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Atomic force microscopy (AFM) uses a very sharp pointed mechanical probe to collect real-space mor-
phological information of solid surfaces. AFM was used in this study to image the surface morphology of
a biaxially oriented polypropylene film. The polymer film is characterized by a nanometer-scale, fiberlike
network structure, which reflects the drawing process used during the fabrication of the film. AFM was
used to study polymer-surface treatment to improve wettability by exposing the polymer to ozone with or
without ultraviolet (UV) irradiation. Surface-morphology changes observed by AFM are the result of the
surface oxidation induced by the treatment. Due to the topographic features of the polymer film, the
fiberlike structure has been used to check the performance of the AFM tip. An AFM image is a mixture
of the surface morphology and the shape of the AFM tip. Therefore, it is important to check the perfor-
mance of a tip to ensure that the AFM image collected reflects the true surface features of the sample,

rather than contamination on the AFM tip.

Keywords AFM tip effect, atomic force microscopy (AFM),
biaxially oriented polypropylene (BOPP), check tip
performance using BOPP, surface morphology,
UV/ozone treatment

1. Introduction

Scanning-probe microscopy (SPM) is a relatively new fam-
ily of microscopy techniques that can measure surface mor-
phology. SPM originated from the scanning-tunneling micros-
copy (STM),'"?! in which electrical current caused by the
tunneling of electron through the tip and sample is used to
maintain the distance between them. Because STM requires
that the sample surface be conductive, atomic force microscopy
(AFM)P! was developed in 1986 to measure insulating sur-
faces. AFM has since developed very rapidly and has found
various applications in many fields.

AFM provides a real-space, three-dimensional (3D) image
of a surface through the detection of an interaction between a
sharp mechanical tip and the surface features. Dependent on
the operation mode of AFM, the interaction can be either a
contact force, or an oscillation amplitude (which is then used as
the feedback parameter to adjust the distance between the tip
and the sample surface). The tip scans the sample surface, and
the height information is obtained through the adjustment of
the distance between them to keep the interaction constant.
This technique requires almost no sample preparation and is
able to obtain atomic spatial resolution.
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Polypropylene (PP) is widely used in various areas, for
example, from packaging to film capacitors. There have been
reports of spherulitic structures on PP studied with scanning
electron microscopy!! and transmission electron micros-
copy.>®! AFM has been used to examine crystalline PP'*®! and
nanometer-scale fiber formation on shear-deformed isotactic'!
and hard elastic'” PP surfaces. Recently, there have been stud-
ies on improving surface wettability on PP films using various
surface modification techniques.!'’'?!

The morphology of a biaxially oriented polypropylene
(BOPP) film using AFM has been extensively studied.”*"'"]
The surface morphology of the BOPP film is characterized by
a fiberlike network structure.!'® The nanometer-scale structure
reflects the drawing process for fabricating the polymer film.
AFM was also used to study changes in morphology and im-
provements in wettability caused®??! by exposing BOPP
films to ozone with or without the presence of ultraviolet (UV)
irradiation. Oxidation occurring on BOPP surfaces exposed to
ozone alone is much slower than that introduced by the com-
bination of ozone exposure and UV irradiation,'”*??! which
provides an opportunity to monitor the difference in the speed
of oxidation between a “normal” (i.e., untouched) BOPP sur-
face and a scratched surface. The scratched surface has a
higher!'>! surface energy than the “normal” surface and indi-
cates a preferential oxidation'”! on the scratched area. This
paper shows that preferential oxidation is more clearly ob-
served in the scratched area when exposed to ozone alone.

In the course of studying the BOPP film, the authors real-
ized that its morphology could be used to check the integrity of
the AFM tip.["®'"7 An AFM image is, due to its imaging mech-
anism, a convolution of the tip geometry and the surface fea-
tures. The sharper of either the AFM tip apex or the surface
features acts as the effective probe. The tip effect is defined as
a situation where the geometry of tip dominates the AFM im-
age. It is thus necessary for one to check how accurately an
AFM image reflects the surface features of the sample. Metal
films and many other materials have been used to characterize
AFM tips.”*¥ The advantage of using a polymer film instead of
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those materials lies in the fact that the polymer surface is hy-
drophobic®*?¢! and soft,”*”! compared with silicon*>"1 AFM
tips. These two properties are important for characterizing an
AFM tip because they ensure that it is unlikely that the tip is
contaminated or damaged in the verification process. The abil-
ity to collect AFM images in the same area on the BOPP film
surface before and after a contaminated tip was cleaned al-
lows!'! testing of the blind reconstruction®'**?! algorithm, by
which tip geometry can be extracted solely from the image it
collected.

