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ABSTRACT: The lamellar orientation in supported, thin films of poly(styrédedtadiene) (P(®-B)) depends

on block copolymer molar mass. We have studied films from nine block copolymer samples with molar masses
between 13.9 and 183 kg/mol using grazing-incidence small-angle X-ray scattering (GISAXS) and have found
that in low molar mass samples the lamellae are parallel to the substrate surface, whereas they are perpendicular
for high molar masses. For a thick, high molar mass film, the bulk limit is approached; i.e., randomly oriented
lamellae are present. The 2D GISAXS images are discussed quantitatively in the framework of our recently
developed distorted-wave Born approximation model (Busch, P.; &t Appl. Crystallogr2006 39, 433). The

results cannot be explained from enthalpic considerations alone but point to the importance of entropic factors.

Introduction topographies inconsistent with both the parallel and the per-

Diblock copolymer thin films are prominent candidates for Pendicular orientation were found. We thus suggested a
a range of applications requiring nanostructured surfaces, suchmorphology, where different orientations coexist.
as the creation of nanoporous films and of arrays of nanowires However, AFM only reveals the surface texture of the film,
as well as their use as photonic crystals and biosensors (forand our results were therefore substantiated by referring to
recent reviews see refs-B). Because of the repulsion between grazing-incidence small-angle X-ray scattering (GISAXS) stud-
two interconnected, chemically dissimilar blocks, they are able ies of the corresponding films. GISAXS offers a unique,
to undergo self-organization into regular nanostructures on the noninvasive method to obtain information on both lateral and
length scale of 186100 nm. This “bottom-up” approach allows transverse structures inside thin films. Examples are the de-
for the creation of large patterns in a more efficient way than wetting of diblock copolymer filmd~14the lamellar orientation
traditional lithographic (“top-down”) techniquésThe diblock of symmetric diblock copolymer films and its changes in solvent
copolymer nanostructure in the ordered phase is controlled byvapor!®16 the ordering of a cylindrical block copolymer
a number of parameters, such as the interaction energy betweemorphology during evaporation of solveritand the structures
the two blocks, the relative size of the two blocks, and the of films in the hexagonal, the gyroid, or the hexagonally
overall degree of polymerization, i.e., molar mass. In theoretical perforated layer phadé!®A certain degree of depth resolution
work on thin films, the interface enthalpies and entropies at the can be obtained by varying the angle of incidence of the X-ray
air—polymer and the polymersubstrate interface,’ the rough- beam and thus the penetration depth.

ness of the substrafeand confinement effectsenter as A brief overview of the results from our AFM and GISAXS
additional parameters. In a previous publication, we have shown gy, gies has been given in ref 20 with the focus on the advantages

that molar mass can be the determining parameter regardingof the GISAXS method. In the present report, the results of our
the orientation of the nanostructure relative to the film surface GISAXS experiments from lamellar P($B) thin films of a

for thin films of lamellar poly(styren&-butadiene) (P(®-B)).1 3196 range of molar masses are discussed in detail with the
Using atomic force microscopy (AFM), we have found thatin o5 on the prevailing lamellar orientation in the film as well
low molar mass (below~ 55 kg/mol) P(Se-B) films the 5 the |ateral and vertical sizes of the lamellar domains. For
lamellae form terraces at the film surface, which is characteristic s with a meandering surface pattern indicative of perpen-
for a parallel orientation near the film surface, while for high dicular lamellae, GISAXS has been used to clarify whether the
molar masses (above90 kg/mol) the lamellae are perpendicu- o rhendicular orientation prevails throughout the entire film.
lar to the surface. For intermediate molar masses, surfaceniner films display terraces at the film surface, which are
characteristic for a parallel orientation of the lamellae. However,
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influence of the airpolymer and the polymersubstrate andq, are the in-plane and the normal components of the scattering
interface regarding the orientation of the lamellae, resulting in vector, respectively. For small incident and scattering angles, the
a completely random orientation of lamellar domains in the coordinates of our 2D detector correspond approximatelg,to
center of the film2! In some cases, the interpretation of our and oG ) _

AFM data was difficult, and the application of GISAXS helped , GISAXS images were recorded with exposure times of 10 s
to clarify whether any internal ordering of the film remained. (unless stated otherwise) and were corrected for background from

L . . _dark current and read-out noise. Flat-field corrections were applied
Our analysis is based on the GISAXS scattering cross Sectiony pb_jine as well as distortion corrections for the fiber-coupled CCD

for thin lamellar films which we have calculated in the distorted- camera used at CHESSIn the 2D maps shown, the pixels were

wave Born approximation (DWBA¥. binned 2x 2 for the clarity of presentation. Intensity profiles along
) ) gy were obtained by taking a single pixel row. Intensity profiles
Experimental Section along g, were obtained by integrating alorgy between—0.005

and 0.005 A The positions and the widths of the peaks in the
profiles were determined by fitting Lorentzians on a linear
r%a;kgro””d' The uncertainties of the positions amount2ox

4 A-1 unless stated otherwise.

At D-line, the zero of the incident angle was adjusted with a
precision of 0.02 before the measurements by determining the onset
of the X-ray reflectivity curve using an ion chamber. Refined
incident angles were determined afterward fromdhposition of
the specular peak in the 2D GISAXS image.

