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ABSTRACT: The grazing incidence small-angle X-ray scattering (GISAXS) from structures within a thin
film on a substrate is generally a superposition of the two scatterings generated by the two X-ray beams
(reflected and transmitted beams) converging on the film with a difference of twice the incidence angle
(0y) of the X-ray beam in their angular directions; these two scatterings may overlap or may be distinct,
depending on ;. The two scatterings are further distorted by the effects of refraction. These reflection
and refraction effects mean that GISAXS is complicated to analyze. To quantitatively analyze GISAXS
patterns, in this study we derived a GISAXS formula under the distorted wave Born approximation. We
applied this formula to the quantitative analysis of the GISAXS patterns obtained for various compositions
of polystyrene-b-polyisoprene (PS-b-PI) diblock copolymer thin films on silicon substrates with native
oxide layers. This analysis showed that the diblock copolymer thin films consist of hexagonally packed
cylinder (HEX) structures, hexagonally perforated layer (HPL) structures, and gyroid structures, all with
characteristic preferential orientations, depending on the composition of the copolymer. This is the first
report of GISAXS studies of HEX, HPL, and gyroid microdomain structures in block copolymer thin films.
Moreover, our study also provides a simple method for understanding GISAXS patterns and for
determining the structure factor or interference function from them. Thus, the use of the GISAXS
technique with our derived GISAXS formula as a data analysis engine is a very powerful tool for

determining the morphologies of polymer thin films on substrates.

1. Introduction

The physics behind the microstructures of block
copolymers has been extensively investigated over the
past three decades.! If the covalently linked constituent
polymer blocks are immiscible, phase separation is
induced on a scale that is directly related to the size of
the copolymer chains, typically 10—100 nm, resulting
in various morphologies such as spherical, cylindrical,
gyroid, and lamellar phases, depending on their block
volume ratios.! The formation of such structures, which
have usually been determined with conventional small-
angle X-ray scattering (SAXS) and transmission electron
microscopy (TEM), can be explained by taking into
consideration the interaction energies of the block
components, the variation in entropy as a function of
molecular weight, and the block volume ratios.!

Thin films of block copolymers have recently received
considerable attention because of their potential nano-
fabrication applications.?3 In these applications, con-
trolling the morphology of the block copolymer films,
particularly the orientation and ordering of the phase-
separated microdomains, is essential. In the thin film
state, however, surface—block interactions and the
confinement effect related to film thickness give rise to
morphologies that differ from those in the bulk.2* By
developing our understanding of thin film morphologies
at a fundamental level, it is conceivable that the control
of thin film morphology could be achieved by fine-tuning
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the surface—block interactions and the film thickness.
Microscopy tools such as TEM and atomic force micros-
copy (AFM) are commonly used for characterizing the
structures of block copolymer thin films.5 With these
tools, images such as those that show local structures
near the surface have been obtained, thus enabling
discussion of the underlying physics.® From the view-
point of fabrication, this approach is often sufficient, but
from the scientific point of view, SAXS results are
required because only they provide information on a
larger scale at high resolution.

Transmission SAXS (TSAXS) is a powerful method,
but a high-intensity or high-energy X-ray beam (about
15 keV or higher) is required to obtain an acceptable
scattering signal because the X-ray must pass through
both the thin film and the much thicker substrate on
which the film is deposited. Another X-ray scattering
technique is grazing incidence SAXS (GISAXS), which
has several important advantages over TSAXS:7-18 (1)
a highly intense scattering pattern is always obtained,
even for films of nanoscale thickness, because the X-ray
beam path length through the film plane is sufficiently
long; (2) there is no unfavorable scattering from the
substrate on which the film is deposited; and (3) sample
preparation is easy. Analytical solutions of GISAXS
patterns based on the distorted wave Born approxima-
tion (DWBA) have been developed to describe the
complicated reflection and refraction effects,” 18 which
are not found in conventional TSAXS. GISAXS can be
applicable to determine internal morphologies of thin
films®13-17 as well as top surface morphologies of thick
films and substrates.”#16:18 Much effort on the GISAXS
analysis of the top surface morphologies has been done
so far.”-818 In particular, Muller-Buschbaum!® reported
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the GISAXS study of thin films and dilute islands on
substrates of a symmetric diblock copolymer. Recently,
quantitative GISAXS analyses for nanoparticles in thin
films were reported.®13 Lee et al.®13 and Gibaud et al.!*
reported the GISAXS analyses of the thin films com-
posed of randomly and regularly organized nanopores,
respectively. GISAXS analysis has been further applied
to investigate the transitions of internal morphologies
in block copolymer thin films.!” GISAXS patterns have
also been analyzed using conventional methods and
ideas such as the Guinier or power law analysis, which
are commonly used in analyzing TSAXS data.'? How-
ever, both the complex analytical solution and the
simple analytical approach do not make full use of the
power of GISAXS to characterize structures: the former
method is limited in its range of applications, and use
of the latter method may result in the loss of information
and misinterpretation. Moreover, a full analysis under
the DWBA of GISAXS patterns for block copolymers in
thin films has rarely been carried out.

In the present study, we derived a GISAXS formula
under the DWBA for analysis of the structures in
copolymer thin films deposited on substrates. Using the
derived scattering formula, we attempted the quantita-
tive analysis of the two-dimensional (2D) GISAXS
patterns of polystyrene-b-polyisoprene (PS-b-PI) diblock
copolymer films deposited on silicon substrates, which
were obtained with synchrotron radiation sources. The
analysis of the GISAXS patterns was successfully car-
ried out, and we found that PS-6-PI thin films deposited
on silicon substrates contain hexagonally packed cylin-
der (HEX) structures, hexagonally perforated layer
(HPL) structures, and gyroid structures, all with char-
acteristic preferential orientations, depending on the
composition of the copolymer. This is the first report of
detailed GISAXS studies of HEX, HPL, and gyroid
microdomain structures in block copolymer thin films
deposited on substrates and demonstrates that the use
of the GISAXS technique with the derived scattering
formula as a data analysis engine is a very powerful
method for determining the morphologies of thin films
deposited on substrates.

2. Calculation of the GISAXS Patterns Resulting
from Various Thin Film Morphologies

2.1. GISAXS Intensity. Consider the thin film
containing particles on a substrate depicted in Figure
la. According to the distorted wave Born approximation
(DWBA),”~18 the scattering potential V of such a thin
film can be written as the superposition of two terms:

V=V, +V, D

where Vi is the scattering potential of a thin film
without particles on a thick substrate with flat inter-
faces and V3 is that of the particles in the film, which is
very small compared to V; and can be treated as its
perturbation. The only condition that must be satisfied
by a division of the scattering potential is that the
following wave equation should be solvable exactly:

(V2 + k2= VYW =0 2)

where W is the amplitude of the scattered wave and k¢
is the modulus of the wave vector.

