat-
tered electrons (electron energy loss of 0� 15 eV)
were selected by the energy filter installed in the JEM-
2200FS (Omega filter, JEOL Co., Ltd., Japan). Two
series of TEM projections were acquired at tilt angles
ranging from �56� to +60� and �47� to +52� in 1�

increments, respectively. The two tilt series were then
aligned by the fiducial marker method21 using the Au
particles and then reconstructed on the basis of the fil-
tered back projection method.22 Note that the mean
alignment errors,23 averaged over all of the fiducial
markers used in the alignment, were respectively
0.58 nm and 0.49 nm which were less than the pixel
resolution regardless of the tilt angles.17 All alignment
and reconstruction procedures were carried out using
software developed in our laboratory.

Neutron Reflectivity
The annealed thin film, cut into a 7 cm� 4 cm sec-

tion from the spun-coated wafer, was used for the NR
experiment, which was the same thin film used for
AFM and TEMT experiments. The NR measurement
was carried out using the PORE pulsed-neutron
reflectometer24 at the Neutron Science Laboratory,
High Energy Accelerator Research Organization in
Tsukuba. In this study we observed the specular re-
flection using white neutrons with a wavelength, � ,
range of 0.3 to 1.6 nm. The incident angle, �, was fixed
at 0.4, 1.0, 2.0 deg, and the angular resolution, ��=�,
was kept at 5% by adjusting the width of the two in-
cident slits. An algorithm of Parratt based on a recur-
sive calculation method10,25 was used to calculate the
reflectivity profiles from the scattering length density
(b=v) profile along the direction perpendicular to the

film surface, i.e., along the Z-direction. �2 of the fit-
ting error between the measured and calculated reflec-
tivities was calculated by,

�2 ¼
1

1� N

XN
i¼1

Rm;i � Rc;i

Rm;i

� �2

ð2Þ

where Rm;i and Rc;i are the measured and calculated
reflectivities at a specific scattering vector, qz (qz �
ð4�=�Þ sin �), respectively. N is the total number of
measured points. On that fitting protocol, �2 was cal-
culated to be as low as possible. A software available
on the web, Parratt32 (http://www.hmi.de/), was used
in the fitting protocol.

RESULTS

A terraced structure in a dPS-b-P2VP block copoly-
mer thin film
Figure 1(a) shows a TEM micrograph of a dPS-b-

P2VP block copolymer thin film. Because the thin
film was not stained and thus the lamellar structure
in the film cannot be seen under TEM, the image con-
trast of the TEM image directly corresponds to the
thickness of the film. Therefore, the white regions in
the picture are thinner than the gray region. Many
such white circles are observed in Figure 1(a), imply-
ing that the block copolymer thin film exhibited
‘‘holes’’. In order to measure the depth of the holes
structure, the free surface of the thin film was exam-
ined by AFM, the result of which is shown in
Figure 1(b). Figure 1(c) demonstrates the measured
height along the dashed line in part (b). The average
depth of the terraces, ca. 66 nm, was in good agree-
ment with the lamellar periodicity, L0, measured in
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Figure 1. (a) TEM micrograph of the dPS-b-P2VP thin film. Because the thin film was not stained, the image contrast is proportional to

the thickness of the film. Thus, the light-gray circular regions, holes, are thinner than their exterior. (b) AFM height image from the free

surface of the dPS-b-P2VP thin film. The black region is lower than the gray area. (c) Cross-sectional height profile corresponding to the

dashed line in part (b). The filled and an open triangles represent the same positions in parts (b) and (c). The depth of the holes, i.e., the

height difference between the two triangles, is ca. 66 nm.
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the bulk, i.e., 70 nm. Thus, we speculate, at this stage,
that the terraces had one domain periodicity thinner
than the majority thick region. The surface coverage
of the terraces at the film surface was estimated to
be ca. 25% from the TEM images (total measured
area for the measurement: ca. 100� 100�m2). Be-
cause the lamellar layers were parallel to the substrate
[see later in Figure 2], neither TEM (projection) nor
AFM (surface image) can capture the microphase-sep-
arated structure.
In order to observe lamellae in the thin film, cross-

sectional TEM micrographs were obtained as shown
in Figure 2. Note that the cross-sectional section
(specimen) for the TEM and the TEMT experiments
was prepared by FIB from exactly the same spun-cast
film used later in the NR experiment. The Z-direction
corresponds to the direction along the depth of the
dPS-b-P2VP thin film. Dark and white phases corre-
spond to I2-stained P2VP and the dPS domain, respec-
tively. The dPS-b-P2VP thin film formed an alternat-
ing lamella morphology aligned parallel to the film
surface. The substrate and the free surface of the thin
film were wetted by the P2VP and dPS, respectively,
i.e., an asymmetrical wetting case. There were two re-
gions in the picture: the thicker [a dashed rectangle in
Figure 2(a) and 2(b)] and thinner [a dotted-dashed
rectangle in Figure 2(a) and 2(c)] regions. The thick-

ness of the former corresponded to ð5=2ÞL0, while that
of the latter was ð3=2ÞL0. Needless to say, the thinner
part is the hole. We hereafter call the thick and thin
part of the dPS-b-P2VP block copolymer thin film
T1 and T2, respectively. As mentioned in Figure 1,
T1 is thicker than T2 by ca. 70 nm that agreed with
the periodicity of the lamellar morphology. The thick-
ness of the terrace is quantized as predicted by eq 1.
Note that the depth of the hole evaluated from the
TEM micrograph in Figure 2, is in excellent agree-
ment with that obtained from AFM [see Figure 1].
In addition, the dislocations of the dPS and P2VP
microdomains, i.e., the discontinuous lamella layer
at the edge of the terraces, have been observed in
the boundary between T1 and T2 [see a dashed white
circle in Figure 2(a) and a white circle in Figure 2(d),
respectively].

