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The structure of thin crystallized films of a diblock or a triblock copolymer deposited on silicon has been 
investigated using atomic force microscopy (AFM). Non-contact mode AFM was used to investigate the 
topography of crystallites of poly(oxyethylene)/poly(oxybutylene) (E/B) block copolymers at room temperature, 
where E is crystallized and B is amorphous. The crystal thicknesses determined from AFM were compared to bulk 
layer spacings determined using small-angle X-ray scattering (SAXS). This technique showed that E4tB22E4~ (the 
subscript denotes the number of repeat units) largely crystallized in a monolayer with unfolded E blocks at the 
substrate and folded (looped) B blocks at the polymer-air interface, and with the E blocks tilted at an angle of ca. 
60 ° relative to the substrate plane. Multiple layers with a common step height were observed for the diblock E 27B 
crystallites, which were largely comprised of unfolded chains, also with E block tilted at an angle of ca 60 ° with 
respect to the substrate plane, © 1998 Elsevier Science Ltd. All rights reserved. 
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INTRODUCTION 

Crystallization in the bulk of semicrystalline block copolymers 
has been the subject of several recent papers ~-6. For example, 
for a range of crystalline-amorphous diblock copolymers of 
poly(ethylene) and either poly(ethylethylene) (Tg = -20°C) or 
poly(ethylene-propylene) (Tg = -56°C), we have found that 
crystallization occurs in a lamellar structure whether the 
melt structure is lamellar or hexagonal-packed cylinders 1. 
The lamellar period, and crystalline and amorphous PE 
domain thicknesses were determined from an analysis of the 
correlation function determined from synchrotron small- 
angle X-ray scattering (SAXS) experiments l, whilst 
simultaneous WAXS was used to determine the crystal 
structure• In subsequent work, we studied chain folding in 
oriented poly(ethylene)-containing 4 diblock copolymers 

5 using simultaneous SAXS/WAXS ", and crystallization 
kinetics and thermodynamics in the same series of 
copolymers using S A X S  6. 

We have also studied the crystal structure and morphology 
of semicrystalline diblock copolymers of poly(oxyethylene) 
and poly(oxybutylene) (abbreviated EmBn. where the 
subscript denotes the number of repeats) using simultaneous 
SAXS/WAXS/DSC 7'8. These studies can be considered 
against a background of work on closely related E,,Pn 
diblock copolymers (P = oxypropylene) 9 and EmP,,Em 
triblock co~olymers 10, as well as PnEmPn triblock 
copolymers I ,~e. In all these copolymers, the E blocks 

• 1 3  • crystallize in helical conformation , whdst the atactic B 

* To whom correspondence should be addressed 

and P blocks are amorphous, but have been modelled in a 
trans-planar conformation 7. 

Yang e t  a l .  7 investigated E30B,, copolymers and found 
extended chain crystals for B block lengths n <-13 and 
lamellae containing once-folded E blocks for longer B 
blocks (B30). Copolymers with intermediate block lengths 
formed mixed lamellae containing extended and folded E 
blocks. It was observed that for the copolymers with short B 
blocks the lamellar Bragg spacings from SAXS experiments 
were longer than their calculated molecular lengths. This 
was rationalized on the basis of irregular packing of fully- 
extended chains (oriented normal to the lamellar planes) so 
as to maintain normal crystalline-E and liquid-B densities. 

Atomic force microscopy has been demonstrated by a 
number of groups to be an invaluable technique for 
characterization of nanoscale structures at the surface of 
block copolymer f i l m s  14-19. Both contact and tapping 
mode ~ (Digital Instruments, California) AFM have been 
employed for the investigation of surface topography H-17, 
whilst contact mode AFM has been employed to study local 
friction and stiffness in glassy block copolymers 18"19. 
Uniform thin films of block copolymers can be prepared 
by spin-casting materials onto a substrate wetted by the 
copolymer solution, followed by drying and subsequent 
annealing. The ultimate morphology is a function of 
copolymer composition, temperature, film thickness and 
surface tension of the blocks. 

It is a general feature of block copolymer films that film 
thickness crucially affects the surface topography 14-19. For 
non-crystalline lamellar block copolymers, extensive work 
using AFM and X-ray reflectivity has shown that if the film 
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Table l Characteristics of the block copolymers 

M.(NMR) Mw/Mn(GPC) wt% E tool% E ~bE~ 

E 27 B 6 1630 1.05 73 82 0.69 
E4IB 22E41 5190 1.12 69 79 (}.65 

Molar mass ratio from GPC based on calibration with poly(oxyethylene) standards. ~E~ = volume fraction E in crystalline state, calculated assuming densities 
of 1.21 and 0.97 g cm-3 for crystalline E and liquid B blocks ~°31 

thickness is not commensurate with the bulk layer spacing, 
the top layer breaks up into islands and holes so that the 
block copolymer may adopt its usual lamellar thickness 
subject to the constraint of conservation of material 15. 

