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We experimentally establish a phase diagram of thin films of concentrated solutions of a cylinder
forming polystyreneblock-polybutadiendslock-polystyrene triblock copolymer in chloroform.
During annealing the film forms islands and holes with energetically favored values of film
thickness. The thin film structure depends on the local thickness of the film and the polymer
concentration. Typically, at a thickness close to a favored film thickness parallel orientation of
cylinders is observed, while perpendicular orientation is formed at an intermediate film thickness. At
high polymer concentration the cylindrical microdomains reconstruct to a perforated lamella
structure. Deviations from the bulk structure, such as the perforated lamella and a wetting layer are
stabilized in films thinner thar-1.5 domain spacings. @004 American Institute of Physics.
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I. INTRODUCTION The presence of a surface or interface is known to influ-
L . ence the microdomain structure in the vicinity of the surface,
Supramolecular self-assembly is widely used in nature to .

build highly regular and complex structures with dimensions. "o i the bulk is not ordered. Generally, the block with

much larger than the dimensions of the molecules. Blocgﬁ Iowefr surigcle (tatner%y tetndtshto ac?urgulate ?t thef_ slurface.
copolymers are an interesting model system to study thi is preferential attraction to the surfaghe surface fiell

phenomenon because one is able to precisely control the %pmallyflealtljsdto arll ahgnmfent r?f the sltlrljlctL(ﬂe:]mgllae,
chitecture of the molecules. Furthermore these systems se Ayers of cylinders, aygrs 9 sphefesarallel to the inter- .
assemble into patterns with length scales of 5—-100 nmace. In some cases this alignment extends over a large dis-
which might be interesting for a variety of applications, for tance into the bulk of the materi&In addition to alignment,

instance, lithographic mask€ and templates for nanostruc- h€ Presence of a surface can also modify the microdomain
tured inorganic materials:® For a popular review on these Structure close to the surface, similar to surface reconstruc-

topics, see Ref. 10. tions known from classical solid state physics. This has first

A block copolymer is built from two or more polymeric been observed for cylinder forming systems. If the minority
chains (blocks, which are chemically different and co- component has a sufficiently lower surface energy than the
valently attached to each other. Their phase behavior is corffajority component, a wetting layer is formed at the surface
trolled by the interaction between the blocks and the relativéllowing the low surface energy phase to completely cover
lengths of the blocks. If the incompatibility is large enoughthe surfacé? In the opposite case, when the majority com-
the polymer microphase separates and forms ordered strugonent is favored at the surface, it was predicted that the
tures depending on the relative volume fraction of thecylinders next to the surface may transform to one layer of a
blocks, e.g., lamellae, gyroid, cylinders, or spheres. The sizperforated lamelfd* or a lamella®® In lamella forming
of the nanostructures can be adjusted within a certain rang®BC triblock copolymers a complex surface reconstruction
by the overall molecular weight of the block copolyniésr ~ was observed for the case that the middle block has the low-
recent reviews, see Refs. 10312and by addition of est surface enerdy:®
homopolymer*!* An interesting application of these fea- In a thin film the copolymer material is confined to a
tures is the use of block copolymer films for lithographic certain film thickness, which gives rise to additional effects:
purpose$ ®and/or templating of inorganic structuréS.The  If the film thickness deviates from an integer multiple of the
patterns may be aligned by the use of external electricharacteristic spacing, the microdomains need to thicken or
fields!® topographic templatin and surface patterning.  compress, which leads to an increase of the free energy by
All these processes rely on the control of pattern formatiorentropic contributions. Therefore supported as well as free
of the block copolymer in thin films and therefore on a goodstanding films form regions of different film thickne&er-
understanding of the underlying physics. race$, which correspond to an integer multiple of the natural
microdomain layer spacing. This has been observed for
dElectronic mail: armin.knoll@uni-bayreuth.de Iame”a?G cylinder,ﬂ and spher@ forming systems.

YElectronic mail: robert.magerle@uni-bayreuth.de If the film is not free to adjust its local film thickness,
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i.e., in the case of two solid interfaces, the difference in thdl. EXPERIMENT

?nterfacial tension of_the blocks controls the thin fil_m behav- 5 Materials

ior. For lamella forming systems a large surface field forces

the lamellae to stretch and adapt a new, commensurable layer We have studied thin films of a polystyrebesck
spacing?® In the case of a weak surface field, lamellae ori-Polybutadieneslock-polystyrene (SBS triblock copolymer
ented perpendicular to the substr&dé’ In cases where the swollen in chlorofo_rm vapor. SBS was obtained from Poly-
two interfaces favor different orientations, both can coexistM€r Source Inc. with molecular weighis,, ps= 14 kg/mol,

and a mixedhybrid) microdomain structure is stabiliz4%? ~ Muw,ps=73kg/mol, andM ps=15kg/mol (PS is polysty-
Cylinder forming block copolymers show a more com- "€N€: PB is polybutadiefeTaking into account the densities

plex phase behavior in thin films. In the case of a WeakOf the homopolymer¢1.05 g/cni for PS and 0.93 g/cifor

51 1 H —
surface field, the bulk microdomain structure is not signifi-PB) the volume fraction Of.PS IDps=0.26. PS r?md PB
homo-polymers used for ellipsometry were obtained from

cantly altered and the orientation behavior of cylinders is ) . :
analogous to lamella forming systems. When the surfacelgoIymer Standard ServigMainz, Germanywith molecular

preferentially attract the majority block, the cylinders align\’ve'@i':hotrS :;x}vrvﬁi’]s: f?) igek%gfg;r;?ﬁ*%:atzkglll?qggmetr
parallel to the substraté:**~**0therwise, half cylinders may g P Y

