Observation of modification and recovery of local properties
of polyethylene oxide

H.-Y. Nie?
Joint Research Center for Atom Technology, National Institute for Advanced Interdisciplinary Research,
Higashi 1-1-4, Tsukuba, Ibaraki 305, Japan

M. Motomatsu®
Joint Research Center for Atom Technology, Angstrom Technology Partnership, Higashi 1-1-4, Tsukuba,
Ibaraki 305, Japan

W. Mizutani® and H. Tokumoto®
Joint Research Center for Atom Technology, National Institute for Advanced Interdisciplinary Research,
Higashi 1-1-4, Tsukuba, Ibaraki 305, Japan

(Received 8 September 1996; accepted 26 February)1997

By applying large forces to the surface during an atomic force microscopy scanning, crystallized
polyethylene oxiddPEO films were modified and showed a new structure in which there are the
formation of a nanometer-scale bundle structure and an increase of elastic stiffness. The modified
part was removed by dropping benzene onto a rotating surface through a peeling process for the case
of thin modified layers, while for thick layers, the local properties were recovered by absorbing
benzene into the modified parts. In the course of these measurements, the thickness of the modified
layers was estimated. @997 American Vacuum Socief{a0734-211X97)03004-1

[. INTRODUCTION and providing a centrifugal force to remove the modified
) _ ) ~PEO structure mechanically from the sample surface. Based
Recently, there has been increasing interest imp the experimental observations of removed parts and com-
characterizing as well as locally modifying polymers with plete recovery of the modified PEO structures, we clarify
atomic force microscopyAFM).® It was reported that that the depth of the modified structure is dependent on the
bundles were formed on a polyacetylene surface due to scagpplied forces and the change in the mechanical properties is
ning an AFM tip on the surfackWe have demonstrated that |imited to the modified PEO structures. These results are
the morphology and mechanical properties of a crystallizeqnique in contributing to the understanding of the local
polyethylene oxid¢PEQ film with spiral and layered struc- mogification of polymers caused by tip-surface interaction in
tures prepared on mica surfaces can be locally modified byhe AFEM. We will also discuss the mechanism for the ob-
applying forces at 20 nN during scanning in an APMhe  served removal and recovery of the modified PEO structure
modification in morphology is a formation of bundles with by considering possible differences in benzene absorption

spacing distances of about 15 nm on the PEO surface. Thge to structure changes of the molecular chains in the modi-
modification in mechanical properties is an increase in elasfieq pgQ.

tic modulus as estimated from the measurement of force-
dlstancg curves or |n_e7last.|c stlffqgss as maggd by the forCﬁ_ EXPERIMENT
modulation techniqué.’ This modification is believed to be ) ] )
due to the rearrangement of the PEO molecular chains The crystallized film of PEO was prepared by coating a
caused by the interaction between them and the AFM tipPEO solution in benzene onto a cleaved mica surface
However, as far as we know, there has been no report on tH@ounted on a spin coater followed by annealing the §ample
depth and surface property variation of the modified polymei" & moderate vacuum at 90 °C for 24(REO's melting
structure. temperature is 66 °C The thickness of the sample was
The modified structure can be removed by dropping ben2Pout 200 nm. To map the mechanical properties, we modi-
zene, which is a good solvent for PEO, onto the rotatingfiéd @ commercial AFM systeitSPA 300, Seiko Instruments
tained. There are two reasons for rotating the sample duringMPplitude of 1 nm at 5 kHz and to record the response of the
benzene absorbed into the PEO film to prevent its dissolutioffl€ver to an oscillation of the sample height corresponds to
the slope of the force-distance curve available after the tip
dpresent address: Yokohama Research Center, Mitsubishi Chemical CorpmeChamca"y antaCtS with the s_ample surface. This slope is
ration, 1000 Kamoshida-cho, Aoba-ku, Yokohama 227, Japan; Electroni€10t only determined by the elastic moduli¥oung’s modu-
b)r;lailr hyniec%m-m-kzgakU-codij s Aoplication Lab up lus) of the sample, but also by the spring constant of the
resent address: vance aterials Application Laboratory, urPon H H :
Kabushiki Kaisha, 2-2-1 Hayabuchi, Tsuzuki-ku, Yokohama 224, Japan. E:antlle(\glser and the applled force bgtween the tp a.nd _sample
9Permanent address: Electrotechnical Laboratory, Umezono 1-1-sSurface: The response of the cantilever to the oscillation of
Tsukuba, Ibaraki 305, Japan. the sample height can qualitatively express the elastic stiff-
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Fic. 1. An AFM image of a bundle structure of PEO crystallized surface g, 5 The ratio(%) of the area with bundle structure to the entire area
formed by scanning a tip at 20 nN. The imaging area isX1100 nnf and scanned by a tip at various forces.

