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ABSTRACT: Microphase-separated structures of a poly(deuterated styt@cie2-vinylpyridine) (dPSh-P2VP)

block copolymer in thin films were studied by neutron reflectivity (NR) and transmission electron microtomography
(TEMT). The dPSs-P2VP block copolymer shows a cylindrical morphology in the bulk state. The block copolymer
was spun-coated on a Si substrate, which was extensively anneale@(fiof(L4 days) before the NR experiments.

The annealed thin film showed a featureless NR profile, the reflectivity monotonically decreased with the increasing
scattering vector along the depth direction of the thin fitm,The portion of the dP$-P2VP block copolymer

thin film used in the NR experiment was examined by TEMT, from which a three-dimensional (3D) morphology
of the block copolymer thin film was successfully obtained. The 3D image clearly showed that the microphase-
separated structure inside the thin film had a cylindrical morphology with some order along the depth, but almost
no in-plane order. In order to analyze the NR profile by a conventional model fitting method, a model structure
that exhibits a concentration profile is necessary as an initial “guess”. In this study, two different models, i.e., (i)
hexagonally packed P2VP cylinders laying parallel to the Si substrate based on the known lattice parameters, and
(i) experimentally obtained TEMT 3D structure, were proposed. The concentration profiles evaluated from these
two models were used as the initial guesses in the fitting of the calculated profiles to the experimentally obtained
NR profile, Rexp It was found that the fitting based on the former model failed, while the fitting based on the
latter one had an excellent fit to th®, This result demonstrates that the microphase-separated structures that
are NOT perfectly periodic nor oriented can still be analyzed by our new technique.

1. Introduction nanometer-scale structures: the high surface area substrates for

Block copolymers exhibit highly periodic and various types Capacitors and biochips, quantum dot arrays for nonvolatile
of microphase-separated structures due to the immiscibility me.mo.nes,.snmon pillar arrays for vertical transistors or field-
between the dissimilar (A and B) sequenée®assical block  emission displays, etc. . .
copolymer nanostructures include spheres of A(B) on a body- !N order to understand the self-assembling morphologies of
centered cubic lattice in a B(A) matrix, cylinders of A(B) on a the bI(_)ck copolymer thin films, itis particularly important to
hexagonal lattice in a B(A) matrix, and co-alternating lamellae. Study in detail the self-assembling processes and the resulting
Several complex (bicontinuous) nanostructerthe perforated ~ Morphologies. Neutron (or X-ray) reflectivity (NR) is one of
lamellar (PL), gyroid (G) and double-diamond (D) morphologies the most useful methods to investigate m|crophas_e-separated
may develop if the copolymer composition falls within a narrow  Structures of block copolymer thin filnfs.It provides a
range between the cylindrical and lamellar morphologies. When concentration (density) profile of one of the components with
the microphase-separated structures are confined in a thin filmthe very high precision of 0.5 nm. A significant amount of
whose thickness is on the order of 10 to 100 nm, the surface Structural information about block copolymer thin films, e.g.,
interaction (between the block copolymer and substrate or the_locatlon_ of_;uncuong betweer_1 the d|ssmllar sequences and
between the block copolymer and air surface) as well as the chain ends inside the microdomains and the interfacial thickness,

confinement significantly affects the microphase-separated have been obtained@*3

structure$. The block copolymer thin fims have drawn  Although powerful, NR with a conventional model fitting
considerable attention in many technological areas such asmethod first requires a hypothesized concentration profile for
microelectronics® and nanoporous film&8 For example, data analysis. The initial concentration profile is assumed using

Guarini et al. reported that block copolymer thin films can be SOme stacked layers perpendicular to the film surface so that it
used as the mask layers for dense nanoscale dot pattérning.can simulate the microphase-separated structure in the block
They also presented the following possible applications of the copolymer thin film. The concentration profile assumed along
the Z-direction, i.e., the direction normal to the substrate, is
*To whom correspondence should be addressed: e-mail: hjinnai@kit.ac.jp. SUb,seck'em,ly u l.,IS.ed" to fit the experlmentally. Obtam.Ed NR
t Graduate School of Science and Engineering, Kyoto Institute of Profile.** This *fitting” protocol of the concentration profile to
Technology. the NR profile heavily depends on the initial concentration

