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ABSTRACT: Solvent cast diblock and triblock copolymer films of poly(ethylene oXiggyrene) (PE-PS)

and poly(ethylene oxide-methyl methacrylaté-styrene) (PE(-PMMA-b-PS), with cylindrical microdomains

of PEO or PMMA—-PEO, have a high degree of lateral ordering after solvent annealing. The relative humidity
of the vapor during the solvent annealing has been shown to play an important role in achieving this order. After
solvent annealing under high humidity a PBEB*MMA-b-PS triblock copolymer having a lamellar morphology

in bulk develops a hexagonal array of depressed PEO domains on the film surface while the film surface remains
flat under less humid conditions. Cross-sectional TEM and GISAXS show that the film annealed under high
humidity conditions exhibits a well-defined hexagonally perforated lamellar (HPL) structure throughout its thickness,
whereas a stack of lamellae aligned parallel to the surface is evident for films annealed at lower humidity. These
results demonstrate the switchable nanoscopic structure of these films and strongly suggest that water vapor
induces the morphological transition from lamellar to HPL by swelling the PEO domains.

Introduction directionality imposed by solvent evaporati&n3? Of the five

K “classical” morphologies in block copolymers, most interest has

|oeen focused on spheres, cylinders, and lamellae, as they are

more accessible using simple diblock copolymer systems.

However, a limited number of studies on the ordering and the
hase behavior of thin films having gyroid or HPL phase have

Producing nanostructured materials by self-assembly of bloc
copolymers has been an active area of research for severa
decade’s? with significant theoretical and experimental effort
devoted to understanding the phase behavior of block copoly-
mers. Of recent interest has been the development of technique . .
and strategies that lead to the controlled orientation of these een reported leading to nanostru.c'tures which offer added
nanostructures as well as the identification of new morpholo- advantages yvhen compareq to traditional systﬁﬁ;ﬁ. )
gies2 Morphologies of A-B diblock copolymers in bulk In contro_lllng the orientation an_d Ia_teral ordering of micro-
include the “classical” phases of spheres, cylinders, gyroid, Structures in block copolymer thin films, one of the repre-
lamellae, and the metastable hexagonally perforated layerSentative examples is poly(ethylene oxide)-containing block
structure (HPL), depending on the block volume ratios. copolymer§.*32 It was initially (jemonstrated that poly(qthylene

Recently, thin films of block copolymer have attracted ©Xided-styrene) (PEQ-PS) diblock copolymers, having cy-
particular attention due to their potential applications in areas lindrical mlcrodoma_lns of EEO’ show a perpendicular orientation
ranging from nanolithographic masks, high surface area catalystto the substrat_e with a high degree of 'a‘e“’%' ordering. After
supports, membranes, @S In these applications, critical solvent anneahng, a defect-free lateral 'orderlng was achieved
issues are the control of both lateral ordering as well as the OVer Several micrometers. Although this system would be a
orientation of microstructures of block copolymers. A number fasc!natlng cand|date_ for the n_anofabncatlon Of. addressqble
of strategies have been developed to control the nanoscopicmed'a' the PEO block is not reagjlly rgmovable by 5|mple.etch|ng
orientation of these thin films including surface modification Methods. To overcome this limitation, novel ABC triblock
using random copolymef&; 2! manipulating the topology of copolymers, poly(ethylene oxidemethyl methacrylaté-
the substrat&223 applying external field3426 and using the ~ St'ene) (PEA-PMMA-b-PS) were recently developed and

provide degradability via the PMMA middle bloékFor these
) systems, it was shown that a high degree of lateral ordering
(CSﬁt)hﬁ;mei%ﬁﬁggggg%%'E'ma": (E.J.K.) edkramer@mrl.ucsb.edu; ¢51q he achieved after solvent annealing and that a nanoporous
* Department of Chemical and Biological Engineering, Korea University. Structure is obtained by UV degradation of the PMMA block
* Materials Research Laboratory, University of California, Santa Barbara. and simple aqueous washing.

8 Department of Materials, University of California, Santa Barbara. - - : -
U Department of Chemical Engineering, University of California, Santa In developing this system, it became apparent that processing

Barbara. conditions are critical to successfully aligning the nanoscopic
" Department of Chemistry and Biochemistry, University of California, template vertically and to order the resulting cylindrical pores
L ek . o - over large surface areas. For these PEO-based systems, it was
Department of Polymer Science and Engineering, University of f d that f th t critical . diti
Massachusetts, Amherst. ound that one of the most critical processing conditions was

© Advanced Photon Source, Argonne National Laboratory. relative humidity during the solvent annealing step and it was
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Figure 1. Schematic illustration of the solvent annealing chamber used in this study.

found that a high level of humidity>(70%) is required to attain  that serves as the humidity chamber, thus allowing the benzene in
a high degree of lateral orderirdy. the swollen sample to evaporate under a given R.H. condition.