2. Materials

Thermally extruded, biaxially oriented isotactic polypropyl-
ene film (3M Company, St. Paul, MN) was used in this study.
The BOPP film (0.03 mm thick) was produced from a homo-
polymer resin (molecular weight M,, = 1.9 x 10°, polydisper-
sity = 6.0). The base resin contains 500-1000 ppm each of an
inorganic acid scavenger and a high-molecular-weight phenolic
antioxidant. The polymer was produced on a tenter-frame film
line and quenched at 45 °C prior to orientation. The film was
formed with machine-draw (MD) and transverse-draw (TD)
ratios of 5.2:1 and 9:1, respectively.

A sputtering system (Hummer VI, Technics EMS. Inc.,
Springfield, VA) was used to coat ~30 nm thick gold film on
a BOPP film for the purpose of checking how a metal coating
alters the morphology of the polymer surface.

To replicate “native” scratches seen on the BOPP film, local
mechanical stresses (scratches) were created using a stylus-
type surface profiler (P-10, Tencor, Santa Clara, CA), in which
a diamond tip having a radius of ~2 wm was used to scan the
film surface at a scan speed of 400 wm/s and a loading force of
0.4 mN. Variable forces of 0.1-0.5 mN were used to produce
scratches with different widths.

BOPP films were treated by exposure to ozone flow (2 x
10" molecule/cm®), with and without the presence of UV ir-
radiation, with primary lines at 184.9 and 253.7 nm. The flow
rate of the ozone-containing air stream was 1000 sccm (stan-
dard cubic centimeters per minute) for UV/ozone treatment and
5000 (or 2000 as specified where applicable) sccm for the
ozone-only treatment. Atomic oxygen formed from the photo-
decomposition of ozone in the presence of 253.7 nm UV irra-
diation is believed to be the main reactant resulting in oxidation
and eventual scission of BOPP molecular chains.*” Due to the
lack of atomic oxygen in the ozone-only treatment, it has a
much slower oxidation process, compared with the UV/ozone
treatment.

3. Methods

A commercial AFM (Explorer, TopoMetrix, Santa Clara,
CA) was used in this study. A sharp tip formed on the free end
of a cantilever is used to probe the sample surface. The inter-
action between the tip and the surface is detected by measuring
the deflection of the cantilever, using a laser diode to radiate
the cantilever and a photodiode to detect the reflected laser
beam. The quadrant photodiode is able to measure both the
deflection and torsion of the cantilever. The principle of AFM
is shown in Fig. 1.
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Fig. 1 Schematic illustration of AFM principle. While scanning the
tip across the sample surface (x, y), the system adjusts the distance (z,
which is thus the measure of the height of the sample surface features)
between the tip and the sample surface to maintain a constant contact
force (contact mode) or oscillation amplitude (dynamic-force mode).
A 3D image is thus constructed by the lateral dimension that the tip
scans and the height that the system measures.

Monitoring interaction
between tip and surface

Shown in Fig. 1 is a case where the tip scans the sample
surface. The AFM operates by keeping constant the interaction
between the tip and sample surface, using a feedback system
that adjusts the distance between the tip and the sample surface.
Depending on the interaction between the tip and sample sur-
face, which is used as the feedback signal, there are two dif-
ferent imaging modes, described as follows.

3.1 Contact Mode

In the contact-mode AFM, the tip is in mechanical contact
with the sample surface at a certain applied force. This applied
force can be estimated from a force-distance curve, which is
obtained by extending the tip to the surface to make contact
between the tip and the surface, followed by retracting the tip
from the surface. Shown in Fig. 2 is a force-distance curve
obtained using a soft, silicon-nitride cantilever (spring con-
stant: ~0.03 N/m). The cantilever was 0.6 pwm thick, 18 pm
wide, and 200 wm long, with an attached tip whose apex radius
was nominally 20 nm.