; . : _ .
Org;\‘n‘?;;rt%‘n Science Laboratory, High Energy Accelerator Research nrofile 15 Thus, up until recently, NR has been used for rather

S Department of Applied Chemistry, Faculty of Engineering, Kyushu Simple morphologies that can be easily hypothesized, e.g., a
University. lamellar morphology parallel to the substrate!® Although
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some of the above applications seek to take advantage of thel0~4 nm™2, respectively. Heréo and v are the scattering length

cylindrical microdomains in the block copolymer thin film, there and the molar volume, respectively.

are only a few studies dealing with cylindéfs'” and to the B. Specimensin order to observe the morphology in the bulk
best of our knowledge, there are no studies dealing with other state of the dP®-P2VP block copolymer, a film specimen was
types of microphase-separated structures in the block copolymerPrepared by castgia 5 wt %1,4-dioxane solution for ca. 1 week.
thin films due to some difficulties in assuming the appropriate 1N€ cast film was annealed at 17Q for 1 day under vacuum.

s . . : The annealed film was then ultramicrotomed using a diamond knife
!m.tlal qqncentratlon proﬂles for these morpholqgles. Therg fqre, at room temperature with a Lica Ultracut UCT. The ultrathin section
it is critical to establish a methodology to estimate the initial

; . was transferred onto a Cu mesh grid with a polyvinylformal

concentrgtlon profiles. ) ) substrate. Prior to the transmission electron microscope (TEM)
Dynamic secondary ion mass spectroscopy (DSIMS) is one observations, the ultrathin section was stainedzapor for 3 h.

of the candidates tdirectly measure the concentration profile The block copolymer thin film was prepared by spin-coating from
of a specific elements along thedirection!” 1 The disad-  a 4 wt % 1,4-dioxane solution onto the silicon (Si) substrate at
vantage of DSIMS over NR is its inferior resolution. Ge et al. 1700 rpm. The thin film was annealed at 1 for 14 days under
examined the surface-induced ordering of the poly(deuteratedvacuum. The annealed thin film, cut into 7 cen4 cm sections
ethyl acrylategraft-styrene) graft copolymer (dPE&-PS) thin from the spun-coated wafer, was first used for the NR experiments,
film by NR and DSIMS!” They employed DSIMS to measure @ portion of which was subsequently used for the TEMT experi-
the concentration profile of dPEA that was used as the initial MeNts- o _
model in the fitting protocol. The concentration profile of JPEA ~ C- Neutron Reflectivity. The NR measurement was carried out
after the fitting showed several peaks, the distance of which USiNg the PORE pulsed-neutron reflectom&tat the Neutron
was taken as the periodicity or interlayer distance of the internal S¢i€nce Laboratory, High Energy Accelerator Research Organiza-

. . ) tion in Tsukuba. In this study, we observed the specular reflection
morphologies. However, the concentration profile merely shows

L ; X using white neutrons with the wavelength,ranging from 0.3 to
the statistically averaged fluctuation of the dPEA concentration, 1 g nm. The incident angl®, was fixed at 0.4, 1.0, and 2,0and

which does not necessarily correspond to the periodicity. the angular resolutiony6/6, was kept at 5% by adjusting the width
Namely, even though the dPEA concentration was directly of the two incident slits. An algorithm of Parratt based on a recursive
measured by DSIMS, the type of microphase-separated struc-calculation methott->was used to calculate the reflectivity profiles
tures, e.g., lamellae or cylinders, and their arrangements in thefrom the scattering length density/() profile along the direction
thin films still have to be assumed. Since the microphase- perpendicular to the film surface, i.e., along @elirection.? of
separated structures in the thin films actnecessarily the same the fitting error between the measured and calculated reflectivities
as those in the bulk stat82°2lit is preferable talirectlyobserve ~ Was calculated by
the microphase-separated structures in the thin film by real-

