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Abstraet Using x-ray reflectivity
measurements, we have investigated
the structure of films of a symmetric
diblock copolymer of polystyrene-b-
polyisoprene (M,, = 15700). The film
thickness is in the range of 1 ym. In
equilibrium the films consist of
lamellae with a thickness of 15.3 nm.
They are nearly completely oriented
parallel to the substrate. The

experiments. The time constants of
the structure formation depend
strongly on the annealing
temperature. An enhancement of the
diffuse intensity in the range of
Yoneda scattering is evidence for an
additional surface structure.
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evolution of oriented structure is
studied by time-dependent

Introduction

Symmetric diblock copolymers are macromolecules con-
sisting of two different homopolymers connected by
a covalent bond. The temperature-dependent phase be-
havior of such polymers in bulk samples is theoretically
treated in a fundamental work by Leibler [1]. For poly-
mers of symmetric composition a lamellar phase is ex-
pected in the ordered state. Experimental results confirm
these predictions [2]. For films of a diblock copolymer the
interfaces affect the behavior of the polymer due to the
different surface tensions of the two blocks. Theory pre-
dicts an oscillatory decaying composition variation, even
for temperatures in the disordered state [3].

In thin films of symmetric diblock copolymers with
a film thickness on the order of the lamellar thickness, the
film structure is determined by the competition of the two
lengths. In general, the film thickness is a non integral
multiple of the lamellar thickness and, consequently, the
equilibrium structure of the film consists of lamellae
oriented parallel to the substrate and an incomplete top
layer [4]. The temperature of the phase transition in these

transition — x-ray reflection ordering
kinetics

films is elevated compared to the bulk. This means the
ordered phase is stabilized by the interfaces. The time
constants for the formation of the ordered structure cor-
respond to the formation of long-range order in the bulk of
the same polymer.

The present work focuses on the structure formation in
films of a symmetric diblock copolymer with a thickness
on the order of magnitude of about 1 um corresponding to
a stacking height of 50-70 lamellae. With x-ray reflectivity
measurements we have investigated the film structure in
the direction perpendicular to the surface. Taking diffuse
scattering into account, in addition to the specularly reflec-
ted intensity, also information about the lateral structure
can be obtained. With time-dependent measurements the
formation of the oriented structure can be observed.

Experimental section
Sample description

The polystyrene/polyisoprene diblock copolymer used in
this study is the same as the one in refs. [4, 5]. Its molecu-
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lar weight is 15 700 and the polydispersity My/My = 1.04.
The volume fraction of polystyrene has been determined
with NMR to be f= 0.44. The ordered state is of lamellar
symmetry and the bulk lamellar thickness is 16.2 nm. The
phase transition temperature in the bulk was determined
using small-angle x-ray scattering (SAXS) and measure-
ments of the dynamic shear modulus G*. It was consis-
tently found to be Tysy = 362 K(+2) [5]. Films of the
block copolymer were prepared by dissolving it in toluene
and spin-coating the solution onto microscope slides. The
concentration of the solution was in the range of 20%.

X-ray reflectivity set-up

The experimental set-up used for the x-ray reflectivity
measurements is shown in Fig. 1. It consists of a Kratky
compact camera modified for the reflection experiments.
The x-ray source is a rotating anode generator (A4) with
a copper anode. The wavelength of the used CuK,-radi-
ation is 4 = 0.1542 nm. S denotes the sample table with
a size of 35 mm x 33 mm. The sample can be heated from
room temperature to about 180°C with a stability of
+ 0.1 K. The angle between the incoming beam and the
sample 0 can be varied by a stepping motor in steps of
0.0175 mrad. K denotes the Kratky collimating system of
the camera. The reflected beam is monochromized by
a graphite crystal (M) and its intensity is registered with
a scintillation counter. The detector D with the detector
slit DS (angle 26) can be varied with an angular resolution
of 0.025 mrad. For a fixed position of the sample the
detector unit is scanned through 280 for the registration of
the reflected beam and the background. Figure 2 shows
such a scan. The background is determined from this
measurement as the flat intensity on both sides of the peak
(see Fig. 2). The reflectivity is calculated by dividing the
integral intensity of the peak after the subtraction of the
background by the intensity of the primary beam. The
angular position of the sample 8 is determined by taking
half the scattering angle as given by the center of the
reflected beam. In the range of high and total reflectivity at
low angles 0 the primary beam is attenuated by aluminum
plates. The attenuation factors are determined separately