The transversal coherence lengths of the beam are large compared
to typical domain sizes observed in AFM but small compared to
the illuminated area, such that accurate statistical averages are

. s PB obtained. The films scatter coherently over their entire thickPess.
tensions of SS and PB ar¢” = 33 mN/m andyc® = 28 mN/m, In spite of the differences of the various instruments used, the
respe_ctl\_/ely% . . . results are consistent. Certain features are common to all the

Thin films were prepared on Si(111) wafers terminated with a ggaxs maps: (i) The direct beam was not observed, since it is
native silicon oxide layer (Silchem Handelgesellschaft mbH). The (4 intense for the detector and had to be blocked by a blade. (ii)
cleaning procedure is described in ref 10. The polymers were g, a specific GISAXS map, the incoming angle of the beam,
dissolved in toluene together with1% wi/w (relative to the polymer is fixed, and the (very intense) specularly reflected beam appears
mass) antioxidant (Irganox 1010 from CIBA) to prevent Cross- 4t an exit anglegy, equal too;; however, the specular beam is

linking of the PB blocks during further treatment. Solutions with  p5cked with a rodlike beamstop (which leads to as a stripe of low
polymer concentrations between 0.1% and 7% w/w were poured inensity aroundy, = 0), and only its wings are observed on each
onto the Si wafers until these were completely wet, and films were gjge of the beamstop. This beamstop blocks also the intense diffuse
spin-coated at 3000 rpm for 30 s. To remove traces of solvent and g¢atering in the incident plane. (jii) The maps display enhanced
to drive the films toward equilibrium, the films were dried in high  s¢attering intensity (Yoneda peaks) at exit angles corresponding to
vacuum ¢-10°° mbar) for up to 3 days. For films with, > 54.5 the critical angles of total external reflection from R§®R) (ocp
kg/mol, drying was performed at 15C, i.e., well above both glass  _— 0.15") and of SiQ (os = 0.22) (ref 29, at an X-ray energy of
transition temperatures but sti.II in the lamellar state. Films With 8 keV)22 Between the film and the substrate Yoneda peaks, other
lower molar masses were dried at room temperature to avoid g4ynamic features may show up, depending on the contrast and the
dewetting. The film thicknesses were determined using standardqua”ty of the film.
spectroscopic ellipsometry (see ref 10). _ Analysis of the GISAXS Maps.The GISAXS maps presented
_Scattering experiments were performed at D-line at the Cornell pejow have been analyzed in the framework of a DWBA approach
High Energy Synchrotron Source (CHESS) at Cornell University gescribed in detail in our previous publicati¥nThe aspects
in Ithaca, NY, at ID10B at the European Synchrotron Radiation jmportant for the interpretation of our data in this paper are the
Facility (ESRF) in Grenoble, France, and at BW4, HASYLAB at  fo|lowing: The lamellar block copolymer film is considered to be
DESY in Hamburg, Germany. The schematics of the GISAXS the sum of a homogeneous, flat film on a planar substrate and the
experiment are shown in Figure 1. At D-line and at ID10B jnternal, lamellar film structure which can be treated as a perturba-
beamlines, an X-ray beam with a wavelengtiy 1.54 Awas used.  tion, The advantage of this approach is that the scattering of the
Bandwidth at D-line was 1.5% (multilayer optics) and~1Gt homogeneous, flat film can be calculated analytically, whereas the
ID10B (diamond (111) monochromator). The beam was collimated |amellar structure (parallel or perpendicular) can be treated in a
by two collimation slits and a guard slit, and the horizontal beam fjrst-order perturbation theory. The refraction of the incident beam
width was 0.5 mm. In order to keep the footprint of the beam along at the surface of the polymer film and the reflection of the incident
the sample smaller than the sample length of 40 mm at incident gnd/or the scattered beam at the film/substrate interface are taken
angles 0f~0.2, the vertical width of the beam was reduced t0 50 jnto account when calculating the scattering cross section in the
um. At BW4, the wavelength was 1.38 A with a bandwidth of40  gistorted-wave Born approximation.
(Si(111) monochromator), and the beam was focused by Be lenses For the perpendicular lamellar orientation, the differential
to a size of 78x 46 um? (horizontal x vertical) at the sample  scattering cross section for diffuse scattering factorizes into two
position, which limits the footprlnt t0.13 mm at an incident ar)gle terms: @/dQ = g(qy)|f(K,ki»Dsm)|2. The first factorg(q,), is the
of 0.22. A molybdenum rod with a diameter of 1.25 mm (D-line  Foyrier transform of the densidensity correlation function, which
and ID10B) or 1.5 mm (BW4) served as a beamstop for the intense gy depends on the components of the scattering vector in the

reflected beam and the strong diffuse scattering in the incident plane.fjm plane, ai = (g G- The two-dimensional lamellar structure
tcl':1C?j cf[anlgras ;/\f[lrt]h a d)tltnan:jlq rflng*?t Oft3 (ﬂeg:ade? Were_l_rl:sed_ folrgives rise to constructive interference at multiplesqef= 27/
€ detection of the scattered Intensity at all beamiines. The pixel pf \where D! denotes the lamellar thickness (i.e., the repeat
i i lam? lam .e.,
sizes were 22.pm at ID10B, 50.8«m at D-line, and 79.km at distance) in the film. The intensity profile along teeomponent
BW4. With the setup described, it is possible to resolve lateral