. . 1 N Rm — RC 2
space methods, i.e., microscopy. > i i

Transmission electron microtomography (TEMT) is one of x 1-N£ R.;

the most powerful microscopic techniques for obtaining real- '

space thdree-dlmegg_linzl (SD.L |mz;|ges Ofb the f m'C(;.Ophase'whereRm,i andR; are the measured and calculated reflectivities at
separated structures.=* A considerable number of studies on 5 gpecific scattering vector, respectivelyis the total number of

the microphase-separated structures of block copolymers havéneasured points. In that fitting protocg® were calculated to be
already been reported using TEMT: The chain conformation as small as possible. A software available on the web, Parf#t32,
inside in microdomaing morphologieg®2° grain boundary was used in the fitting protocol.
morphologies? 3! stability 32 and self-assembling proces¥es® D. Transmission Electron Microscopy and Transmission
of block copolymers were discussed. Although TEMT provides Electron Microtomography. The portion of the dP®-P2VP thin
3D images of nanometer-scale structures, the spatial resolutiorfilms used for the NR experiments was made into a TEM section
and measurement volume are still inferior to and smaller than in the following way. First, the thin film was stained by \apor
those obtainable by NR. The highest resolution reported to datef?]r 3 hand zutbseq#ently hcoatt‘ted Wlfth Cdarbontla Ofﬁert:](? redUtQG the
by TEMT is 0.5-1.0 nm243¢ Thus, in order to study local ~ ¢Narging and to enhance heat transier during the ultrathin sectioning
morphologies, e.g., interfacial thickness of the block copolymers, using the focus%d-lon-beam (FIB) method (JEM-9310FIB, JEOL
NR is essential. Co., Ltd., Japan} We note h_ere_ that the sectioning without peeling
. off the block copolymer thin film from the Si substrate became

_All three methods mentioned above have advantages andpossible using FIB. The section was placed on the Cu mesh grid
disadvantages based on their nature. The best way to fully for the TEM and TEMT experiments. Prior to the TEMT observa-
characterize the microphase-separated structures of the blockions, gold particles (diameter: 10 nm) were placed on the ultrathin
copolymer thin films is to combine them. In the present study, sections using a gold colloidal solution (GCN0O5, BBInternational
we used TEMT for the 3D real-space structures of the block Ltd., U.K.).
copolymer thin films in order not only to obtain intuitive pictures The TEM and TEMT observations were carried out using a JEM-
of the system, but also to evaluate their concentration profile. 2200FS (JEOL Co., Ltd., Japan) operated at 200 kV and equipped
NR was also employed to obtain statistically averaged global With a slow-scan CCD camera (Gatan USC1000, Gatan Inc.) as

and local structural information based on the TEMT results with the detector:2803L55:540nly the transmitted and elastically
even a better spatial resolution (than TEMT) scattered electrons (electron energy loss #f b eV) were selected

by the energy filter installed in the JEM-2200FS (Omega filter,
JEOL Co., Ltd., Japan). A series of TEM projections was acquired
at tilt angles ranging from-50° to +50° in 1° increments. The tilt

A. Materials. The poly(deuterated styrerseck2-vinyl- series were then aligned by the fiducial marker methading the
pyridine)(dPSb-P2VP) block copolymer was purchased from Au particles and then reconstructed on the basis of the filtered back
Polymer Source, Inc., Canada. The number-average molecularprojection method? Note that the mean alignment erfiaveraged
weight, My, of the dPS and P2VP blocks were 102 000 and over all of the fiducial markers used in the alignment, was 0.185
38100, respectively. The polydispersity ind&k,/Mp, is 1.10. The nm, which was less than the pixel resolution regardless of the tilt
volume fraction of dPS is 0.73. The scattering length denbity) ( angles® All alignment and reconstruction procedures were carried
of the dPS and P2VP blocks were 6.4710°4 nm2 and 1.95x out using software developed in our laboratory.

@

2. Experimental Section
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dP8-P2VP in the bulk state. Dark
and bright phases correspond to P2VP and dPS microdomains
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Figure 2. NR profile of the dP3:-P2VP thin film (open circles). The
dashed line is the calculated reflectivity profile based on the hypothetical
model in which the hexagonally packed cylinders are aligned parallel
to the substrate. The correspondinig is shown by the dashed line in
Figure 3b. The dashed line was used as an “initial guess” in the fitting
protocol**+15The solid line represents the best-fit NR profile after the
fitting [the correspondindy/v is the solid line in Figure 3b}? of the
best-fit NR profile (solid line) was 4.6 1072, which was calculated
'using eq 1.

cylinders.Ris the radius of the cylindeb andL are the domain spacing

respectively. The white hexagon indicates the hexagonally packed P2VP
and layer distance of the hexagonal packed cylinder lattice, respectively. (a)

