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Modifications of the phase-separated surface of polystyrene—polyethylend®8deEQ blend

films were carried out by using an atomic force microscope. On PEO, contrary to PS, a scanning of
a tip with large forces of 50 nN resulted in a modification of surface and increased the elastic
stiffness. The modification was seen as regular stripes perpendicular to the scanning direction, which
may be caused by the rearrangement of the PEO folding structure as a result of a balance of various
forces during scanning. This rearrangement may increase the density of the films and hence causes
the increase of the elastic stiffness. On the stripes, molecular images were obtained with friction
force microscope, reflecting the folding structure of PEO.1@95 American Vacuum Society.

[. INTRODUCTION detector for detecting the deflection and torsion of the canti-

Phase separation is an important issue in the research fiefgV€r in order to obtain the topography and friction force
of polymer composite. Recently, atomic force microscopy microscope® (FFM) image, respectively. A rectangular
(AFM) has been used to observe phase separatidnaie shaped silicon nitride cantilever with a spring constant of
have measured the surface topography of polystyreneQ.75 N/m and a resonance frequency of 88 Kitympus
polyethyleneoxide(PS-PEQ blend films and found the Opt. Inc) was used in this study. The cantilever was 0.8, 40,
phase separation of thehwhere the PEO phase showed theand 100um in thickness, width, and length, respectively. A
spiral or layered structure. single crystal silicon tip fabricated on an end of the cantile-

In addition to the topographic feature, we can probe localver was 2.8um in length and the radius of the tip apex was
elastic properties of materials through an interaction betweeabout 20 nm.
the surface and tip-*! The interaction can be measured by ~ The deflection signal was used to measure force—distance
indenting the sample surface with the AFM fip’ In the  curves when holding the tip at a particular location on the
course of the indentation, a force—distance curve is measample surface, or to image stiffness distribution during
sured. The slope of the force—distance curve indicates howcanning. The torsional signal was also measured to check
the sample surface is stiff against the applied force. Then wehe “cross-talk” between the deflection and torsion of the
can deduce elastic properties, e.g., Young's modulus Ofantilever during force—distance measurement. We found
sample surface by fitting the force curve to the Hertzianthat the cross-talk in the present measurement system was as
modef**? with an assumption of the tip apex geometry. small as 296—3%.

There have been reports on mapping stiffness by modulating The gscillation of the sample height was realized by ap-

the _SampﬁS height and recording the response of thgjying sinusoidal voltage to the vertical piezo scanfRZT)
cantilever,*° which is called force modulation microscopy on which the sample was fixed. The modulation frequency of
(FMM). We also used this technique in order to measure thg kHz was much higher than the cutoff frequency of the

elastic properties of the phase-separated PS-PEO blend filmg,o 1, o) loop of 0.5 kHz and lower than the resonance fre-
In this article, we concentrate on imaging elastic stiffness

o . - guency of the piezo scanng kHz) and the cutoff frequency
and _mod|fy|ng the film surface by varying forces betWeenof the photodetector systet@ MHz). The oscillation ampli-
the tip and surface.

tude at a peak-to-peak value of about 1 nm did not degrade
Il EXPERIMENT top(_)gre_lphm images. The response of the ca_n_nlever to this
- ) . oscillation was detected with a lock-in amplifier and was
We modified a commercial AFM syste(BPA300, Seiko sed to obtain images relevant to the stiffness of the sample
Instruments Ing.that was equipped with a quadrant photo- g, fgcel® 15
; S _ S The solution of PS and PEO blended with 1:1 weight ratio
pectronic mail: hynie@nair.gojp - in benzene was spin-coated onto a cleaved mica surface. Mo-
Electronic mail: motomatu@jrcat.or.jp .
9Electronic mail: water@nair.go.jp lecular weights for PS_ and PEO us_,ed as sources were 19 600
9Electronic mail: htokumot@nair.go.jp and 100 000, respectively. The thickness of the sample was
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Fic. 1. Topographya) and stiffness image®) of phase-separated PS-PEO
blend films, which were obtained simultaneously with small forces of 6 nN.
The gray scale level ofa) is 0-167 nm and the darker areas represent
depressed region corresponding to the PEO phase. The central arganof 5
square corresponds to one experienced the large-force scanning of 50 nN. - >

375 nm

Fic. 2. Topography of PEO surface imaged with small forces of 6 nN after
about 200 nm. The sample was annealed at 90 °C for 24 h ithe large-force scanning of 50 nN. The gray scale level is 0-30 nm. There
moderate vacuum. are stripes perpendicular to the large-force scanning direction.