. . of the momentum transfeq,, is described by the second factor.
structures of up to 1000 A at a samplaetector distance of typically The momentum transfer nqozrmal to the sam>|cl)le plarg is ki, —

1 m. In order to minimize radiation damage, the sample was moved  Vith 'k "= (47 sin w)/A and k, = (47 sin o)/ being the

sideways after alignment, so that a pristine sample spot was exposed, ¢, mponents of the incident and the exit wave vector. For fixed

to the beam during the GISAXS measurements= «/qxz—f—qy2 kiz, i.e., in a specific GISAXS map, each valuelgf corresponds

The poly(styrends-butadiene) (P(®-B)) diblock copolymers
used in this study were synthesized by anionic polymerizafion.
The samples have number-average molar masses between 13.9 al
183 kg/mol, a polybutadiene (PB) volume fraction of 0:49.01,
and polydispersity indices below 124 Their bulk lamellar thick-
nessesDP,,, increase with molar mass and range between 138 and
839 A2425 The Flory-Huggins segmentsegment interaction
parameter iy = A/IT + Bwith A=21.6+ 2.1 K andB = —0.019
4+ 0.005, as determined from the ordealisorder transition tem-
peratureg® The glass transition temperatures of the polystyrene
(PS) blocks lie between 76 and102 °C 2> whereas that of the
polybutadiene (PB) homopolymer is below80 °C .26 The surface
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Figure 1. Schematic drawing of the experimental GISAXS setup for the case of a film with perpendicular lamellae. The beam propagates in the
x-direction and the film normal is along tlzedirection, while the measuregyl is along they-direction.a; is the angle of incidence, typically chosen
between 0.1 and 0.3, thus in the vicinity of the critical angles of the polymer film and the substrate. The intensity is monitored on a two-
dimensional detector in thg—z plane. The detector is protected from the specularly reflected beam by a rodlike beamstop. The incident beam
penetrates the whole film above the critical angle of the polymer film and is scattered by the lamellar structure in the film which gives rise to Bragg
rods in the case of perpendicular lamellae, indicated by vertical lines.

to a certain value ofg. [f(kizke,Dam)|? is modulated in a reflected beam and the Yoneda peaks of the polymer film and the

characteristic way: Above.s, fringes are observed which have a substrate are given by

period related to the film thicknesBym (see Figure 4b in ref 22). \

They may, however, be smeared out for films with an inhomoge- ¢ = 2n sino; +  [sifagp+ @i [sirf o, — sir? agp 2 (1)

neous thickness. In summary, in the two-dimensional GISAXS maps A Diam

of laterally ordered films, interference peaks (Bragg rods) are . " . ) )

expected at parallel momentum transfers being a multipledf 2 whererr]n |sfa posmvr?, Odlg |nt¢gerf|nr]th¢ case of symmetric lamellae.

Diap and with ac-profile mainly being a function oDa. A L8 8 B O Socounieq for, The

typical GISAXS map for the case of perpendicular lamellae is : properly e

shown in Figure 1. two branches of this curve correspond to the Bragg dl_ffractlon of
A lamellar diblock copolymer film with the lamellgarallel to the reflected beam (upper branch) and the direct diffraction process,

the substrate surface can be viewed as a multilayer system ofVNich merges with the process where the diffracted beam is

; ; ; flected from the substrate (lower branch) (see ref 22). The
alternating polystyrene and polybutadiene layers. Flat lamellae give reriect . .
rise to interference peaks at distinct positions alongcghexis in equation holds for the reflection geometry used in our GISAXS

the plane of incidence, i.e., fay, = 0. Correlated roughness of experiments, where botly andos are positive. Roughness of the
the layers with a wavelength smaller than the lateral coherenceIayers ona length scale larger Fhan the transversal coherenpe length
length leads to widening of the peaks alapgleading to the so- ~ can be viewed as the coexistence of domains with different
called diffuse Bragg sheets, which can be observed close to theorientations and results in bendllng of the diffuse Bragg sheets. Thls
rodlike beamstop. For polymer films with weak internal contrast, scattering feature can also be interpreted as a partial powder ring.

it is appropriate to neglect refraction at the internal lamellar
interfaces. This is the case for PB) because the electron

densities of PS and PB only differ by 13%. Ttpepositions of the In our previous AFM study of the surface texture of thin films
lamellar diffraction peaks appearing in addition to the specularly of lamellar P(Sb-B) samples, we have found an unexpected

Results
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Figure 2. Orientation diagram of the surface texture as found using
AFM.1° The orientations are given as a function of block copolymer
molar mass (bottom axis) or bulk lamellar thickness (top axis, values
from ref 25) and of the reduced film thickness. Triangles up: parallel;
triangles down: perpendicular; diamonds: coexisting orientations;
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stars: weak surface texture; circles: no surface texture. Filled 10.186°
symbols: spin-coated samples; open symbols: solvent-cast samples. o 045°
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molar mass dependence of the lamellar orientation as described g [AT]
£

in the Introductiort® The lamellar orientation was found to be
independent of the reduced film thickneBgsq, in the range of
~1—10 for a number of samples (the reduced film thickness is
defined asDreg = Diim/Dp,)- The lamellar orientations de-
duced from the surface textures of all films are compiled in
Figure 2. In a few cases, especially for intermediate molar
masses, the surface textures could not be attributed to a specific
lamellar orientation because the surface shows neither terraces ' q. IA]
nor a clear lamellar texture. ‘