Vacuum |

E. Dynamic Secondary lon Mass Spectroscopylhe PS (ca.
180 nm thick) was coated on the top of the specimen used in the
NR experiments by a floating technique. This coating was necessary
because the ion beam is often unstable right after the sample is
irradiated by the beam. With the sacrifice of the PS layer, the ion
beam becomes stable by the time the ion beam finishes sputtering
this PS layer. Thus, when the ion beam starts sputtering the dPS-
b-P2VP thin film, the beam intensity should become stable so that
a quantitative result can be expected. Furthermore, on the top of

PS-b-P2VP

Silicon oxide-=
Silicon substrate

N €----===-=m--

the PS protection layer, Au (ca. 20 nm thick) was coated in order
to avoid any charging of the specimen by the ion beam. The DSIMS
measurement was carried out using a SIMS-4000 (Atomika
Analysetechnik GmbH). The incident oxygen ion beam was focused
onto a 40Qum x 400um area of the specimen’s surface at 4 keV
and 45 nA. The incident beam angle was 45

3. Results and Discussion

A. Structural Observation in the Bulk State. Figure 1
shows a TEM micrograph of the dREP2VP in the bulk state.

This copolymer self-assembled a typical hexagonal packed

cylindrical morphology. The dark circles on the right-hand side
of Figure 1 correspond to the edge-on view of the cylindrical
microdomains, while the stripe pattern on the left-hand side is
a side view of the cylinders. The radiug, of the cylindrical
domains was evaluated to be 22 nm. The domain spaBing,
and layer distancd,, are 68 and 58 nm, respectively. When
the cylinder-forming block copolymers were made into thin
films, the cylindrical microdomains aligned parallel to the
substrate surface due to the strong affinity of one of the block
chains to the surfac®:**

B. Neutron Reflectivity Measurement. The measured NR
profile from the dP$-P2VP, Ry is shown by the open circles
in Figure 2 where the reflectivityg, is plotted vs the magnitude
of the scattering vector along tize-direction, q, (g, = (4x/A)
sin 0). A featureless NR profile was obtained from the thin film,

(b)

6x107
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Figure 3. (a) Cross-sectional view of hypothesized initial model of
dPSh-P2VP thin film cast on Si substrate. Dark circles and white
domain are the edge-on view of the P2VP cylinder and dPS matrix,
respectively. Th&-direction in normal to the film surface. (b) Scattering
length density profileb/v, of the dPSs-P2VP. The dashed line is the
calculated profile from the hypothesized model shown in part a. The
solid line is the calculatetl/v profile from the best-fitted reflectivity
profile (solid line in Figure 2).

|
0 100

according to the results from previous studigé’44 The
hypothetical model is based on the structural parameters
determined from the bulk state, i.e., in Figure 1 and from the
film thickness separately measured by atomic force microscopy
(AFM). The scattering length density profile along the direction

indicating that the microphase-separated structure inside the thinperpendicular to the film surface, i.e., along #direction, was

film was not very ordered.
Although Rexp indicated that the microphase-separated struc-

ture was rather disordered, let us first assume that the mi-

calculated from the model/vmoges Which is shown by the
dashed line in Figure 3b. Since tlvéy is smaller for P2VP
than for dPS, the peak-top and peak-bottom in e cor-

crophase-separated structure formed hexagonally packed cylintespond to the dPS and P2VP phases, respectively. There are

drical microdomains in the thin film as illustrated in Figure 3a.

five bottoms in Figure 3b, each of which correspond to each

The cylinders are assumed to be aligned parallel to the substratdayer of the P2VP cylinders. The NR profile based on the model,
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Figure 4. Cross-sectional TEM micrograph of the dBE2VP thin

film. This micrograph consists of three part, the carbon layer, the dPS-
b-P2VP thin film and the silicon substrate from the top to bottom of
the micrograph. Dark phase and bright phase in the fHPQVP thin

film correspond to the jistained P2VP and dPS microdomains,
respectively. TheX-, Y-directions andZ-direction are parallel and
perpendicular to the film surface. In the TEMT experiment, the tilt
axis was set to be parallel to thedirection.

