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Use of biaxially oriented polypropylene film for evaluating and cleaning
contaminated atomic force microscopy probe tips: An application to blind
tip reconstruction

H.-Y. Nie,a) M. J. Walzak, and N. S. McIntyre
Surface Science Western, Room G-1, Western Science Centre, The University of Western Ontario, London,
Ontario N6A 5B7, Canada

~Received 28 June 2002; accepted 30 July 2002!

An atomic force microscopy~AFM! image of a surface is basically a convolution of the probe tip
geometry and the surface features; it is important to know this tip effect to ensure that an image truly
reflects the surface features. We have found that a biaxially oriented polypropylene~BOPP! film is
suitable for checking tip performance and for cleaning contaminated tips, thus making it possible to
collect images of thesamearea of a BOPP film surface before and after the tip was cleaned.
Therefore, the difference between the two different images is solely due to the contamination of the
tip. We took advantage of our ability to collect AFM images of the same area using the same tip, in
one instance, contaminated and, in the other, after being cleaned. First we used blind reconstruction
on the image collected using the contaminated tip. Blind tip reconstruction allows one to extract the
geometry of the tip from a given image. Once we had estimated the geometry of the contaminated
tip, we used it to simulate the tip effect using the image collected using the cleaned tip. By
comparing the simulation result with the image collected using the contaminated tip we showed that
the blind reconstruction routine works well. Prior to this, there was node factomethod for testing
blind reconstruction algorithms. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1510554#
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I. INTRODUCTION

An atomic force microscopy~AFM! image of a surface
is constructed through the detection of an interaction
tween the tip apex and the surface features. The interac
whether it be a contact force, an oscillation amplitude
others, is the feedback signal used to adjust the proximit
the tip and the surface features. Because of this imag
mechanism, an AFM image is, in practice, a convolution
the tip geometry and the surface features. Based on the a
geometry, the tip apex or the surface feature, whicheve
sharper, acts as the effective probe. In practice, there c
be a large-sized contaminant on the tip apex, making sha
surface features the effective probe. Therefore, images
lected using a contaminated or damaged tip can be do
nated by the geometry of the AFM tip itself~i.e., self-
imaging of the tip! if the surface features are sharper than
tip. Interpretation of such images can easily be misleadin
the tip effect is not taken into account. To ensure that the
is ‘‘good’’ enough for imaging a surface, one needs refere
samples that have known surface features, suitable for ch
ing the tip performance. Using dynamic force mode AFM,1–4

we have previously demonstrated that a biaxially orien
polypropylene~BOPP! film is suitable for this task.5 The
BOPP film has the suitable morphological features5–10 for
evaluating a tip: imaging the nanometer-sized fiberlike n
work structures is a simple criterion for checking the
performance.5 The BOPP film also has the superior surfa

a!Electronic mail: hnie@uwo.ca
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properties of a lower Young’s modulus~1–3 GPa!11 than that
of a silicon~132–190 GPa!12–14tip and a low surface energ
(;30 mJ/m2)15–17 ~or high hydrophobicity! enabling us to
evaluate the tip in a nondestructive manner. Because of th
surface properties, the tip will neither be damaged nor c
taminated in the process of evaluation. Also intriguing ab
the use of the BOPP film is that the polymer film can be us
to clean a contaminated tip. We demonstrate that conta
nants of two different materials can be removed from the
apex, by simply pushing the contaminated tip several tim
into the polymer film, up to 50 nm deep.

Considerable effort has been expended to mathem
cally extract the geometry of the tip based solely on an
gorithm derived from a given image.18–29 This method is
known as blind reconstruction. This methodology is based
an assumption that protrusions in the AFM image repres
the self-image of the tip, which is equivalent to the statem
that sharper features on the sample surface act as the pro
image the AFM tip. This method has proven useful and s
cessful in estimating tip geometry from an existing imag
when appropriate samples were chosen~i.e., some surface
features on the sample are sharper than the tip!. Once the tip
geometry is known, the tip effect may be subtracted from
original image through the mathematical operation of e
sion, also known as deconvolution.18,23–26Dilation is another
mathematical operation, which adds a tip effect to an exist
AFM image by ‘‘scanning’’ the known tip across the ‘‘sur
face’’ of the image.23,24,27,28This transformation appears us
ful in simulating tip effect to a given image, because t
mechanism of AFM can be regarded as a dilation betw
1 © 2002 American Institute of Physics
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the tip geometry and surface features of the sample.
In this article, we apply the blind reconstruction meth

to estimate the geometry of the contaminated tip from
ages collected on a BOPP film. The advantage of us
BOPP film is that images of thesamearea on a BOPP film
can be collected with the same tip before and after clean
This guarantees that the difference between the two ima
is solely caused by the contaminant. Therefore, we can
mate the geometry of the contaminated tip from the imag
collects and then use the estimated tip geometry to dilate
image collected using the clean tip. We show that this d
tion operation transforms the image collected using the cl
tip to one resembling the image collected using the conta
nated tip. Therefore, such images are necessary and un
to demonstrate how well the blind reconstruction meth
performs, which is otherwise believed to be difficult to test28