In this paper, a thorough investigation of the interplay between Scanning Force Microscopy (SFM)To characterize the surface

; . . P : hology of the triblock copolymer films, scanning force
processing conditions (relative humidity) and triblock copolymer MO'P : . g fol
architecture in determining the morphology and orientation of microscopy (SFM) height and phase images were obtained in the

PEOb-PMMA-b-PS thin films is reported. With increasing ;ﬁgrgngig?g:ldli;fbr:get;‘?;hNaaggéﬂ;gtlwmems Dimension 3100

relative humidity, the ordering of cylindrical microdomains was Transmission Electron Microscopy (TEM). Cross-sectional
changed from parallel to perpendicular to the substrate. Remark-TEwm of the thin films was performed in order to investigate the
ably, it was found that an increase in the relative humidity detailed structure of the thin films annealed at high humidity.
induces the formation of hexagonal PEO domain arrays in the Samples for TEM study were prepared on Si substrates to provide
surface lamella, and a morphological transition from lamellae identical conditions to those used to produce samples for SFM
to HPL structure throughout the film. The detailed morphologies study. Samples were first stained under a saturated atmosphere of
of these films were characterized by scanning force microscopy RUQs vapor in 0.5 wt % aqueous solution (Electron Microscopy
(SFM), cross-sectional transmission electron microscopy (TEM), Sciences) for 510 h to enhance the contrast between polymer

P : h . Diffusi f R i he PE-PMMA-b-PS thi
and grazing incidence small-angle X-ray scattering (GISAXS). ﬁln??)erzvi dlesu?rlloenscélecl:ﬁ/)é agtzrir:?r:g tofePE Oot)j_o et ;s V\iltl zlans

. : producing a 106200 nm thick RuQ@layer on the top of film, which
Experimental Section protects the surface of polymeric film from the Ga ion beam of the
Materials. ABC triblock copolymers, poly(ethylene oxide- focused ion beam (FIB) system operated at 30 kV. Cross-section
methyl methacrylatd-styrene) (PEd>PMMA-b-PS), were syn- samples for TEM were then prepared by a lift-off technique using
thesized via reversible addition fragmentation transfer (RAFT) a FEI DB235 dual-beam FIB system to produce a 120 nm thick
polymerization. The monomethoxy-terminated PEO was first modi- film. It should be noted that aAm thick Pt film was deposited on
fied with a dithioester group to give a PE®RAFT macroinitiator, the polymer film before FIB milling to provide an extra protective
which was used to initiate the polymerization of MMA followed layer on the polymer film. The morphology of PEG&PMMA-b-
by styrene. Detailed procedures for the synthesis of the triblock PS film was investigated by TEM using a FEI Tecnai G2
copolymers are described elsewh&rdll polymers were fully microscope operated at 200 kV.
characterized byH nuclear magnetic resonance (NMR), using a Scanning Electron Microscopy (SEM).Field-emission scanning
Bruker 200 MHz spectrometer with the residual solvent signal as electron microscopy (SEM) was used to view the cross section of
an internal reference. Size exclusion chromatography (SEC), usingthe block copolymer films. The fractured sections of the thin films
refractive index and photodiode array detectors (Waters) was were imaged using a JEOL 6300 SEM operated at 10 kV. Samples
employed to give the overall molecular weight and polydispersity. were stained under saturated Ruw@por atmosphere over a 0.5
Thin Film Preparation. The PEOb-PMMA-b-PS triblock wt % aqueous solution of RuQElectron Microscopy Sciences)
copolymers were spin-coated from benzene solutions onto silicon for 5-10 h to enhance the contrast between polymer phases.
substrates. The film thickness, between 100 and 200 nm, was Small-Angle X-ray Scattering (SAXS).To determine the bulk
controlled by adjusting the solution concentration and spinning morphologies for triblock copolymers, small-angle X-ray scattering
speed. The solvent annealing process was performed in a home{SAXS) was performed using the beamline at the Materials
built glovebox chamber at room temperature, which is schematically Research Laboratory, University of California, Santa Barbara. Cu
illustrated in Figure 1. The whole glovebox chamber was continually Ka X-rays (@ = 1.54 A) are generated by a Rigaku rotating anode
flushed with humid air, which was produced by bubbling air through X-ray generator. The sample-to-detector distance was 1.7 m and
warm water {50 °C). The relative humidity (R.H.) in the chamber the 2-D SAXS images were azimuthally averaged to produce one-
was controlled by admixing dry air or adjusting the water dimensional profiles of intensityl, vs wavevectorg.
temperature and was monitored just before the removal of the inner  Grazing-Incidence Small-Angle X-ray Scattering (GISAXS).
chamber. To investigate the effect of humidity on the ordering of The GISAXS measurements were conducted on the Sector 8-I1D-E
triblock copolymer films, the R.H. in the solvent annealing chamber beamline at the Advanced Photon Source at Argonne National
was adjusted from-50% to 90%. Once the desired R.H. condition Laboratory. Monochromatic X-ray beams of 7.4 ke\/= 0.1675
was reached, it was maintained constant throughout the wholenm) were used. The sample-to-detector distance was 2285 mm,
process. As shown in Figure 1, samples are placed in the muchdetermined by calibration with a silver behenate standereF (
smaller sealed inner chamber, an upside down glass container or68.376 A). The incident angle was varied in 0.01 deg increments
an larger glass Petrie dish, under saturated benzene vapor wher@bout the critical angle of the polystyrene matrix (0.16 deg), which
the R.H. is initially the same as in the much larger outer chamber produced controlled penetration depths ranging from 10 nm up to
and annealed for 12 h, then the upside down glass container isthe full film thickness. The off-specular scattering at each angle
simply removed from the Petri dish inside the much larger glovebox was recorded with a 2D MARCCD detector. A lead beam stop
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. ! T T T T & T lamellar periodicity but there is not sufficient information from
the three SAXS reflections to determine whether this morphol-
ogy consists of stacks of separate O, M, and S lamellae or
whether O and M are mixed in a single lamella. However, it
was shown previously a molecular weight of the PMMA block
should be as large or greater than5000 g/mol to form a
separate domain, when the molecular weight of PEO block is
5000 g/mol. In this regard, it is believed that the PEO and
PMMA domains in OMS-lam should be separate domains,
especially in high humidity conditions since water is a nonsol-
vent for PMMA but a good solvent for PEO.