the grey scale is from 0 to 15 nm.

ness for the sample surface. Using this technique we can map In order to exactly observe the same area, we prepared a
the elastic stiffness distribution simultaneously with topogra-marker by scratching crossed lines on the backside surface of
phy of the sample surface. Details of the technique werghe mica substrate and placed the AFM tip around there with
described elsewhered rectangular shaped silicon cantilever the help of an optical microscope through the transparent
with a spring constant of 0.75 N/m and a resonance fremica substrate and thin PEO film.
quency of 88 kHz(Olympus Opt. Ing. was used in this
study. The cantilever is 0.8, 40, and 1@n in thickness,
width, and length, respectively. The tip is 2u8n long and IIl. RESULTS
the radius of the apex is about 20 nm. All measurements
were performed in air at room temperature with a relative Figure 1 shows a typical AFM imag@10 nm squarneof
humidity of 50%—60%. a bundle structure on the PEO surface formed by scanning
Here, we describe procedures for the modification of thehe AFM tip at 20 nN. The structure is seen as regular white
crystallized PEO film and for the removal of the modified bundles perpendicular to the scanning directiodicated by
PEO structure. A large area ofi8n square was firstimaged an arrow of the large force scanning. The spacing between
with small forces of 5 nN under which there was no detectthe bundles is about 15 nm and the corrugation height is
able degradation on the surface. Then a smaller arequofi 5 about 3 nm. The length of the bundles is on the order of 100
square was modified by scanning the tip with large forcesxm.
(for example, 50 n)N The modification was confirmed by We found that there was a threshold force for the forma-
observing both the bundle structures and the increase in th@®n of bundles when scanning the AFM tip on the PEO
elastic stiffness. To probe the depth of and surface propertgurface. We imagethat 5 nN a series of topography of areas
variation on the modified PEO structure, we replaced thenodified at various forces and calculated the ratio of the
sample onto the spin coater and dropped benzene onto theindled area to the entire area that experienced the large
sample surface while rotating at a rate of 1000 rpm. Al-force scanning. The result is summarized in Fig. 2, showing
though the accurate quantity of benzene absorbed into thie existence of a threshold at10 nN. We noted that the
PEO films could not be estimated, we gave a rough qualitasurface of PEO showed an aging effect in the modification,
tive description for the amount of benzene in terms of thethat is, a fresh surface needs small applied forces while an
number of drops of benzene. Then the sample was placed Bged one needs larger applied forces for being modified. For
a moderate vacuum at room temperature for 12 h to evacuatxample, aged PEO surfaces kept in air for about one month
residual benzene. After the above treatments the sample wasuld never be modified even at the applied forces as large as
remounted on the AFM scanner for topography and elasti&0 nN. This effect is tentatively attributed to a lubricant ef-
stiffness measurements. fect on the PEO surface due to adsorption of water.
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respectively. All images were obtained at 5 nN and the
sample height was oscillated in a peak-to-peak value of 1 nm
for imaging the elastic stiffness distribution.

The morphology of all of the modified areas in Fig. 3 is
seen as being scratched by the tip. The modified surfaces in
Figs. 3a) and 3c) are seen as a hammered-out plate, while
those in Figs. @) and 3g) show an undulation character.
When the applied force is increased, the undulation character
becomes clear. As shown in FigsieBand 3g), there are
seven and six bundles in the area of 5000 nm square, respec-
tively. This micron-scale bundle structure is similar to that
reported in Ref. 3, whose spacing distance is dependent on
the applied forces. By magnifying all of the modified areas
shown in Figs. &), 3(c), 3(e), and 3g), we confirmed the
existence of nanometer-scale bundles perpendicular to the
scanning direction(not shown, which is similar to that
shown in Fig. 1. Although the modified PEO surfaces caused
by various applied forces show different surface morphology
on a micron-scale, there is an identical nanometer-scale
bundle formation on all of the modified areas shown in the
topographic images in Fig. 3. Therefore, two types of struc-
ture exist on the modified PEO surface. One of them is a
bundle structure with spacing distances of about 15 nm,
which is formed when scanning a tip at forces over the
threshold value of~10nN. The other one is the micron-
scale bundle structure which is formed when scanning tip at
forces over about ten times of the threshold value. We noted
that the spacing distance of the micron-scale bundles is de-
pendent on the applied forces while that of the nanometer-
scale bundles is not.