The inserts shown in Fig. 2 depict the interaction between
the tip and sample surface, which is detected by the deflection
of the cantilever. There is no interaction between the tip and
surface when the tip is far away from the surface [insert (a) in
Fig. 2]. When the tip is brought close enough to the surface,
there will be an attractive force between them. Usually, the
gradient of the attractive force is much larger than the spring
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constant of the cantilever, so that the tip is snapped to the
surface to make a contact between the tip and surface (b).
Extending the tip still further, a loading (repulsive) force acts
on the surface (c). This repulsive force is usually used as the
feedback parameter for the AFM system to obtain surface mor-
phology. Forces of a couple of nN are used in contact-mode
AFM. In the retracting cycle (d and e), due to the adhesion
established after the contact between the tip and surface, the tip
will not detach from the surface until the force used to pull the
tip from the surface exceeds the adhesion force between them
(f). This pull-off force can serve as a measure of the adhesion
force between the tip and surface.!'?!343-47]

When the tip scans the surface in contact-mode AFM, there
is also a torsional movement of the cantilever that can be used
to obtain further information on the interaction between the tip
and surface. The measurement of this torsional movement may
be referred to as lateral force imaging.'*® Lateral force imaging
in AFM is usually used to image the distribution of different
friction forces on a surface.!'>!>#*1 It has been shown that
lateral force imaging can enhance topographic features,!'#!
which may be useful for surfaces where topographic images are
difficult to obtain due to, for example, a large dynamic range
for the height distribution of the sample surface. The arithmeti-
cal difference between the bidirectional lateral-force images
results in a friction-force image, from which one is able to
distinguish regions of higher hydrophilicity based on an in-
creased interaction with the AFM tip. The direct output of the
photodiode corresponding to the torsional movement of the
cantilever (in units of nA) is the photo-induced current that was
directly used to construct the lateral-force image.

3.2 Dynamic Force Mode

Dynamic-force (tapping or noncontact)-mode AFM, in
which a cantilever oscillated around its resonant frequency is
used to probe surface features, was developed initially to elimi-
nate surface degradation encountered in contact-mode AFM,
especially for soft materials.®*>> For dynamic-force-mode
AFM, silicon cantilevers with a spring constant of ~40 N/m
were used. The cantilever was 125 pm long, 30 wm wide, and
3.7 wm thick. The tip apex radius was 10-20 nm. Because the
variation of the oscillation amplitude is used in the feedback
system (Fig. 3), the relative change of the oscillation amplitude
of the cantilever (versus distance between the tip and sample
surface) can be explained as follows.

Figure 3 shows that when the tip is far away from the
sample surface [insert (a)], the oscillation amplitude of the
cantilever is a constant, representing a “free-space” situation
where there is no interaction between the tip and the surface.
The amplitude decreases when the tip approaches close enough
to the sample surface so that it “feels” attractive and/or repul-
sive forces (b). The cantilever stops oscillating when the tip is
brought-in to mechanically contact the surface (c). Dynamic-
force-mode AFM works by scanning the tip across the sample
surface and adjusting the distance between the two through
maintaining constant damped-oscillation amplitude of the can-
tilever, usually at 50% of the free-space oscillation.

All images were obtained in air with a typical relative hu-
midity of about 50%. AFM images consisted of 500 lines with
500 points per line. Scan rates for smaller (up to 4 wm square)
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Fig. 2 A typical force-distance curve obtained on a BOPP film sur-
face with a cantilever having a spring constant of 0.03 N/m. Interaction
between the tip and the surface at different distance is indicated by a-f.
Arrows guide the eye to the direction of the movement of the tip.
Adhesion force between the tip and sample, due to their contact, can
be measured as shown in the force-distance curve.
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Fig. 3 An amplitude-distance curve obtained on a BOPP film sur-
face. Interaction between the tip and the surface at different tip-sample
distances is indicated by inserts a-c. Arrows indicate the direction of
the tip approaching the sample surface.

and larger (over 5 pm square) areas were up to 10 and 50 pm/s,
respectively. The images are in gray scale, where brighter areas
represent higher areas.

3.3 Check Tip Performance

The BOPP film was used as a reference sample to check the
performance of AFM tips. The simple criterion for judging a
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tip is whether it can image the nanometer-scale fiberlike net-
work structure.!'®'°! When the tip is contaminated or damaged,
the tip becomes larger than the BOPP fibers and the image will
be dominated by tip effect.

Commercial software (SPIP, Metrology Image ApS, Den-
mark) can be used to estimate the geometry of the tip with its
“tip characterization” module, in which the blind reconstruc-
tion algorithm™”#”! is implemented. The algorithm is based on
the fact that surface features sharper than the tip actually act as
a probe to image the AFM tip itself. The advantage of this
method is that it uses solely a given image to deduce the tip
geometry.