We also compare the eroded~deconvoluted! image gen-
erated by blind reconstruction of the image collected us
the estimated contaminated tip geometry with the image
lected using the clean tip. Although this erosion operat
results in a ‘‘sharper’’ image, it does not necessarily guar
tee a ‘‘true’’ image for the sample surface. The reason
simple: when the tip is much larger than the surface featu
it scans, the resultant image would be dominated by the
ometry of the tip. If this is the case, then the informati
about the surface features would have been lost. There
one should be cautious of the results of erosion~deconvolu-
tion!. It is clear that a reference sample, such as BOPP fi
should be used to check the tip performance so that one
eliminate, or at least reduce, the possible tip effect in
AFM image.

II. MATERIALS AND METHODS

A thermally extruded, biaxially oriented isotactic poly
propylene film was used in this study. The BOPP film w
produced from a homopolymer resin~molecular weightMw

51.93105, polydispersity56.0). The base resin contain
500–1000 ppm each of an inorganic acid scavenger an
high-molecular-weight phenolic antioxidant. The BOPP fi
was produced on a tenter frame film line and quenched
45 °C prior to orientation. The machine direction draw ra
was 5.2:1 and the transverse direction draw ratio was
The film was converted in a direction identical to the m
chine direction.

A silicon cantilever with nominal geometric dimension
of 125mm long, 35mm wide, and 4.0mm thick was used in
this study. The nominal spring constant of the cantilever w
;40 N/m. The tip was;15mm high with a nominal tip
apex radius of 20 nm. The dynamic force mode AFM~To-
poMetrix’s Explorer! was employed for the experiments. Th
cantilever was oscillated at its resonant frequen
(;325 kHz) with an oscillation amplitude of;40 nm in
free space. The amplitude of the oscillation decreases a
tip is brought sufficiently close to the surface so that the
‘‘feels’’ attractive and repulsive forces. The cantilever w
eventually set at a certain distance from the sample sur
where the oscillation amplitude was reduced to one half~50
%! of the observed amplitude in free space. The AFM ima
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obtained at this set point of the amplitude, with a scan rate
5 mm/s, consisted of 500 lines with 500 pixel points per lin

AFM tips were purposely contaminated by scanning
UV/ozone-treated and subsequently water-washed BO
film. The BOPP was exposed to ozone in the presence of
light for 15 min and then washed with water for 15 mi
There likely remains on the surface oxidized materia
which are represented by nonwater soluble medium mole
lar weight polymer chains.30,31 A tiny amount of this oxi-
dized materials was easily transferred to the tip apex in
course of scanning. During scanning, one could judge
contamination of the tip by observing a sudden change in
image quality. Such a contaminated tip was thus used
image an untreated BOPP film. We found that the tip co
be cleaned by pushing it several times into the untrea
BOPP film,5 making it possible to image the same area
the BOPP film before and after the contaminated tip w
cleaned. To demonstrate the efficiency of the cleaning p
cedure, we collected images of the same area before
after cleaning.

In order to determine whether other contaminants wo
be removed by this cleaning procedure, we selected a sam
of octadecylphosphonic acid~OPA! films prepared on a sili-
con substrate32 to contaminate the tip. Freshly prepared OP
films on a silicon substrate were found to contaminate AF
tips quite easily. It was found that AFM tips contaminated
OPA are cleaned by pushing the tip into the BOPP film a
the cleaning can be immediately confirmed by imaging
BOPP film.

Commercial software~SPIP, Metrology Image ApS, Den-
mark! was used to estimate the tip geometry using its ‘‘
characterization module,’’ in which the blind reconstructio
algorithm24,27 is implemented. The algorithm is based on t
fact that features on the sample surface that are sharper
the tip actually act as a probe to image the tip. Although t
algorithm does not necessarily result in the ‘‘real’’ geome
of the tip, it does give the upper bound of the tip shape t
the surface features can image. The advantage of this me
is that it only uses the given image to deduce the tip geo
etry.