To investigate the thin film behavior of both cylindrical and
lamellar samples, solutions were spin-coated onto silicon
substrates and the film thickness was controlled between 100
and 200 nm by changing the solution concentration and the
spinning speed. The films were then annealed under saturated
R T S T S SR benzene vapor for at least 12 h, while the relative humidity in
0.0 0.2 0.4 0.6 0.8 1.0 1.2 the inner chamber before, and in the outer chamber, after

Intensity, arbitrary unit

g, nm’’ annealing was controlled as desired. This humidity condition
Figure 2. SAXS traces for PE®-PMMA-b-PS triblock copolymers. ~ Was observed to be critical for obtaining perpendicular orienta-
The filled triangles indicate the reflections at the markggt ratios tion with a good lateral ordering for nanostructures formed from

of scattering vectors for cylindrical (OMS-cyl) and lamellar (OMS- PEObH-PS and PE&»-PMMA-b-PS copolymers. At relative
lam) morphologles._Note that the SAXS trace o_f OMS-c_yI is reproduced humidity (R.H.) of between 70 and 90%, excellent ordering and
from ref 31. Copyright 2006 American Chemical Society. orientation was obtained and for simplicity, the humidity

Table 1. Sample Characteristics of PECB-PMMA- b-PS Triblock condition of R.H~70—-90% is subsequently referred to as “high
Copolymers R.H.”, and that between 50 and 70% R.H. is referred to as “low
sample Mes  Mpyma  Mego R.H.”. In this work, two samples, OMS-cyl and OMS-lam, were
ID (kDa) (kDa) (kDa) fes  femma freo  Mo/My annealed under the saturated benzene conditions with the
OMS-cyl 324 6.0 50 077 013 011 ~1.1 humidity controlled to be either “high R.H.” or “low R.H.”.
OMS-lam 200 117 50 057 030 013 ~1.1 All other conditions were kept the same.

blocked the strong specular reflection. Individual exposure times ~ Scanning force microscopy (SFM) was used to investigate
were 30 s, and510 measurements at each angle were summed to the surface morphology of the thin films before and after
provide a signal well above the background. Data were saved asannealing. Figure 3 shows the SFM phase images of OMS-cyl