AFM images were obtained in the same area of the BOPP
film using the same tip before and after it was contaminated.
The difference in these images, thus, was solely induced by the
contaminants on the tip apex. The shape of the contaminated
tip was estimated from the image collected using the contami-
nated tip. This estimated tip geometry was in turn used to dilate
the image collected by the clean tip; the outcome should re-
semble the image collected by the contaminated tip. This way,
the performance of the software on estimating the tip shape
from the image it collected can be tested.

4. Results and Discussion

4.1 Morphology of BOPP Film

AFM images obtained on BOPP films in an area of 20, 4,
and 1 wm square are shown in Fig. 4(a)-(c). The image in Fig.
4(a) shows the overall morphology of the BOPP film. The MD
direction is nominally the vertical direction of the image shown
in this and all other images included in this article. Running in
the MD direction, and approximately in the middle of the im-
age, is a barely visible scratch 1-2 nm deep. Those scratches are
strictly in the MD direction, and there is no end of a scratch
ever observed through our extensive study on the morphology
of the polymer film.!'*!3]

Though not appearing in the particular area shown in Fig.
4(a), there are veins (larger fibers) running nominally in the
MD direction for the particular BOPP film studied."'*'®' Figure
4(b) shows that the BOPP film surface is characterized by a
fiberlike network structure. The nanometer-scale network
structure is revealed very clearly in a close-up image of the
polymer film (Fig. 4c). From the many AFM images collected
on the BOPP film, the apparent size of the fibers ranges from
10-40 nm. As previously discussed, the network structure of
the polymer fibers reflects the drawing process in which the
BOPP film had been formed by stretching the original film. A
different draw ratio results in a different morphology for the
fiberlike network structure.*®

Shown in Fig. 4(d) is the morphology of a sputter-coated
gold film on a BOPP film. The morphology of the polymer
surface has been altered significantly: the metal aggregates
cover the surface, but leave cracks that most likely correspond
to the ridges of the fibers. This result suggests that detailed
surface structures of a polymer film can be easily altered if the
polymer film is coated with a metal film. Although Fig. 4(d)
shows a gold film of ~30 nm thick on a BOPP film, sputtering
a gold film as thin as a couple of nm also altered the fine
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Fig. 4 Typical AFM images of BOPP films in a scan area of (a) 20
%x 20 pm, (b) 4 x 4 pm, and (¢) 1 x 1 wm. Shown in (d) is an AFM
image (scan area, 1 x 1 wm) obtained after sputtering a gold film of 30
nm thick on the BOPP film. The gray scales are 49, 29, 12, and 16 nm
for (a), (b), (c), and (d), respectively.

fiberlike network structure. It is thus clear that AFM is an
excellent tool, capable of imaging the true surface morphology
of the fine structure of polymer films.

The scratches found on the BOPP film are strictly in the MD
direction and appear to arise from mechanical deformation in
the rolling process, where the BOPP film had to go through
many rollers. It is imaginable that if there were tiny protrusions
on the rollers, their presence would result in mechanical de-
formation on the film surface when rolling the film through the
rollers. Such localized forces produced the scratches observed.

To prove that these “native” scratches are indeed caused by
such a mechanical deformation imposed by the protrusions on
the rollers, experiments have been conducted reproducing the
scratches on the BOPP film surface by scanning a diamond-
tipped stylus across the polymer film.!">! Shown in Fig. 5(a)
and (b) are a contact-mode AFM image and a friction-force
image, respectively, simultaneously obtained on a BOPP film.
The diamond tip had been used to produce an array of scratches
by scanning the surface at an applied force of 0.4 mN and a
speed of 400 wm/s. The five scratches clearly seen in the to-
pographic image (Fig. 5a) are those produced by the stylus.
Those scratches are approximately 10 nm deep and 1450 nm
wide (as compared with the much shallower, 1-2 nm deep
“native” scratches, which happen to be in the same area). The
“native” scratches can barely be seen in the topographic image
(Fig. 5a) due to their shallowness compared with the surface
roughness. As clearly shown in the friction-force image (Fig.
5b), friction force measured on both the stylus-produced and
“native” scratches are the same and larger than that on the
“normal” areas. The adhesion force, which is a measure of
surface energy of the sample surface,''> measured on the
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Fig. 5 (a) Topographic and (b) friction force images (scan area, 20
% 20 wm) for a BOPP film where native and stylus-induced scratches
are seen. Shown in (c¢) and (d) are topographic images (scan area, 2 X
2 wm) for the native and stylus-produced scratches, respectively. The
gray scales are 55, 19, and 15 nm for (a), (c), and (d), respectively. The
gray scale for (b) is 5.38-7.85 nA, which is the (current) output of the
photodiode for monitoring the friction force.

