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An A-B diblock copolymer is composed of blocks derived
from chemically distinct repeat units and shows “surfac-
tant-like” behavior due to the difference in chemical and
physical properties of the A- and B-blocks. The resulting
phase behavior is, in the simplest picture, determined by
the total degree of polymerization N, the overall volume
fraction of the A component fa, and the A-B segment-
segment (Flory-Huggins) interaction parameter x(7).1-3
At temperatures below the order—disorder transition the
enthalpic interactions dominate, leading to local phase
segregation. For f = 1/, this results in a transition to a
lamellar structure.*® Interestingly, in thin films these
lamellae become uniformly parallel to the substrate over
large areas.” This particular morphology has been ex-
tensively studied for diblock copolymer layers,3? while
recently an extension to a triblock copolymer system has
been made.l® In the modeling of the results, usually a
quantized lamellar structure of thickness (n + 1/9)L is
taken, where n is an integer and L the periodicity of the
ABBA double layer. In this note we report on a diblock
copolymer film for which the combination of neutron
reflectivity and an accurate determination of the total film
thickness by X-ray reflectivity allows one to establish an
expansion of the top layer by about 5%.

The system under consideration consists of blocks of
d-poly(styrene) and poly(2-vinylpyridine) in the form
P2VPsk-dPSsok, where the subscripts indicate the mo-
lecular mass in kg/mol. Both blocks have the same
statistical segment length a = 6.8 A.!112 The polymers
have a very narrow polydispersity with M,/M,, = 1.1 for
dPS and 1.2 for P2VP. Using the nominal molecular
masses we calculate N = 922 full repetitions and Ngps =
446 leading tofaps = 0.48. Layers of this diblock copolymer
ona Si(111) substrate were obtained by spin-coating from
asolution in toluene and subsequent drying. The samples
were annealed for 3 h at 178 °C and then quenched to
room temperature, which is well below the glass transition
temperature of the blocks (about 100 °C).

X-ray reflectivity measurements were performed using
the Cu Koy line (A = 1.5406 A) from a rotating anode
generator and the triple-axis reflectometer described in
ref 13. The resolution normal to the surface was a
Lorentzian with a fwhm of 5 X 104 A-1 as determined by
two Ge(111) single crystals at the monochromator and
analyzer positions. Neutron reflectivity measurements
were carried out at A = 4.8414 A using the reflectometer
described in ref 14. The resolution normal to the surface
was approximately 2 X 10-3 A-1 (fwhm), as determined by
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the two collimating slits and the spread in wavelength.
These slits were kept at a constant width of 0.4 mm at a
separation of 40 cm.

The X-ray or neutron reflectivity profile is a function
of the momentum transfer @ = (47/)) sin 6 perpendicular
to the film surface (z direction), where 6 is the angle of
incidence with the surface.® Below Q. corresponding to
the critical angle 6. of the order of 0.2° (Si) there is total
reflection; beyond Q. for a single sharp interface the
reflectivity Rp(Q) follows the Fresnellaw. Theinformation
about the density profile in the z-direction is contained
in the deviations from Rp(§). In the case of several
interfaces the reflectivity profile can be calculated using
the multilayer recursion formalism due to Parratt.!> The
segment density profile is approximated by a histogram
of layers of different scattering length density (neutrons)
or electron density (X-rays), and the total reflectance is
obtained from recursion relations combining the various
single-boundary reflectances. The root-mean-square rough-
ness of each interface is described by a Gaussian with a
half-width given by ¢. This model density profile per-
pendicular to the surface is convoluted with the resolution
function and fitted to the experimental data. In practice
only three different values for ¢ were used: for each of the
two limiting interfaces air/polymer (o) and polymer/
substrate (c4y1) and one for the PS/P2VP interfaces (oint).

The results for the X-ray reflectivity show the expected
series of oscillations characteristic of the total film
thickness, which is equal to 1804 A. The roughness at the
toK and bottom interface can be characterized by o, =
7 A and o4, = 7 A, respectively. The value for the optical
density of the substrate was estimated from Q. and the
optical density of the film from the refraction at @-values
near .. The results are dgyy = 3.66 X 10-6 and dg; = 7.44
X 10-8. They are essentially equal to the values obtained
from the literature.8® Results for the neutron reflectivity
are shown in Figure 1. At least six orders in Bragg peaks
appear; their positions correspond to a periodicity of L =
512+ 1 A. The full line in Figure 1 is a fit to the data for
the model given in Figure 2 and with the parameter values
of Table I, indicating an approximately 3!/, period.
Variation of L outside the range indicated gives a
systematic shift in the peak positions that makes the
corresponding fit unacceptable. The ratio of the lengths
is Laps/L = 0.45, slightly smaller than the nominal value
of 0.48.