Structural analysis of terraced structure of dPS-b-
P2VP block copolymer thin film
The neutron reflectivity measurements have been

carried out in order to statistically evaluate the inter-
nal morphology of the dPS-b-P2VP block copolymer
thin film. Figure 3 displays the measured NR profile,
Rexp, in which the reflectivity, R, is plotted against
the magnitude of the scattering vector along the Z-di-
rection, qz. Rexp decreased with increasing qz with
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Figure 2. Cross-sectional TEM micrographs of the dPS-b-

P2VP thin film. The dark and bright phases are the I2-stained

P2VP and dPS microdomains, respectively. Part (a) shows the

overall low-magnified image. There are two terraces with different

thicknesses. The thicker one (dashed rectangle) is ð5=2ÞL0 thick,

while the thinner one (dot-dashed rectangle) is ð3=2ÞL0 (L0 is

the lamellar periodicity). They are shown with higher magnifica-

tion in parts (b) and (c), respectively. The Z-axis is the direction

normal to the film surface. The dashed white circle in part (a) in-

dicates the dislocation of the P2VP microdomain, which is magni-

fied in part (d) (white circle).
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many scattering peaks that indicate highly-ordered
structures inside the thin film. In the conventional
model fitting method to analyze the NR profile, one
needs the initial scattering density profile, b=v, as a
first ‘‘guess’’. The precision of the fitting and hence
the conclusions drawn from the analysis heavily de-
pend on the initial density profile; a dissimilar b=v
could sometimes fit an NR profile with similar preci-
sion. In other words, the analysis could be heavily
model-dependent, and the uniqueness of the resulting
b=v has to be carefully examined.8 Combining real
space structural information with the fitting method
is therefore an effective strategy to reduce such uncer-
tainty in the fitting protocol.
As the real-space observation technique, TEM may

be the most common choice. However, making ultra-
thin films for the cross-sectional TEM is rather diffi-
cult because one needs to cut the substrate together
with the thin film. In many cases, the substrate is made
of Si (as in this study) so that it cannot be easily mi-
crotomed. One needs to either peel the thin film off
the substrate or to find a way to cut the hard substrate.
Because the structural change during the peeling may
cause a problem in the former, we used FIB to make
the ultra thin section in this study. Note that it is pos-
sible to cut the Si substrate with FIB without damag-
ing the block copolymer thin film if an appropriate
treatment of the sample was done prior to the fabrica-
tion.13 Even with the FIB sampling, however, it was
found in our previous study that the cross-sectional
TEM image of the thin film may not be sufficient to
estimate the b=v due to (i) possible tilt of the section
with respect to normal of the substrate, i.e., the Z-axis,
and (ii) overlapping the structure along the Y-axis8 in
the TEM micrograph. It is best to use TEMT to take a
3D image of the cross-sectional section and correct
the tilt, if any, to evaluate truly vertical at the planes
of the block copolymer thin film.
For the 3D reconstruction, the cross-sectional sec-

tion of the thin film was tilted under TEM to take a
series of projections, where the tilt axis was parallel
to the X-direction in Figure 2. A 3D image of the
dPS-b-P2VP thin film was obtained (not shown here)
that clearly showed the lamellar morphology. The vol-
ume fraction of the dPS nanodomain was determined
to be 0.60 from the 3D reconstruction. This volume
fraction was in excellent agreement with the known
composition of the copolymer, i.e., 0.59.
The concentration profiles of the dPS block were

estimated from the 3D image in the same way as in
our previous study,8 which were then converted to
the scattering length densities, b=v. The b=v of the
T1 and T2 regions b=vT1 and b=vT2 are shown by a
solid line and a dashed line in Figure 3(b), respective-
ly. The NR profiles based on these b=vT1 and b=vT2,