In order to elucidate the inner film structures and to relate )
them to the surface textures observed, we have performed
GISAXS experiments on samples identical or similar to the ones
studied with AFM. Accordingly, the samples have been studied
as a function of molar mass and (reduced) film thickness. In
the following, we present the GISAXS results from low,
intermediate, and high molar mass films and describe how the
lamellar orientation in the films is determined from a qualitative
analysis of the GISAXS maps. A quantitative analysis of the
lamellar structures using the recently developed DWBA model 010 045 090 055 040
is carried out? Finally, the orientation diagram inside the films

: . - : o [deg]
and the mechanisms of structure formation during film formation
are discussed. Figure 3. (a) GISAXS map & = 0.17) of a film with block

Low Molar Mass Regime. The AFM images of thin films fgpéh/g:%imogirerngsrsezdzﬁel\(/\?/g;ﬁ%mr: i%)?:a't&l %r\;(d”Drﬁ? :ar?é(l)j
of P(Sb-B) diblock Copolym_ers with molar masses betvvee_n Tr?e measurement Wags performed at CI%ESS. In thi% ar?d all other
13.9 and 54.4 kg/mol show in many cases terraces at the film Gjsaxs maps, the intensity scale (in counts) is shown to the right.
surface with terrace heights equall:t:@m within 10—20%, but The vertical stripe of low intensity aroung} = 0 is caused by the
consistently with a lower valu®. The occurrence of such beamstop which is necessary to protect the camera from the intense

. . - specularly reflected beam. The gray ellipse indicates the position of
terraces is due to the incommensurability betw&sm and the specularly reflected beam; arrows on the left magk and os.

b . . . .

Djam l€ading to the formation of an incomplete top layer with & e vertical lines markq, = +27/DP,.. (b) Semilogarithmic repre-
height similar to the bulk lamellar thickness. Terraces are thus sentation of the intensity profiles alomgfor g, = 0 (see Experimental
indicative of a parallel lamellar orientation and have frequently Section) for differenty (given to the right of each curve). The curves

been observed on systems chemically different from the one &€ shifted vertically for clarity. The arrows in (a) and (b) indicate the
studied her@®34 peaks attributed to the lamellar structure. (c) Experime@ir{tensity

. L ) . profiles and calculated ones (eq 22 in ref 22, lines) ggg)ositions of
We present a relatively thick film first. Figure 3a shows the  the peaks in the curves in (b) as a functiorof() Specularly reflected
GISAXS map of a film with a block copolymer molar mass of beam; ®) additional diffuse peaks. Curved lines: fit of eq 1 with=

22.6 kg/mol anDyeq = 8.0. The GISAXS map does not show 1 (see text). The vertical line markesp.

any peaks aty = :th/D,t;m; i.e., the film does not contain a  over the rangeg, = —0.005 to 0.005 A! (Figure 3b). The
noticeable amount of perpendicular lamellae. Instead, nearresulting curves are characterized by three main features: (i)
gy = 0, peaks are visible at distingt values. These peaks are  The sharp peaks of high intensity are due to the shoulders of
partly obscured by the beamstop, but their finite extension along the specularly reflected beam, as given by the incident beam
gy—which is due to the correlated roughness of the lamellar divergence and sample roughness. The Yoneda peaks of the
interfaceg®—allows us to identify theig-positions. For better ~ polymer film and the substrate (expectechat= acp = 0.15
statistics, we have integrated the scattered intensity atpng andos = acs= 0.22, respectively) overlap with the specularly
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reflected beam becausg lies betweerncp and acs. (i) The a) 008
short period oscillations on the higi-tail of the specularly
reflected beam are probably caused by wave guide resonances
or correlations of the film interface8. We refrain from a
guantitative analysis because the maxima are very close to each+-
other and reach the resolution limit of the setup. (i) Additional "

0.064

. . 0.04{
peaks are present @ = 0.04-0.06 A~ which vary in a 4.
characteristic way witho. A comparison with the intensity I B Wy
profiles calculated fory, = 0 with Df,,, = DL, (eq 22 in ref * .

22, Figure 3c) shows that these peaks coincide with the
calculated ones. For low; (0.18), two first-order peaks (i.e.,

m = 1) are both predicted and observed. For highg0.21°),

the peak at, = 0.04 vanishes, in agreement with the calculated 10"
curve.D},, andocp can be determined from a fit of eq 1 with b)
m= 1, which leads t(leam =199 A ando.p = 0.150C (Figure

3d). These values are in excellent agreement with expectations. @'
Thus, we conclude that the peaks are due to an internal lamellar = 1