Block copolymers that do not wet the substrate flow 
into microscopic droplets that macroscopically appear 
hemispherical. However, AFM studies suggest that droplets 
of amorphous diblock copolymers can form terraces 6,17 
due to the tendency for layer formation to overwhelm the 
surface free energy penalty associated with a stepped 
copolymer-air  interface. 

Pioneering contact mode AFM studies by Krausch et al. 
show that chemical sensitivity at the surface of thin films 
of glassy block copolymers (and also phase separated blends 
of glassy polymers) can be achieved by measuring 
microscopic friction and stiffness 18'19. This provides 
invaluable information to complement topography on the 
nature of the block at the surface. 

EXPERIMENTAL 

Sample synthesis and characterization 
The methods of copolymer synthesis and characterization 

are given elsewhere ~2°'21. Copolymers were prepared by 
sequential anionic polymerization, and were characterized 
using gel permeation chromatography and 13C NMR 
spectroscopy. The former gives the ratio of weight-average 
molecular weight to number average molar mass, Mw/Mn, 
and the latter the M, values. Details of the block 
copolymers are presented in Table 1. As can be seen, 
the copolymers had narrow molar mass distributions 
(Mw/Mn < 1.2). The wider distribution of the triblock 
copolymer is discussed below. 

Polymers were spun cast at 4000 rpm from solutions in 
dichloromethane (0.5-5 wt%) onto silicon wafers. The 
initial film thickness could be decreased by decreasing the 
concentration of polymer solution. Polished n-type silicon 
wafers (2" diameter) with (111 ) orientation were cleaned with 
toluene and then acetone but were otherwise used as received 
from Semiconductor Processing Co., Boston, U.S.A. 

Samples for SAXS were prepared by rapidly cooling 
from 80°C, which is above the melting temperature of 
poly(oxyethylene). Crystallization was then allowed to 
proceed at the final set temperature following the quench. 

Atomic force microscopy 
Atomic force microscopy images were obtained using a 

Nanoscope Ill(a) AFM (Digital Instruments, Santa Barbara, 
California) with a 16.5 × 16.5 micron scanning stage. All 
images were obtained in tapping mode ~ using commercially 
available silicon nitride TESP tips. All images were obtained 
using the same tip. The only image processing performed on 
these images was a first order plane fit in the x and y directions. 

Synchrotron X-ray scattering 
SAXS experiments were performed on beamline 8.2 of 

the Synchrotron Radiation Source (SRS) at the Daresbury 

Laboratory, Warrington, U.K. Details of the storage ring, 
radiation, camera geometry and data collection electronics 
have been given elsewhere 22. White radiation from the 
source was monochromated using a cylindrically bent 
G e ( l l l )  crystal to give an intense beam of X = (1.50 _+ 
0.01) A X-rays. The beam was highly collimated to a typical 
cross-section of 0.3 × 4 mm 2 in the focal plane. The 
instrument was equipped with a multiwire quadrant detector 
for SAXS located 3.5 m from the sample position. A 
vacuum chamber was placed between the sample and 
detectors to reduce air scattering and absorption. 

The samples for SAXS were prepared by placing isotropic 
pieces of copolymer cut from sheets in a cell comprising a 
Du Pont DSC pan fitted with windows ( ~  7 mm diameter) 
made from 5/xm thick mica. Sealed pans were placed in a 
spring loaded holder in a Linkam TMH600 hot-stage 
mounted on an optical bench. The design and operation of 
the X-ray DSC have been described in detail elsewhere 23. 
The silver heating block of the hot-stage contained a 4 × 
1 mm tapered slot which allowed the transmitted and 
scattered X-rays to pass through unhindered. The nominal 
cooling rate for quenches was 40°C min -~. 

A scattering pattern from an oriented specimen of 
wet collagen (rat-tail tendon) was used to calibrate 
the SAXS detector. A parallel plate ionisation detector 
placed before the sample cell recorded the incident 
intensities. The experimental data were corrected for 
background scattering (from the camera, hot stage and 
empty cell), sample absorption, and the positional alinearity 
of the detectors. 

RESULTS AND DISCUSSION 

Copolymer E27B 6 
Figure 1 shows a typical AFM image for a crystallite of 

E27B6, which is characterized by terraces of uniform 
polymer thickness. This is confirmed by the height 
profile in the cross-section shown in Figure lb. The steps 
are (160 + 10)A in height, which is an average value 
including other regions of the specimen. 