Fig. 1 Schematic drawing of the experimental setup used for the
x-ray reflectivity measurements
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Fig. 2 20-scan of the reflected beam and background scattering
(broken line)

and are kept fixed for the whole measurements. The at-
tenuators are located in front of the collimating system of
the camera and can be put into the beam automatically.
With this set-up it is possible to measure the reflectivity
automatically over six decades.

Two examples of reflectivity measurements are given in
Fig. 3. In both cases the sample was a film of the block
copolymer on a glass substrate. Figure 3a shows a charac-
teristic oscillation in the data due to the interference of the
radiation reflected at the substrate-film and the film-vac-
uum interface of the film (Kiessig fringes [67]). The period
of the oscillation is only determined by the thickness of the

Fig. 3 Reflectivity measurements of films of a symmetric diblock
copolymer. For ultrathin films (a) the thickness can be determined
directly by the period of the Kiessig fringes. For thicker films (b) the
thickness can be determined by the absorption of the x-ray beam in
the film
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log R
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film. Consequently, this technique provides a good method
to determine the thickness of films in the range of
1-100 nm. For thicker films (Fig. 3b) the Kiessig oscilla-
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ciently small values of R, this factor is given as
1 opLz)?
R=Ry-|— | dzeass DI @
P 0z

tion cannot be resolved due to the resolution of the cam-
era. The structure in the reflectivity curve here is given by
scattering from internal structures. In the case of thick
films, however, the thickness can be determined by the
absorption of the x-ray beam in the film for low angles of
incidence. The inset in Fig. 3b shows the reflectivity in the
range of total reflection on a linear scale. Steps can be seen
at the critical angle of the film 0., and of the substrate 6.
For angles 6 < 8, the x-ray beam is totally reflected at the
film-vacuum interface. For angles 0., < 6 < 0, the radi-
ation penetrates into the film but is totally reflected at the
film-substrate interface. For thick films the attenuation of
the radiation by absorption in the film cannot be neglected
and leads to a decrease of the reflectivity. With the known
mass absorption coefficients of the film, the thickness can
be calculated from the height of these steps. For the
measurement shown in Fig. 3b, one obtains a thickness of
approximately 1 ym.

Principles of x-ray reflectivity

In this section, we briefly recall the concept of x-ray reflec-
tivity and collect the formulae necessary for the sub-
sequent interpretation of data. A detailed description of
the principles of the x-ray reflectivity technique is given in
the literature [ 7, 8]. The reflection of x-rays at surfaces and
interfaces can be treated as the reflection of light with
wavelengths in the visible range. For a fixed wavelength in
the x-ray range all properties of the surface or a thin film
are described by the refractive index n(z) with

n=1-6+1p 1)

and z the direction perpendicular to the surface. The imag-
inary part § describes absorption effects, the real part § is

6(z) ~A%p.(2) @

with the wavelength A of the x-ray radiation and the
electron density p.(z) in z-direction. For an ideal surface,
ie, pdz) = po ©(z) with the Heaviside step function
O(z), the reflectivity can be calculated exactly (Fresnel
reflectivity)

kz,l - kz,2 2
kz,l + kz,2

F

; €)

with k, ; = 2Fn;sin ;. The subscript i = 1, 2 refers to vac-
uum and film, respectively. A variation of the ideal step
structure results in an additional modulation factor of the
reflectivity [9]. Within Born’s approximation, i.e., at suffi-

Here, g, = 4sin 0, is the length of the scattering vector.
This approximation, however, is only valid for ¢ = 3-4q,,
with g, corresponding to 0. Internal refraction may be
taken into account by replacing the z-component of the
scattering vector ¢, in the Fourier transform by the value
in the film §,. For g, follows

42=./q3——q02,f

with ¢., , corresponding to 6, ;.