Rmodes iS also plotted by the dashed line in Figure 2. It is obvious
that theRnogel did not reproduce the NR profile over the entire
range ofg,. Subsequently, the algorithm of Parratt based on a
recursive calculation meth&t>was employed to fit th&model
t0 Rexp The resulting best-fit profile and the correspondig
are shown by the solid line in Figure 2 and Figure 3b,
respectively. Although the NR profile after the fitting ap-
proachedRey, there was still a considerable deviation especially
for the largeq,. This result again indicates that the microphase-
separated morphology was not a simple one as hypothesizedt
Since the NR profile did not show distinctive peaks, it is Figure 5. Volume rendered 3D images of the dB2VP thin film
intrinsically difficult to have a precise and unique best-fit profile :;%’E‘et‘{‘;gni'ﬁg:gﬂtt view g):;”stfzve”:)f"‘(’ah;gn tShDe i?nzsen?lsfg %)T%:LW%
unless we have a realistic model f,m” as the |r?|t|al guess. nm. Arrowspon the right of the 3D image indicat% the P2VP layers.
Therefore, we employed TEMT tdirectly visualize the 3D
morphology of the dP®-P2VP thin film, which will be used concentration profile of one of the blocks, from whilh can
as the initial guess as shown in the following section. be evaluated.

C. A New Method: Combination of NR and TEMT. The cross-sectional sample was tilted in the TEM to take a

. . . i f projections. The tilt axis was parallel to ¥adirection.
Figure 4 shows a cross-sectional TEM micrograph of the dPS- SEries o . e
b-P2VP thin film. Note that the cross-sectional section (speci- The reconstructed 3D images of the dB&2VP thin film are

men) for the TEM (and later for the TEMT) experiment was displayed in Figure 5 f_rom two different view poir_1ts, in which
prepared by the FIB method from exactly the same spun-castonly the P2VP phase is shown (the dPS phase is transparent).

. . In Figure 5, thezZ-direction corresponds to the depth direction
sample used in the NR experiments. On the top of the llPS- g .
P2VP thin film, a carbon layer was coated for protection before of the dPSe-P2VP thin film. The detalils of the 3D morphology

- of the dPSh-P2VP thin film were visible in the figure. The
the FIB sectioning. Beneath the carbon layer, the 8FF2VP . .
thin film morphology can be seen, in which the dark and bright volume fracuqn of the P.ZVP phase evaluated fro”? the 3D image
. . . was 0.28, which was in excellent agreement with the known
microdomains correspond, respectively, to the P2VP and dPS

phases. Underneath the dBER2VP thin film, there was a thin composition of the copolymer, €., 0.27. The average film
S . . e thickness measured from the 3D image was 344 nm, which was
layer of the Si native oxide layer, although it was difficult to

see in Figure 4. Note that the Si native oxide layer was also in good agreement with the AFM result. Note that the 3D

' . e image shown in Figure 5 was cropped along Widirection
ﬁg?g)rm‘l?t?eunrw]idcicr)p;rhEa'\s/le?s'[e?)e:gtgzr r?;%ﬂz)ﬂézt;ogb(:;tvzgOlﬁrée‘é‘” viewing clarity (the total thickness in thé-direction was
TEM appeared to be a cylindrical domain. The majority of the 00 nm). Although the majority of the cylindrical microdomains

P2VP cviind dto all llel to the Si substrate. whil were oriented parallel to the substrate and formed six layers as
cylinders seemed to align paraiel 10 the Si Substrate, Wil e 51eq by arrows in Figure 5, they did not formed hexagonally
some cylinders may be vertically aligned. Compared with the

. ST . '~ packed cylinders as hypothesized in Figure 3a. The same
hypothetic model shown in Figure 3a, nevertheless, the cylindri- conclusion was drawn for the TEM micrograph [see Figure 4],

cal microdomains turned out to be rather disordered despite thowever the 3D images strengthened this point even further
the extensive annealing. Such disordered microdomains, inturn,ln addition, the cylindrical microdomains aligning normal to