The given image can be transformed mathematically
‘‘scanning’’ a known tip across the image ‘‘surface.’’ Thi
dilation operation simulates the addition of a tip effect to t
image. In this article, an image collected using the conta
nated tip was used to estimate the geometry of the conta
nated tip, which was then used to dilate the image collec
using the cleaned tip.

III. RESULTS AND DISCUSSION

Shown in Fig. 1 are images collected using the same
when it was ~a! fresh, ~b! contaminated, and~c! cleaned
within the samearea on an untreated BOPP film. The fibe
like network structure of the BOPP is clearly shown in F
1~a!. After this, the tip was purposely contaminated by sca
ning an UV/ozone-treated-water-washed BOPP film,
which there are oxidized materials.30,31 When the tip was
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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3833Rev. Sci. Instrum., Vol. 73, No. 11, November 2002 Evaluation and cleaning AFM tips
contaminated, the fibrous features are seen in Fig. 1~b! as
dotlike, indicating the image was dominated by the geome
of the contaminated tip itself.

After the contaminated tip was cleaned by pushing
;50 nm into the scan area of the BOPP film for seve
times, an image reflecting the ‘‘true’’ surface features w
obtained once again, as shown in Fig. 1~c!. It is clear that the
images shown in Figs. 1~a! and 1~c! are similar to each other
indicating the contaminated tip was cleaned. As shown
the arrow in Fig. 1~c!, a newly appeared mound indicate
that the contaminant was deposited on the film when
contaminated tip was pushed into the film.

It appears that the residual oxidized materials on the U
ozone-treated-water-washed sample surface were transf
to the tip apex during scanning. We found that this sim
method of contaminating an AFM tip is reproducible. T
contaminated tip can be immediately checked by scannin
untreated BOPP film. An intriguing aspect of using the BO

FIG. 1. AFM images of a BOPP film in the same area before~a! and after
~b! the tip was contaminated by scanning a treated polymer surface
which there are oxidized materials, as well as~c! after the contaminated tip
was cleaned by pushing it into the film. The inset arrow in~c! indicates the
deposited contaminant on the film due to the cleaning procedure. The
area is 1mm square area and the gray scale for the three images is 30
Downloaded 25 Oct 2002 to 129.100.83.26. Redistribution subject to A
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film to check tip performance is that the contaminated tip c
be cleaned by being simply pushed into the BOPP film. B
cause the polymer film is flexible and soft compared with
silicon tip, the tip is not damaged. It is also important that t
BOPP film be hydrophobic, as this prevents the tip fro
being contaminated during the evaluation process.

In order to determine if contaminants other than the o
dized materials are also removable, we contaminated the
with discrete organic moieties. A molecular film of OPA wa
formed by spin coating its ethanolic solution onto a silic
substrate.32 Such a film was found to contaminate the AF
tip easily, as evidenced by the fact that the AFM image
teriorated rapidly during one scan. The experimental res
are shown in Fig. 2. When the tip was fresh, distinct surfa
features of the BOPP film were imaged as shown in Fig. 2~a!.
After the tip was contaminated by OPA, rice-like features a
seen in Fig. 2~b!, indicating that the tip was severely con
taminated. The contaminated tip was then pushed;50 nm
into the scan area of the BOPP film several times; and

on

an
m.

FIG. 2. AFM images of a BOPP film in the same area before~a! and after
~b! the tip was contaminated by scanning a sample of OPA prepared
silicon substrate, as well as~c! after the contaminated tip was cleaned b
pushing it into the film. Seen in~c! are materials deposited from the con
taminated tip after the cleaning procedure. The scan area is 1mm square
area and the gray scale for~a!, ~b!, and~c! is 30, 22, and 37 nm, respectively
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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FIG. 3. Tip geometries estimated b
blind reconstruction of images show
in Figs. 1~a!, 1~b!, and 2~b! are shown
in ~a!, ~b!, and~c!, representing a clean
tip, an oxidized materials-
contaminated tip, and an OPA
contaminated tip, respectively. Th
gray scales for the left column image
are 31, 26, and 17 nm for~a!, ~b!, and
~c!, respectively. Shown on the right
hand side column are three
dimensional images having the sam
scale factor for both the lateral an
height dimensions.
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‘‘true’’ surface features of the BOPP film appear again af
the tip was cleaned, as clearly shown in Fig. 2~c!. Because all
images in Fig. 2 were collected within the same area of
BOPP film, the newly appeared feature seen in Fig. 2~c!
indicates that the cleaning procedure had removed the
ganic materials from the contaminated tip to the BOPP fi

When the tip is cleaned by pushing it into the BOP
film, the contaminants on the tip apex can be either pushe
the sidewall of the tip or deposited on the BOPP film. R
gardless of the cleaning mechanism, the contaminants
removed from the tip apex. In a previous publication w
suggested the former mechanism since no deposit
found.5 The experimental results shown in Figs. 1~c! and 2~c!
show that the contaminants can be deposited on the B
film surface.