©)

Discussion of results

In the following, we discuss the equilibrium structure of
the block copolymer films and subsequently turn to the
kinetics of structure formation as observed in time-
resolved reflection experiments.

Equilibrium structure

In order to reach the equilibrium state the block copoly-
mer films prepared by spin coating were annealed at a
temperature only a few degrees below the microphase
separation transition temperature Tygr. Figure 4 shows
the reflectivity measurements before and after annealing.
The reflectivity data before annealing show no structure;
the Kiessig oscillation, due to interference effects at both
interfaces, cannot be resolved. After annealing the data
show Bragg peaks up to the fourth order. This additional
scattering is an indication of the internal structure of the

Fig. 4 Reflectivity measurements of a film of a symmetric diblock
copolymer before (e) and after (o) annealing
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annealed film. To explain these data a model for the
electron density has to be assumed. In the present case
a completely ordered lamellar structure is adopted. The
electron density in the direction perpendicular to the sur-
face for that model is given by

p(2) = p1u Wiz @) + lam(0, D) + (p, — p;J hiz — D, 3) . (6)

h(z, 6) denotes a error-functional step function with

1 z 2 2
fe ¥ ?%dx .

J2neo

lam(0, D) denotes the lamellar structure of the film with

h(z, o) = ;— + V)

am(©, D) = 3 [1(z) #6(z — ndiam)] ®)
n=0

and

li(z) = p1 + Ap - h(z, 03y — Ap - h(z — fdiam; 63) ©

the electron density for a single lamella as shown in Fig. 5.
The convolution of 1i(z) with a é-function in Eq. (8) pro-
duces a periodic repetition of the electron density variation
due to the lamellar structure. Here, d,,,, denotes the thick-
ness of the styrene-isoprene lamella, f'is the fraction of the
styrene component, and o; is the width of the transition
zone between the two blocks, assuming an error-functional
form for this range. 4p = p, — p, is the difference in the
electron density of the two blocks of the polymer (cf.
Fig. 5). ps, and p, denote the densities of the first and last
block respectively. ¢, and o, are the roughness parameters
of the film and the substrate surface, g, is the density of the
substrate. In Born’s approximation (Eq. (4)) the reflectivity
is then given as

R(qz) —_ RF(Zqz)
p?

prGq,, 1/og) + FTRI:(%Iam(O, D):l

5 Slaga)

+ (ps - pf) elqu G(q29 1/65) > (10)

with G(q,, 6) a Gaussian with the width ¢. The important
feature of this reflectivity is the second term s,,.,(¢,) , the
structure amplitude of the ordered lamellar structure. For
a single lamella the structure amplitude is

0 =1 210

= 4p G(gs, 1/o) (1 — e2=/%e). (11

The structure of the complete film is given by Eq. (8) and
for the structure amplitude of the complete film follows

)
slam(qz) = FTR[& lam (0, D) ]
gzDeitm __ |

~ . am € ———
= APG(qza l/o-i) (1 —e " 4 )eui'szum +1 ’

(12)
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Fig. 5 Model of the electron density for a completely oriented
lamellar structure

with (m + 1) di, = D The first two terms represent the
form factor of the lamellar structure, the last term de-
scribes the single peaks. With Eq. (10) the reflectivity can
thus be calculated for the regime of validity of the Born
approximation. Due to the thickness of the film the inter-
ference effects between the two surfaces and the lamellar
structure cannot be resolved. We therefore seek a simplifi-
ed expression for a fit of the observed reflection profiles.
The essential structures of the reflectivity data are given by
a smooth curve due to the rough interfaces, and the Bragg
peaks due to the internal structure of the film, i.e. s, In
a simplified form the reflectivity is