36 . . : . experiments, polished silicon substrates were cut from wa-
form.>® A perpendicular orientation of cylinders, however

. . . ' fers, cleaned in fresh 1:1430,(conc)/H,0, (30%) solu-
has been s:tabl_hzed only with the h§é%7°f an electric field tion, thoroughly rinsed in boiling and cold Millipore water,
by fast drying in solvent cast filni§:>>

and finally cleaned with a Snowjet
In the case of strong surface fields, a variety of devia- y fe

tions from the bulk structures has been observed. If the mi- .
nority block has the lower surface energy a transformation & Small angle x-ray scattering
a wetting layer(a half lamella® and a lamell# have been The bulk microdomain structure of concentrated SBS so-
observed in very thin films. If the majority block is accumu- lutions in chloroform was investigated using small angle
lated at the surface, a perforated lamellar phase has bea&rray scattering SAXS). All measurements were performed
reported in free standing filni¥. Also mixed (or hybrid  at the ID2A beamline at the European Synchrotron Radiation
structures, such as cylinders with netkand spheres on top Facility (ESRF, Grenoble, FrangeThe energy of the beam
of a perforated lamella lay® as well as an “inverted was set at 12.5 keV. SAXS spectra were measured of SBS
phase®! have been observed. Furthermore, in films thinnersolutions in chloroform at different polymer weight fractions.
than a natural microdomain spacing, a disordered phase walutions of 30, 40, and 50 wt% SBS and a bulk sample
observed? Various models have been developed®**-%&0  were prepared. Dilute solutions were either injected into a
describe different aspects of this complex phase behavioghamber with microscope slides as windo@® wt%) or
However, it remained unclear which of the reported phenomdirectly prepared in capillaries with 2 mm diamet80 and
ena are specific to the particular system and/or route of filnffO Wt %9). At high concentration$40 and 50 wt %injection
preparation and which are general behavior. was not possible due to the high viscosity of the solution. For
In a previous letter we presented a unifying descriptionthese concentrations a droplet of the solution was put directly
of the phase behavior in thin films of cylinder forming block into the beam and immediately measured. The bulk sample
copolymers!® With experiments and computer simulations Was prepared by slowly drying a SBS solution inside a cap-
based on dynamic density functional theory we showed thatlary. Due to the high scattering cross section of the chlorine
the phase behavior in thin films of cylinder forming block oms and the long pathway for the beam through the cham-
copolymers can be understood by the interplay between suPer Of 5 mm, imaging times of 3—5 s had to be chosen for the
face reconstructions and confinement effects. In this papesramples not prepared in capillaries.
we give a full account on the experimental part of our work.
A full account on the corresponding simulation results isC. Thin film preparation

given in a separate articté. _ , For ellipsometry measurements, polymer films of PS,
The outline of the paper is as follows: We first show thatPB, and SBS were spin-cast from toluene solutiéhait %)
chloroform is a nonselective solvent for our system, whichy;e|ging an initial film thickness of about 125 nm.
does not alter the bulk microdomain structure of our polymer 1 study the thin film phase behavior of SBS, films were
in the considered range of dilution. Therefore it merely in-gpyn cast from toluene solution onto polished silicon sub-
troduces mobility to our system. We show how the thin film strates. Solutions with 0.25, 0.5, 0.75, 1, 1.5, and 2 wt % SBS
forms regions of preferred thickness to minimize its free enqyng a spinning speed of 2000 rpm were used. This procedure
ergy. In situ measurements prove the existence of mi-resulted in films with a thickness of about 12, 25, 35, 50, 80,
crophase separation inside the thin films during annealingand 125 nm, respectively, and with a surface roughness of
i.e., in the swollen state. They also show that the microess than 1 nm as measured by SFM. In order to equilibrate
domain structure is preserved during the drying process ofanneal the microdomain structure, the films were exposed
the swollen films. We then systematically analyze and idenfor several hours to a controlled partial presspiaf chloro-
tify the microdomain structure as a function of film thicknessform vapor. The experimental setup is shown in Fig. 1. Two
and polymer concentration and establish a phase diagram félows of nitrogen gas, one saturated with chloroform vapor in
our system. a washing bottle, are mixed just before entering the sample
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FIG. 1. Sketch of the experimental setup for swelling in chloroform vapor.
Two flows of air or N, are mixed, one of them is saturated by Ckl@hpor
by passing it through a washing-bottle. The flow ratio of the two gas streamf:IG. 2. SAXS spectra from bulk SBS and SBS/CH€blutions with poly-

determines the vapor pressure in the sample chamber. The sample can be . = o o . .
viewed with an optical microscope to follow terrace formation. After anneal- mer volume fractionsd,=40.4% and 51.4%. The scattering peaks typical

ing, the sample is quickly removed from the vapor in order to quench tht{?r a microdomain structure of hexagonally ordered cylinders are marked.
microdomain structure. ofhg) inset shows the spaciag between next-nearest cylinders as a function
p-

g [nm™]

chamber. The volume flow for each line was regulated Viaﬂ . he ab d ibed f
flow-meters and ranged from 20 to 50 ¥min. The whole lim preparation, the above-described flow setup was con-

setup was made from glass using Teflon™ connectors. It walected to the eIIipsomet_er cell and the same overpressure and
inserted into a water bath keptB§=25.0+0.1°C. An over-  emperature were applieghot shown here @, was mea-
pressure of 0.30.1 bar was applied to the system to detectSureOI for all cqmbmatlons of gas fiows applied during
possible leakage. The samples were placed onto a glass S”agmple preparatioft

welded to a flange, which could be quickly removed from theg. Scanning force microscopy

chamber after equilibration to extract the solvent and quench

) . The microdomain structures at the surface of the dry
the microdomain structure.