The exact solution for the unperturbed system can be
obtained using the Parratt formalism.!® The solutions
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Figure 1. (a) A schematic diagram of the structure of a block
copolymer film deposited on a silicon substrate: medium 1,
vacuum; medium 2, block copolymer thin film; medium 3,
silicon substrate with infinite thickness. d is the thickness of
medium 2 (i.e., the block copolymer film). (b) Geometry of
GISAXS: o is the incident angle at which the X-ray beam
impinges on the film surface; ar and 26 are the exit angles of
the X-ray beam with respect to the film surface and to the
plane of incidence respectively; k; and k¢ are the wave vectors
of the incident and exit X-ray beams, respectively; q., gy, and
q. are the components of the scattering vector q; a strip-shaped
beam stop was used to block the strong specular reflection of
the X-ray beam and diffuse scattering along the o; axis.

for the X-ray wave in the unperturbed system are as
follows:

Wir) = e®Mi(eh=® + Re7*¥)  z>0 (3a)

Wi(r) = e "(Tye*# + Rye %)  0>2z>—d (3b)

‘Pé(r) — eik“r”T3eikz’3(z+d) _d >z (30)

where R; and T are the amplitudes of the outgoing and
incoming waves in medium j, respectively, and d is the
film thickness (Figure la). & and k,; are the parallel
and perpendicular components of the incident wave in

medium j, respectively. &, ; = kn/nj2—cos2ai, where o; is
the glancing angle of incidence, ki = —27a/A = —ky
(4, the wavelength of the X-ray beam), and n; = 1 — ¢
+ if; with a dispersion §; and an absorption f;. Since
we are interested in the scatterings in medium 2 in
which particles are present (Figure 1a), Wi(r) will be
written as W;(r). To indicate that it is an incoming wave,
the wave vector k2 is written as k,; and k. denotes
the wave vector of the outgoing scattered wave in
medium 2. The other eigenstate, i.e., the scattered wave,
can be represented by a time reversal state of the
incoming wave:

W(r) = ™M(The™=# + Rie *"=#) 4)

Taking these solutions Wi(r) and Wir) into account,
the perturbation V; can be expressed as follows:

eikor

W (r) = — — [Wir) VW (r) (5)

4mr
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where W (r) is the amplitude of the scattered wave. To
clarify whether the X-ray wave is incoming or outgoing,
Ts, Ty, Ro, and R} are rewritten as T;, T}, R;, and Ry,
respectively. The superscript * indicates the complex
conjugate. After inserting eqs 3b and 4 into eq 5 and
carrying out rigorous algebra, one can obtain the fol-
lowing equation for the amplitude of the scattered wave:

Y. (r) =
eikOr 2. *iqur \i 0 1 *iql zZ' ol
- J&rie T [~ de'e = Vi(ry,2') +

TR, [° dz'e =V (ri 2 +
TR, [* de'e = Vy(ri2) + RR [ de'e "= V,(ri,2")]
(6)

where qi1: = kz,f - kz,i, q2: = _kz,f - kz,i, q3: = kz,f + kz,i,
and q4, = —k. ¢+ k. ;. Equation 6 can also be expressed
in the following simpler form:

ik

or
W (r) =~ %(Tin F((Iuaqu) + TinF(CIna‘h,z) +

4
TfRiF(Q||7CI3,z) + RinF(QII’qAL,z)) )

where F is the amplitude of scattering from the particles

in the film and ¢ = «/qx2+qy2. Here, the size of the
particles is assumed to be small compared to the film
thickness d.

The intensity (Igisaxs) of the wave scattered from the
thin film sample (i.e., medium 2 in Figure 1a) can then
be expressed as follows:

Toisaxs = g_g = r{ W, (r) WL}
1
= 1 67[2(1 independent +1 cross) (8)

where do/dQ is the differential cross section of the film,
and Iindependent and Icross are the independent scattering
and cross terms, respectively.

Since g;, has an imaginary term when «; and/or of
are smaller than a.f, such imaginary terms should be
taken into account in the derivation of eq 8. Indeed, the
imaginary terms of all ¢, components can be written as
Im(q.) = Im(k.¢)| + [Im(k ).

Taking the approximation of all g, components into
account, F in eq 7 can be treated as a simple Fourier
transform of the scattering potential.!® Therefore, Igisaxs
(i.e., eq 8) can be rewritten by the following simplified
expression:

Tisaxs(04,26) =
1 1 _ e*2Im(QZ)d
16.7'[2 2Im(q ) |TiT(‘F'(qII’Re(ql,z)) +

TinF(q”,Re(qz,Z)) + TfRiF(qH,Re(QS,z)) +
R.RF(q,Re(g, ) (9)

where 260ris the angle between the scattered beam and
the plane of incidence (i.e., in-plane exit angle) and
Re(x) is the real part of x. As shown in Figure 1b, the
detector plane is defined by rectangular coordinates
with two perpendicular axes, or and 26s.
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Here it is worth considering the ensemble average of
the scattered intensities from particles in the film over
the particle size distribution and other parameters
related to the film and the scattering measurement. The
ensemble average of lingependent (in €qs 8 and 9) can be
performed in a straightforward manner because Iinge-
pendent 1S always positive; the ensemble average of the
scattered intensities of particles is well described in the
literature. " In contrast to Iindependent, the ensemble
average of I oss should be performed with care because
I..0ss may be positive or negative depending on several
factors. First, the parameter R; in the expression for I ;oss
may be positive or negative depending on the incident
angle of the X-ray beam, the refractive index and
thickness of the film, the particle size distribution, and
the divergence of the incident X-ray beam. Second, the
products of F terms and their complex terms in the
expression for I.ss are not always in the same phase.
The frequency of the phase (i.e., positive or negative)
variation becomes faster as the film thickness increases.
These products also vary depending on the particle size
distribution and are additionally sensitive to any inco-
herence in the incident X-ray beam. Because of the
contributions of these factors, the ensemble average of
I;0ss either vanishes completely or is sufficiently small
that it can be neglected. However, in the case of a film
containing monodisperse particles and a coherent X-ray
beam, the ensemble average of I.,,ss cannot be neglected.

In Iindependent Of €q 8 or 9 the complex product |F(gi,q;.)|?
term contains the complex scattering vector component
q:- As previously described elsewhere,!? the |F(q,q;.)|?
term can be obtained as the following expression:

1 — o 2m(@d

= I1(q||,Re(qj,z)) (10)

Flq,,q;,)1° =
1F(q,,q;.)| 2Im(qg;,)

where I is the scattered intensity from the particles in
the film. Therefore, for the films of which the ensemble
average of I.;0ss can be negligible, Igisaxs (i.e., eq 9) can
be approximated by the following expression:

1
IGISAXS(O‘f?QGf) = @ Iindependent

1 1 — o 2imle)d
:16n2 2Iin(q) [lTin|211(Q||’Re(Q1,z))+

IT:R*I,(q,Re(qy,)) + | TR’ (q,Re(gs)) +
IRR{’T,(g,,Re(g, )] (11)

For a given film system, the overall GISAXS pattern
generated by eq 9 is nearly the same as that generated
by eq 11. However, the GISAXS pattern generated by
eq 9 more clearly shows the oscillation frequency arising
from the thickness of the film. On the other hand, when
the analytical formula for the scattering amplitudes is
not easily obtained, eq 11 is very useful for calculating
scattering intensities from particles in thin films even
though the cross terms give rise to some minor error in
the intensity near the critical angle. Therefore, one can
use either eq 9 or 11, depending on the circumstances.