023

structure where the lamellar interfaces are parallel to the film % 10' 0.1
surface, and the lamellar thickness is very similar to the one in & 1 0.18°
the bulk. E 1051 0.17°
In order to compare the average number of correlated 0.16°
lamellae,N, in the film with Dyeq, we determineN. from the ! 0.15°
fwhm of the Bragg peaks along. Foro; = 0.18, the fwhm 10303 T T 012
along g, is 0.006 AL for the peak at~0.039 A L. Note that ' '
the width of the specularly reflected beam alogg which
reflects the resolution of our setup, only amounts to 0.001 A c 0.08 . . .
N is given by® )
N~ 2T ® &
¢ a x fwhm S
g
with g* being the peak positior\. is obtained to be 5.3, which x
is of the same order d3¢4(8.0). Thus, the prevalent lamellar § am""
orientation in this film is the parallel one over the entire, 0.024 T 1
relatively large film thickness. . . :
0.16 020 0.24

Thinner films of low molar mass P(B-B) show similar
GISAXS maps. The map of a film from a polymer with the o, [deg]
same molar mass (22.1 kg/mol) wilheq = 2.4 shows peaks  Figure 4. (a) GISAXS map ¢ = 0.17) of a film with block
atgy = 0 near the positions expected from the DWBA prediction copolymer molar mass 22.1 kg/m®y,,, = 189 A, andDeq = 2.4.
for 189 A (Figure 4). Thus, the parallel orientation is confirmed The measurement was performed at CHESS. The measuring time was
also for this sample. However, the peaks are less pronounceds s. The vertical lines marky, = +27/D},. (b) Semilogarithmic
and wider than for the thicker film, as expected. In addition, representation of the intensity profiles alowg for g, = 0 (see

. o Experimental Section) for different; (given to the right of each curve).
we observe some weak intensity in the GISAXS mamyat  The cyrves are shifted vertically for clarity. The arrows in (a) and (b)

values expected for perpendicular lamellae vIZDf‘g}n =189 A indicate the peaks attributed to the lamellar structureg{@ositions
(Figure 4a) indicative of the presence of perpendicular lamellae. of the peaks in the curves in (b) as a functionogf () Specularly
The fwhm alongg, of these peaks is 0.0197A at theg, value reflected beam;()_additional diffuse peaks. Curved lines: predictions
of the Yoneda peak, thus much larger than the fwhm of the from eq 1 withm = 1. The vertical line marks.r.
specularly reflected beam of 0.003 & Using eq 2, it is found 1 to the peak positions (Figure 5c) Ieads[lbm =380+ 12
that the domain size of the perpendicularly oriented lamellae A, i.e., again a value smaller thaaf;m. Finally, a certain
corresponds to at most 2 tim@ﬁ,m; i.e., the peaks are due to amount of unstructured scattering is visible in the 2D map.
defects rather than to extended domains of perpendicularly However, no Bragg rods are observed at tyepositions
oriented lamellae. expected from perpendicular lamellae of a lamellar thickness
For a film of a block copolymer with 54.5 kg/mol and of 413 A (see vertical lines in Figure 5a). Thus, the main
Dred = 3.1, terraces indicative of parallel lamellae close to the orientation of the lamellae in this film is parallel, in agreement
surface are present in the AFM imag@s¢dowever, the terrace  with the terrace formation observed by AFM. Both the terrace
height of 302 A was significantly smaller th@ﬂm: 413 A. height and the lamellar thickness in the film are reduced
Figure 5a shows the two-dimensional GISAXS map of this film. compared to the bulk lamellar thickness.
The analysis of the vertical momentum transfer reveals only ~The AFM image of an ultrathin film with a film thickness
one pronounced peak for all incident angles (Figure 5b). The slightly lower thanDp,, (54.5 kg/mol andDreq = 0.88) is flat
peaks expected negs = 0.027 A1 (Figure 5¢), i.e., the term  and homogeneou$,which is consistent with a single, slightly
with the minus sign in eq 1 (which mainly arises from the term compressed lamella parallel to the film surface, i[é{am =
proportional toJ(§,8,), see eq 22a in ref 22), probably overlap Dsm. From this observation, we conclude that the same block
with the specularly reflected peak and the Yoneda peak of the wets both film surfaces; i.e., the boundary conditions are
substrate. Fitting the term with the plus sign and= 1 in eq symmetric3’ The GISAXS results confirm this structure (Figure
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o [deg] 413 A, andDyeg = 0.88.; was 0.20, and the exposure time was

50 s. The vertical lines mary, = i_Zn/D_,gm. The measurement was
413 A, andD,es = 3.1, together with an enlarged view of the region at performed at CHESS. (b) Semilogarithmic representation of the intensity
low gy (right panel).o; was 0.17, and the exposure time was 50 s profiles alongg; for gy = O (see Experimental Section) for different

v . - T b " (given to the right of each curve). The curves are shifted vertically for
The vertical lines markqy = +27/Dj,,, The measurement Was ciarity. The arrows in (a) and (b) indicate the peaks attributed to the
performed at CHESS. (b) Semilogarithmic representation of the intensity |ameilar structure. (cjj, positions of the peaks in the curves in (b) as
profiles alongg, for gy = 0 (see Experimental Section) for differemt a function ofc;. (W) Specularly reflected beam®} additional diffuse
(given to the right of each curve). The curves are shifted vertically for peaks. Curved lines: predictions from eq 1 with= 1, whereDym =
clarity. The arrows in (a) and (b) indicate the peaks attributed to the 365 A was used foer The vertical line indi’catesa The
lamellar structure. (ch; positions of the peaks in the curves in (b) as uncertainties of they poslai‘%ns are similar to the symbol scipie
a function ofcy. (M) Specularly reflected bean®] additional diffuse g )
peaks. Cur‘fd dashed lines: predictions from eq 1 wit 1 and —gjtferent from terrace&? Neither could a lamellar surface pattern
Diam = 413 A; curved solid line: fit of eq 1 givin@,, = 380+ 12 be found. The GISAXS map of this film (Figure 7a) shows a