films were imaged with a Dimension 3100 Metrology SFM
from Digital Instruments, Veeco Metrology Group and a
Nanoscope lllm controller. Some data were taken using a
We used ellipsometry to determine the amount of chlo-Dimension 3100. The metrology system uses a hardware lin-
roform within the polymer films at a given chloroform vapor earized piezo scanner, which allows very accurate measure-
pressure. All measurements were done on a SENTECH Skents of distances and heights from the images. Both instru-
850 spectroscopic ellipsometer. A homemade sSétwms ments were operated in tapping mode. Olympus and
used to establish an atmosphere with a controlled solveriflanosensors tapping mode cantilevers were uspting
vapor pressure. The temperature of the sample and the teroenstant~=40 N/m, resonance frequency ranging from 200 to
perature of a solvent reservoir were controlled to within 0.1300 kH2. All measurements were performed at free ampli-
K. All measurements were performed at 65° incidence angléudes of about 30—50 nm and a relative setpoint of about
within a spectral range from 400 to 800 nm. The thickretss 0.95. Some experiments were performed in the presence of
at a certain vapor pressupevas obtained from least-squares chloroform vapor(see Sec. Il D for detai)s
fits to the spectral data of the ellipsometer. Hereby the block
copolymer film is modeled as a homogeneous material with;; ResuLTS
an effective refractive indexn(\)=ng+n; 100/(A/nm)
+n,10°/(\/nm)? where\ is the wavelength andg,, n,
andn, are fitting parameter&auchy model the absorption To measure the microdomain spacing of the copolymer
in the film was assumed to be negligible. The thickness of alkolutions in bulk samples, we have performed synchrotron
films was measured upon swelling and deswelling of theSAXS measurements at copolymer concentrations of 30, 40,
sample to rule out possible hysteresis effects. Before andnd 50 wt% and for a bulk sample. The corresponding poly-
after measuring in solvent vapor, the thickndgsf the dry  mer volume fractions of the solutions amountdq=0.40,
samples was measured. The polymer concentratipm the  0.51, and 0.61, respectively. The two-dimensional-SAXS im-

D. Spectroscopic ellipsometry

A. Domain spacing in bulk SBS solutions

film is given by ages were averaged azimuthally. The results obtained for the
d solutions prepared in the capillaries are shown in Fig. 2.
<I>p=EO, From the first-order scattering peak @f, the spacing be-

tween layers of cylinders can be extractedcgs-27/qg.
assuming that the partial volumes of polymer and solvent inWhile the curve measured fob,=0.40 shows a rather
the film are additive. broad first order peak and no higher order peaks, the spec-

To measure the polymer volume fractidr, as a func-  trum measured ab,=0.51 shows a narrow first-order peak
tion of vapor pressur@ under the conditions used for thin and three higher order peaks @8qqg, 7 do, and v9qp
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FIG. 3. Polymer volume fractiod®, as a function of the relative CHEI ) ) ] ) )
vapor pressure of swollen films of polystyrene, polybutadiene, and the trif!G. 4. (8) Optical micrographs of swollen films as a function of annealing

block copolymer SBS. The lines show fits of the measured data with dime, visualizing the terrace formation. Terraces with different film thickness
simple model(see Sec. 11l B. are visible because of interference of light scattered by the surface of the

film and the substrate. The time scale of terrace formation depends on the
vapor pressure and on the initial thickness of the filiy). Image of the
guenched film afte7 h ofannealing. It shows that terraces extend over large

characteristic for hexagonally packed cylinders. Since théreas of the sample.
bulk sample still shows one higher order peak/atq,, we
consider a bulk microdomain structure of hexagonally or-

dered cylinders throughout the concentration regime used iPIuggins theory® yields the following relation between the

this study for the thin film. _ normalized vapor pressure/p, and the polymer volume
The inset to Fig. 2 shows the next nearest neighbor spag;action D,

ing between cylinders,,=2/\/3 ¢, as a function ofd, for
all samples prepared. The spacing increases with increasi My Ms 2
polymer concentration. Within the concentration regimerhq(p/p(’)_ RT - RT XPsPptIN(L=®p) (1= IN)Dp.
studied hereg, increases from 38:00.3 to 41.5-0.4 nm.
The large error bar a®,=0.51 results from a highly dis-
torted, elliptic scattering image due to difficult sample prep-
aration at highd, .