2048 x 2048 images in 16 bit TIFF format. and OMS-lam on silicon substrates after annealing at either “low
] ) R.H.” or “high R.H.”. For OMS-cyl, the effect of humidity is
Results and Discussion very clear. At low R.H., the cylinders orient parallel to the

In previous work, the synthesis and characterization of ABC Substrate (Figure 3a), while at high R.H. perpendicular orienta-
triblock copolymers, PE®-PMMA-b-PS, was developed and  tion of the cylindrical microdomains with good lateral ordering
the block length for PMMA and PS was adjusted so that the S observed (Figure 3b). At the intermediate relative humidity
bulk morphology shows PEGPMMA cylinders in a PS of 70% a mlxeql orlent.atlon, .contalnlng both 'pgrallel and
matrix3! For these studies the RAFT polymerization strategy perp_end|cular cylinders, is obtained. The most striking observa-
was further refined to allow accurate control over the length tion is however the strong dependence of the surface morphol-
and weight percent of the PMMA and PS blocks by varying °©91€S of.OMS-Iam films on relatl\{e hum|d|ty. At low R.H., the
the reaction time and the conversion for each monomer. In this SFM height and phase images indicate a flat surface (Figure
case, the block lengths of PMMA and PS were tuned so that a30), |mp|y|_ng that the lamellae in the OMS-I_am films are stacked
PEO/PMMA/PS lamellar morphology was obtained and the thin Parallel with respect to the substrate. At high R.H., the surface
film behavior of these lamellar samples was compared with that Morphology of OMS-lam (Figure 3d) appears almost identical
of the previous PEOPMMA core—shell cylinders. Table 1 lists ~ t0 that of the OMS-cyl annealed at high R.H., a surface
two representative PEB-PMMA-b-PS (OMS) samples used morphology that can be described as a “he'xagonally pa}cked
in this study; OMS-cyl represents the sample showing the core/@ray” for both OMS-cyl and OMS-lam. This is surprising
shell cylinders in the bulk, and OMS-lam designates the sample P€cause no reorientation of lamellae can result in a hexagonally
showing the lamellar morphology in the bulk. The bulk Packed array of domains at the surface. In addition the 57 wt
morphologies for each sample were investigated by SAXS % polystyrene in the lamella forming sample makes it unlikely
experiments as shown in Figure 2. OMS-cyl clearly exhibits a that the humidity is driving a lamellar-to-cylinder ordesrder
cylindrical morphology, as evidenced by higher order reflections transition by swelling the PEO containing block.
at g/g* values of 14/3, +/7, whereg* is the scattering vector The observation that OMS-lam thin films annealed at high
of the first-order reflection. The expected reflections atctu R.H. show a hexagonally packed array on the film surfeae
value of v/4 is probably missing because of the fact that the with the OMS-cyl casemay provide a crucial key to under-
form factor has a minimum near this value. The absence of the standing the mechanism of lateral ordering in PEO-based block
reflection atg/g* = +/9 is due to the difficulty of resolving copolymer thin films. This finding suggests that humidity plays
this weak reflection on the shoulder of the broad reflection at an important role in driving the formation of ordered hexagonal
g/q* = /7. For OMS-lam, the decreased PS volume fraction arrays on the film surface. During the processing steps, the
of 57% leads to a different morphology with reflectiongjat polymer films should initially be swollen with benzene vapor
g*, 29*, and 3y*. This corresponds to a morphology with  during annealing in the saturated benzene atmosphere. When
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Figure 3. SFM phase images for PE®PMMA-b-PS triblock copolymer thin films after annealing for 12 h in saturated benzene vapor under
controlled humidity conditions. Key: (a and b) OMS-cyl annealed at lswW(Q%) and high humidity X 70%), respectively; (c and d) OMS-lam
annealed at low and high humidity, respectively.