A Th ical line indi . - o .
e vertical line indicatesc complex scattering pattern. At tlogg-position where the first-

6): No Bragg rods are observable, but weak peaks are observedrder Bragg rod would be expecteddDp,,, = 0.0136 A'2), a
in the intensity profiles alongy, which are in relatively good  clearly enhanced intensity is observed in the intensity profile

Figure 5. (a) GISAXS map of a sample with 54.4 kg/m(li}‘bBlm =

agreement with the predictions from eq 1 with= 1 when at an exit angle close tacp (Figure 7b). Bragg rods are thus
Dsim is used forD,fam (Figure 6¢). Theg, widths of the peaks ~ present, but they do not extend aloggas expected for a
are 8.4x 1073—2.5 x 1072 A-1 for the peaks at}, = 0.04 perpendicular orientation of the lamellae throughout the entire

A-1. Using eq 2, this leads to an average number of correlated film.16 The vertical momentum transfers show a number of weak
lamellae of +-4, which is in reasonable agreement with the Ppeaks (Figure 7c). We only evaluate the strongest one (Figure
Dreq value of 0.88. 7d), and a fit of eq 1 withm = 1 leads toDf,, = 397 + 6 A,

To conclude, the parallel lamellar orientation is found for which is smaller tharIDFam = 462 A. The 2D map (Figure 7a)
thin films with molar mass below 55 kg/mol andDgqin the shows that the peaks along theaxis are extended along,
range between 0.9 and 8. The lamellar thicknesses in the filmsand bend downward, which can be attributed to a broad
correspond well with the ones known from the bulk. distribution of the lamellar normal vector centered around the

Intermediate Molar Mass Regime For a film of a block surface normal, i.e., a partial powder ring. The partial ring may
copolymer with molar mass 69.9 kg/mol aigky = 3.2, the be related to the wavy appearance of the fim surface from the
AFM image revealed a wavy surface topography, which is AFM image.
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Figure 7. (a) GISAXS map of a sample with 69.9 kg/mdi)f’am = 462 A, andDeg = 3.2. a; was 0.17. The exposure time was 100 s. The
measurement was performed at CHESS. (b) Semilogarithmic representation of the intensity profileyaiang, = 0.0230 A (the value

corresponding tax.p; see Experimental Section) far, = 0.17. The vertical lines in (a) and (b) mary, = iZn/D,t;m. (c) Semilogarithmic
representation of the intensity profiles aloggor g, = 0 (see Experimental Section) for differamt(given to the right of each curve). The curves
are shifted vertically for clarity. The arrows in (a) and (c) indicate the most important peak due to the lamellar structrpo$itjons of the
peaks in the curves in (c) as a functioncf (M) Specularly reflected beam®] additional diffuse peaks. Curved dashed lines: predictions from

eq 1 withm = 1 andD},,, = D{,,; curved solid line: fit of eq 1 givindd},,, = 397 + 6 A. The vertical line indicates.p.

The GISAXS results of this film thus lead to the conclusion 13 A) and to the repeat distance found using AFM (85%
that the dominating orientation is the parallel one, vifly, =~ R).10 The Bragg rods have maximum intensity gt values
0.8}, and that the lamellar interfaces are wavy, as seen corresponding ta = ocsandocp, which is due to the Yoneda

lam»

from the reflections along the film normal which are extended €ffect, consistent with the DWBA mod&.We conclude that

within the film plane. A fraction of the sample consists of the perpendicular orientation observed at the film surface
perpendicular lamellae, giving rise to weak Bragg rods at the prevails throughout the entire film thickness. In the GISAXS
positions expected frondf,,. The GISAXS results together ~Map, a weak second-order Bragg reflection is observed, which
with the wavy film surface observed using AFM on the identical Points to a slight asymmetry of the lamellae. The third order is
film are thus consistent with the coexistence of a range of absent, which is indicative of limited long-range order in the
different orientations of the lamellae, as suggested in our films. AFM images indicate that the perpendicular lamellae
previous publicatiod? stacks form meandering structures of a dor_na_in size_not much
High Molar Mass Regime. Films from block copolymer larger than a few lamellar thicknesses. This is confirmed by