An important consideration in GISAXS analysis is
that if the diffraction spots are symmetric over the
equatorial plane in the GISAXS pattern, they can be
understood as two sets generated by two incident beams.
Because of the symmetry over the equatorial plane, the
patterns along the g, and —q. are the same (Figure 2).
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Figure 2. A schematic GISAXS pattern due to HEX-
structured microdomains in the in-plane of a diblock copolymer
thin film deposited on a silicon substrate: the six open spots
are the first-order diffraction peaks generated by the reflected
X-ray beam (marked with the dotted arrow); the six filled spots
are the first-order diffraction peaks generated by the transmit-
ted X-ray beam (marked with the solid arrow); the dotted and
solid cross marks denote positions of the specularly reflected
and transmitted X-ray beams, respectively.

Thus, the q1. and q4., whose lengths are the same but
directions are opposite, become overlapped. The values
of g2- and g3, are the same. Thus, the diffraction spots
from the first and last terms overlap exactly, and the
other two terms also overlap exactly. In the case of q1,
and —q4., the incident beam direction is downward to
the film, and the same with the transmitted beam. In
the other case of —qq. and g3, however, the reflected
beam works as the source of diffraction peaks or the
incident beam. When k. ¢is k., 1. and q4 . become zero,
which means the direction of %.; is the zero angle
position for the scattering along g, and q4.. On the
other hand, when k. ¢is —k.i, 2. and g3, become zero,
which means the direction of —k,; is the zero angle
position for the scattering along gs, and g3 .. As a result,
the four scattering terms can be considered as only two
terms: the scattering around the transmitted beam (%)
and the scattering around the reflected beam (—k,;).
Conclusively, the GISAXS pattern can be considered as
the overlap of scatterings centered on the transmitted
beam position and those centered on the reflected beam
position. This realization makes the interpretation of
GISAXS patterns much easier. A schematic example is
shown in Figure 2 where two sets of six first-order
diffraction peaks for a HEX structure in a thin film
deposited on a substrate are marked with their source
beams; the group of six filled spots on the solid circle
are from the transmitted beam, and the other group of
six open spots on the dotted circle are from the reflected
beam. In fact, GISAXS patterns can be understood as
the superposition of two SAXS patterns generated by
two X-ray beam sources (i.e., the reflected and transmit-
ted beams) converging on the sample with a 2q; differ-
ence in their angular direction; however, the reflected
beam need not be considered when ¢ is larger than the
critical angle of the substrate because the reflected beam
intensity is greatly reduced. As can be seen in Figure
2, the two groups of diffraction spots can overlap or be
distinct from each other, depending on the incident
angle o;. Thus, the structure of the thin film can be
analyzed using only one group of scattering spots after
proper refraction correction, as is carried out in con-
ventional TSAXS.

2.2. Intensity of Scattering from Particles in a
Thin Film. For particles with a polydisperse size
distribution in a thin film, the scattering intensity of
the particles, I, in eq 11 can be expressed as the product
of the structure factor S(q) and form factor P(q) of the
particles under a local monodisperse approximation:20

I (@) = S(q) P(q) (12)
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The term S(q) provides information on particle positions
such as the crystal lattice parameters, orientation,
dimension, and symmetry in a crystalline solid or the
interparticle distances in an isotropic colloid-like sys-
tem, whereas the term P(q) describes the shape, size,
and orientations of the particles. The analytical ampli-
tudes and intensities of the form factors are known for
several different particle shapes.!2l The structure
factors S(q) of isotropic colloid-like systems are also
available in the literature.!1-2! Unfortunately, unless the
particles are positioned in crystal-like positions, it is
only rarely possible that the amplitude of the structure
factor can be derived, and the intensity has thus only
been analytically calculated in very few cases. Equation
11 is more convenient than eq 7 (or eq 9) since it can be
used whether or not the ordering of the particles is
crystal-like, as explained in the previous section.

In this study, we focused on crystalline and para-
crystalline systems. The structure factors S(q) of a
crystalline system can be calculated using its crystal-
lographic information, whereas the S(q) of a paracrys-
talline system can be calculated from paracrystal mod-
els. Further, we were interested in this study in the
orientations of the crystalline domains as well as of
lattice structures with introducing their rotation ma-
trices. These subjects are discussed in detail in the
following subsections.

2.2.1. Calculation of the Structure Factor from
Crystallographic Information. For a crystalline sys-
tem, S(q) can easily be calculated from its lattice
parameters and space group as follows.

S(q) = IF(q) Z(q)” (13)
where

Fq) =Y e (14)
J

and

q

Z(q) =K z Z z 6(;1—1'2,@1) (15)

h=—o0 k=—00 [=—00

where F.(q) and Z(q) are the geometrical structure
factor and lattice factor, respectively, the index j is
defined such that r; is a vector terminating at scattering
center j in the unit cell, K is a proportionality constant,
and 0 is a delta function. r},, denotes the reciprocal
lattice point given by

r,,, = hal + kaj + la} (16)

where aj, aj;, and aj are the basis vectors of the
reciprocal lattice.

The full calculation requires some other parameters,
including parameters to account for finite crystal size,
temperature, and resolution effects, and the use of some
related theories, which can easily be found in the
literature.?? In this paper, several cubic structures and
two-dimensional (2D) hexagonal structures are of inter-
est; the space group for body-centered-cubic (bce) struc-
tures is assumed to be Pnam, Fm-3m for face-centered-
cubic (fce) structures, and Ia-3d for gyroid structures.

2.2.2. Calculation of the Structure Factor from
a Paracrystal Model. For a paracrystal system, the
structure factor Sp(q), which is also known as the
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interference function or lattice factor, can be determined
from the Fourier transform of a complete set of lattice
points. In this sense, Sp(q) is the same as that defined
in the previous subsection. However, the paracrystal
model assumes to have the second kind of crystal
imperfection, so its lattice points are no longer fixed at
certain positions but instead are described by a posi-
tional distribution function. In the simple case where
the autocorrelation function of a crystal lattice is given
by the convolution product of the distributions of the
lattice points along three axes and the distribution
function is a Gaussian, Sp(q) can be expressed by the
following equation:

3
Sp(q) = ﬂZp,k(Q) .
where
Byl Fl @)
Z (g=1+ bk : »
p.k q 1 - Fp’k(q) 1 _ F;’k(q)
Fol@=1F p,k(Q)Ie*iq‘bk 19
|Fp,k(q)| = e*(l/Z)Abk2q2 20

Here, b, and Ab;, are the fundamental vectors of the
kth axis and its displacement.

In this study, isotropic displacement is assumed and
the domain orientation is accounted for numerically (see
the next subsection). The expressions in eqs 17 and 18
for 2D hexagonal structures?? are slightly different from
those for cubic structures?® because of the different
definitions of their autocorrelation functions for the
symmetry of the diffraction peak intensities. However,
the approach to treating displacements in 2D hexagonal
structures along the axis is basically the same as that
used for cubic structures.