the films were removed under an atmosphere of controlled PSh-PMMA diblock copolymersfes = 0.665)3° In this case,
relative humidity, the solvent in the polymer film will evaporate the HPL structure was likely due to the surface-induced
from the top of the surfac&:2°Cooling of the film surface will reorganization, namely, the HPL structure was templated from
then occur and water will condense from the high relative the PMMA-wetted flat surface.
humidity atmosphere and interact with the film surface. Asthe  For the triblock copolymer films, the detailed internal
humidity in the atmosphere decreases, the amount of evaporativestructures of OMS-lam in Figure 3d were investigated by using
cooling necessary for condensation increases dramatically andcross-sectional TEM, SEM, and GISAXS measurements. Parts
at low enough R. H. the required temperature cannot be attaineda and b of Figure 4 correspond to the cross-sectional SEM and
by evaporation of benzene. Decreasing the relative humidity TEM images for the OMS-lam annealed under high R.H.
from 90% to below 70% at an ambient temperature of@5 conditions, respectively. Although a hexagonal array pattern was
means that the dew point of the humid atmosphere decrease®bserved on the surface, the cross-sectional SEM image of the
from 23 °C to below 19°C. It is believed that the interaction fractured film clearly shows that six layers are stacked parallel
between water and the hydrophilic PEO block in the polymer to the substrate (Figure 4a). The contrast in this image is thought
film may result in the hexagonal arrays and lead to long range to arise from depolymerization of the PMMA in the electron
ordering of the thin films. This hypothesis can be compared to beam. The detailed morphology is much clearer in the TEM
the breath figure phenomenon, in which the water vapor interactsimage shown in Figure 4b. The sample was stained withJ/RuO
with the cooled surface of polymer films to induce hexagonal which is selective for PEO and PS, not for PMMA. Knowing
arrays of water droplets on the surf#€é! However, the size  that RuQ is more selective for PEO than P52 the staining
of arrays in breath figures is usually between 200 nm and severaltime was adjusted to stain the PEO microdomains selectively.
micrometers, +2 orders of magnitude larger than observed for Therefore, the darker part in the image represents the PEO
the block copolymer domains above. While the mechanism may domains, and the lighter part corresponds to both PMMA and
be different, the ability of humidity to produce hexagonal PS domains. Fromthe TEM image, it can be seen that the thicker
ordering of nanoscopic features of different materials is layers of PMMA and PS domains are perforated by PEO
significant. domains, forming the HPL structure as illustrated schematically
To understand the unusual morphological change for the in Figure 4c. Furthermore, all layers are well aligned parallel
OMS-lam thin films on going from low to high R.H., one to the substrate over the entire film, and it is evident that the
possible explanation is that on increasing the humidity during increase in the R.H. induces the morphological transition from
processing the initial parallel lamella structures undergo a the lamellar to the HPL structure for the lamellar forming PEO-
morphological transition to a hexagonally perforated layer (HPL) b-PMMA-b-PS triblock copolymer film.
structure. Recently, the observation of HPL structures in thin  Since the cross-sectional TEM only reveals two-dimensional
films has been reported by Chang et al. for cylinder-forming features, the three-dimensional nature of the films, such as the
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Figure 6. GISAXS pattern of OMS-lam at an incident angle of (a)
0.1° and (c) 0.17 of OMS-lam annealed at low humidity and (c) 0.1
and (c) 0.17 of OMS-lam annealed at high humidity.

These features are strongest in the range 8.26 < 0.24, i.e.,

Figure 4. (a) SEM and (b) TEM images of the cross-section view of between the critical angle of the polymer and the substrate,
thg film and (c) its schematic represegntation for OMS-lam annealed at where standlng waves inside the film amplify the scattering.
high humidity (sample corresponding to Figure 3d). (Bragg scattering from lamellar stacks would be observed at
26 = 0, which is blocked by the beam stop.) We note a weak
maximum in intensity near@= 0.35 (q = 0.22 nntt, d =

27 nm), consistent with the bulk lamellar spacing, and suggestive
of some random orientation of the lamellae in the buried
structure. Parts ¢ and d of Figure 6 show the GISAXS patterns
for the OMS-lam annealed at high R.H., collected at incident
angles of 0.1 and 0.27respectively. Contrary to Figure 6a, a
peak centered at2= 0.32 (q* = 0.21 nnT?) is observed in
Figure 6¢: This peak is sharp irfZpace, indicative of good
o lateral ordering, and nearly infinite along, a signature of finite
thickness on the order of 1 nm in the direction normal to the
substraté? Higher order reflections are observed\&8g* and
V4g*, consistent with the in-plane hexagonal packing observed
in SFM measurements. The diffraction data in Figure 6d are