scratched area is also larger than that on the “normal” area.
Increase in surface energy on the scratched area is proposed to
be due to a buildup of extra free energy, which is transformed
from part of the work done by the mechanical-scratching, in the
form of increasing density and ordering of polymer molecular
chains on the deformed surface.!'!

Shown in Fig. 5(c) and (d) are close-up images for a “na-
tive” and a stylus-produced scratch, respectively. It is clear that
the polymer strands were reoriented to the scratching direction.
By comparing AFM images for the scratches and the “normal”
areas, the scratched areas show a much smaller corrugation
height, indicating the scratched areas were also compressed.
The contrast in the friction-force image suggests a higher sur-
face energy for the scratched areas. The higher surface energy
is believed to be due to the increased density and ordering of
the polymer strands in the mechanically deformed areas.">

Shown in Fig. 6 are apparent widths of the scratches created
using different applied forces. At larger applied forces, there
were pileups at the edges of the scratch, apparently a result of
the accumulation of the polymer material introduced in the
course of the scratching. The widths presented in Fig. 6 for the
scratches created at larger applied forces were estimated by
including the pileups. This estimation method was used for
showing the overall size of the scratches and may result in an
overestimate for the actual contact area between the tip and the
polymer film. The scratch created on the polymer film is likely
the result of a combination of elastic and plastic deformations.”>®

As shown in Fig. 5(a) and (b), the stylus-produced scratches
have the same width because the conditions to make them are
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Fig. 6 Width of scratches produced by a diamond-tipped stylus as a
function of the applied force

Fig. 7 Topographic images (scan area, 2 x 2 wm) for BOPP films
subjected to UV/ozone treatment for (a) 1 min, (b) 4 min, (¢) 15 min,
and (d) 45 min. The gray scales are 33, 31, 32, and 39 nm for (a), (b),
(c), and (d), respectively.

identical. In contrast, the “native” scratches observed in this
area and other areas (not shown) have various widths, suggest-
ing that the length and/or the size of the protrusions on the
rollers are diverse. One can expect that the “native” scratches,
such as those observed for the BOPP film, will probably dis-
appear with the removal of such protrusions from the rollers.

4.2 UV/Ozone and Ozone-Only Treatments

Shown in Fig. 7(a) is an AFM image obtained on a 1 min
UV/ozone-treated BOPP film. Adhesion force measurement
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showed a clear increase in surface energy on this treated sur-
face,!'! indicating that the chemistry of the surface was modi-
fied by the treatment. This adhesion-force measurement using
AFM!"! is consistent with previous measurements using x-ray
photoelectron spectroscopy (XPS) and contact-angle method,
in which an uptake of oxygen and a decrease in contact angle
was observed, respectively, for 1 min UV/ozone-treated BOPP
samples.'?"!

However, the fiberlike feature remains after this 1 min UV/
ozone treatment. It is believed that there are oxygen-containing
functional groups formed on the surface, which accounts for
the observed chemistry change on the surface. The oxidation is
thus insufficient for breaking the polymer chains to form low
molecular weight oxidized material (LMWOM).

After an UV/ozone treatment for 4 min (Fig. 7b), the surface
morphology changed completely: nodulelike features emerged.
This morphology change is the result of oxidation of the poly-
mer surface, resulting in the formation of LMWOM (including
carbonyls, carboxylic acids, hydroxyl-group, and many other
oxygen-related groups).”?” Increasing the treatment time re-
sulted in the formation of larger mounds on the surface. Shown
in Fig. 7(c) is an AFM image for a 15 min UV/ozone-treated
BOPP film surface. Compared with the nodulelike features
seen on the 4 min treated sample, the 15 min treated sample
shows elongated droplets. It is reasonable to assume that as the
treatment time is increased, more LMWOM is produced. The
greater volume of LMWOM allows it to accumulate to form
larger droplets.!'”!