Representative SAXS data collected following quenches 
from the melt are shown for copolymer E27B 6 in Figure 2. 
We have used the relationship d = 27r/q*, where q ' i s  the 
position of the principal peak, to calculate lamellar 
spacings*. The lamellar periods for samples rapidly 
cooled to a crystallization temperature of 20°C or 25°C, 
were in the range d = 106-122A, the higher values 
corresponding to higher crystallization temperatures, 
with a mean value of d = l l 0 A .  A deeper quench to 
a crystallization temperature of 10°C gave d ~ 90,~. 
In what follows we concentrate attention on the value of 

* Use of the Bragg equation is an approximate means of determining the 
lamellar period. A complete analysis, using the correlation function 
method, is not possible, because this method can only be used for systems 
with a single lamellar period, and will not work for systems where there are 
mixed lamellae, such as the copolymer E41B22E41 studied in this paper. 
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Figure 1 AFM of a crystal of E 27B 6 on silicon obtained at room temperature. (A) Two-dimensional image of a representative region of the sample, the line 
indicates where a height profile was measured. (B) Topography of steps, showing typical heights 
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Figure 2 SAXS profiles for EzvB6 following quenches from 80°C to 20°C (solid lines), 10°C (dashed line), 25°C (broken line). The latter two quenches and 
the quench to 20°C producing the small peak were at a nominal rate of 100°C/rain. The first quench to 20°C was at 10°C/min 

d ~ 110 A found for the higher crystallization 
temperatures, assuming that this corresponds to more 
uniform lamellar stacks. Our previous report gives d = 
1 0 0 k  for copolymer Ez7B6 crystallized under rather 
different conditions v. 

Two models were used to calculate d spacings for the 
EmB n copolymer. The general assumptions are that the E m 
blocks are in helical conformation, are unfolded [as 

indicated by previous work 7, low-frequency Raman spectro- 
scopy (LAM-1) and SAXS], and are oriented normal to the 
lamellar planes. An unfolded helical E m block has length 
2.85m A, i.e. 77 .A, for E2724 

Model 1." normal density. The assumption that the B 
block has its normal liquid density gives dl/A = 77/4~E,, 
where ~E~ is the volume fraction of the crystalline E blocks 
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in the lamella, (0Ec = 0.69, see Table 1), i.e. dj = 112 ,~, in 
excellent agreement with the value from SAXS. 

Model 2: liquid crystal. The assumption that the B 
block is unfolded and in trans-planar conformation 
(essentially a liquid-crystal state) means that a Bn block 
has length 3.63n ,~7, i.e. 22 A for B6, yielding an overall 

l e n g t h  d 2 --- 99 ,~, which is somewhat lower than that 
found experimentally. Discrepancies of  this kind were 
noted previously 7, and ascribed to irregular longitudinal 
packing of the unfolded chains, so as to reduce the 
overall density, i.e. to approach normal densities 
(Model 1). Nevertheless Model 2 (liquid-crystal model) 
has validity, since it has been shown to provide a consistent 
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Figure 3 AFM of a crystal of E41B 22E41 on silicon. (A) Surface plot showing the edge of a monolayer crystal. (B) Two-dimensional image corresponding to 
the same area of the sample, the line indicates where a height profile was measured. (C) Topography of steps, showing typical height 
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explanation of the chain-length dependence of the LAM-1 
frequencies found for the lower members of the E30B n 
series 7. 

The average step height for lamellae determined from 
AFM, 160 + 10 A, is significantly larger than the calculated 
d spacings. Two possible explanations are presented. One is 
that crystallization by evaporation of solvent in the thin film 
involves fractionation by E-block length, with a proportion 
of chains (ca. 30%) rejected into an amorphous surface 
layer. The second is that crystallization by evaporation of 
solvent allows formation of a bilayer, sandwiching an 
amorphous B-block layer between crystalline E-block 
layers, and that the E blocks in the bilayer are tilted away 
from the normal, i.e. a tilt angle of sin-l(160/2d2) = 
sin-10.81 ~ 54 ° (see Figure 5) relative to the lamellar plane. 
Evidence of lamellar structures with tilted E blocks (SAXS 
and Raman spectroscopy) has been presented previously for 
bulk crystallized P~EmPn copolymers j2. 

Copolymer E 41B 22E 41 
Atomic force microscopy images from EaIB 22E41 taken at 

room temperature are shown in Figure 3. The edge of a 
representative crystallite is shown in Figure 3A. This clearly 
shows that it has sharp edges, and is quite fiat. A two 
dimensional plot of a larger area of a fiat crystallite is 
shown in Figure 3B, showing smooth boundaries. A 
representative topographic profile for a section of this 
structure is shown in Figure 3C. This shows a step height of 
(140 --- 10) A, which is typical of the step height measured 
for crystallites in other areas of the film. 