The simultaneously obtained elastic stiffness distribution
is shown on the right-hand side in Fig. 3 in which the elastic
stiffness is expressed in a manner where the brighter contrast
corresponds to the larger elastic stiffness. It is clear that there
is an increase in the elastic stiffness on the modified areas as
shown in Figs. &), 3(d), 3(f), and 3h). The elastic stiffness
imaging is thus effective to qualitatively measure the elastic
stiffness distribution on a surface. For a quantitative analysis
on the elastic modulus, however, force-distance curves
should be measuredin this article we only show a change
in the elastic stiffness due to the modification. From cross
F'if- 3. Sému!tban?w?');] Ot?taigeddtQPogfapmfegg‘Snd ?idé and g_'?sgcb sectional analysis for the images shown in those figures, we
T o soa o e e found  reative increase of 1.8%, 2.8%, 3.0, and 3.3% i
(5000 5000 nn?). The grey scalegfrom the dark to the white of the im-  the elastic stiffness on the modified areas caused by an ap-
age for the topographic images &), (c), (), and(g) are from 0 to 56, 85,  plied force of 25, 50, 100, and 150 nN, respectively.

95, and 174 nm, re§pective_ly. Data in elastic stiffness image_s are a direct Figures 4a) and 4c) show topographic images for the

record from a lock-in amplifier of the response of the cantilever to the -

oscillation of the sample height at 5 kHz with a peak-to-peak amplitude of 1Samples modified at 25 and 50 nN and then treated by dr0p'

nm. The average increase of the elastic stiffness on the modified PEO shov@ing five and ten drops of benzene onto the surface as de-

in (b), (d), (f), and(h) is 1.8%, 2.8%, 3.0%, and 3.3%, respectively. scribed in the experimental section, respectively. The images
shown in Figs. 4a) and 4c) are exactly the same areas as
those for Figs. @) and 3c), respectively. It is clear that

We extensively studied the modified PEO structure as &ertain parts of the modified PEO structures are removed and
function of the applied forces above the threshold force. Figthe underlying PEO surfaces are visible. We also see that
ure 3 shows the results of modification in topogragleft-  some single bundles still remained in Figagbut not in Fig.
hand sidg and elastic stiffnesgight-hand sideof PEO sur-  4(c). There are no bundles detected on the newly appeared
faces by scanning an AFM tip over 5000 nm square at 2%inderlying PEO surfaces that look to be identical to the pris-
[(a), (b)], 50([(c), (d)], 100[(e), (f)], and 150[(g), (h)] nN, tine PEO surfaces. The simultaneously obtained elastic stiff-
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8000nm

Fic. 5. Simultaneously obtained topograpké and elastic stiffness distri-
bution (b) images of the 100 nN modified PEO surface at the same location
as that in Fig. &) after dropping 20 drops of benzene onto the rotating
surface. The modified PEO surface was recovered. The grey scale for the
topographic image is from 0 to 95 nm. No elastic stiffness difference be-
tween the pristine and the once-modified surface was detectable.

action, i.e., the edges of layered structures are observed to be
removed slightly as indicated by arrows in Figga/4and

Fic. 4. Simultaneously obtained topographie) and (c)] and elastic stiff- .4(0)' As the amqunt of benzene dropped OnFO the. surface
ness distributiorf(b) and (d)] images of the 25 and 50 nN modified PEO NCréases from five to ten drops, by comparing Fig®) 4
surfaces at the same locations as those in Figs.sd 3c), respectively, ~ with 4(c) we can see that the reduction of edges becomes
after benzene dropping action. Arrows (@ and(c) indicate slight reduc-  clear. The results shown in Figs(a# and 4c) indicate that

tion of edges by benzene. (h) and(d) the newly appeared underlying PEO the removal of the pristine PEO caused by the benzene drop-
surfaces exhibit the same elastic stiffness as the pristine ones and some (I;}

the modified structures still remain and show a larger elastic stiffness similaP'N9 action is limited to_the edges. This eXperimemal result
to that in Figs. &) and 3d), respectively. The grey scale for the topo- indicates that the rotating surface of the crystallized PEO