It is clear that BOPP is suitable for verifying tip perfo
mance and cleaning contaminated tips. The fiberlike netw
structure of the BOPP film is not revealed by a contamina
tip. Using the contaminated tip resulted in an image wh
the geometry of the contaminant on the tip apex domina
the image. Because the image collected using the cont
nated or clean tip of the same area of the BOPP film rep
sents the tip effect or the ‘‘true’’ surface features, resp
tively, simulations of the tip effect using an estimated
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geometry would be instructive for the application of th
blind reconstruction method.

We first estimate the tip geometry for both the clean a
contaminated tips. Because the images collected using
fresh tip and the tip after cleaning show almost the sa
quality, we will use the image collected using the fresh t
thereafter called clean tip, as the base image to simulate
tip effect. In practice, one may only have the images c
lected using the contaminated tip and the cleaned tip to w
with. Shown in Figs. 3~a! and 3~b! are both topographic im-
ages and three-dimensional representations of the tip ge
etries for the clean and the contaminated tips estimated f
images in Figs. 1~a! and 1~b!. These tip geometries wer
generated through blind reconstruction. We also confirm
that the geometry of the cleaned tip estimated from Fig. 1~c!
shows a similar result to that shown in Fig. 3~a!. The three-
dimensional images have the same scale factor for the he
and the lateral dimensions. It is clear that the contamina
tip has a much larger radius than the clean one: The c
one has a radius of;20 nm and the contaminated on
;50 nm. Shown in Fig. 3~c! is the tip geometry estimate
from Fig. 2~b!, where the tip was severely contaminated
OPA. For this type of contaminated tip, it is obvious that t
tip cannot be expressed with a radius. It is worth noting t
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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3835Rev. Sci. Instrum., Vol. 73, No. 11, November 2002 Evaluation and cleaning AFM tips
due to the limited height of the BOPP film surface featur
only the top of the tip can be estimated. Therefore, the
outlying areas seen in Fig. 3, especially for the clean
shown in Fig. 3~a!, should be regarded as artifacts.

Comparison of tip geometry from the blind reconstru
tion method and from scanning electron microscopy~SEM!
images has been made.28 In this article we provide a simple
way to test blind reconstruction: comparison of AFM imag
collected in the same area of the BOPP by clean and c
taminated tips. If the estimation of the contaminated tip
ometry is reasonable, then one expects to be able to us
estimated tip geometry to dilate the image collected using
clean tip to obtain an image resembling one collected us
the contaminated tip. Conversely, we can also determin
the deconvolution works by eroding the image collected w
the contaminated tip using the estimated tip geometry to
whether the result resembles the image collected using
clean tip.

The results for dilation and erosion~deconvolution! from
Figs. 1~a! and 1~b!, respectively, are shown in Figs. 4~a! and
4~b!. For comparative purposes, Figs. 4~c! and 4~d! repeat
Figs. 1~a! and 1~b!, respectively. Figure 4~a! is obtained by
dilating Fig. 4~c! with the tip geometry shown in Fig. 3~b!,
which has a radius of;50 nm and can be considered bei
slightly contaminated. Figure 4~a! shows that the dilation
operation adds the tip effect to the image in Fig. 4~c!, in a
way analogous to that as if one would obtain an image
‘‘scanning’’ the contaminated tip across the ‘‘surface’’ repr
sented by Fig. 4~c!. One can see that Fig. 4~a! resembles Fig.
4~d!, which is the image collected using the contamina
tip. This simulation suggests that the estimation of the
geometry from Fig. 4~d! is reasonably good. It is clear tha
with the help of the blind reconstruction method, one can

FIG. 4. Dilation operation on Fig. 1~a! using the tip geometry in Fig. 3~b!
results in the image shown in~a!. Erosion operation~deconvolution! on Fig.
1~b! using the tip geometry in Fig. 3~b! results in the image shown in~b!.
For comparative purposes, images shown in~c! and~d! repeat Figs. 1~a! and
1~b!, respectively.
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the BOPP film not only to check the tip performance and
clean a contaminated tip, but also to access the geometr
the contaminated tip.