N is the total degree of polymerization agd s is the Flory—
Huggins interaction parameter between polymer and solvent.
Assuming thatyp s does not depend o, the ellipsomet-

ric data can be fitted with a single parameggrs. The re-
sults of least-squares fits are shown in Fig(s8lid lineg
together with the data. The agreement between the fit and the
data is very good. The resulting interaction parameggrs

of 0.29+0.01 for PS/CHG and 0.21-0.1 for PB/CHC}

In order to quantify the polymer volume fraction within agree with the published valtidsn the respective concen-
the thin films at a given solvent vapor pressure, we haveration regime.

measured the film thickness in the swollen state for films of
PS and PB homopolymers, and SBS block copolymer. The
solvent pressure was controlled by keeping the sample at ., ) L
25°C and adjusting the temperature of a solvent reservolf~ . COarse grain structure of the SBS films:
inside the chamber to a lower temperature. With increasin errace formation
solvent vapor pressuethe film takes up more solvent, i.e., During annealing the swollen SBS films form islands
@, decreasefFig. J. PB films swell by only about 3% more and holes. Figure(4) shows a series of optical micrographs
than PS films at a given chloroform vapor pressure. Thidaken at different times of annealing. Within a time scale of
shows that chloroform is a good solvent for both polymersabou 1 h the initially flat film develops areas of uniform
exhibiting only a small selectivity to PB. SBS takes up thickness characterized by uniform interference colors in the
slightly more solvent than the respective homopolymers poseptical image[Fig. 4b)]. This behavior is known from ex-
sibly due to an enrichment of solvent at the polymer—periments of thin films of block copolymer meflt sug-
polymer interfaces, which thereby screens repulsive interagyests that the local thickness adjusts to local minima of the
tions between the S and B monométs. free energy of the system, which are related to energetically
The swelling behavior of PS and PB homopolymers carpreferred microdomain structures of the films. The initial
be modeled with Flory—Huggins theatyIf we denote the film thickness was chosen such that islands and holes had
vapor pressure at saturation @g, the chemical potential in similar area fractions at the applied solvent vapor pressure.
the vapor phase is given hy,=In(p/py). A comparison to  Note that microphase separation inside the thin film is nec-
the chemical potential in the thin filmg, given by Flory—  essary to provide a driving force for terrace formation. Ter-

B. Swelling behavior and molecular interactions
in thin SBS films
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FIG. 5. In situ tapping mode SFM phase imagé<2 um?). The capture direction, the time relative to the start ofithsitu experiment, and the range of

the phase scale are denoted below the imaggsmage taken during swelling g/p,=0.65 (@,=0.7). In the upper part ofo) (dark arrow the drying
process was started by switching to puredés flow.(c) Image of the dry film. Note the change in the phase scale from 3° in the wet state to 30° in the dry
state.

race formation has been observed for all samples @ith ~ D. Thin film microdomain structure
< 0.7 during solvent annealing, indicating that the material We performedn situ SFM measurements during sample
inside the film is always well phase separated. Islands and : . . : . .

holes formed in a very similar way in all samples irrespectivepreparatlon' Details of this experiment will be published

6 . .
of the film thickness except for the thickest films and theglsewheré. Figure 5 shows three consecutive SFM phase

highest polymer volume fractions. In particular, at a film images taken at approximately,~0.7 and during the dry-

thickness of more than three layers of cylinders and at polyl_n?hprocesi Pf tt:e thin film. Alfth(r)]rghfthe p:aTe clontrast :S
- : rather small in the presence of chloroform, it clearly reveals
mer volume fractions®,>0.65 no well defined terraces P y

were formed within the time scale of the experiment. the microdomain structure of the thin film. In this case the
Typically the terrace formation was faster at higher va-duénch of the microdomain structure is done by switching to
por pressures and for thinner films, but no systematic studé Pure N gas flow. White arrows in Fig.(5) mark the po-
on the kinetics of terrace formation has been performed. Théition of the tip, when the gas flow has been switched. The
films prepared by spin casting are somewhat thicker near th@lrong increase in phase contrast renders the quick drying of
edges of the samples. In these regions a stepped surfalite polymer film visible. Figure (&) was captured after dry-
structure with a larger number of different film thicknessesing of the film and readjustment of the tapping parameters.
could be observed. During vapor treatment the films starte€omparison of the phase images demonstrates that the dry-
to dewet. The annealing procedure was stopped either afténg process does not alter the intrinsic structure of the micro-
roughly half of the film surface was dewetted or affenh of  domain pattern.
annealing. Figure 6 shows two SFM measurements of two samples

FIG. 6. Three-dimensional rendered SFM imag&s5 um?) using the height image as heightfield and the phase image as texture. The images show the
formation of terraces in the film and the systematic change of microdomain structures along the changes in film ttacRnidsswith 11- and 40-nm-thick
terracesyb) A film with 32 and 57-nm-thick terraces.
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FIG. 7. SFM phase images at the edges of terraces as a function of film thitkasespolymer concentratiol,, . Images are oriented such that the lower
terrace is at the bottom in each imagdg, increases from left to right from 0.49, 0.58 to 0.62. From bottom to top the absolute height of the film increases.
White lines correspond to contour lines, calculated from the corresponding height images, at which the microdomain structures change. Btichténes i
where the cross sections shown in Fig. 8 originate.