graphic images ifa) and(c) are from O to 56 and 125 nm, respectively.  film cannot absorb benzene effectively, while the edges of
the layered structures can trap some benzene. Therefore,
when we drop benzene onto the rotating PEO sample sur-
ness distribution images in Figs(b4 and 4d) show that the face, benzene starts to attack the pristine PEO from the edges
remaining modified PEO parts have larger elastic stiffnesdut not surfaces.
than the underlying PEO. It also shows that the elastic stiff- For the modified PEO structures under applied forces of
ness distribution on newly appearing underlying PEO sur100 and 150 nN shown in Figs(e3 and 3g), respectively,
faces is the same as that on the pristine PEO, indicating thate did not observe any removal of the modified PEO struc-
the elastic stiffness change is limited to the modified layerstures by dropping ten drops of benzene onto the rotating
This type of experiment for removing the modified PEO surface. When we increased the number of benzene drops,
parts is useful to obtain depth information for the modifica-we observed a recovery of the modified PEO structures to
tion. From cross sectional analysis of the images shown ilayered crystalline structures. Figure@5and b) show re-
Figs. 4a) and 4c), we estimated average height differencessulting changes in both topography and elastic stiffness dis-
of about 10 and 40 nm, respectively, between the remainingribution after dropping 20 drops of benzene at the same area
modified parts and the newly appeared underlying PEO surshown in Fig. 8e). In the topographic image we can see
faces. From these results, we find that the thickness of theome footprint, whereas in the elastic stiffness image, no
modified layer at 25 nN is about 10 nm, which correspondscontrast difference between the pristine and the once-
to the thickness of the topmost layer of the crystallized PEOmodified PEO is detectable. It is clear that the modified area
When the applied force increased to 50 nN, the PEO filrmis recovered to being similar to the pristine one. This recov-
was modified into a depth of about 40 nm, corresponding tery process is considered to be due to a swelling effect of
four layers of PEO. The removal of the modified PEO struc-molecular chains in the modified PEO, which is a relaxation
tures caused by relatively smaller applied forces, especiallprocess of polymer molecular chains upon absorbing sol-
by 25 nN, shows a good reproducibility. Based on the morvents. We noted that the benzene dropping action has a rela-
phology as shown in Figs.(d) and 4c) the removal process tively weak influence on the pristine part of PEO, which may
of the modified PEO is considered as a mechanical peelingave originated from the difference in surface structure for
of the modified PEO layers during dropping benzene ontghe modified and pristine PEO. When benzene is absorbed
the rotating surface. adequately into the modified PEO layers, the molecular
By carefully comparing Figs.(@ and 3c) with Figs. 4a8)  chains thoroughly swell, resulting in a recovery both in sur-
and 4c), we note that there are some small changes in théace morphology and elastic stiffness. The experimental re-
morphology of the pristine PEO after the benzene droppingult strongly indicates that the modified parts of PEO directly
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500 nnt, which is calculated from the Hertzian contact be-
tween the tip with a radius of 20 nm and PEO film with a
Young’s modulus of 0.3 GPaunder an applied force of 50
nN. Under a large pressure, the PEO molecular chains can be
rearranged to form bundles and hence to contribute at least
partly to the increase of the elastic stiffness. For the modifi-
cation by forces of 100 and 150 nN as shown in Figs) 3
and 3g), more than four layers of the PEO layers are ex-
pected to be modified. However, in this case we could not
peel off the modified region so the exact depth of the modi-
fied PEO could not be obtained. Here we discuss a possible
Fic. 6. Simultaneously obtained topograpk and elastic stiffness distri- Model for the behavior in the removal of the modified PEO
bution (b) images after dropping 40 drops of benzene onto the rotatinglayers as a function of applied forces.

surface. The PEO film was dissolved by benzene and only a monolayer PEO | our experiment we changed the amount of benzene
network remained. The mica substrate surface is visible and shows an elastj . . .
stiffness of 10% larger than that of the PEO. The grey scale for the toposlj;rm:":)(:"d onto the surface while keeping the sample rotation

graphic image is from 0 to 80 nm. Data in elastic stiffness image are a direcBP€€d constant at 1000 rpm. This means that we controlled
record from a lock-in amplifier of the response of the cantilever to thethe interaction time between benzene and the surface. When
oscillation of the sample height at 5 kHz with a peak-to-peak amplitude of 1__ 20 drops of benzene were dropped, molecular chains in the
nm- modified PEO are easier to swell than in the pristine PEO as
seen in Fig. 5, indicating a difference in absorbing benzene
contribute to the increase of the elastic stiffness, which mayor the two kinds of PEO structures. This difference is thus
be caused by the compact molecular chains arrangement daensidered to result in different interaction times for the
to the pressure induced by the tip. modified and pristine layers. The change in surface structure