RT1 and RT2, were obtained from the TEMT experi-
ments and are shown by the solid line and the dashed
line in Figure 3(a). RT1 reproduced Rexp better than
RT2 did, indicating that the thick terrace correspond-
ing to the thickness of ð5=2ÞL0 was the major structure
in the dPS-b-P2VP thin film. There is, however, a dis-
tinct deviation in RT1 from Rexp probably because of
the indispensable contribution of RT2 to Rexp. In order
to create a better initial scattering length density
profile for the dPS-b-P2VP block copolymer thin
film, b=vT1 and b=vT2 were combined based on the
coverage of the holes estimated in Figure 1, i.e.,
25%. The combined scattering length density profile,
b=vTEMT , is shown by a dashed line in Figure 4(a).
The corresponding NR profile, RTEMT , is demonstrated
also by a dashed line in Figure 4(b). RTEMT repro-
duced Rexp very well, much better than RT1 did. In oth-
er words, TEMT already provided a reasonable initial
model to describe the NR profile with good statistics.
The b=vTEMT was subsequently used as the initial

guess in the model fitting method.25 The resulting
best-fit scattering density profile, b=vTEMT-fit, and the
corresponding reflectivity profile, RTEMT-fit, are shown
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model for the conventional fitting protocol.25 The model was con-

structed by combining the b=v value of the two terraces (see

Figure 3) on the basis of the coverage of the thin terrace (holes),

i.e., 25%. The coverage was determined using AFM, TEM and

TEMT. The best-fit scattering density profile, b=vTEMT-fit, is shown

by the solid line. (b) NR profile of the dPS-b-P2VP thin film, Rexp

(open circles). The dashed and solid lines are the NR profiles cal-

culated from b=vTEMT and b=vTEMT-fit, respectively. �
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from equation (2) was 4:57� 10�2.
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by the solid lines in Figure 4(a) and 4(b), respectively.
RTEMT-fit showed excellent agreement with Rexp over
the entire range of qz. It is essential to point out that
the b=vTEMT-fit has strong support from the
real-space data, i.e. the TEMT image in this case.

DISCUSSION

Let us now discuss b=vTEMT-fit in terms of real space
information obtained from TEM, TEMT and AFM.
Figure 5(a) shows a simplified model of the terraced
structure where two terraces with different thicknesses
are displayed. The thicker and thinner terraces of the
structure corresponded to ð5=2ÞL0 and ð3=2ÞL0, respec-
tively. We call the latter a ‘‘hole’’ throughout this pa-
per. The thicknesses of the terraces were directly
measured by AFM and TEM. The scattering length
density profile shown by the dashed line in Figure 4(a)
was based on the above simplified model. Namely, the
terraces are composed of homeotropically aligned
lamellae and the step between them contains disloca-
tion. The coverage of the holes was set to 25%.
According to Carvalho and Thomas,26 however, the
steps contained homogeneously aligned lamellae and
a minimal surface may be a good model at the step.
Although the detailed morphology at the boundary

region between the terraces is still not known, the
actual morphology at the step will not be as simple
as the dislocation as shown in Figure 5(a) because
the system tries to minimize the surface free energy
by generating complicated 3D morphology there. A

more realistic step morphology observed from TEM
and TEMT is modeled and displayed in Figure 5(b).
In Figure 5, both dPS (light gray) and P2VP (gray)
layers are displayed with numbers from the air sur-
face. For example, L1 is the closest dPS layer from
the air surface that corresponds to the first peak in
b=v shown in Figure 4(a) (also labeled L1). We note
here that the model shown in Figure 5(b) may not
be quite accurate at the boundary because the step
morphology may be three-dimensionally compli-
cated along the Y-axis. In other words, the color at
the step morphology marked by the dashed circles in
Figure 5(b) may not be the same gray level as that
of pure dPS nor P2VP. In order to have even more ac-
curate model, detailed 3D observations using TEMT
are necessary to unveil the step morphologies, which
is in progress.
From the schematic, it is obvious that the L1 (and

L2, L3) layer represents only a thicker terrace, while
the deeper layers, i.e., L4 and L5, contain structural
information from both terraces. The scattering length
density, b=vTEMT-fit, of L1 after the fitting was 4:58�
10�4 nm�2, which is 71% of a pure dPS layer, 6:47�
10�4 nm�2. Therefore, the coverage of holes was de-
termined to be 29%, in agreement with the estimated
value from TEM, i.e., 25%.
The L2 and L3 layers may be affected by the boun-

dary morphology at the step. The b=vTEMT-fit value
of the L2 and L3 layers were 2:06� 10�4 nm�2 and
5:15� 10�4 nm�2, respectively. These values are
larger than those in the simplified model shown in
Figure 5(a) than the actual coverage, 29%. Note that
as the coverage of the holes becomes larger in the
simplified model, the scattering length density of L2
and L3 becomes smaller. Thus, if the simplified model
were true, L2 and L3 of b=vTEMT-fit (solid line, the cov-
erage of the hole: 29%) would be smaller than those of
b=vTEMT (dashed line, the coverage of the hole: 25%),
which is apparently not the case. In reality, the free
surface of the dPS-b-P2VP thin film was wetted by
the dPS block as shown in Figure 5(b), and the lamel-
lar morphology was continuous throughout the terrace
boundary.27 It is speculated that the surface-wetting
dPS layer contributed to the L2 and L3 layers that in-
creased b=v at these depths. b=v at deeper levels, L4
and L5, may also be affected by the presence of the
terrace boundary, and this is probably the reason
why b=vTEMT-fit deviated from the predicted scattering
length profile. In order to fully understand b=vTEMT-fit,
it is necessary to observe the terrace boundary in more
detail in 3D. Such experiments are in progress.
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