2.3. Positions of Scattering Peaks in the Detec-
tor Plane for Randomly Oriented Structure. When
the structure of a film is randomly oriented in the plane
of the film but epitaxially ordered out of plane, the peak
position vector q. of a certain reciprocal lattice point
c* in the same reciprocal lattice is given by

q. = R-c* = (qc7x>QC,y7qC,Z) (21)

where R is a 3 x 3 rotation matrix to decide the
preferred orientation of the structure in the film, and
Qx> 9oy, and g, are the x, y, and z components of the
peak position vector qc, respectively. Using eq 21, every
peak position can be obtained. Because of cylindrical
symmetry caused by the random orientation in the
plane of film, the Debye—Scherrer ring composed of the
in-plane randomly oriented ¢* cuts an Ewald sphere at
two points in its top hemisphere: ¢ = gqci =

:tq/qc’xz-I—qc 2 with ¢, = Q... Thus, diffraction patterns
with cylincfrical symmetry are easily calculated in q
space. It is then convenient to determine the preferred
orientation of known structures and further to analyze
anisotropic SAXS patterns. However, since q space is
distorted in GISAXS by refraction and reflection effects,
the relation between the detector plane expressed as the
Cartesian coordinate defined by two perpendicular axes
(i.e., by the in-plane exit angle 20¢ and the out-of-plane
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Table 1. Molecular Weights and Compositions of the
PS-b-PI Diblock Copolymers

diblock 7 PDI weight fraction
copolymer (g/mvz)l) (mﬁn) wtps wtpr
PS-5-P1(18/82) 68 300 1.02 0.181 0.819
PS-6-P1(37/63) 34 000 1.02 0.366 0.634
PS-b6-PI1(65/35) 23 500 1.05 0.648 0.352

exit angle o) and the reciprocal lattice points is needed.
The two wave vectors k,; and k.r are corrected for

. 2 2 2 2
refraction as koy/n"—cos“o; and koy/n"—cos oy, respec-

tively; n is the refractive index of the film. Therefore,
the two sets of diffraction peaks that result from the
incoming and outgoing X-ray beams, as explained in
section 2.1, and denoted by g1 and g3, respectively, are
given at the exit angles by the following expression:

.
o= arccos(\/n2 - (C:'Z + 4/n® — cos” ai) ) (22)
0

where qc./ko > 4/ nz—coszai. In eq 22, the positive sign
denotes diffraction peaks produced by the outgoing
X-ray beam, and the negative sign denotes diffraction
peaks produced by the incoming X-ray beam. The in-
plane incidence angle 26; is usually zero, so the in-plane
exit angle 26 can be expressed as follows:

2 2 ((Ic,ll)2
cos” o; + cos” o — .

0

26, = arccos (23)

2 cos o cos ay

Therefore, diffraction spots detected on the detector
plane in GISAXS measurements can be directly com-
pared to those derived using eqs 21—23 from an ap-
propriate model and thus analyzed in terms of the
model.

3. Experimental Section

3.1. Sample Preparation. The PS-b-PI diblock copolymers
used in our study were synthesized by anionic polymeriza-
tion,?* and their compositions and molecular weights were
characterized. Two mixed bed columns (Polymer Lab., PL
mixed C x 2) were used for the size exclusion chromatography
(SEC) analysis, and the eluent was THF (HPLC grade).
Chromatograms were recorded with a multiangle laser light
scattering detector (Wyatt, mini-DAWN) and a refractive index
detector (Wyatt, Opti-Lab). The compositions of the block
copolymers were determined using a proton nuclear magnetic
resonance ("H NMR) spectrometer (Bruker, DPX-300). The

measured weight-average molecular weights (M) and PS
block weight fractions (wtps) of the PS-b-PI copolymers are
summarized in Table 1.

The silicon wafer substrates were cleaned by treating with
piranha solution (concentrated H2SO04+/30% H202 = 3/1 (v/v))
for 1 h and then washed with deionized water. Each diblock
copolymer was dissolved in toluene at a concentration in the
range 5—20 wt %, and this solution was then spin-coated onto
a silicon wafer at 2000 rpm. The copolymer films were dried
at room temperature in a vacuum for 12 h in order to remove
the residual solvent completely. The copolymer films were then
annealed in a vacuum oven at 120—160 °C for 1—3 days.

3.2. GISAXS Measurements. The GISAXS measurements
were carried out at the 4C1 and 4C2 Beamlines® of the Pohang
Accelerator Laboratory. A monochromatized X-ray radiation
source of 8.05 keV (1 = 0.154 nm: A, wavelength) and a two-
dimensional charge-coupled device (2D CCD) detector (Roper
Scientific, Trenton, NJ) were used. The sample-to-detector
distance was 2500 mm. A set of aluminum foil strips was
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employed as semitransparent beam stops because the intensity
of the specular reflection from the substrate is much stronger
than the intensity of GISAXS near the critical angle. Samples
were mounted on a homemade z-axis goniometer equipped
with a vacuum chamber. The incidence angle a; of each X-ray
beam was set in the range 0.20°—0.22°, which is between the
critical angles of the copolymer films and the silicon substrate
(0o rand a.s). Scattering angles were corrected by the positions
of X-ray beams reflected from the silicon substrate interface
with changing incidence angle oi and by a precalibrated
polystyrene-b-polyethylene-b-polybutadiene-b-polystyrene
(SEBS) block copolymer. Data were typically collected for 100—
600 s.

4. Results and Discussion

4.1. HEX-Structured Microdomains. GISAXS mea-
surements were carried out at o; = 0.21° for films of
the PS-b-PI(18/82) block copolymer with a PS block
weight fraction of 0.18, which were prepared on silicon
substrates with a topmost native oxide layer with
various thicknesses in the range 85—1600 nm and then
annealed at 140 °C for 3 days in a vacuum.

Figure 3a shows the 2D GISAXS pattern obtained for
an 800 nm thick PS-5-PI1(18/82) film; an AFM image of
this film is shown in Figure 3b. The GISAXS pattern
contains some diffraction spots with weakly developed
semicircular lines. Taking into account the diffraction
peaks due to the presence of the two X-ray beams, i.e.,
the transmitted and reflected beams discussed in section
2.1, we can analyze the GISAXS pattern. As can be seen
on the right side of Figure 3a, the block copolymer film
produces several diffraction spots, RI, R2, and R3,
whose relative scattering vector lengths from the specu-

lar reflection position are 1, V3, and 2, respectively.
These diffraction spots indicate that microdomains with
a hexagonally packed cylinder (HEX) structure have
formed in the PS-5-P1(18/82) film; their cylinder axes
lie in the film plane (see model 1 in Figure 3c). Taking
this HEX structure into account, the R1, R2, and R3
spots can be assigned as the diffraction peaks of the
{10}, {11}, and {21} planes, respectively, which were
generated by the reflected X-ray beam, whereas the T'1
spot can be assigned as the diffraction peak of the {10}
plane, which was generated by the transmitted X-ray
beam. The o, can be determined through an analysis
of the out-of-plane scattering profile extracted at 26; =
0.35°, indicating that the electron density of the film is
338 nm~3; the electron density of the silicon substrate
was found to be 699.5 nm ™3 from a.s (see the of = acr
and of = 0, lines in Figure 3a).%13