When we dropped 40 drops of benzene onto the surfac&aused by tip-surface interaction during the large force scan-
we observed that the PEO films were finally dissolved intoning should correspond to the different interaction time. For
benzene and the surface of the mica substrate appeared tag modified PEO surface, the modification possibly induces
shown in Fig. 6. In Fig. @) only a monolayer network of cracks or defects, which may serve as effective paths for
PEO molecules with a thickness of about 10 nm remains anfdenzene to penetrate into the PEO films so that benzene has
the remaining parts are assigned to the mica substrate due ¢officient time to swell molecular chains. For the pristine
the larger elastic stiffne$expressed in Fig.(6) as a con- PEO surface which is crystallized, there are almost no paths
trast of 10% larger than that on the PEO films. We confirmedor benzene to penetrate into the PEO films on the time scale
that dropping several drogifor example, five dropsonto @  under consideration. Thus benzene dropped could not have
nonrotating surface also caused a result similar to that in Figenough time to be effectively absorbed from the surface but
6, which indicates that a rotating surface hinders the absorp;0u|d be trapped by the edges of the |ayered or 3pira| struc-
tion of benzene into the film and hence results in the metyres, resulting in slight removal of edges to be observed as
chanical peeling. indicated by arrows in Figs.(d) and 4c).

We also confirmed that after annealing the sample at By dropping benzene onto the rotating sample surface, we
90 °C(the temperature at which we prepared the samthe  opserved a peeling of certain parts of the modified PEO lay-
modified area was completely recovered and there was ngrs for those caused by 25 and 50 nN. Using the concept of
detectable difference in both morphology and elastic stiffthe interaction time of benzene and the surface as discussed
ness between the pristine PEO and the once-modified sUspove, we explain the variation in peeling of the modified
faces. At a high temperature of 90 °C, PEO melts and recryspEQ as a function of the applied forces. For the modified
tallizes so that the modified and pristine molecular chainggq layers caused by 25 and 50 nN, the interaction time

could not be distinguished. corresponding to dropping five or ten drops of benzene al-
lows benzene to penetrate to the interface of the modified
IV. DISCUSSION and underlying PEO layers to weaken the interaction there

The relationship between the depth of the modified PEQbut not to swell all of the modified PEO. Because the sample
layers and the applied forces is revealed through the peelingas rotating at 1000 rpm during the benzene dropping ac-
process of the modified PEO parts obtained by dropping bertion, the weakened parts of the modified PEO layers were
zene to the rotating surface. The PEO layers near the surfageeled off by the centrifugal force due to the rotation.
can be modified by the tip pressure. When the applied force However, we did not observed any peeling processes for
is 25 nN, only the topmost layer is modified. When the forcethe modified layers made by 100 and 150 nN in our experi-
increases to 50 nN, four layers can be modified. This meansient. For these modified PEO layers, because of a deeper
that when the applied force increases to 50 nN, it can influmodification, it needs a much larger amount of benzene to
ence the PEO films up to four layers. Since the contact arepenetrate to the interface of the modified and underlying lay-
of the tip and the sample surface is small, the pressure can le#s to swell the molecular chains or weaken the interaction
very large, e.g., 0.1 GPa if we assume a contact area dietween the modified and the underlying PEO layers. The
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interaction time corresponding to dropping five or ten dropsghan 40 nm, benzene can swell the layers near surface before
of benzene may be too short to allow benzene to penetrate tb penetrates into the interface and recovers the modified
the interface. When increasing the interaction time to thaPEO parts. This process in turn prevents benzene from pen-
corresponding to dropping 20 drops of benzene, the modifiedtrating further into the underlying modified PEO layers.
layers near the surface may start to swell and recover byherefore, no peeling process can be realized, at least under
absorbing benzene, which in turn prevents benzene from futhe condition in our experiment.

ther penetrating to the interface. Therefore, no peeling of the The results reported are expected to contribute to a better
deeply modified PEO layers can be realized. It is obviousunderstanding of the modified PEO layers by investigating
that when the interaction time is extremely large the modinot only the changes in the structure and mechanical proper-
fied PEO and also the pristine PEO will be dissolved intoties, but also the thickness as a function of the applied forces.
benzene, as shown in Fig. 6. The condition for that is to dropHowever, much work remains to be done to completely un-
enough of an amount of benzef®r example, 40 drops derstand the local change in the modified structure. For ex-
onto the rotating surface. An alternative way to make theample, in the PEO layers modified by relatively large forces
PEO films dissolve into benzene is to drop a small amount obf 150 nN[Fig. 3(g)] the valley is softer than the protruding
benzengfor example, five dropsonto the nonrotating sur- bundle, which indicates that the molecular chains become

face. compact in the protruding bundle but not in the valley. Fur-
thermore, a quantitative analysis of changes in the elastic
V. CONCLUSIONS modulus in the modified PEO surface as a function of ap-

By applying five and ten drops of benzene onto rotatingP!i€d forces is highly required.
sample surfaces at 1000 rpm, we removed parts of the PEO
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