The results for this diblock copolymer are to a large
extent as anticipated.®#® The neutron results indicate
unambiguously that PS segregates preferentially at the
air interface and P2VP at the substrate. They are not
very sensitive to the total film thickness D because of the
relative small variation in scattering length density at the
second interface. Similarly, inclusion of the thin SiO, layer
at the substrate does not affect the fits. However, as D
is obtained accurately by X-ray reflectivity and the neutron
results allow very little variation of L, we can calculate D
~ 3L = 268 £ 5 A. This value differs significantly from
/L, = 256 A. An expansion of the top dPS plus P2VP
layer with 12 A provides the optimum way to reconcile the
X-ray and neutron results. We have also made fits with
the extra 12 A positioned at other places in the sample:
in the middle, at the bottom layer near the substrate, and
divided over top and bottom layer. In all cases the fits
were worse compared to the one shown for an expanded
top layer. An expanded surface layer is predicted in the
recent theoretical treatment of Shull® for the slightly
different situation of a diblock copolymer between two
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Figure 1. Results for the neutron reflectivity of the diblock

sample. The full line is a fit with the parameter values given in

Table I; the broken curve is according to the same model but

with the bulk values (b/V)4ps = 6.5 X 10-8 A-2 and (b/V)pavp =

1.4 X 106 A-2,
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Figure 2. Scattering density profiles corresponding to the full
and broken curves of Figure 1. dPS (high scattering length
density) is at the air interface (left); P2VP (low scattering length
density) is at the substrate (right).

Table I. Total Film Thickness (D), Layer Periodicities (L),
Roughness Parameters (o), and Scattering Length
Densities (b/V) Used in Fitting the Data of Figure 12

param value param value
D 1804 + 2 Ab Lgps 231 £ 2 Ac
L 512 1 Ae Lpavp 281 + 2 A¢
Cair 7T& 2 Al Cint 15224
Gsub 7+ 2Ab
(b/ V)aps 615X 108 A-2¢  (b/V)s; 209 x 1064-2¢
(b/ V)pave 2.15 X 108 A-2¢

4 In addition a 12-A expanded top layer was incorporated (see
text). ¥ From X-rayreflectivity data. ¢ From neutron reflectivity data.
d Bulk value.

equal surfaces. We conclude that these predictions are
qualitatively in agreement with our experimental results.

As is clear from Figure 1, to obtain a good fit to the
neutron reflectivity data it is necessary to adjust the
scattering length densities away from the bulk values of
the respective homopolymers. From the values in Table
I we see that this amounts to about 10% interpenetration
of the two blocks into each others domains. This could
be an indication that the annealing is not complete. In
addition or alternatively, it could be due to the system
being close to but not yet fully in the strong segregation
limit.

The theory of microphase separation of diblock copol-
ymers is well developed, and in the strong segregation
limit two effects are dominant.4% (i) A contact enthalpy
is associated with the narrow AB interface region; this
effect tends to make the periodicity L as large as possible.
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(ii) There is an entropy loss connected with extended chain
configurations which are needed to maintain a homoge-
neous density; this effect limits the growth of L. Recently,
the theory has been extended to cover the full range of
interactions between the weak and strong segregation
limit,® which enables L to be expressed as a function of
xNN. Using x = 0.08,11:16 we find in our situation xN = 74
leading according to ref 6 to L/R, = 5.39. Calculating the

radius of gyration R, = aV/. N/6 to be 85 A, we thus arrive
at L =458 A and o = 10 A, in reasonable agreement with
the experimental values given in Table I.

In conclusion we have investigated the lamellar structure
of a PVP5-PS50 diblock copolymer. Microphase separa-
tion leads to the usual structure of a quantized lamellar
film with P2VP at the silicon substrate and PS wetting
the air interface. The combination of neutron and X-ray
reflectivity allows one to establish an expansion of the top
layer in agreement with recent theoretical considerations.
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