All measurements reported in this article were carried out
in air with a humidity of about 60%. A scanning with large

repulsive forces of 50 nN was done for examining the effect _. . - ;
of forces on the sample surface. Images were obtained g\ ined with the topography in Fig(d. Outside the central

constant repulsive forces of about 6 nN. The time constant o? ea, the response of the cantilever is found to be about 7%
[EPUISIVE L . Tsmaller on PEO than on PS, indicating PEO is softer than PS.
the lock-in amplifier was set to 1 ms. An image consisted o

) ; . . In the central area, on the other hand, we can recognize the
256x256 pixel points. To acquire an image, we spent 8'5big change in the stiffness, as seen in Figp) 1The response

min for bOt.h AFM and FMM images while 16. s for FFM of the cantilever indicates that the PEO surface experiencing
images. Prior to the measurement, the deflection of the can;

il librated by lift th le by 10 dthe large-force scanning becomes stiffer than the pristine
never was caiiprated by fiting up the sample by 1L nm an one, and the difference in the response between that on PS
measuring the signal change of the photodetector. With

mica surface, the calibrated sensitivity was estimated to bend PEO becomes smaller down to 1%-2% there.
about 30 mV}nm y Figure 2 shows a typical topography of PEO surfaces that

experienced the large-force scanning. This image was ob-
tained with small forces of 6 nN. There are scratches along
the scanning direction and overall surface features are round

Figure Ib) shows the stiffness image simultaneously ob-

[ll. RESULTS AND DISCUSSION

A typical surface topography of the PS-PEO blend films is
shown in Fig. 1a). The average repulsive force during scan-
ning was 6 nN. The central area of the image is the one that
experienced a scanning with large forces of 50 nN, which is
used for the discussion of the effect of forces on PS and
PEO. We first consider the rest area that did not experience
the large-force scanning. This part is the same as that already
reported in Ref. 4 and exhibits the phase separation of PS
and PEO. The depressed areas correspond to PEO, which
exhibits the crystallized spiral or layered structure. Higher
parts do not show the spiral or layered structure and therefore
can be assigned as PS.

On the central area in Fig(d), both PS and PEO surfaces
are found to be scratched by the large-force scanning. How-
ever, the modified nature on PS and PEO is different. On PS,
the corrugation amplitude is about 15 nm and the structure is
locally rough and disordered, which may be caused by stir- -4 —
ring molecular chains of PS with the tip. On PEO, the cor- 155 nm
rugation amplltgde .IS 15-30 nm and t.h? structure s rounq—'le. 3. Magnified topography, imaged with small forces of 6 nN, of the
and smooth. This difference may be originated from the factame PEO surface as shown in Fig. 2. The gray scale level is 020 nm. The
that PEO is crystallized but PS is not. stripes are clearly seen.
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Fic. 4. (a) A friction force microscopgFFM) image obtained with small é
forces of 6 nN on the stripe regiotb) The Fourier spectrum of the raw data %
in the image. The four spots marked by circlegbhindicate that there is a PEO
periodic structure in the FFM image with a period of about 0.6 nm. (before)
0 =
agn . ,'/
and smooth. In addition to the scratches, regular stripes per- ’
pendicular to the scanning direction can be seen. Figure 3 is
the magnified image of the stripes. The spacing between 4 R S S T ST S
stripes is 15—2Q nm 'and the corrugation. height is 3—5 nm. 224 -16 -8 0 8 16 24
The length of stripes is rather scattered with typical values of
50-100 nm. These stripes have never been observed on PEO Distance (nm)

surfaces without the large-force scanning. Therefore, the

str!pes can b_e induced by the Iarge-force_scannlng. Similag, 6. Force-distance curves measured on PS and PEO surfaces. For PEO
stripe formation by the large-force scanning was also obsurfaces, two kinds of data for before and after the large-force scanning are
served on a pure PEO sample. We consider that this strip‘é‘OW”- The speed of approaching and separating of the cantilever was 4
formation is closely related to the change in the stiffnesd"™s:

image as will be discussed later.