with different film thickness. The three-dimensional imagespor, the films form terraces of well-defined thickness, which
were rendered with Pov-Ray™ From the SFM height im-  we will refer to as TO, T1, T2, and T3, respectively. See the
age the shape of the surface is calculatéteightfield”), sketch to the left of Fig. 7 for the variation of the film thick-
while the color information corresponds to the tapping modeness and the numbering of the different terraces. The images
phase image(“texture”). The images visualize simulta- in Fig. 7 are oriented such that the lower terrace always lies
neously the existence of the terraces and the local micrao the bottom of the image. Thereby, corresponding terraces
domain structure in the film. The microdomain structureTn formed as holes from initially thicker films and as islands
changes at distinct values of film thickness. In particularfrom initially thinner films are located next to each other in
different microdomain structures are found within the holesFig. 7. Although their thickness is equal to within the experi-
at the steps, and on top of the islands. mental error, we observe different behavior depending on
Figure 7 shows nine SFM tapping mode phase images oithether a given terrace was formed as a hole or as an island.
annealed films with different polymer concentration and dif- Therefore we distinguish betweemJand Th; , respectively.
ferent film thickness: The film thickness increases from bot-The reason for the different behavior of the two terraces is
tom to top and the polymer volume fractioh, increases most likely a tiny difference in film thickness and not the
from left to right. Samples with different initial film thick- different route of formation. We will come back to this issue
ness around 0&, (bottom row, 1.5¢c, (middle row), and  in more detail below. All images have a size 0f2 um? and
2.5¢q (top tow) are shown. On exposure to chloroform va- were recorded at an arbitrarily chosen edge of islands and
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T on top of cylinders
£.20.flat phase
T 151 between cylinders ™~ .....
FIG. 8. Cross sections across terrace steps of the height images correspond- ¢
ing to the dark lines shown in Figs(hj, 7(e), and 7h) (solid, dashed, and % 101
dotted curve, respectivelyThe thickest film shows a local maximum along = 54 _______hard surface
the step profile. This is attributed to the fact that the ghase shrinksless {77777 .
0 r —

than the ¢ phase during the drying process. 2 7 % B % % % 2

Setpoint [nm]

holes. Height images are not shown, for they are very similaFIG. 9. True Surface SFM of a thin SBS filnfa) Reconstructed True
to the ones used in Fig. 6. White contour lines Ca|cu|ateq3urface image of a terrace edge. The surface is locally flat with no sign of a

. . . ateral structure corresponding to the underlying microdomain strudtore.
from the height images are superimposed onto the phase i) P J yind do

; dentation image anc) phase image at a relative set-point of 0.7. The

ages. They clearly demonstrate that the boundaries betwegdmparison of both images shows that harder regi¢ess indentation

different structures always appear at a well-defined filmappear bright in the phase imade) Averaged amplitude-phase-distance

thickness. Cross sections of the height image taken a|0ng tHéPD) curves of select_ed regions in the image. At least three curves were
. . . . averaged. For comparison an APD curve for a hard polymeric surface is

black lines shown in Figs.(B), 7(e), and Th) are shown in  gpoun.

Fig. 8. The images show systematic changes in the micro-

domain patterns. Four characteristic patterns can be distin-

guiShed at the film surfaces: A Stripe pattern, which we iden‘the terraces formed as holes G;I:]rzh) |nteresting|y on is-
tify as PS cylinders aligned parallel to the plane of the film|ands, which exhibit the same thickness within experimental
(Cy), a pattern of hexagonally ordered bright dots originatingaccuracy (T1,T2;), this structure is only rarely observed
from perpendicularly oriented PS cylinders,(C a pattern  and merely appears as a characteristic defect in fhgh@se
of hexagonally ordered dark dots corresponding to a perfomarked with white arrows in Fig.(]. At intermediated,,,
rated PS lamell&PL), and a rather featureless pattern, whichthe perforated lamellar phase exists only near the edge of the
we identify with a disordered phaséis). The assignment of pgle. The thickness of these regions is a few nanometers
the surface pattems to three-dimensional microdomain Struqarger than the thickness in the center of the respective ter-
tures is based on results of Computer Simulatﬁ?ﬁg,on race. The area fraction of the PL phase increases @Hh
Nanotomography experimerits?® and on True Surface yntil the entire terrace Tlis filled. The finding that PL
measurement%g.They W|” be discussed in more deta” in the appears predominantly in holes and at somewhat |arger film
following. The terraces of larger thickness usually exhibitthickness indicates that the favored thickness of the PL is a
Cy, which extends over larger areas and has a better long.w nanometers larger than the one fqr Chis is consistent
range order at a low polymer concentration. In all images C with theoretical results, which predict a few percent increase
appears in the regions between holes and islands. At highf the characteristic domain spacing as one moves from cy-
@, PL appears at the rim of the lower terrace,TExtend-  |indrical microdomains through the perforated lamella to the
ing over the entire terrace at very high,. The lowest ter-  |gmella at a given molecular weigfft.
race shows a disordered patte(dis). This pattern shows
more pronounced lateral features at ldw. E. Identification of the microdomain structure

The contour lines mark the border between different pat-—
terns quite accurately. This is particularly the case at low  To unambiguously assign the observed patterns found on
thickness, at the border from @ C, . Figure 8 shows three the film surfaces to distinct microdomain structures, we have
cross sections of the height image corresponding to the bladklentified the origin of the contrast observed in the SFM
lines displayed in Fig. 7. The local maximum in the stepheight and phase images and have measured the position of
profile of the G phase at high thickness is attributed to thethe true surface’ A laterally resolved array of 6464 am-
fact that C has an almost continuous phase of styreneplitude and phase versus distan@®PD) curves was re-
throughout the entire thickness of the film. During drying of corded. From each APD curve thdocation of initial contact
the film the PS-rich regions become glassy first, whichbetween tip and surface can be determined. This procedure
causes this microdomain structure to shrink less than thellows one to determine the true shape of the surface irre-
other phases. Therefore, height lines do not fit to the bordespective of the tip indentation into the soft polymeric mate-
of the pattern in these casfsr example, in Figs. & and rial. Moreover, indentation maps and phase images can be
7(b)]. calculated from the APD data for any given setpoiif,.