The GISAXS pattern also contains weak rings: each
ring, a so-called Debye—Scherrer ring, links the diffrac-
tion spots from the same family of lattice planes with
different orientations (see Figure 3a). The presence of
these weak diffraction rings indicates that there is only
a small population of HEX-structured microdomains
randomly oriented along the cylinder axis in the PS-b-
PI(18/82) film. The ring marked A is the diffraction
generated by the outgoing reflected beam, whereas the
ring marked B is the diffraction generated by the
incoming beam (see the left side of Figure 3a). These
results indicate that the majority of the HEX-structured
domains are aligned with their {10} planes parallel to
the film surface. This orientation is consistent with the
results of Wang et al.26 for Monte Carlo simulations of
diblock copolymer thin films confined between two
homogeneous surfaces.
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Figure 3. (a) GISAXS pattern measured at o; = 0.21° for an
800 nm thick PS-5-PI(18/82) film deposited on a silicon
substrate: R and T indicate the diffraction peaks due to the
reflected and transmitted beams respectively; 1, 2, and 3
indicate the {10}, {11}, and {20} planes, respectively. (b) AFM
image of the film in (a). (¢) Two possible models of HEX-
structured microdomains in the film of (a). (d) A schematic
GISAXS pattern for HEX structures in the film plane, as
generated by the reflected beam: filled spots are the diffraction
peaks of a HEX structure without rotation [model 1 in (c)];
open spots are the diffraction peaks of a HEX structure with
30° rotation along the cylinder axis [model 2 in (¢)]. (e) GISAXS
pattern measured at o; = 0.21° for a 400 nm thick PS-5-PI-
(18/82) film deposited on a silicon substrate. (f) GISAXS
pattern measured at o; = 0.21° for a 1600 nm thick PS-56-PI-
(18/82) film deposited on a silicon substrate.

In addition, there is a strong peak designated C on
the left side of Figure 3a. One possibility is that this
peak is due to HEX microdomains rotated by 30° along



Macromolecules, Vol. 38, No. 10, 2005

the cylinder axis (see model 2 in Figure 3c), which are
thus in relatively high population. If this is correct, peak
C can be assigned as the (10) peak for the 30°-rotated
HEX-structured microdomains, which is the diffraction
designated d1 on the right of Figure 3d. According to
this assignment, another (10) peak, which is designated
d2 (Figure 3d), should also appear. However, this peak
was not detected. Therefore, we conclude that peak C
is a part of the diffraction ring, rather than a diffraction
from 30°-rotated HEX-structured microdomains. The
question then arises as to why C is so much brighter
than the rest of the diffraction ring. To answer this
question, consider the position (i.e., the o value) of C:
it is located between o.r and ocs. In GISAXS measure-
ments, intense scattering generally takes place in the
exit angle of region between a.f and a.s due to a type
of standing wave phenomenon and total reflection at the
interface between the film and the substrate. Taking
this fact into account, the intense scattering at C is
attributed to the significant increase in intensity of the
diffraction ring that results from such grazing incidence
effects.

Figure 3e shows the 2D GISAXS pattern of a 400 nm
thick PS-5-PI1(18/82) film obtained at 160 °C during a
heating run at 2.0 °C/min. The scattering pattern
contains no ring diffraction peaks. However, note that
the GISAXS pattern of the 400 nm thick film contains
ring diffraction peaks at room temperature but that
their intensities were much weaker than those observed
for the 800 nm thick film. Similar GISAXS patterns
were observed for a 85 nm thick PS-5-PI(18/82) film
(data not shown). These films produce much sharper
diffraction spots (see the 1:2 relative peak positions
designated by arrows with 1¢; and 2q along the in-plane
direction in Figure 3e, which are different from those
of the Debye—Scherrer rings appearing at intervals of

1, «/§, and 2 for the 800 nm thick film). These results
indicate that the HEX-structured microdomains in these
thinner films are preferentially oriented with their { 10}
planes parallel to the film surface, and this occurs to a
greater degree than in the 800 nm thick film. Moreover,
this preferential orientation of the HEX-structured
microdomains increases with heating to 160 °C.

In addition, Figure 3e shows there are modulated
spots in the GISAXS pattern along the vertical line A,
which appear between o.f and os. These spots might
not be measured when GISAXS peaks from domain
spacings are sharp. However, such spots are often
detected when scattering from a film’s surface rough-
ness is involved, which is strong along the in-plane
direction and further enhanced between a.r and ogs.
Taking this fact into account, the observed high inten-
sity of the spot designated by the thick arrow is
attributed to surface scattering from the film, which has
a certain degree of surface roughness.

Figure 3f displays the 2D GISAXS pattern of a 1600
nm thick film obtained at room temperature. The
scattering measurements were extended for the film by
carrying out a heating run up to 160 °C. However, the
scattering pattern was found to be independent of
temperature and time in the heating run, except for
slight changes in the d-spacings (data not shown). As
can be seen in Figure 3f, the scattering pattern contains
ring diffraction peaks, with stronger intensities than
those observed for the 800 nm thick film. An additional
peak marked with a dotted arrow appears at the
position 1g*, which is equivalent to the diffraction ring
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part C in Figure 3a; the relative length ratio of 1¢* to

2q)is 1 to V3. These results indicate that as the film
thickness increases, the orientations of the HEX-
structured microdomains along the cylinder axis become
disturbed, resulting in Debye—Scherrer rings in the
scattering pattern.

However, the diffraction spots observed for the 400
nm thick film were astonishingly also detected in the
scattering pattern of the 1600 nm thick film (Figure
3e,f), indicating that there is a high population of HEX-
structured microdomains preferentially oriented along
the {10} plane parallel to the film surface even in the
1600 nm thick film, with no preference for other
orientations such as the 30°-rotated HEX structure
(model 2 in Figure 3c). These results suggest that
ordering and orientation effects of the substrate surface
are likely to be present in PS-56-PI(18/82) films much
thicker than 1600 nm.

Taken collectively, the results discussed so far suggest
that increased populations of HEX-structured micro-
domains oriented with their {10} planes parallel to the
film surface develop in thinner films. Moreover, this
preferential orientation of the HEX-structured micro-
domains is enhanced in thinner films when they are
heated to 160 °C.

To analyze the observed GISAXS patterns in more
detail, we attempted to take the HEX structures into
account in calculations of 2D GISAXS patterns using
the GISAXS formula (eq 11) derived with the DWBA.
In these GISAXS calculations, we required several
parameters: the lattice parameter of the HEX structure
is 37.9 nm, which was determined from the in-plane
component g of the (10) peak, with a standard deviation
of 2.0 nm; o; = 0.21° and 0.24° were chosen for the
incoming X-ray beam. The calculated GISAXS patterns
are shown in Figure 4.