should definitely produce the featureless NR profile observed e fiim surface that connected the adjacent layers were also
in Figure 2. displayed by the white circle in Figure 5. It seemed that the
Since the thickness of the cross-sectional sample was ca. 20Qylindrical microdomains were interconnected through such
nm, the microphase-separated structure significantly overlappedvertical cylinders. It is also confirmed that the P2VP and dPS
and hence the details of the structure were lost along the opticalmicrodomains wetted the Si substrate and free surface, respec-
axis of the TEM Y-direction). If the microphase-separated tively, demonstrating that the dR8P2VP thin film was the
structure had a lamellar morphology parallel to the substrate, asymmetrical-wetting case. The P2VP wetting layer is the
the cross-sectional TEM micrograph would more clearly appear, bottom layer in Figure 5.
because there would be no overlap. In such a case, the TEM It is very likely that our annealing time may not be sufficient
cross-sectional view alone would give a relatively quantitative to bring the system to an equilibrium state. We note here that
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the previous study using dR8P2VP with similar molecular (a)
weight indicates that the cylindrical morphology was not
completely hexagonally packed after annealing the thin film at 6x10'4 n
180 °C for 2 weeks'® On the other hand, Noro et al. claimed
that their lamellar-forming dP8-P2VP with (again) similar
molecular weight attained equilibrium by even shorter annealing
time (170°C for 1 week) than our®: Therefore, the annealing
time required for bringing the system to its equilibrium state
may be morphology-dependent. Closer look at the 3D structure 2
in Figure 5 suggests that the parallel ordering of cylinders near -
the air and silicon oxide surfaces seems to be better than that 0 1 1 1
of cylinders located at inner film. Since it is well-known that 0 100 200 300 400
the formation of microdomains in a block copolymer thin film
develops first from the surface (air or substrate), this would be
another indication that the inner morphology would not represent
the equilibrium morphology. In any case, even though the
cylindrical morphology in the thin film is not an equilibrium
one, it would still be worthwhile to develop a method to
characterize the morphology.

The concentration of dPS block was estimated from the 3D
image in the following way. First, the 3D image was binarized
so that the dPS and P2VP domains become 0 (black) and 255
(white), respectively (we assume 8-bit depth gray scale in this
explanation). The voxel intensities of the dPS and P2VP
microdomains in the binarized 3D image were then converted . 1 . 1
to the scattering length densities of the corresponding compo- 0.4 0.8 1.2
nents. The voxels in the 3D image now have two intensities q (nm'1)
with a physical meaning. The underlying assumption here is z

that the two microdomains consist of pure blocks, i.e., either Figure 6. (a) Scattering length density profile/() of the dPSe-P2VP.
dPS or P2VP. Theblv at a givenZ coordinate were first The dashed line is the calculatiefd profile from the 3D image obtained

L 1 MY

by TEMT. The solid line shown in part (b) is the calculat#d profile

averaged in th&-Y plane to estimate the representative at from the best-fit reflectivity profile. (b) Reflectivity profile of the dPS-
the depth. The obtainddv at variousZs were then stacked to  b-P2VP thin film. Open circles are the measured NR profile. The dashed
obtain the scattering density profile along tEedirection, line and the solid line represent the calculated reflectivity profile from

initial model obtained by TEMT and the best-fit reflectivity profile,

b/vremt, @and shown by the dashed line in Figure 6a. The NR respectivelyy? calculated from eq 1 was 1.94 102

profile based on thid/vtemr was obtained from the TEMT

experimentsRremt, and shown in Figure 6b. Comparing the
previous results in Figures 2 and 3, i.Bmoder aNd b/vmodes (i) 100+
Rremt exhibited a more accurate NR profile than dRgodes 80}
and (ii) b/vremt had six peaks (¥ vmoderdid), but their heights —~ 60}
were distinctively different from th&/vmoedes €Specially in the g\°, 40k
middle of the thin film (100 nm=s Z < 250 nm). TheRremr <
reproduced th&e, very well at a lowg, (g, < 0.4 nn1'%), but 20¢
not in the highg, region, indicating that th&/vrgyr (and thus OF
TEMT) captures the global feature of the dBE2VP thin film o Ot
morphology, but the structural details were lost. In other words, 1 1 L 1
TEMT already offers statistically averaged structural information 0 100 200 300
by itself, but has inferior spatial resolution compared to NR. Z (nm)
The bluremr was subsequently used as the initial guess for rigure 7. Concentration profiles of the dPSP2VP thin film,¢. The
the fitting. The resulting scattering density profi@yremt—it, solid and dashed lines correspond to the concentration of dPS and P2VP,
and the corresponding reflectivity profil&emr—sit, after the respectively. Letters on the peaksgoéire used to specify the layers of