With increasing polymer concentratio®, the perf-  Figure 9 shows a true surface image, an indentation image,
orated lamella morphologfPL) appears in thin films within and a phase image at a setpoiid,=0.7. The indentation
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curves in Fig. @d) show the indentation as a function of the _
amplitude setpoint. At the free amplitude of about 30 nm
used in the experiments and at lower setpoints A 1201
<0.95) repulsive interactions dominate over attractive forces
and the indentation is higher on softer materials. Therefore,
larger (smalley indentations are related to soft, PB rich g 80
(glassy, PS richareas. When we compare the indentation &
and the phase images, we can clearly show that the brighte®
regions in the phase image correspond to the harder materia 4o}
i.e., to PS-rich areas. The True Surface image is virtually flat

no
terraces

|
on top of the terraces and does not reflect the microdomair e G, . JEREER Y == -~ —E=EEEES
structure. Together with the relatively large indentations at ; . : ) : ; ;
the given parameters this finding suggests that there is a PE 05 “ e, 8

rich layer of about 10 nm thickness covering the entire
sample surfacésee Ref. 59 for details This result is in FIG. 10. Phase diagram of observed surface structures. Dashed lines corre-

: _ 0.6 P —
agreement with the fact that PB has the lower surface energipnd 1 functioni=A®,", with A=20, 82, 140 and 187 nm, represent-
g the thickness of the terraces. Data are given for equilibrium film thick-

of the two components 7<PB: 30mN/m, Ref. 61; Yps nesses of C(®) and “dis” (%) and for upper and lower boundspen and

=41 mN/m, Ref. 62and a PB-rich surface layer is thermo- closed symbols, respectivelgf C, (C,M) and PL(A,A) phases. The latter

dynamically stable. correspond to the height at contour lines such as those shown in Fig. 7. All
In summary, we can unambiguously identify the micro- ines and areas are drawn to guide the eye.

domain phases: From the SAXS and the Nanotomography

experiment® we know that SBS forms hexagonally ordered

cylinders in bulk and in thick films, respectively. The True

Surface measurements allow us to identify the PS micro

domains as bright structures in the phase images. They sh

or a scalpel. Then a smooth edge of the scratch was chosen
using an optical microscope and the step height was mea-
sured with SFM. Scan sizes betweerBand 2020 um?

. ere chosen. Background subtraction was done by fitting a
further that the sample surface is covered by a PB layer o lane to the area in the image, where the bare silicon sub-

about 10_nm thickness. Adqlltlonally We can compare the_s trate is exposed. Close to the scratch, images with smaller
results with recent calculations based on dynamic den5|t)§can sizegbetween X3 and 5<5 um?) were taken at steps

furr]llct;]onal theoa/.(Dth;'If) UF\? w;g thgeME(jso?]\.(thodeaparts of q .of the terraces to measure the existing microdomain phase
which were published In Rel. 45 and which areé disCUsSed Whyens and their height relative to the terraces. Height his-

more d_eta|l in Ref. 5 0. The excellent agreement betwee grams were calculated from the height images and back-
3|mula'1t|on. and .e.xpe'rlmental resullts strongly corroborates thSround subtraction was optimized by maximizing the peaks
following |dent|f|cat|9n of .the m'lcrodiomaln structure;; C e height histogram. The lower peak was then taken as a
cqrresponds to PS-rich cylindefisright) in a PB-rich MatriX  eference and the relative heights were added to the absolute
or!ented parallel to the Surfacei(borre_sponds to cylinders height of the corresponding lower terrace. By this procedure
oriented perpendicular to the surfadaright d.OtS' and PL o determined the absolute heiglfitg, of the different re-
corresponds to a perforated PS lamella oriented parallel taions of the films after solvent extraction

the surface(bright continuous sFructure pgrforated bY dark In order to account for the fact that the observed micro-
dots. The featureless pattern “dis” could either be attributed domain structures are formed in the swollen films, we calcu-

to a wetting layer(half lamella or to a disordered phase, late the thickness in the swollen stakge—hgy/®,, from

where m|cro'ph?se separation is suppressed by confmemqp(;[ry as determined earlier and the polymer volume fraction
of the materiaf*

AN int ina detail of th icrod . ¢ . @, as determined with ellipsometry. The results are pre-
n interesting Jetall o the microdomain structure s sented in Fig. 10 showing both the heights at which terraces
seen between the first layer of cylinders and thepbase.

H h lind h dulati hich makes it diffi Iform and the heights at which microdomain structures
ere the cylinders show undulations, which makes it difficu t.change. The heights of the terraces scale approximately with

to define unambiguously the border between lines and dots ig 0.6 which is indicated by the dashed lines in the diagram

the phase images. We identify this structure as “cylinders].k‘;iS scaling is stronger i, than what is found for the
with necks,” which have been found before in the same P

; ; . 8365
9 . . : scaling of lattice parameters of bulk solutidtis®® At very
systerﬁ and can also be found in the DDFT simulaticfis. small film thicknesses we observe a disordered surface struc-

ture. We note that the height difference measured between
the substrate and the first layer of cylindéfd) amounts to

We construct a phase diagram by plotting the observedbout 60 nm, which appears very large for a single layer of
phases as a function of the film thickness and the polymeceylinders with lateral spacing of about 40 nm. This finding
concentration in the films. To localize the boundaries bedindicates that the polymer layer found in the regions of
tween phases occurring at different film thickness, we detersmallest film thickness may extend over the entire substrate
mine the absolute values of the film thickness at the contousurface with the layers observed in thicker films being placed
lines in the SFM images, where the lateral phase boundariesn top. Figure 11 shows the film thicknessgsof terraces
are located. To measure the absolute thickness of any givdormed on the rim of the sample fdr,=0.62.ht increases
terrace a scratch was applied to the film with either a needlapproximately linearly with the number of terraces as shown