Parts a and b of Figure 4 show the 2D GISAXS
patterns calculated with o; = 0.21° and 0.24°, respec-
tively, for HEX-structured microdomains perfectly ori-
ented with their {10} planes parallel to the film surface;
the inset in Figure 4a shows the real-space model
representing the HEX-structured microdomains that
was used in the calculation of the GISAXS patterns. As
can be seen from the comparison of the GISAXS pat-
terns in Figure 4a,b with those in Figure 3, the
calculated diffraction spots are found to be in good
agreement with those in the measured scattering pat-
terns. Note that the strips linking the neighboring peaks
in Figure 4a,b result from the positional disordering of
particles in the paracrystal model; variations in particle
positions are allowed in the paracrystal model along the
axis of the 2D hexagonal lattice, which result in the
6-fold strips. Such strips were also found in part in the
GISAXS patterns obtained for the 400 and 800 nm thick
copolymer films: the scattering pattern of the 400 nm
thick film contains a 2-fold vertical strip (Figure 3e),
whereas that of the 800 nm thick film has a relatively
weak vertical strip (Figure 3a). No such strip was found
in the scattering pattern of the 1600 nm thick film
(Figure 3f). These comparisons indicate that the HEX-
structured microdomains oriented along {10} planes
parallel to the film surface have a limited coherent
length along the direction normal to the film plane,
which is dependent upon the film thickness. The limited
coherent length of such in-plane oriented HEX struc-
tures along the out-of-plane direction of the film is
possibly mainly caused by the air interface, which
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Figure 4. (a) GISAXS pattern calculated with o; = 0.21° for
HEX-structured microdomains perfectly oriented along the
{10} plane parallel to the film plane (see the model in the inset)
in a film deposited on a silicon substrate using the GISAXS
formula (eq 20): the lattice unit cell parameter is 37.9 nm with
a standard deviation of 2.0 nm, the wavelength 1 of the X-ray
beam is 0.154 nm, the electron densities of the film and the
silicon substrate are 338 and 699.5 nm™3, respectively, the
length and radius of the cylinder are 180 and 18 nm,
respectively, and the film thickness is 400 nm; the large arrow
indicates the specular reflection of the reflected X-ray beam.
R and T indicate the diffraction peaks due to the reflected and
transmitted beams respectively; 1, 2, and 3 indicate the {10},
{11}, and {20} planes, respectively. The indices of the unla-
beled spots in the half pattern are found by inverting those of
the corresponding spots in the other half of the pattern. (b)
GISAXS pattern calculated with o; = 0.24° for the HEX
structure in (a); all parameters in the calculation are same as
those in (a); all labels are the same as those in (a). (c) GISAXS
pattern calculated with o; = 0.21° for HEX-structured micro-
domains randomly oriented along the cylinder axis in the film
plane (see the model in the inset).

0.2 . 0.6

makes the HEX-structured microdomains unstable and
disoriented.

In addition, as can be seen in Figure 4a,b, the GISAXS
calculations clearly capture important characteristic
features of the GISAXS measurements. First, the most
intense diffraction peaks appear around the specular
reflection position. Second, the high order diffraction
peaks due to the reflected X-ray beam always appear
as relatively intense peaks, whereas those due to the
transmitted X-ray beam either appear weakly or do not
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appear at all. Third, the diffraction peaks due to the
reflected beam are somewhat suppressed when o; > og;
larger o; causes greater suppression of the diffraction.
Fourth, the positions of the diffraction peaks due to the
reflected and transmitted beams vary vertically, de-
pending on the o; value of the incoming X-ray beam.
Furthermore, the diffraction peaks due to the reflected
beam overlap or are separated from those due to the
transmitted beam, depending on the o; value of the
incoming X-ray beam. For example, in the case where
o is the same as the diffraction angle of the first-order
diffraction peak, overlapping of the diffraction spots due
to the transmitted and reflected X-ray beams occurs.
Fifth, when the diffraction angles of the HEX-structured
microdomains in the film are larger than the o value,
the diffraction peaks due to the transmitted beam
become more intense and can then be analyzed. How-
ever, as the diffraction angles decrease toward o.fand
beyond, the diffraction peaks due to the transmitted
X-ray beam are severely distorted and sometimes cannot
be detected, which is due to the effects of refraction; in
this case, the first-order diffraction could not be de-
tected, but the second and higher diffraction peaks were
observed (Figure 4b). The refraction effect is discussed
in more detail in the next section. Finally, unlike those
due to the transmitted beam, the diffraction peaks due
to the reflected beam can be detected and then resolved
regardless of their g, component, which is one of the
major advantages of the GISAXS technique.

Our summary of the GISAXS characteristics of this
system suggests a guideline for measuring GISAXS
patterns: changing the o; value of the X-ray beam is
absolutely necessary in order to resolve the resulting
diffraction peaks; a; can be varied between o rand o,
in order to fully utilize the total reflection of the
substrate. Note also that the GISAXS technique be-
comes difficult to apply if the electron density of the film
is close to that of the substrate; thus, a substrate with
an electron density higher than that of the film coated
on top of the substrate is preferred in GISAXS measure-
ments.

Figure 4c shows a 2D GISAXS pattern calculated with
ao; = 0.21° for HEX-structured microdomains randomly
oriented along the cylinder axis in the film plane (see
the model in the inset). The calculated scattering
pattern clearly shows diffraction rings with relative
peak positions 1, «/g, and 2, which are the structural
characteristics of HEX-structured microdomains ran-
domly oriented along the cylinder axis in the film plane
(see the rings marked R1, R2, and R3 in Figure 4c);
these rings are due to the diffraction of the reflected
X-ray beam. The calculated scattering pattern also
shows the diffraction rings due to the transmitted X-ray
beam (see the rings marked 7'1 and 72). By comparing
this calculated scattering pattern with the measured
scattering pattern in Figure 3, it can be seen that the
calculated diffraction rings are in good agreement with
those observed in the measured scattering pattern.

Taking into consideration the GISAXS patterns cal-
culated for the perfectly oriented and randomly oriented
HEX structures (Figure 4), we conclude that the GISAXS
patterns of the PS-6-PI(18/82) films (Figure 3) result
from a mixture of structures, predominantly of prefer-
entially well-oriented HEX-structured microdomains,
but also of randomly oriented HEX-structured micro-
domains, where the orientations are with respect to the
cylinder axis in the film plane. The proportions of these
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Figure 5. (a) GISAXS pattern measured at o; = 0.21° for a 450 nm thick PS-6-PI(37/63) film deposited on a silicon substrate; the
assignments of some diffraction peaks were made on the basis of an ABC stacked HPL structure. (b) A half of the GISAXS
pattern calculated at o; = 0.21° for hexagonal structured microdomains perfectly oriented along the {003} plane parallel to the
film plane in a film deposited on a silicon substrate, using eqs 21—23; the lattice parameters are ag = 31.6 nm and ¢ = 65.0 nm,
the wavelength 1 of the X-ray beam is 0.154 nm, the electron densities of the film and the silicon substrate are 360 and 699.5
nm~3, respectively, and the film thickness is 450 nm; open squares and filled circles denote diffraction peaks due to the reflected
and transmitted X-ray beams, respectively; x symbols correspond to the measured peaks shown in (a); the cross indicates the
specular reflection of the reflected X-ray beam. The two horizontal lines are ar = 0. (upper line) and ar = a.r (lower line).

two orientations of the HEX-structured microdomains
are dependent on the film thickness, annealing tem-
perature, and measurement temperature. Overall, the
preferential orientation of the HEX-structured micro-
domains along the cylinder axis in the film plane is
favored by thinner films, annealing at higher temper-
atures for a longer time, and a higher measurement
temperature.