fitting4 are denoted by the solid lines in Figures 6a and 6b, dPS or P2VP where S and V denote dPS and P2VP, respectively. Open
. .. ' circles are the measured concentration profile of dPS by DSIMS.
respectively. Th&remt—it Showed on excellent agreement with

the Rexp much better than th&mode Shown in the previous D. Confirmation of the Concentration Profile with DSIMS.
section. The volume fraction of the dPS and P2VP blocks normal to
The novel methodology proposed in the present study canthe substrate ¢iips-temt—it and ¢pave-Temt—it) are shown,
be extended to the structural studies of the block copolymer respectively, by the solid and dashed lines in Figure 7. They
thin film with more complicated and disordered morphologies, were calculated from the scattering density profile obtain from
e.g., the gyroid, perforated layer, etc. We note that the the fitting, b/uremT—fit, in Figure 6. On the free surfacg € 0
reflectivity alone had difficulty in dealing with these morphol- nm, denoted as 1Syq4pswas nealy 100%, demonstrating that
ogies. In addition, the methodology may also be extended to the dPS wetted the free surface. In contrastye-temt—it Was
the off-specular scattering dat4>4® as well as specular  almost 100% aZ ~ 340 nm (6V), therefore, the P2VP blocks
scattering data, i.e., the reflectivity, because the 3D volume datawetted the substrate surface. This result is consistent with the
obtainable from TEMT provide not only the depth, but also known fact that the more polar P2VP block (than dPS) wets
in-plane structural information. the polar Si oxide surfack:*°
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The first peak ofppovp-temT—it from the free surface (1V) (a)
was 66%, which was close to tlgg,yp of the {1 O} plane in
the bulk cylindrical microdomains, e.g., the layer indicated by 6x10™
the dashed white line in Figure 1. This experimental finding
indicates that most of the P2VP microdomains at this depth are
cylinders, more or less parallel to the free surface. On the
contrary, the peaks deeper inside the thin film, i.e.,2WV,
had a lowermpove-teEMT—1it than that of 1V, indicating that the
P2VP microdomains were not completely oriented to the
substrate and were connected with the neighbor P2VP layers
as seen from the 3D image [see Figure 5]. The deepest P2VP 0 ) 1 1 1
peak from the free surface (5V) had a slightly higher 0 100 200 300 400
dpave-TEMT—fit than that of the first peak (1V) and considerably Z (hm)
higher thanppve-Ttemt—iit Of the intermediate peaks. According
to the 3D image, the morphology at this depth had characteristics (b)
similar to the first peak, i.e., well oriented cylinders. There was 10
observed a sharp depletion zone right above the P2VP wetting
layer, which may cause the 5V peak to be sharper and higher.

A secondary ion intensity profile of the negative deuterium
(D7) ion was obtained by DSIMS, from which the concentration
profile of dPS,¢p4ps-psivs, Was estimatedhdependentlyirom 4
the TEMT and NR(the open circles in Figure 7 together with 10
daps-TemMT—iit). Although the spatial resolution of DSIMS was -
not as good as that of either the TEMT or NByps-psivs 6
showed an excellent agreement witgps-temt—fit , Clearly 10
demonstrating that the new methodology combining TEMT and 0.4
NR provides not only a high-resolution (through NR), but also
an intuitive (through TEMT) way of characterizing the block
copolymer morphologies.
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Figure 8. (a) Scattering length density profilely, of the dPS-P2VP.
The dashed line is the calculatédy profile from the concentration
profile obtained from the cross-sectional TEM micrograph. The solid
4. Summary line is the calculatedd/v profile from the best-fit reflectivity profile,
) . . which is shown by the solid line in part b. The dashed-dotted line is
A three-dimensional (3D) microphase-separated structure of theb/y obtained from the best-fit using TEMT (that is, the reproduction
a cylinder-forming poly(deuterated styrehck2-vinylpy- of bluremr—se in Figure 6a). (b) NR profile of the dPB-P2VP thin
ridine)(dPSk-P2VP) under confinement was studied by neutron f"”(‘j- Tq% CI’Pe” circles areddtatatlhpomtls Teta(sjureﬁl b%( ’_\t'R- Tr]l_? d}f‘Shed
E faci H and solia lines correspond to the calculated retiectuvity protie from
reflectivity (NR) and transmlss.lon eIeCtron_ microtomography the initial model obtained from the cross-sectional TEM micrograph
(TEMT). A featureless NR profile was obtained from the dPS- anq the best-fit reflectivity profile after the fitting, respectively. The
b-P2VP thin film. A model, assuming the hexagonally packed inset shows the expansion of the NR profile at a kpwy? calculated
cylindrical microdomains aligning parallel to the substrate, was from eq 1 was 8.10< 102
used to estimate the scattering length density prabl&yoges
along the depth, i.e., the-direction of the block copolymer in
the thin film. A significant discrepancy between the calculated
NR profile based on thé&/vmodes Rmodes @nd experimentally
obtained NR,Rex, was found over the entire range of the
scattering vectorg,. Using Rnoder @s the initial structure, the
fitting of Rmodel 10 the Rexp by iteratively changindy/vmodei was
unsuccessful.