F. Phase diagram
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—_ 5 and call Fig. 10 a phase diagram. To clarify this, it is impor-
- 9@ n tant to discriminate the different time and length scales. On
000 1"0 7 4 long time scaleshourg and large length scaldseveral mi-
150| TR crometers and moyehe pattern of terraced=ig. 4) is still
— 3 & coarsening and the film is not in equilibrium. This process is
£ ~ . . . . . .
£ 400k , driven by the effective line tension between neighboring ter-
£ 5‘: races of different film thickness. However, on much smaller
Jd1 length scales(~100 nm, corresponding to a few micro-
S0 ®,=0.62 domaing, the film thickness can be considered constant and
3 0 several hours of annealing sufficient for such a small patch of
}n,=2725nm . o :
olu 9 I 1 1 the film to adopt the equilibrium structure corresponding to
o 2 3 4 5 its local film thickness. This separation of time and length

terrace number scales is very important and we used the observation of ter-

FIG. 11. Terrace height; and relative thickness of a cylinder layen,( ~ race formation on large length scales to conclude that the
—hg)/c, as a function of terrace number, whegedenotes the natural layer  film had sufficient time to adopt locally its equilibrium struc-
thi(_:kness. The heights_increase approximately linearly with the number ofure_ Since for high polymer concentratiorl)sp>0.75 and
cylinder layers in the film. The offsety of the plot at terrace number 0 thick films no terraces form, we have not plotted the surface
corroborates the existence of a wetting layer with thickrigsanderneath Lo e e
all films. The inset shows a sketch of this situation. structures of these specimens in Fig. 10.
On longer time scales, during the coarsening of the ter-

. ] . . race pattern, the film thickness can change, however, with
by the linear fit of the data with terrace numbe0 (solid  changing film thickness, the microdomain structure will ad-
line). The data point given at terrace number 0 represents thgs; to the local film thickness at this particular spot of the
th!ckness of the_ wetting layer. _From the linear fit we deter'specimen. This is confirmed by imaging with scanning force
mine a mean thickness of a cylinder laygrto be 35-2 nm,  yjcroscopy(similar as in Sec. 11D the microdomain dy-
which fits well to the measured distance of in plane cylinders,amics during terrace formation. These experiments will be

of about 39 nm. The linear fit suggests also an additionalgnorted elsewher®. To this end they confirm that in our
layer of material underneath the film of thicknésg=27 oy neriments the film had sufficient time to adopt its equilib-
=5 nm, which corroborates the existence of a wetting layetjym structure corresponding to its local film thickness.

everywhere at the film—substrate interface. This value iSrherefore, the mapping of surface structure to the local film

somewhat larger than the thickness of the “dis” phase Ofyicxness, as shown in Fig. 10, represents the phase diagram
18+5 nm but also considerably smaller theg

of surface structures as function of film thickness and poly-
mer concentration.

IV. DISCUSSION In all but the thinnest regions of the films, cylinders
Sample preparation in a controlled environment of sol-oriented parallel to the plane of the film (Cdominate the
vent vapor gives additional insight into the phase behavior oBFM images. The parallel alignment of the cylinders is fa-
thin block copolymer films. The volatile solvent chloroform vored over the perpendicular orientation because of the pref-
is nonselective and merely enhances the mobility of polymegrential attraction of PB to the surface and a penalty for the
molecules in the system. Its high volatility enables us toadditional unfavorable interfaces occurring at the ends of the
quench the microdomain structure, which has developed durspright cylinders. As a result, terraces with a thickness cor-
ing annealing. The control of the polymer concentratip ~ responding to an integer multiple of the cylinder layer spac-
allows us to vary the effective interactions between the twdng form spontaneously. This behavior is well known from
components and between the two components and thamella forming systems where the lamellae tend to orient
boundary surfaces. The polymer concentraignwas cho-  parallel to the plane of the film and the local film thickness

sen high enough that the block copolymer solutions weredjusts to a well-defined multiple of the lamellar spadihg.
microphase separated in all experiments. The SAXS results, In between neighboring terraces exhibiting parallel ori-
the formation of terraces even in the most diluted films, ancented cylinders we find regions where the cylinders are ori-
thein situ observation of the microdomain structure corrobo-ented perpendicular to the plane of the film. We anticipate
rate this assumption. Note that this is very different fromthat the formation of upright cylinders is energetically favor-
experiments done by Kirat al,>****who used the dynamics able over a compression or stretching of the parallel struc-
of solvent evaporation to control the resulting microdomaintures to a thickness significantly deviating from an integer
structure in their thin film. The key difference is that Kim multiple of the natural layer thickness. This notion is cor-
et al. started solvent extraction from the one-phase regiontoborated by the DDFT simulation resuffs® which also
Therefore structure formation took place during the dryingpredict the formation of upright cylinders as a stable thin
process only and is largely influenced by the evaporatioriilm structure at intermediate film thickness. We note that the
rate. Our system, in contrast, is well phase separated befostope across the edges between neighboring terraces appears
drying and the dynamics of the polymers is too slow to fol-highly exaggerated in the SFM height imad€gy. 5). This
low the sudden quench of the system. slope is determined by an interplay of the surface tension and
Furthermore, our system had sufficient time to equili-the energetic penalty of creating a film with an unfavorable
brate so that we can safely speak of equilibrium structuresilm thickness. While this penalty should decrease with in-
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creasing dilution of the polymer, the surface tension shouladtrophase separation is suppressed by the confinement. An
be only moderately affected, since this value is similar foralternative explanation is that terrace TO consists of strongly
the solvent and the polymer. The use of solvent in this wayadsorbed polymers, in which molecules are pinned to the
reduces the slope across the edges and stabilizes the nongatbstrate and their mobility is too low to rearrange during
vorable microdomain structure ,C In fact, the maximum solvent vapor annealin. The third possibility is the pres-
slope amounts to only some 5° in the thinnest films betweeence of a wetting layer or a half lamella as reported by Karim
TO and T1 and 3° between terrace T1 and T2. Over a laterat al,?° which would imply that the SiQsurface preferen-
distance of a single cylinder diameter the film thickness vartially attracts PS. The existence of an absorbed layer or a
ies therefore at most about 3 nm. Therefore, we may safelyvetting layer has implications regarding the surface field act-
exclude the gradient in film thickness as an important drivingng on the remaining copolymer film. Given the copolymer
force for the formation of upright cylinders. composition offpg=0.74, any adsorbed layer will exhibit