4.2. HPL-Structured Microdomains. A thin film
of PS-b-PI1(37/63) diblock copolymer with a PS block
weight fraction of 0.366 was prepared on silicon sub-
strates with a native oxide layer and then annealed at
120 °C for 1 day in a vacuum. Figure 5a shows a typical
2D GISAXS pattern obtained at o; = 0.21° for the
annealed block copolymer films with a thickness of 450
nm. The scattering pattern contains a number of sharp
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Figure 6. Relations between q. and o of the diffraction peaks
due to the reflected (circles) and transmitted (squares) X-ray
beams: the filled and open symbols denote the diffraction
peaks without and with correction for the refraction effect,
respectively.

diffraction spots over a wide range of diffraction angles.
In particular, there are a number of diffraction peaks
located periodically along the g, axis around 26; =
0.265°; a lower number of diffraction spots also appear
along the ¢, axis around 26¢ = 0.517°. These indicate
that a well-ordered structure of microdomains is present
in the film and that a certain lattice plane of the
structure is aligned parallel to the film surface. The
electron density of the film was determined to be 360
nm 3 from the out-of-plane scattering profile extracted
at 20y = 0.25°.

A PS-b-PI block copolymer with similar composition
has been shown to be made up of a hexagonally
perforated layer (HPL) structure of microdomains.27-28
The perforations in such HPL structure has been
reported to have an ABC stacked structure.?” Assuming
an ABC stacked structure for the ordered microdomains
in the film, we attempted to assign the measured
diffraction peaks. The scattering pattern and sum-
marized peak assignments are shown in Figure 5a. Here
we carried out the peak assignments by assuming that
a majority of the diffraction peaks are generated by the
reflected X-ray beam, since, as shown in the previous
section, the diffraction peaks in the GISAXS pattern of
HEX-structured microdomains in PS-5-PI(18/82) thin
films are mostly produced by the reflected X-ray beam.
Some diffraction peaks (for example, the peaks marked
A—D) could not be assigned by considering only scat-
tering due to the reflected beam; these peaks are due
to the transmitted beam (see below). For the assumed
ABC stacked structure, the lattice parameter ag was
determined to be 31.6 nm from the in-plane component
qy (i.e., 20¢) value of the assigned (10/) peaks by using

ag = 2n-2/x/§q”,(10,), whereas the other lattice param-
eter ¢ was estimated to be 66.9 nm from the out-of-plane
g, components of those peaks. This value for ¢ was
further corrected by taking into account the refraction
effect and was found to be 65.0 nm (see below).

To elucidate the origin of the peaks A—D, we need to
consider the effect of refraction in the GISAXS mea-
surements because this effect can be significant, par-
ticularly for the GISAXS pattern of the PS-56-PI(37/63)
film with 360 nm™3 electron density, which has a
microdomain structure on the scale of several tens of
nanometers. Figure 6 shows the distortion of the dif-
fraction peaks from the reflected and transmitted beams
along the out-of plane direction (i.e., g, direction) due
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to the refraction. There is a linear relationship between
their scattering vector component ¢, and exit angle of
for both reflected and transmitted beams if the refrac-
tion effect is absent. When the refraction effect is taken
into account, the diffractions from to the reflected beam
produce deviations from the linear ¢, and oy relation-
ship; the deviation becomes greater as q. increases (the
apparent d-spacing is smaller). The refraction effect
causes a much greater deviation for the transmitted
beam, and the deviation is much greater at small g, (the
apparent d-spacing is larger). In particular, in the case
where a given d-spacing is large (at small ¢,), the
diffraction converges to oy and the diffraction peaks
from the transmitted beam cannot be resolved. Taking
the refraction effect into account, the positions of the
(10l) peaks assigned by assuming an ABC stacked
structure were further corrected and then linearly fitted,
providing a corrected hexagonal lattice parameter ¢ =
65.0 nm.

On the basis of the determined hexagonal structure
of ¢ = 65.0 nm and ay = 31.6 nm, we calculated the
GISAXS patterns using the GISAXS formula (eqs 21—
23). In this calculation, the o; of the incoming X-ray
beam was 0.21°. In addition, the c-axis was treated as
oriented along a direction normal to the film surface,
whereas the other two axes were randomly aligned in
the film plane, as determined from the observed mul-
tiple (10/) peaks described above.

The calculated GISAXS pattern of the HPL structure
is shown in Figure 5b. By comparison of this pattern
with the experimental pattern, all the diffraction peaks
generated by the reflected X-ray beam were confirmed
(see Figure 5a,b). Furthermore, the diffraction peaks
marked A—D are assigned as (101), (102), (105), and
(108) peaks generated by the transmitted X-ray beam.
However, some diffraction peaks in the large of and 26¢
region of the calculated scattering pattern were not
observed in the measured scattering pattern, presum-
ably because of their weak intensities. The diffraction
peaks of the calculated scattering pattern are thus
overall well matched with those of the measured scat-
tering pattern.

Our results lead collectively to the conclusion that in
120 °C annealed PS-b-PI1(37/63) films of 450 nm thick-
ness deposited on silicon substrates with a native oxide
layer, there is a high population of HPL-structured
microdomains in a preferential orientation of their c-axis
along a direction normal to the film plane.

Note that the diffraction peaks of the measured
GISAXS pattern for the HPL structure also feature
vertical strips (i.e., vertical elongations), as was ob-
served in the scattering pattern for the HEX structure
described in the previous subsection (Figure 3e). This
indicates that the positional disorder of the preferen-
tially oriented HPL structure is greater along the out-
of-plane direction of the film than in the film plane,
which is attributed to the thin film thickness.

As described above, we have demonstrated that the
use of the GISAXS technique with the derived GISAXS
formula as a data analysis engine is a very powerful
tool for determining the HPL structure of diblock
copolymer thin films coated onto substrates. In fact,
HPL-structured microdomains in thin films coated onto
substrates cannot be characterized using conventional
techniques with a scanning mode along the film plane,
such as transmission SAXS, AFM, and TEM, because
these structures tend to align in a layer parallel to the
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Figure 7. (a) GISAXS pattern obtained at o; = 0.21° for a 650 nm thick PS-6-PI1(65/35) film deposited on a silicon substrate; the
assignments of some diffraction peaks were made on the basis of a gyroid structure whose {121} plane is oriented parallel to the
film plane. (b) The upper half of the TSAXS pattern calculated for a gyroid structure with a lattice parameter of 58.7 nm: the
wavelength A4 of the X-ray beam is 0.154 nm. Open symbols denote the diffraction peaks of the {121} plane and filled symbols
indicate those of the {220} plane. The indices of the unlabeled spots in the left quadrant are found by inverting those of the
corresponding spots in the right quadrant. (¢) GISAXS pattern calculated with o; = 0.21° for gyroid-structured microdomains
perfectly oriented along the {121} plane parallel to the in-plane of a film deposited on a silicon substrate; the lattice parameter
is 58.7 nm, the wavelength 1 of the X-ray beam is 0.154 nm, the electron densities of the film and the silicon substrate are 340
and 699.5 nm 3, respectively, and the film thickness is 650 nm; squares and circles denote the diffraction peaks due to the reflected
and transmitted X-ray beams, respectively; open symbols denote the diffraction peaks of the {121} plane and filled symbols indicate
those of the {220} plane; x symbols correspond to the measured diffraction peaks shown in (a). The indices of the unlabeled spots
in the left half are found by inverting those of the corresponding spots in the right half.

film surface and indeed look like a hexagonally packed
2D cylinder structure.