Morphology changes and the formation of LMWOM have
been clearly shown by AFM. Another aspect of the formation
of LMWOM is the increase in water wettability, as previously
determined from contact-angle measurements.*”! An addi-
tional advantage in using AFM to investigate modified polymer
surfaces is that AFM also provides information on changes in
the adhesion force at the surface. The adhesion force was found
to increase with increasing treatment time."'>'”! The increase in
adhesion force indicates an increase in surface energy. The
surface energy increase for the UV/ozone-treated BOPP film is
a direct result of the oxidation of the polymer surface, resulting
in polar oxidized materials.”"

An extended UV/ozone treatment for 45 min resulted in yet
another change in morphology. As shown in Fig. 7(d), the
surface morphology is now characterized by connected drop-
lets. This finding suggests that, as more LMWOM is produced,
the resultant droplets contact and coalesce. The morphology
shown in Fig. 7(d) indicates a relatively small difference of
surface energy between the underlying surface and the drop-
lets, because the droplets have spread out on the underlying
surface.

The oxidized material (LMWOM) forming the droplets is
found to be water washable, suggesting that they are soluble in
water. However, washing does not restore the fiberlike struc-
ture of the pristine BOPP film, indicating that the underlying
surface is covered by moderately oxidized materials that are
insoluble in water.!'”! Because this underlying surface still dis-
plays higher surface energy, the improvement of wettability is
preserved even after washing the UV/ozone-treated surface.

It has been established that UV/ozone treatment modifies
the polymer surface quickly. UV irradiation is believed to pro-
vide reactive atomic oxygen through photo-decomposition of
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ozone.?”! XPS has been used to measure the uptake of oxygen
on the ozone and UV/ozone-treated BOPP film samples. O/C
ratios calculated from the XPS measurement show that the
oxygen uptake is much lower and slower for the ozone treat-
ment than for the UV/ozone treatment.” The preferential oxi-
dation in the scratched area for UV/ozone treatment has been
previously reported, as judged from the difference in the size of
the mounds between the scratched and “normal” areas.!'”! To
see how different the oxidation would be if no such reactive
atomic oxygen were generated, experiments were conducted
using ozone without the presence of the UV irradiation to treat
the polymer film. Shown in Fig. 8 are AFM images for BOPP
films subjected to ozone exposure (the ozone flow rate was
5000 sccm), without UV irradiation for different periods of
time.

Figure 8(a) is a reference image of a BOPP film without the
treatment. As shown in Fig. 8(b), BOPP films subjected to 10
min ozone treatment show no significant change in morphol-
ogy. Even after an ozone treatment for 30 min, the fiberlike
network structure is still visible (Fig. 8c). After exposing a
BOPP film to ozone for 45 min, the surface morphology of the

Fig. 8 Topographic images (scan area, 2x 2 um) for BOPP films
subjected to ozone-only treatment for (a) O min, (b) 10 min, (¢) 30
min, (d) 45 min, (e) 60 min, and (f) 120 min. The gray scales are 25,
26, 18, 21, 25, and 43 nm for (a), (b), (c), (d), (e), and (f), respectively.
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Fig. 9 Topographic images for ozone-only treated BOPP film in an
area of (a) 5 x 5 wm and (b) 2 x 2 wm, showing preferential oxidation
in scratched area. The gray scales are 36 and 20 nm for (a) and (b),
respectively.

Fig. 10 Topographic images (scan area, 1 x 1 um) for BOPP films
obtained by (a) a clean tip, (b) a damaged tip, (c¢) another damaged tip,
and (d) a contaminated tip. The gray scales are 19 nm for all images.

polymer film starts showing the formation of nodules (Fig. 8d).
Compared with UV/ozone treatment, the ozone-only treatment
is much slower in modifying the morphology of the polymer
surface. Therefore, UV irradiation plays an important role in
the oxidation of the polymer surface for the UV/ozone treat-
ment. As investigated from other techniques, atomic oxygen
generated through a photo-decomposition process induced by
UV irradiation is the key for quickly modifying the polymer
surface.’!

When the ozone treatment time was increased to 60 min,
well-separated droplets emerged on the polymer surface (Fig.
8e). Compare Fig. 7(c) and 8(e); the size of the droplets for the
15 min UV/ozone treated and 60 min ozone-treated surface is
similar. However, the ozone-treated surface shows round and
well-separated droplets, in contrast to the elongated and more
closely packed droplets on the UV/ozone-treated surface. Fig-
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ure 8(f) is an AFM image for the morphology of a BOPP film
treated by ozone for 120 min, showing the formation of large
droplets that are separated from each other. It appears that the
droplets induced by ozone treatment grow with increasing
treatment time but remain separated. This result is in contrast to
those observed for UV/ozone treated samples, as shown in Fig.
7(d). The difference in morphology suggests that the oxidized
materials from the two different treatments may be different.