On striped regions we obtained molecular resolution FFM

images. A typical image is shown in Fig(al, from which a
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Fic. 5. A top view of PEO folding crystal structur@) and its cut view

faint periodic structure is visible without any filtering. The
faintness of the periodic structure in the image was probably
due to the fact that PEO is so soft that it may be easily
deformed by the tip during scanning. Shown in Fi¢b)4is

the Fourier spectrum of the raw data in Figay¥ The four
spots indicated by circles in the spectrum show a periodicity
corresponding to square arrays of the image. This structure
was observed at various positions where the stripes were
seen. There are periodic spots with a spacing of about 0.6
nm. It should be mentioned that, on the pristine PEO surface
without the large-force scanning, a molecular resolution in
FFM image was also obtained and the periodic feature was
similar to that shown in Fig. 4. To explain this molecular
image, we draw the crystal structure of PEO in Figa)5
following a model based on x-ray analysédhe long PEO
chain folds many times, with a periodicity of 0.925 nm, at
both the surface and bottom of the crystal layer as schemati-
cally illustrated in Fig. Bb). The folding parts at the surface,
depicted as filled circles in Fig.(&), form rectangular arrays
with lattice distances of 0.656 and 0.652 nm. The molecular
resolution shown in Fig. 4 may be attributed to these arrays,
because of the good agreement with the measured distance of
0.6 nm in our FFM image.

In order to deduce Young’s modulus quantitatively, we
measured force-distance curves on PS, PEO, and the large-
force-scanned PEO areas. The results are shown in Fig. 6.
The slopes for PEO changed clearly before and after the

along the line with arrowgb). Open circles denote axes of the PEO helices 1arge-force scanning: the slope after the large-force scanning

and filled circles correspond to folding parts of the chains at surfaces.
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becomes steeper than that before the scanning and is close to
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that of PS. By fitting the force curve to Hertzian modfélhe  was also obtained on stripes. In order to explain modifica-
Young’s modulus of PS was deduced as 5.2 GPa. Théons of elastic properties and morphology on PEO surfaces
Young’s modulus of PEO was also deduced to be 0.2 and 5.ihduced by the large-force scanning, we proposed the follow-
GPa before and after the large-force scanning, respectivelying model: the density of molecular chains increases as a