samples with molar masses of 148 and 183 kg/mol and reducedth® peak width alongy, which leads taN > 2.
film thicknesses between two and three show a lamellar surface In contrast, a thicker film (183 kg/moD,eq = 8.8) indicates
texture in tapping mode AFM, indicating a perpendicular the transition to the bulk limit, i.e., random lamellar orientation
orientation of the lamellae near the surfaBd thick film with due to a loss of the orienting influence of the-giolymer and
a molar mass of 183 kg/mol shows a surface pattern with a the polymer-substrate interface. The AFM image of this film
dominating length scale of the order ﬁlﬂ\m; however, in shows a textured surface with a dominating wavelength
contrast to the thinner films, the correlation length is rather comparable thf;m.lo The GISAXS maps reveal the inner film
low.10 GISAXS allowed us to investigate whether the lamellae structure in great detail, achieving a certain degree of depth
are perpendicular throughout the entire film thickness in the sensitivity by using different,: In the GISAXS map taken at
same way as for the relatively thin films or whether other o; = 0.13 (Figure 9a), the scattering arises only from a thin
orientations are present. layer of~50 A below the film surface becausg < o.p.38 Two
Figure 8 shows a GISAXS map of a film with a reduced Bragg rods aty-positions corresponding to repeat distances of
thicknesses dDreq= 4.4 and a molar mass of 183 kg/mol. Bragg 836+ 17 A are present, which is in very good agreement with
rods, which are elongated along are located aty, = (7.03+ the bulk valueDElm = 839 + 13 A2 Thus, GISAXS in
0.34) x 103 A-L; see also the peaks in the intensity profile evanescent wave conditions reveals that the lamellae are
alongqy taken aig, = 0.043 At (Figure 8b). The corresponding  perpendicular to the film surface in a thin layer below the
repeat distance issZq, = 894 + 43 A, which is, within the surface. The lamellar structuiieside the film is probed in
uncertainties, identical to the bulk lamellar thickness (839 GISAXS measurements withy > acp, Where the scattered
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Figure 8. (a) GISAXS map of a film withM, = 183 kg/moI,Df’am =

839 A, Dieg = 4.4, ando; = 0.32. The exposure time was 2000 s. The
measurement was performed at HASYLAB. (b) Semilogarithmic
representation of the intensity profile aloggfrom the GISAXS map

in (a), taken at, = 0.043 AL, corresponding to the row of highest
intensity. Theg, width of the cut is 9.72« 1074 A-1. The gray region

in the center indicates the beamstop. The vertical lines in (a) and (b)
indicateqy = 27/DL,,, and 4t/Dy,..

intensity stems from the entire film (Figure 9b,c). In both ' 001 0.00 0.01
images, in addition to the Bragg rods, a ring of high intensity q [A"]
centered at the specularly reflected peak is observed. Such a Y

ring is due to lamellae having a distribution of tilt angles. When Figure 9. GISAXS maps of a film withM, = 183 kg/mol, Dy, =
839 A, andD,eq = 8.8 taken at incident angles of (a) 0°18) 0.27,

a; is increased, the rng moves along with the specularly and (c) 0.38. The measurement was performed at ESRF. In the gray
reflected beam toward higheg. We conclude that, near the  regions in the bottom parts of (b) and (c), the detected intensity is

film surface, the lamellae are perpendicular, consistent with the obstructed by the sample itself. The vertical lines indiagte= 27/
AFM results reported earliéf. Inside the film, perpendicular D, . The dashed ellipses represent circles dp ()-space having
lamellae coexist with randomly oriented ones. The lateral radius radii of 7.49x 1072 A~%,

of the ring coincides with the Bragg rods; its radius is thus equal

to the momentum transfey, of the Bragg rods, independent of ~ Discussion
b

0. The radius alongy, follows eq 1 using the bullo,,,, and Before discussing the findings, we will briefly summarize
m= 1, i.e., refraction of the X-ray wave has to be taken properly the benefit of the GISAXS technique as a tool to study the
into account (not shown). structure in the interior of the film.

In summary, in the high molar mass film havibgq = 4.4, The GISAXS Technique. GISAXS allows a quantitative

the perpendicular orientation is predominant, and no other determination of the lamellar structure inside the block copoly-
orientations could be detected using GISAXS. The same holdsmer films. It has proven to be useful to carry out measurements
for Dreg = 2.62° The transition from the (expected) parallel of the 2D maps at several incident angles around the critical
orientation to the perpendicular orientation by variation of the angles of the polymer film and the substrate in order to gain
molar mass is an unexpected finding, and possible reasons willdepth sensitivity and to benefit from the enhanced intensity
be discussed below. F@reqg= 8.8 (and probably above), other between a.r and acs. Because of this enhancement, the
lamellar orientations are present in significant amounts. The measuring times are shetinuch shorter than in a convential
preferential ordering induced by the film/substrate and film/air X-ray reflectometry experiment, for instance. The dynamic
interfaces thus seems to get lost betw®gg = 4.4 and 8.8. effects can be taken into account by a DWBA mao#dh this

The lamellar thicknesses in the film are similar to the ones in way, we were, on the one hand, able to prove that peaks along
the bulk. the film normal are due to lamellae which have the parallel
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Figure 10. Orientation diagram of the lamellar orientation in the film  rjqre 11. Difference of the free energies associated with the parallel
as observed using GISAXS. The orientations are given as a function g4 the perpendicular orientation, calculated using eq 3 (rewritten
of block copolymer molar mass (bottom axis) or bulk lamellar thickness o ref 5) with the following coefficientsicy = 0, ¢y = 0.2, Ce = 1.