Shown in Fig. 9 are two AFM images for the ozone-only
treatment of BOPP films (the ozone flow rate was 2000 sccm),
displaying preferential oxidation in the scratched area as evi-
denced by the formation of droplets in the scratched area, but
not in the “normal” area. The scratched area is at the left-hand
side of the image shown in Fig. 9(a). Differences in the oxi-
dation in the scratched and “normal” areas are clearly depicted
in the image. Figure 9(b) shows a close-up image for the
scratched area at the left-hand side and the “normal” area at the
right-hand side, respectively. It was confirmed that the mounds
produced by ozone-only treatment are removed by water wash-
ing, similar to those produced by UV/ozone treatment.

AFM measurements show that the change in the surface
structures is accompanied by a change in surface energy.!'”!
Increase in surface energy caused by the mechanical deforma-
tion may have an implication for understanding the surface
modifications of polymer. Figure 9 shows preferential oxida-
tion in the scratched area. This result is attributed to the fact
that the scratched area has a higher initial surface energy, mak-
ing it more amenable to oxidation.

4.3 Check Tip Performance Using the BOPP Film

Shown in Fig. 10(a) is an AFM image obtained on a BOPP
film using a clean tip, reflecting the true morphology charac-
terized by the fiberlike network structure. When damaged or
contaminated AFM tips were used, the fiberlike features are no
longer seen in the AFM images (Fig. 10b-d). The three images
are obviously dominated by three different tip shapes. AFM
images in Fig. 10 strongly suggest that the BOPP film can be
used as a reference sample to check the performance of an
AFM tip. The criterion is simple and straightforward: if the
fiberlike features are revealed by an AFM tip, then the tip
quality is sufficient to collect “true” images.''®'*) An AFM tip
can be easily contaminated or damaged depending on the
chemical and mechanical properties of the sample surface it
scans.'”” Tt is therefore desirable to adopt a simple qualifying
method, such as the one using BOPP film, to check the per-
formance of AFM tips.

To prove that BOPP film is indeed useful for checking AFM
tip performance, images from the same area were obtained
using the same tip when it was clean, after it had been con-
taminated, and then after it was cleaned again. That way, any
change in the AFM images obtained would be solely due to the
contamination on the tip apex. Two tips were contaminated by
scanning two specially prepared samples.!'”! Shown in Fig. 11
are two sets of AFM images for two different contaminated
tips. The first set of AFM images shown in Fig. 11(a), (c), and
(e) were obtained on the same area using a tip when it was clean,
contaminated, and recleaned, respectively. The tip used for Fig.
11(c) was contaminated by scanning a sample surface that was
UV/ozone-treated, followed by water washing.!"®'*! It is clear
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Fig. 11 Topographic images (scan area, 1 x 1 wm) obtained on the
same BOPP area when the same AFM tip was (a) clean, (¢) contami-
nated, and (e) cleaned. Another example using a differently contami-
nated tip is shown in (b), (d), and (f). The gray scales are 31, 24, 29,
15, 29, and 24 nm for (a), (b), (c), (d), (e), and (f), respectively.

that the image collected by the contaminated tip is dominated
by tip effect (Fig. 11c).

The contaminated tip was cleaned by pushing it into the
polymer film, and its cleanliness is evidenced in AFM image
shown in Fig. 11(e). An amplitude-distance curve, such as the
one shown in Fig. 3, is used to control how deeply the tip is
pushed into the polymer surface. The depth can be controlled
by counting from the distance where the cantilever stopped oscil-
lating. In the course of pushing the tip into the polymer film, the
behavior of the contaminant may be reflected in the amplitude-
distance curve as it is being removed from the tip apex.'®

Shown in Fig. 11(b), (d), and (f) are AFM images using
another contaminated tip on another BOPP film sample, when
the tip was clean, contaminated, and cleaned, respectively. By
comparing Fig. 11(c) and (d), it is clear that this tip was con-
taminated differently from the one described previously. In
fact, this tip was contaminated by being scanned on an organic
acid'®® coated Si substrate.!'”! Once again, the use of the BOPP
film to check the AFM tip performance and to clean the con-
taminated tip was successful.
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Fig. 12 (a) and (b) are geometry of the contaminated tips estimated
from the images of Fig. 11(c) and (d), respectively. The lateral dimen-
sions for (a) and (b) are 168 x 168 nm; the gray scales are 24 and 14
nm for (a) and (b), respectively. (¢) and (d) are dilated images (scan
area, 1 x 1 wm) from Fig. 11(a) and (b) using the tip shown in (a) and
(b), respectively.