/L similar to that shown in Figure 6c, except an additional peak is
-y

detector

observed at@ = 0.32 ando; = 0.34°, indicating both lateral
and out-of-plane structure (a 3D lattice). Considering that these

ai £ films are~100 nm thick, the origin of the nearly infinite streaks
alongay is puzzling at first. However, SFM measurements under
Figure 5. Schematic of GISAXS geometry. light tapping conditions demonstrate that the PEO microdomains

at the free surface are actually depressed dimpls4 nm
stacking type of the hexagonal perforations in each layer, was deep (Figure 7). This is believed to result from the evaporation
further investigated by GISAXS experiments (Figure 5). The of water vapor from the PEO domain: During the solvent
thin films were measured at incident angles above and below annealing process, the PEO domain is selectively swollen by
the critical angle of the OMS-lam films annealed under low water vapor, especially under high R.H. conditions. After the
R.H. and high R.H. conditions. Figure 6 presents the two- water evaporates, the PEO domain collapses and produces
dimensional GISAXS patterns obtained for these samples. Thedimples at the free surface.
horizontal axis is the in-plane diffraction angl®,2and the To confirm theABAHPL structure demonstrated by the TEM
vertical axis is the out-of-plane diffraction anglg as illustrated measurements, the experimental patterns in Figure 6, parts c
in Figure 5. For the OMS-lam annealed under low R.H. and d, were compared with simulations of the scattering using
conditions, no diffraction peaks are observed when the incident the distorted-wave Born approximatiéhTl he perforations were
angle is 0.1, which is below the critical angle of the film (Figure  modeled as short cylinders of PEO/PMMA (diameter:height
6a). This indicates that there is no lateral structure at the surface,20:10 nm) distributed in a PS matrix, with a nearest-neighbor
which is consistent with SFM measurements. When the incident periodicity of 34 nm and a vertical plane spacing (center-to-
angle is 0.17, the X-ray beam penetrates through the depth of center distance between layers) of 14 nm. The divots at the free
the polymer film, and weak “streaks” are observed in the off- surface were modeled as 2 nm-deep cylindrical depressions, also
specular diffraction pattern along tle direction (Figure 6b). with a diameter of 20 nm and a periodicity of 34 nm. (Note
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Figure 7. SFM height image for OMS-lam in Figure 3d and its height profile along the line on the SFM image.

(a) (b) degenerate in free ener§ydifferent experimental conditions
and different architecture (diblock vs triblock) could result in
two different stacking structures.

Conclusion

The dramatic effect of processing conditions on the thin film
behavior of cylinder and lamellar forming PE®PMMA-b-
PS triblock copolymers has been shown to result in different
nanoscopic structures, not predicted by bulk studies. By
changing the relative humidity during solvent annealing, both
cylinders and lamellar morphologies which exhibited a parallel
orientation to the substrate at low relative humidity70%)
were observed to give the same hexagonal surface morphology
03 04 [[ 03 04 03 04 J| 03 04 ]| 03 04 with good lateral ordering at high relative humidity (780%).
20(deg) 26 (deg) 26(deg) 26(deg) 26(deg) For the cylinders, this is simply a consequence of the perpen-
Figure 8. (a) GISAXS pattern (left) and its simulated pattern (right) ~ dicular orientation of the PEO cylinders to the substrate surface.
at an '”C:dfet”t "t"”gl.e of doc-’]f:’r OI\I/IS-Ifagllgo?_tFlgl_Jre I?": ((jb) Gtt'sm]fs However for the bulk lamella materials, the hexagonal surface
2% :g?ag:ﬁin)ga(ciztlgsl aig t?g%g gtacking (rlighstl)r?grao?vlsri?amerf?lrr? ' pattern results from a transition from a parallel lamellar to an
shown in Figure 3d. orientated hexagonally perforated lamellar (HPL) structure.
From the cross-sectional TEM and GISAXS experiments, it was
that the scattering power per unit volume from the depressions confirmed that the actue}l structure throughout the film is the
is approximately 100 times larger than the scattering power from HPL and that PEO domains perforate the PS layers, arddn
the block copolymer microstructure.) As can be seen in Figure Stacking of the perforation structure is suggested by the GISAXS
8a' this Simple model agrees with the experimental pattern ana|ySIS As this morph0|Oglca| transition from lamellar to HPL
collected below the critical angle. For comparison with the Structure is clearly induced by increasing the relative humidity,
experimental data collected above the critical angle, the stackingit iS postulated that condensed water swells the PEO domains,
sequence for the perforations was modeled as B@&# and leading to hexagonal ordering at the free surface. This hexagonal
ABC, which are both common in Close_packed structures. The surface pattel’n then drives the formation of the HPL structure
simulated scattering foABA stacking closely matches the through the bulk of the film.
experimental pattern, as it accurately predicts the position of
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