_ RF(qz)
- 2

S

R(g) (Go(qs) + sim(d:)) » (13)
with G, including the whole information of the mean curve
of the reflectivity. With the reflectivity Re(g,) of a film with
no internal structure the lamellar structure factor s, fol-

lows as

R—R, ,
p? 14
R; ps (14)

Slzam(qz) =

The determination of the structure factor is thus possible
by reference to different measurements of a film in its
ordered and disordered states respectively. Figure 6 shows
a fit of the lamellar structure factor (Eq. (11)) to the integral
intensities of the Bragg peaks. The resulting parameters
are

6; = (1.2 + 0.1) nm
=041 +001
diam = (153 £ 0.2) nm

The low interface thickness a; confirms our assumption of
complete orientation of the lamellae. A distortion of the
lamellar order would result in an enhancement of the
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Fig. 6 Adjustment of the structure factor of the lamellar structure to
the integral Bragg intensities

interfacial thickness a;. For the lamellar thickness d,,,,, cal-
culated from the peak position a smaller value results than
from the bulk measurements.

Temperature dependence of the ordered structure

During a reflection measurement the angle of the sample
surface varies between = 1° and 3° relative to the horizon-
tal. This causes a distortion of the lamellar order in the
sample at higher temperatures as a result of the onset of
flowing processes for temperatures 7' > T,, with T, the
glass transition on temperature of the styrene component.
DSC measurements show a glass transition temperature at
about T,,~ 50 °C. Due to this effect a determination of the
stabilization of the ordered lamellar structure by the surfa-
ces above T, is not quantitatively possible. The existence
of a surface-induced order for temperatures above the
microphase separation transition temperature as reported
by Russell et al. [10], however, cannot be excluded.

Diffuse scattering

Additional information on the film structure may be de-
rived from diffuse scattering. Data were recorded in 26-
scans from constant values 20, to 20, for different
values of the angle 6. Using

g, = k-(cos(20 — 6) — cos 0)

q, = k-(sin(260 — 6) + sin 0) (15)

the data were converted into the coordinates of the reci-
procal space g, and ¢, with g, denoting the scattering
vector component parallel to the film surface. Figure 7
shows the reflectivity data in a contour plot in the range of
specular and the diffuse scattering for a film with an

Fig.7 Contour plot of specular and diffuse reflectivity of an oriented
lamellar structure

oriented lamellar structure. The structure of the measured
range results from the transformation of the data from the
¢ — 20-grid to the g, — g,-grid. The specular reflectivity,
ie., the intensity for g, = 0, shows the Bragg peaks to the
third order resulting from the ordered lamellar structure.
The extension of the Bragg peaks into the range of diffuse
scattering is due to an incomplete orientation of the
lamellae.

We emphasize the extremely small values of g, as
compared to g, (see Fig. 6). This allows the observation of
large scale lateral structure on the film surface [11].

An additional peak in the diffuse range can be seen at
4,~03-1073* A~! and ¢,~0.06 A~ This peak is an in-
dication for the existence of lateral correlation in the
electron density fluctuation. Its intensity is enhanced for
angles (26 — 6) or 6 in the range of 8., the critical angle of
total reflection. The dimensions of these lateral structures
are in the order of ym. Temperature-dependent rocking
scans, i.e., 8-scans for constant 20 are given in Fig. 8 in
a cooling run. In addition to the peak of specular reflectiv-
ity an enhancement of the diffuse scattered intensity for
angles 8 =6, (~4 mrad) and (26 — 6) = 0, (=16 mrad)
(Yoneda-scattering [12]) is seen. When cooling down to
room temperature the appearance of an additional peak
well separated from the Yoneda scattering is clearly vis-
ible. The existence of the peak is obviously correlated to
the lamellar structure in the film. The origin of this peak
may be a lateral surface structure of islands and holes as
has been already found in ultrathin films of symmetric
block copolymers. Such structures may also exist in the
bulk as tubular connections between lamellae.
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Fig. 8 Temperature-dependent
rocking scan in a cooling run