For contaminated tips used to collect AFM images in Fig.
11, pushing them into the polymer film cleaned them. If a tip
was damaged, pushing the tip into the polymer would not result
in a better tip. If uncertain about whether a tip is contaminated
or damaged, UV/ozone treatment of the tip for half an hour
usually answers the question; most organic contamination
would be removed by the UV/ozone treatment. Based on this
procedure, tips corresponding to images shown in Fig. 10(b)
and (c) were damaged, and the one corresponding to Fig. 10(d)
was contaminated.

The ability to image the same area of the BOPP film before
and after the same tip was contaminated was used to test com-
mercial software in which the algorithm of blind reconstruction
for extracting the tip shape was implemented. The difference in
such AFM images is solely due to the tip contamination. The
contaminated tip can be estimated from the image it collected.
Shown in Fig. 12(a) and (b) are topographic images for the
geometry of the tip estimated from Fig. 11(c) and (d), respec-
tively. According to the tip shape estimated from the image in
Fig. 11(c), the upper bond of the contaminant on the tip is
basically round and has a radius of ~80 nm, compared to the
nominal radius of 10-20 nm for a clean tip.

Figure 12(b) shows a differently shaped contaminant esti-
mated from Fig. 11(d). This contaminant is elongated 90 nm
across the elongated direction. The apparent height for the
contaminant shown in Fig. 12(a) and (b) is 20 and 14 nm,
respectively. This apparent height is most likely underesti-
mated for the contaminant, because the limited height of the
surface features of the BOPP film only images the top of the tip
apex. The flat outlying areas in Fig. 12(a) and (b) are artifacts
reflecting this limitation.
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The blind-reconstruction algorithm extracts the AFM tip
shape solely from the AFM image collected by the tip. Dilation
is a mathematical operation that convolutes the tip effect to an
existing image, which simulates the AFM imaging mechanism.
A simple way to test blind reconstruction was derived, based
on dilation of a tip geometry into an image and the ability to
image the same area of the BOPP film surface using the same
tip before and after it was contaminated. This method uses
comparison of the AFM image collected using the contami-
nated tip (Fig. 11c or d) and the dilated image (Fig. 12c or d),
from the image collected using the clean tip (Fig. 11a or b). If
the estimation of the contaminated-tip geometry is reasonable,
then one expects to be able to use the estimated tip geometry to
dilate the image collected, using the clean tip to obtain an
image resembling one collected using the contaminated tip.
Shown in Fig. 12(c) and (d) are dilated images from Fig. 11(a)
and (b) using the estimated contaminated-tip geometry shown
in Fig. 12(a) and (b), respectively. It is clear that the dilated
images resemble the images collected using the contaminated
tips. Therefore, the blind construction algorithm successfully
extracts the geometry of the contaminated tip.

5. Conclusions

Nanometer-scale morphology of a BOPP film and its sur-
face modification by UV/ozone and ozone-only treatments
were investigated using AFM. Surface modification by UV/
ozone treatment was found to be much faster than that by
ozone-only treatment, consistent with the oxygen-uptake mea-
surements by XPS. Investigations on scratches produced by
force-controlled diamond tip (using a stylus profiler) showed
that the native scratches on the polymer film are due to me-
chanical deformation occurring in the rolling process (in which
protrusions on rollers are most likely the source for such me-
chanical forces). Preferential oxidation was observed on
scratched areas, indicating that the scratched areas have a
higher surface energy and hence are more amenable to surface
modification by ozone or UV/ozone treatment.

The nanometer-scale fiberlike network structure of the
BOPP film surface was useful in checking AFM tip perfor-
mance. This utility is because the size of the fibers is close to
the apex radius of clean tips, but smaller than a contaminated
tip. The ability to collect images of the same areas using the
same tip (when it was clean and contaminated) provided a
simple way to test the blind-reconstruction algorithm, which
allows one to extract tip geometry solely from the image it
collected.
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