Representative SAXS data collected following quenches 
from the melt are shown for copolymer EaIB22E41 in 
Figure 4. Quenching to 36°C resulted in a predominant peak 
in the SAXS pattern at 0.031 ,~-J, corresponding to a d 
spacing of approximately 200 ,~. Quenching to 20°Cgave a 
double peak, corresponding to d ~ 170 A and 120 A. 

For copolymer E41B22E41, the helical E-block length is 
117 ,~ and the unfolded trans-planar B-block length is 80 A, 
calculated as described above. The most likely conforma- 
tion for this copolymer in a lamella is that of a once-folded 
chain, with the fold in the B block. In this conformation, the 
calculated d spacings are: 

Model 1 (normal density) : d I = 117/~bEc = 180 

Model 2 (liquid crystal) : d2 = 157 

In contrast to the results for the diblock copolymer, for 
which dl (calculated) coincided in value with d (measured), 
the two quantities for the triblock copolymer show a 
significant discrepancy. A similar result was reported 
recently for copolymer E33Pa2E331°, a n d  is attributed to 
the widened distribution of E-block lengths that results 
from polymerisation of ethylene oxide onto a precursor 
poly(oxypropylene) with secondary hydroxyl functional 
groups 25. The same situation holds for EmBnEm copolymers, 
but the effect is more extreme 25"26. The distribution width 
parameters (Mw/M,) given in Table 1 show the effect, with 
the values of 1.05 for E27B6 being consistent with a Poisson 
distribution of block lengths, while the value of 1.12 for 
E41B22E4j signals a significantly wider distribution. Details 
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Figure 4 SAXS profiles for E4tB22E41 following quenches from 80°C to 20°C (solid lines) and 36°C (dashed line) 
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Schematic of tilt models for thin films of copolymers E27B6 and E4tB22E41 on silicon. The E block is shown as a thick line and the B block as a thin 
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of the E-block-length distributions in copolymers E4~B8 
(Poisson) and BsE41 (widened) have been presented else- 
where 25. In the present case, a small proportion of the mole- 
cules of E41Bz2E41 will have uncovered ends (i.e. no E block), 
and a significant proportion of E blocks will be short compared 
to expectation, with, in compensation, others being longer than 
expected. This means that a proportion of E blocks will not 
crystallize, so increasing the proportion of copolymer in the 
amorphous layer, hence its thickness, and also that the crystal- 
line layer itself is composed of longer (on average) E blocks. 
An increase in d of 10-20% on this account is not unex- 
pected, and is consistent with earlier work ~°. 

The smaller d spacings found for the more deeply 
quenched sample are consistent with a higher extent 
of folding. If both E blocks are folded as well as the B, 
the calculated spacings are dl ~ 90 A and d2 ~ 100 A. 
Accordingly, we assign the d ~ 120A spacing to 
the fully folded (three-times folded) conformation and the 
d --~ 170 A spacing to the once-folded structure, allowing, in 
each case, some latitude for the effect of E-block-length 
distribution and possible formation of mixed stacks. 

The AFM measurements reveal a monolayer thickness, 
137 -4- 10 ,~, that is significantly lower than the d spacing of 
the bulk crystallized material. Assuming this to be an effect 
of tilting, for the once-folded conformation the tilt angle is 
sin 1(137/d2) = sin 1(0.87) ~ 60 °, i.e. a value consistent 
(within experimental error, say _+ 5 °) with that derived for 
bilayers of diblock copolymer in the surface film. 

The tilt angles used to explain the observed thickness of 
thin films of both polymers are consistent with tilting 
resulting from the displacement of an E chain by one unit in 
its monoclinic unit cell. Since the interchain distance in 
the monoclinic subcell is b0 = 4.62 A, a displacement of one 
E unit (2.85 A) gives a natural tilt of tan L(4.62/2.85) = 
tan-L(l.62) = 58 °. This is the value expected for uniform 
chains. For non-uniform chains (essentially end melted) 
there will be some averaging, consistent with tilt angles in 
the range 54-60 ° . Thus the observation of layer spacings in 
thin films that differ from the bulk values can be explained 
on the basis of chain tilting, by displacement of E chains by 
one repeat unit. This is illustrated in Figure 5 for both E27B6 
and E41BzzE41. At present, it is uncertain whether the 
induced tilt is a result of specific interactions between the E 
block and the substrate, or whether it is an effect of 
crystallization in a thin film. Work is in progress on other 
EmBn polymers to investigate this further. Furthermore, we 
are performing grazing incidence diffraction experiments on 
thin films of EB diblocks to determine directly the extent of 
chain tilting, which should provide a direct test of the 

27 models discussed in this paper . 
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