Here we shall discuss the formation mechanism of theesult of the balance of applied, lateral, and restoring forces
observed regular stripes. During the large-force scanning, théuring the scanning.
tip pushes folding molecular chains down to some extent
dependent on applied forces. There are also lateral forceCKNOWLEDGMENTS
accompanied by the scanning of the tip. This scanning pro- The authors thank T. Shimizu, T. Inoue, and H. Yokoyama
cess induces restoring forcéstraing in folding molecular  for their assistance and discussion in the initial stage of this
chains, which force them back toward their initial positions.work. The authors are grateful to Y. Nakagawa of Toray Re-
The balance of applied, lateral, and restoring forces detesearch Center for discussion on PEO materials. One of the
mines the arrangement of folding molecular chains. From thauthors(H.Y.N.) acknowledges a fellowship supported by
model of the deformation of molecular chains, we can expecthe Research Development Corporation of Jap#RDQO.
that there exists some difference in the folding periods beThis work was supported in part by the New Energy and
tween the pristine and large-force scanned PEO. However, [hdustrial Technology Development OrganizatidMEDO).
may be too small to be recognized by our FFM system. 6. Binnia. C. E . and Ch. Gerber. Phvs. R 1630(108
“The modificaton of the morphology is also considered fo .5 B¢ & Qute and 1. Seber e e s ouniions.
increase the density of molecular chains which in turn causes 7q 2577(1993.
the increase of the Young’s modulus from 0.2 to 5.0 GPa. 3M. Motomatsu, H.-Y. Nie, W. Mizutani, and H. Tokumoto, Jpn. J. Appl.
From the topography shown in Fig(al, the deformation of ~ Phys.33 3775(1994. _ _
the PEO phases caused by the large-force scanning was est: Motomatsu, W. Mizutani, H.-Y. Nie, and H. Tokumoto, Rtoceedings
. . . . . of Forces in Scanning Probe Microscopiegjited by H.-J. Gotherodt,
timated to be about 10 nm in average referring to their pris- as| £286 (Kluwer Academic, Dordrecht, 1995p. 331.
tine parts. This deformation hence increases the density of'D. Tomaek, G. Overney, H. Miyazaki, S. D. Mahanti, and H.-J.
the PEO molecular chains in a certain amount within the ﬁg‘ugthJemc_“* /'ihés- F‘iV-PL‘f/t\/ﬁ3fi1876((1‘9J89é bethica. Rev. Sci. Inc6
areas that experienced the large-force scanning. Unfortu- 3515(1%\9/;? - oral 1 WeIns, and 2. B, Fethica, Rev. Sel. Instam.
nately, we could not estimate the absolute value for the in-7p. m. Schaefer, A. Patil, R. P. Andres, and R. Reifenberger, Appl. Phys.
crease of the density because the thickness of the sample id-ett. 63, 1492(1993.
200 nm, which is too large to analyze the distribution of the °A- L. Weisenhorn, M. Khorsandi, S. Kasas, V. Gotzos, and H.-J. Butt,
deformation along the normal direction. By using PEO gNanOteChnmogyl’ 106{1993. i

_ ; P. Tangyunyong, R. C. Thomas, J. E. Houston, T. A. Michalske, R. M.

samples whose thickness is controlled, we plan to perform crooks, and A. J. Howard, Phys. Rev. Létt, 3319(1993.
experiments to figure out the relationship between the in-'°D. Anselmetti, Ch. Gerber, B. Michel, H.-J."Gthnerodt, and H. Rohrer,

creases of Young’s modulus and the density of the molecular,Rev- Sci. Instrum63, 3003(1992.
9 y IilN. A. Burnham, R. J. Colton, and H. M. Pollock, Nanotechnoldgy4

chains. (1093.
2 D. Landau and E. M. LifshitzTheory of Elasticity(Pergamon, New
I[V. CONCLUSIONS York, 1959, p. 30.

. . 1%, L. Johnson,Contact Mechanic§Cambridge University Press, Cam-
The stiffness distribution of the phase-separated PS-PEO pridge, 1985, p. 84.

blend films was imaged by the force modulation microscopy.*. Maivald, H.-J. Butt, S. A. C. Gould, C. B. Prater, B. Drake, J. A.
; ; e ; Gurley, V. B. Elings, and P. K. Hansma, Nanotechnol@gy.30 (1991).
The elastic properties of PEO were mOdIfleq after SCa'm“m‘:‘]'l5M. Radmacher, R. W. Tillmann, M. Fritz, and H. E. Gaub, ScieR6&
with large forces of 50 nN. From force—distance curves, 1900(1992.
Young’s moduli for PS, PEO, and the large-force-scanned'sc. Meyer and N. M. Amer, Appl. Phys. Lets7, 2089(1990.
PEO were deduced to be 5.2, 0.2, and 5.0 GPa, respectivel;}.Y- Takahashi and H. Tadokoro, Macromolecufe$72 (1973. ,
After the Iarge-force Scanning on PEO. there appeared regu- he deduced Young’s modulus has a weak dependence upon Poisson’s
. . T . ratio. In our case we assumed that Poisson’s ratio was 0.33, following the
lar stripes 'perpendlgular to the scanning d_”e'Ct"on- A molecu- jiterature of L. E. NielsenMechanical Properties of PolymefReinhold,
lar resolution FFM image showing a periodicity of 0.6 nm  New York, 1967, p. 7.
g gap y

J. Vac. Sci. Technol. B, Vol. 13, No. 3, May/Jun 1995