(top axis, values from ref 25) and of the reduced film thickness. Thg horizontal dashed line marks the transition between the regions of
Triangles up: parallel; triangles down: perpendicular; diamonds: giapility of the parallel (negative values &) and the perpendicular
coexisting orientations; circles: no scattering observed. orientation (positive values). The gray region marks the molar mass
region where the transition from the parallel to the perpendicular
orientation inside the films, and we could determine the lamellar orientation is observed in our experiments. At the transition, the energy

thickness in the films (Figures-3). The perpendicular orienta-  differences between the lamellar orientations are small; hence, the
tion, on the other hand, is characterized by elongated Bragggit?]s(;irgtleicrinictgzélr?;ence of different lamellar orientations could be due to
rods atgy positions equal to ﬁ/Df;m (and multiples thereof, '
Figure 8). The intensity profiles of the Bragg rods alogg Died = 4.4 and 8.8, the orienting influence of the air/polymer
show maxima neaw.p anda,s, which can be understood when  and the polymer/substrate interfaces is gradually lost. In the bulk,
taking dynamic effects into account. Coexistence of several we have found that for annealed samples with 183 kg/mol
lamellar orientations could be detected for a few samples approximately seven lamellae are correlated in orient&fidin.
(Figures 7 and 9). seems that films havinBeq > ~7 approach the bulk limit of
The Orientation Diagram. The lamellar orientations found  randomly oriented lamellar domains.
in the GISAXS experiments described above are compiled in Mechanism of Structure Formation. The majority of
Figure 10 as a function of the reduced film thickness; (left theoretical approaches and of numerical simulations deals with
axis) and the block copolymer molar mass (bottom axis). The thin block copolymer films between two hard wélf§4" and
bulk lamellar thicknesses measured by SAXS and SRNg& thus do not directly apply to our situation of thin, supported
given on the top axis. For low molar mass samphMs £54.5 block copolymer films. In a few publications, however, possible
kg/mol) with Dreq = 1.6-3.3, the GISAXS maps confirm the  explanations have been put forward for the transition from
parallel orientation deduced from the AFM experiments (Figures parallel to perpendicular orientation upon varying the block
2—5).10 The GISAXS maps of an ultrathin filmD{eq = 0.88, copolymer molar mass in thin, supported B8) films.
Figure 6) showed the parallel orientation as well, which is (i) The most simple thermodynamic approach involves only
consistent with symmetric wetting. The lamellar thickness is the selectivity of the airpolymer and the polymersubstrate
decreased and is equal to the film thickness. A few other interfaces, i.e., the difference in the surface tensions of PS and
ultrathin films Oreq = 1.2) did not show any scattering, PB and of the interfacial tensions of PS and PB toward thg SiO
presumably because there is too little polymer material on the substrate. The influence of the substrate selectivity on the
substrate. Thick, low molar mass filmB£y= 8.0 and 10, e.g.,  adjacent lamellar orientation has been demonstrated for thin
Figure 3) show exclusively the parallel orientation. The parallel fiims of P(Sb-MMA) by using selective and nonselective
orientation is indeed expected, if we take only the difference substrates, leading to the purely parallel and the purely
of the interfacial interactions of the PS and the PB blocks with perpendicular orientation, respectivéf/® We note that even
the SiQ substrate together with the difference in surface tensions for the nonselective substrate only the perpendicular orientation
of the two blocks into account. PB has a lower surface tension is present and not a random orientation, which might be expected
than PS and will therefore form the top layer of the film. Our for a purely neutral surface. This suggests the contribution of
AFM experiments on ultrathin films have shown that the same additional terms, most probably entropic in nature. Pickett et
block (i.e., PB) wets both the film surface and the film/substrate al. have included additional, entropic terms into a description
interface'® The parallel orientation has been observed frequently of the interaction of a lamellar block copolymer melt with a
in thin, supported films of chemically different systems, such hard wall> These terms are molar mass dependent and comprise
as poly(styrend-methyl methacrylate) (P(B-MMA)) or poly- the enrichment of chain ends near a hard wall and the stretching
(styreneb-butyl methacrylate) (P(8-BMA)).30-34.39-42 of copolymers along a hard wall. The difference of free energies
However, for higher molar masses, other lamellar orientations between the parallel and the perpendicular orientationis
are observed: For a sample with 69.9 kg/mol, wavy parallel expressed as a function of these two terms in addition to the
lamellae coexist with perpendicular lamellae (Figure 7). For high free energy related to the wall selectivity:
molar mass films (183 kg/mol aridleq = 1.6—4.4), the lamellae
are perpendicular with the same lamellar thickness as in the AO—c,+cM 2P —c M3 (3)
bulk, which is consistent with our AFM results (Figure18).
Only for higherD,eqVvalues, the stabilizing influence of the film M denotes the overall block copolymer molar mass, and the
interfaces is lost, and the perpendicular orientation coexists ¢ coefficients describe the strengths of the enthalpic (wetting
with domains of random orientation (Figure 9). Thus, between termc,) and the two entropic terms (nematic tecgand chain
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film interfaces are presumably low: The difference of surface TU Munchen, for help at BW4 at HASYLAB/DESY, and I. I.
tensions is 5 mN/m, which amounts to 16%. The interfacial Potemkin, Moscow State University, for stimulating discussions.
tensions of PS and PB toward Si@re not known, but one can  We thank the European Synchrotron Radiation Facility (ESRF),
assume that the difference is small because both blocks are rathethe Cornell High-Energy Synchrotron Source (CHESS), and
nonpolar, in contrast to SiOAssuming that the selectivity term  HASYLAB for providing us with high-intensity X-ray beams
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