Fig. 9 Specular and diffuse
reflectivity data after spin
coating (a), and annealing times
of 10 min (b), 20 min (c), and
40 min (d). The microphase
separation transition takes
place between (a) and (b).
Orientational ordering is seen
to proceed in (c) and (d)

Dynamics of the ordering

To characterize the dynamics of the ordering of the lamel-
lae, time-dependent experiments were carried out. In order
to avoid a destruction of the sample structure by the
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flowing of the polymer, the sample was kept at the anneal-
ing temperature T for a time At in a horizontal position

and then rapidly cooled down to room temperature for the
measurement. These steps were repeated several times.
Figures 9a—d show the data after spin-coating and for
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three annealing times. The annealing temperature for this
experiment was 7 =85°C. The data are recorded in
a 0 — 20 grid to get, as well, the specularly reflected beam
as the diffuse scattering. The data of the sample immedi-
ately after preparation show only the specularly reflected
beam on a flat diffuse background. After the first annealing
step an additional scattering can be seen at constant
20 ~20 mrad. This scattering is due to the lamellar struc-
ture of the microphase separated block copolymer. It cor-
responds to the second order Bragg peak in Fig. 4. In this
first step the microphase separation is completed, but the
lamellae are randomly oriented. Also, the peak in the
diffuse range can be seen after the first annealing step.
Further annealing (Fig. 9c, d) leads to an enhancement of
the specular reflectivity in the range of the Bragg peak.
This increase of intensity can be seen in detail in a g,-scan
(Fig. 10), i.e,, the data for the condition 26 = 2-0. The
increasing intensity of the Bragg peak in the range of the
specular reflectivity comparing to the isotropic scattering
of the lamellar structure is caused by the orientation of the
lamellae parallel to the substrate-film and the film-vacuum
interfaces. The remaining intensity in the non-specular
range is caused by a weak disorder of the lamellae. A deter-
mination of the film orientation distribution, however, is
not possible because of the limited regime of accessible g,.
The additional scattering intensity in the range of specular
reflectivity due to the lamellar ordering is determined by
fitting a Gaussian to the peaks. The resulting temperature
dependence is given in Fig. 11. It can phenomenologically
be described by an Avrami equation,

=1, (1 _ exp(—— 2)) ,

with an exponent n = 3. The time constants t for three
different temperatures are given in Table 1. Remarkable is

(16)

Fig. 10 g,-scans in the range of specular reflectivity for different
annealing times
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Fig. 11 Time dependence of the specular intensity from Fig.10

Table 1 Orientation times of

the microphase separated T [°C] 7 [min]

lamellae for annealing

temperatures just below Ty5p 82 1030
85 210
88 31

the strong temperature dependence of the time constants.
These times are considerably longer than the times found
for the structure formation process in bulk [13] and in thin
films [4] of the same diblock copolymer. Reorientation of
the lamellae obviously is a separate process which pro-
ceeds after the microphase separation transition has taken
place.

Conclusions

By annealing films of a symmetric blockcopolymer only
a few degrees below the microphase transition temper-
ature, one can achieve a nearly complete orientation of the
lamellae parallel to the surfaces. This regular structure in
the direction perpendicular to the surfaces may be deter-
mined by the analysis of the specular x-ray reflectivity.
Taking the diffuse scattering into account an additional
scattering due to a lateral structure can be observed. This
lateral structure is coupled to the microphase separated
lamellar structure. The evolution of the oriented structure
can be observed in time-dependent measurements. For the
temperatures chosen for these experiments the microphase
separation transition proceeds in the first annealing step.
The orientation of the lamellae in the further annealing
steps can be observed by the enhancement of the intensity
of the specular Bragg peaks.
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