Figure 4~b! is obtained by eroding the image in Fig. 4~d!
collected using the contaminated tip with the estimated
geometry shown in Fig. 3~b!. The erosion operation tries t
subtract the tip effect from the image. One can see that
4~b! becomes sharper than Fig. 4~d! in terms of reflecting the
‘‘true’’ surface features of the BOPP film, especially for th
thicker fibers. However, for the thinner fibers, the erosi
operation does not transform them to resemble those sh
in Fig. 4~c!, which is the image collected using the clean t

When a tip is severely contaminated, the dilation ope
tion also appears to work well to add the tip effect to
image. Shown in Figs. 5~a! and 5~b! are dilated and eroded
images from Figs. 5~c! and 5~d!, respectively, using the
OPA-contaminated tip geometry estimated from Fig. 5~d!, as
shown in Fig. 3~c!. For comparative purposes, Figs. 5~c! and
5~d! repeat Figs. 2~a! and 2~b!, respectively. By comparing
Figs. 5~a! and 5~d!, one can see that the dilation operatio
works reasonably good in adding the tip effect to Fig. 5~c!.
Figure 5~a! appears to have more detailed features than F
5~d!, which can be explained by the fact that the former i
transformation of Fig. 5~c! which has finer structures, while
Fig. 5~d! was collected using the contaminated tip.

The erosion operation results in an image, Fig. 5~b!,
which is not even similar to Fig. 5~c!, but basically re-
sembles the image in Fig. 5~d! with finer ‘‘surface features.’’
This complete failure of the erosion operation to restore
‘‘true’’ surface features for Fig. 5~d! reflects the fact that the
tip effect dominates the image and the information about
‘‘true’’ surface features has been lost.

From the results described above, one can see tha

FIG. 5. Dilation operation on Fig. 2~a! using the tip geometry in Fig. 3~c!
results in the image shown in~a!. Erosion operation~deconvolution! on Fig.
2~b! using the tip geometry in Fig. 3~c! results in the image shown in~b!.
For comparative purposes, images shown in~c! and~d! repeat Figs. 2~a! and
2~b!, respectively.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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blind reconstruction method is reliable, because one can
tip @Figs. 3~b! or 3~c!# effect to an image@Figs. 4~c! or 5~c!#
by dilating it @Figs. 4~a! or 5~a!# to resemble the image@Figs.
4~d! or 5~d!# collected using the respective contaminated
In other words, from the image collected using the clean
one can get, by the dilation operation, an image resemb
the image collected using the contaminated tip. It is clea
demonstrated in Figs. 4 and 5 that the dilation operat
actually mimics the AFM imaging mechanism. When t
AFM tip scans a surface, the sharper of the two acts as
probe to image the other. Therefore, the dilation operat
adding the tip effect to an existing image, works well to t
extent that the surface features in the image are sharper
the tip. The results shown in Figs. 4 and 5 are a proof of
effectiveness of the blind reconstruction method for estim
ing the tip geometry.

Because an AFM image is a convolution of the surfa
features and the tip geometry, if neither of them is know
there is no way to know, on an unknown sample, if the ima
is dominated by the surface features or the tip effect. W
the tip is much sharper than the surface features, it will c
lect an image reflecting the ‘‘true’’ surface features. This
the reason why a reference sample is essential to check
tip performance. It is important to note that a tip could
easily contaminated or damaged depending on the chem
and mechanical properties of the sample surface.33 Using
electron microscopes one can evaluate the outlines of th
shape from specific directions,28,33 but it is difficult, if not
impossible, to capture the three-dimensional geometry of
tip. In combination with blind reconstruction, using BOP
film to check the tip performance provides a simple and
fective protocol to test the estimation of the tip geometry
a contaminated tip. One can do this by comparing the im
collected using the contaminated tip with the image gen
ated by dilating the image collected using the clean tip.

On the other hand, when the tip is much larger than
surface features, using such a tip to scan the surface
result in an image that is merely a reflection of the geome
of the tip apex itself. In this case, it is evident that the info
mation about the surface features is physically lost. The
fore, the erosion operation will not lead to the recovery
the ‘‘true’’ surface features, though the mathematic operat
may result in an image which is likely closer to the ‘‘true
surface features. The degree of the recovery by the ero
operation is dependent on how severely the tip is conta
nated. One can imagine that different surface features
have similar images if a large tip is used: they are domina
by the tip effect.
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