4.3. Gyroid-Structured Microdomains. GISAXS
measurements were carried out at o; = 0.21° for 650
nm thick films of PS-6-P1(65/35) diblock copolymer with
a PS block weight fraction of 0.648, which were prepared
on silicon substrates with native oxide layers and then
annealed at 160 °C for 1 day in a vacuum. Figure 7a
shows one of the GISAXS patterns, which contains a
number of diffraction spots over a wide range of dif-
fraction angles and also very weak diffraction rings in
the low diffraction angle region; in particular, diffraction
peaks appear along the q. axis at around 26; = 0.22°,
0.29°, 0.33°, 0.37°, and 0.44°.

The GISAXS pattern well matches with (121) diffrac-
tion spots as well as (220) diffraction spots, confirming

that in the diblock copolymer film gyroid-structured
microdomains develop with a preferential orientation
along the direction normal to the film plane. For the
gyroid structure, the lattice parameter ag was deter-
mined to be 58.7 nm from the in-plane component g
(i.e., 20y) value of the assigned (202) peaks, which is not
distorted by the refraction effect, by using ag =
2.71:'2x/§/q||,(2o§). The d-spacing of the first-order peak of
the {121} plane was estimated to be 23.9 nm. In
addition, the electron density of the film was determined
to be 340 nm~2 from the out-of-plane scattering profile
extracted at 20 = 0.18°.

Taking the preferential orientation of the gyroid
structure and its lattice parameter into account, we
attempted to generate its TSAXS pattern in order to
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deepen our understanding of the measured GISAXS
pattern. The calculated TSAXS pattern is shown in
Figure 7b. Only the first order peaks from the {121}
and {220} planes were calculated because the intensities
of the other higher order peaks are very weak. In the
upper half of the calculated pattern, half the 24 per-
mutation peaks for the {211} planes are shown; the
other half of those permutation peaks appear in the
lower half of the pattern, which are identical to those
corresponding spots in the upper half as a result of
rotational symmetry (the lower half is not shown). Half
the 12 permutation peaks for the {220} planes are
additionally shown in the pattern; the other half of those
permutation peaks appears in the lower half of the
pattern (the lower half is not shown). In these calcula-
tions, it was also found that the TSAXS pattern is
identical when the gyroid-structured microdomains are
randomly oriented around either the [121] or [112]
lattice vectors, both of which are normal to the {121}
plane. Overall, the calculated diffraction spots are
comparable with those generated by the reflected beam
in the measured GISAXS pattern (Figure 7a,b), except
for some differences in the d-spacings. These results
confirm that in the PS-56-P1(65/35) film, well-developed
gyroid-structured microdomains formed with their {121}
planes preferentially oriented parallel to the film plane.
This type of TSAXS pattern was reported for poly-
(oxyethylene)-templated silica thin films dip-coated onto
aluminized Kapton substrates.?? The gyroid structure
of this silica system resulted in (211) diffraction spots
along the inner ellipse and also (220) diffraction spots
along the outer ellipse of the SAXS pattern, indicating
that the gyroid structure randomly orients around the
[121] lattice vector, which is normal to the X-ray beam
in the SAXS measurement.

For the gyroid structure with ag = 58.7 nm prefer-
entially oriented along a direction normal to the film
surface, we attempted to calculate its GISAXS pattern
in the same manner used for the HPL structure, as
described in the previous subsection. The calculated
GISAXS pattern is shown in Figure 7c. By comparison
of this pattern with the experimental pattern, all the
diffraction peaks generated by the reflected X-ray beam
were confirmed (see Figure 7a,c). Furthermore, some
other diffraction peaks of Figure 6a, which did not
appear in the calculated TSAXS pattern, are found in
the calculated GISAXS pattern (Figure 7¢), which were
generated by the transmitted X-ray beam. In particular,
the calculated GISAXS pattern clearly shows the (121)
peaks whose vector is normal to the film surface, as seen
previously in the calculated TSAXS pattern; the (121)
peaks were not discernible in the measured scattering
pattern because they were shaded by the beam stop.
Overall, the diffraction peaks of the calculated scatter-
ing pattern are well matched with those of the measured
scattering pattern. These results lead to the conclusion
that in 160 °C annealed PS-56-P1(65/35) films of 650 nm
thickness deposited on silicon substrates with a native
oxide layer, well-developed gyroid-structured micro-
domains formed with their {121} planes preferentially
oriented parallel to the film plane.

Note also that the diffraction peaks of the measured
GISAXS pattern of the gyroid structure also feature
vertical strips (i.e., vertical elongations) as observed in
the scattering patterns of the HEX and HPL structures
(Figures 3c and 5a). This indicates that the positional
disorder of the preferentially oriented gyroid structure
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in the film is greater along the out-of-plane direction
than in the film plane, which is attributed to the thin
film thickness.

5. Conclusions

The GISAXS patterns of structures in a thin film on
a substrate are complicated by the reflection and
refraction effects, which do not occur in conventional
TSAXS. A GISAXS formula was derived to describe such
complicated scattering under the DWBA formalism. The
simplified GISAXS formula, eq 11, is useful when the
phase of the scattered beam amplitude (eq 7) is not a
critical issue, for example in the analysis of lattice
structure by examining peak positions. This formula
enables the calculation of GISAXS patterns by simply
integrating all existing intensity forms of SAXS formu-
las or numerical forms into the formula. On the other
hand, when phase information is required and the
amplitude form of the scattering formula is known, the
amplitude form of the GISAXS formula (eq 7; eq 9) can
be used.

Using the derived GISAXS formula, the GISAXS
patterns obtained for PS-b-PI diblock copolymer thin
films with various morphologies (HEX, HPL, and gyroid)
deposited on silicon substrates with a native oxide layer
were characterized quantitatively. The full analyses
demonstrated that the GISAXS technique is a very
powerful tool for determining the morphologies of
polymer thin films coated onto substrates, which is not
possible using conventional techniques such as TSAXS,
AFM, and TEM, which employ scanning modes along
the film plane.

The GISAXS analyses found that the HEX, HPL, and
gyroid structures developed in the PS-b-PI diblock
copolymer films deposited on silicon substrates each
have a unique characteristic orientation, depending on
their composition: (i) the {10} plane of the HEX
structure in the PS-5-PI(18/82) film is oriented parallel
to the film plane; (ii) the {003} plane of the HPL
structure in the PS-b-PI1(37/63) film is oriented parallel
to the film plane; (iii) the {121} plane of the gyroid
structure in the PS-6-PI(65/35) film is oriented parallel
to the film plane. These preferential orientations arise
for the diblock copolymer films spin-coated onto silicon
substrates, which have previously been reported only
for shear-oriented bulk samples of diblock copolymers.
These structures’ preferential orientations are attrib-
uted to the positive cooperation of the interfacial
interaction between the diblock copolymers and the
silicon substrate with a native oxide layer as well as to
the confinement of the thin film. Moreover, all the
structured microdomains in the diblock copolymer thin
films were found to have larger displacements in their
crystallographic positions along the out-of-plane direc-
tion than along the film plane, which is attributed to
the thinness of the films and the air interface. In
addition, considering the crystallographic planes of the
layers in the three morphologies (HEX, HPL, and
gyroid) of our study, their transition mechanisms seem
to be consistent with those in the bulk reported in the
literature.
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