A perforated lamellgPL) is found at high polymer con- preferential attraction to PB. Similarly a wetting layer will
centrations and at a film thickness close to one or two layerfrm such that PS is located close to the substrate exposing
of cylinders. The natural thickness of the PL phase seems t8B to the inside of the film. Such a layer would also exhibit
be somewnhat larger than the one of the pbase, since it preferential attraction to PB for the rest of the film. Since the
appears at the rim of holes at intermediate polymer concerfree surface of the film preferentially attracts PB, corre-
trations. We emphasize that the perforated lamella is not &ponding to the lower surface energy of Réee above
stable bulk structure of the SBS material, but is induced bygualitatively symmetric boundary conditions are established.
the presence of the two boundary surfaces. Both the plandhe excellent agreement between the experimental results
symmetry of the boundary surfaces and their preference tand the DDFT simulations performed with symmetric

the majority (PB) phase lead to the stabilization of a “non- boundary surfacé$>® corroborates this conclusion. How-
bulk structure,” also referred to as a “surface recon-€Ver, the Strength of the surface field cannot be expected to

struction.”* Simulation results show that the surface field b€ equal at the free surface and at the film—substrate inter-

favors accumulation of PB at the homogeneous surfaces dfce.

the film, thereby depleting the center of the film of the ma-  The DDFT simulatiori®*° predict a disordered phase

jority phase5_0 As a consequence, the PS density increases |fpr the thinnest films. For a Strong preference of the minority

this portion of the film, leading to the formation of a con- block to the surfaces, a wetting layer is predicted. As chain

tinuous PS structure perforated by isolated PB channelgdsorption onto the boundary surfaces is not captured by the

DDFT simulation results preditt® that an even stronger simulations, a direct comparison between experiment and

surface field eventually should lead to the formation of aSimulations seems questionable in this thickness regime.

complete PS lamella in the center of the film. In our experi-AlSO taking into account two dissimilar interfaces is prob-

ments, however, this effect was not observed. This is prob@bly essential to model such very thin films. For an in-depth

ably due to the fact that the experimentally accessible surfac@iscussion of the microdomain structure of the thinnest films,

fields are limited in our system and cannot exceed the surfac¥e refer to Refs. 50 and 70.

field of SBS without solvent. We find that for thicker films

(T2y,) the PL phase appears only at the highest polymer con-

centrationgb, (see also Fig. 10 This resembles the DDFT V. CONCLUSION

simulation results of Horvaat al>° and can be interpreted in , . L

the following way. The solvent is expected to screen the We have studied the phase'behawor in thin films of a

interactions both between the two polymeric components ang‘BS. block copolymers swollen in chloroform vapor. Both,

at the interfaces, higher polymer concentrations correspon e film th'CkneSShW‘?t and thg polymer volume fractio,

to a stronger surface field. Therefore, the effective surfacd’€'® \_/arled and a phase diagram of surface structures was

field acting on the topmost layer of the film is stronger in established.

thinner films. This finding indicates that the two surface(1) The variation of®, can be interpreted as a variation of

fields of both confining surfaces exhibit a characteristic de- the molecular interactions between the two polymer

cay length of the order of a microdomain spacfhdn thin components and between the components and the bound-

enough films the effects of both surfaces can add and thereby ary surfaces.

stabilize the PL structure already at lower polymer concen{2) The surface field causes cylinders to align parallel to the

trations. plane of the film, whenever the thickness fits an integer
We note that the PL phase was observed before in the multiple of cylinder layers. At intermediate thickness the

bulk®®®” as well as in thin films® While in bulk the PL is cylinders align perpendicular to the film plane. At higher

considered to be metastalSfeboth our experiments and the
DDFT simulations’®*® indicate that the existence of one or
two planar interfaces preferentially attracting the majority
phase stabilizes this structure.

At a film thickness below about one-fourth of the

cylinder—cylinder distance, we observe in terrace TO a
grainy, disordered surface structure. Such a structure wa8)

also observed by Henkeet al,*> who reasoned that mi-

polymer concentration, i.e., at stronger surface fields, a
perforated lamelldPL) of PS forms. The surface field
needed for PL formation increases with increasing film
thickness. This corroborates simulation results that indi-
cate a decay length of the surface field of about one
microdomain spacingt?249:5

A wetting layer exists underneath all films, which either
consists of pinned molecules or of a half lamella.
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(4) The experimental results are in excellent agreement witf*H. P. Huinink, J. C. M. Brokken-Zijp, M. A. van Dijk, and G. J. A. Sevink,

computer simulations based on dynamic density func—2

tional theory?®>°
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