the shape of which the middle three layers were found to be
the cylindrical microdomains mostly aligned parallel to the

substrate, but with a certain amount of vertical alignment. This
finding was confirmed by the TEMT 3D image and was

distinctively different from the above hexagonally packed

cylinder model. The concentration profile of dPS was then
calculated from theb/vremt—iit, Which was quantitatively

In order to obtain a more realistic scattering density profile ,nfirmed by dynamic secondary ion mass spectroscopy.
of the block copolymer thin film, TEMT was employed to image

the 3D structure inside the film. The 3D image showed that the
structure had a six-layer cylindrical morphology in which the
cylindrical microdomains aligned mostly parallel to the substrate,
but their in-plane orientation was rather disordered. The
scattering density profile was evaluated from the 3D image,
b/vremT, which was then used to calculate the NR proftgsur.

It was found thaRrewt reproduced th®ey, better than did the
Rmodes €Specially in the lovg, region. In the highg,, however,

a significant deviation between th, and Rremt was found.
These results indicated that the overall shapg#atvr reflected

the microphase-separated structure but the detailed structura
information, such as an interface, was lost. WRfgvT as the
initial structure, the fitting of the NR profile t®.x, has been
carried out. The best-fit profild&Rremt—1it, Showed an excellent
agreement with th&e,, The scattering length density profile A. Combination of NR and Cross-Sectional TEM. In
corresponding t&®remr—it, b/vteMT—1it, €Xhibited six peaks, from section lll, part C, the scattering length density profile evaluated
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from the TEMT experimentb/vremt, Was used together with
the NR profile. It turned out thd¥/vrgyr was an excellent initial

“guess”. Since the TEMT experiments are tedious and time-
consuming, it would be a lot easier if one could use the cross-
sectional TEM micrograph alone to evaluate the scattering length
density. Therefore, in this Appendix, we tested whether or not

the TEM micrograph can be an alternative to the 3D volume
data as the initial model in the fitting protocol.

The dashed line in Figure 8a shows the scattering length

density profile obtained from the TEM micrograph shown in
Figure 4,b/vrem. We note here that the TEM micrograph was
carefully chosen from the tilt series in the TEMT experiment

so that the Si substrate became truly perpendicular to the

micrograph. This point is important because Wergm would

not be accurate if the micrograph were taken with some tilt
angle. The dashed line in Figure 8b displays the NR profile
based on thé&/vtem, Rrem. The inset in Figure 8b shows the
NR profile in the smallqg, region. The Rrem showed a
considerable deviation from the experimentally obtained NR
profile, Rexp, Over the entire range af.

Following the same procedure as employed in section Ill,
part C, we usedd/vrgm as the initial guess. The resulting
scattering length density/vtem—1it, and the corresponding NR
profile, Rrem—sit, are shown by the solid lines in Figure 8, parts
a and b, respectively. Although a slight improvement was
attained in the intermediate and highregions in theRrgm—it,
the agreement was poor, especially for the smalsee the
inset of Figure 8b). This is in sharp contrast to the results
demonstrated in Figure 6 where tRe=ut—1it Showed excellent
agreement with th&ey, It was also found that the/vrem—iit
(andb/vrem) were different from théd/vremt—rit, indicating that
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