
Feasibility and limitation of track studies using
atomic force microscopy

D. Nikezic, J.P.Y. Ho, C.W.Y. Yip, V.S.Y. Koo, K.N. Yu *

Department of Physics and Materials Science, City University of Hong Kong, Tat Chee Avenue, Kowloon Tong, Kowloon, Hong Kong

Received 14 March 2002; received in revised form 17 July 2002

Abstract

Atomic force microscopy (AFM) has been employed to investigate characteristics of tracks of heavy charged par-

ticles in solid state nuclear track detectors (SSNTDs). In the present work, we have performed simulations of the track

structures revealed by AFM based only on geometrical considerations of the tracks and two types of probes (the ul-

tralever and the ultrahigh aspect ration probe). The purpose of this work is to determine the limitations and constraints

of the AFM technique when it is applied to track investigations. The ultralever has comparable dimensions as the tracks

in SSNTDs etched for a short time. In some cases, the ultralever is too large or its geometry does not match those of the

tracks, so these tracks cannot be scanned properly. In most cases, the ultralever can measure the diameter of the tracks

with a rather high precision, but measurements of the depths can be misleading if the track depths are larger than the

length of the ultralever. The ultrahigh aspect ratio probe, with an aspect ratio better than 10:1, can record tracks with

rather high accuracy if the track depths are not larger than probe length. The technique involving the mounting of

nanotubes on AFM tips, which has become available in recent years, should be able to record almost perfect track

profiles.

� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Fast heavy ions can produce latent tracks in

some dielectric materials. After adequate treat-
ment, such as chemical or electrochemical etching,

these latent tracks can be made visible under the

optical microscope. This is the operational prin-

ciple for solid state nuclear track detectors

(SSNTDs). The technique has been extensively

investigated in the literature, and has been widely
applied in many fields of science and technology.

Tracks in SSNTDs have been studied with the

optical microscope for a long time. Recently, some

researchers have applied the atomic force micro-

scope (AFM) to study the tracks in SSNTDs. The

following are the examples. He et al. [1] employed

the AFM to measure the bulk etch rate of CR39
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detector. Yamamoto et al. [2,3] also used the AFM

to determine track parameters and the sensitivity

function s ¼ Vt=Vb of the CR39 detector for heavy
ions, where Vt is the track etch rate and Vb is the
bulk etch rate. The bulk etch rate of the CR39

detector was measured with AFM by using the

‘‘mask method’’ by Yasuda et al. [4]. Surface

roughness and the function s of different samples

of CR39 detector were studied with AFM by

Vazquez-Lopez et al. [5]. AFM was also used to

investigate the tracks of nuclear reaction products

in CR39 detector [6]. Yasuda et al. [7] used AFM
to estimate the latent track size in CR39 after ir-

radiation with C and Fe ions. Palmino et al. [8]

used AFM to study the real-time evolution of

tracks in the LR115 detector under chemical

etching.

However, despite the growing interest in using

the AFM to study tracks in SSNTDs, the feasi-

bility or limitations have not been explored or
studied in detail. In the present work, we have

performed computer simulations of track mea-

surements with the AFM in order to show the

feasibility or limitations of the technique based on

geometry alone.

2. Atomic force microscopy and general consider-
ations

The AFM system we use in the present in-

vestigation is the Autoprobe CP model from Park

Scientific Instruments (1171 Borregas Avenue,

Sunnyvale, CA 94089). The probe of the AFM can

be a cantilever (Fig. 1(a)), ultralever (Fig. 1(b)) or

ultrahigh aspect ratio probe (Fig. 1(c)), the first two

being available in our own laboratory. The main

differences among these probes are the shapes, with
the ultralever being sharper than the cantilever,

and the ultrahigh aspect ratio probe sharper than

the ultralever. When the probe scans across a sur-

face, a profile of the scanned surface is captured

digitally through computerization, which can be

shown on the monitor of instrument or stored for

further analyses. The problem with the cantilever

lies with the shape of the tip: the length (only 0.2
lm) is too short and the opening angle (18�) is too
large. The shape of the cantilever imposes strong

limitations when the tracks are scanned. On the

contrary, the ultralever has a much smaller open-

ing angle of 10� and a larger length of 4 lm.
Although the ultralever is more convenient for

track studies, it is still not a perfect probe and

will still impose some limitations in track stud-
ies. However, this is already the sharpest probe

available in our laboratory. After gaining some

experience of track studies with the AFM, we

concluded that ultralever is more convenient than

the cantilever for studying tracks. The discussions

below will focus on the ultralever to provide a base

for comparison between the simulated and exper-

imental results in the future. Nevertheless, some
simulations will also be carried out for the ultra-

high aspect ratio probe, although it is not available

in our laboratory, to demonstrate its advantages.

In the course of a measurement, the ultralever

moves across the investigated surface and records

its profile. We simulated the situations when the

Fig. 1. Geometry of the cantilever (a), the ultralever (b) and the ultrahigh aspect ratio probe (c).
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ultralever passed across the track. A number of

typical situations are presented in Fig. 2(a)–(e). In

Fig. 2(a)–(c), deep tracks with steep walls, which

are typical for the LR115 detector, are shown with

the ultralever in different positions. In Fig. 2(a),

the ultralever has just come into the track and

started to slide past the edge of the track. In Fig.

2(b), the ultralever has already penetrated deep
into the track, but its tip has lost contact with the

track wall with the track edge supporting the lat-

eral side of the ultralever. Fig. 2(c) shows the case

where the ultralever is shorter than the depth of

the track and cannot record the profile of the

bottom. In this case, the ultralever will move

horizontally until its lateral side touches the op-

posite wall of the track again. Fig. 2(d) and (e)
show passage of the ultralever across a typical

track in the CR39 detector. Being not so steep, the

tracks in the CR39 detector are much more con-

venient to study with AFM. As presented in Fig. 1,

the radius of curvature of the tip is 0.01 lm. This
feature will disable studies of the very bottom

points of tracks and, in some cases, influence on

the recorded track profiles.
In addition to the previous considerations, we

should also note that the tracks and the ultralever

are not two-dimensional objects as shown in Fig.

2. In fact, they are three-dimensional structures

and special attention should be paid to the path

through which the ultralever passes through the

track. Fig. 3 shows three such paths across the

track. Path 1 is on the periphery of the track and
the recorded profile is the line 10, which is rather

shallow. Path 2 is close to the center and the re-

corded profile 20 is much deeper than 10. Finally,

path 3 is directly crossing the center O of the track.

The recorded profile is denoted with 30. As ex-

pected, only this path can give a depth close to the

real track depth.
During measurements, the ultralever scans

the studied surface many times, typically with a

256� 256 resolution for a scanning area of 25�
25 lm2. In other words, the typical distance be-

tween neighboring paths is about 0.1 lm. The
track diameter for a short etching time, which will

be used in the present study, is less than 1 lm. For
example, the diameter of the alpha-particle track
with 5 MeV incident energy in the CR39 detector

etched for 15 min is about 0.3 lm. Under such a
condition, the ultralever only passes across the

track a few times, which can give erroneous results

for the track parameters. In such cases, better

resolution is needed, i.e. a smaller area should be

scanned while keeping the 256� 256 resolu-

tion. However, the probability to find tracks in a
smaller scanned area is also smaller.

Fig. 2. Typical situations when the ultralever passed across a

typical track for the LR115 detector (a)–(c) and a typical track

for the CR39 detector (d)–(e).

Fig. 3. Three paths through which the ultralever passes

through a track.
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3. Computational simulation

Here we perform computational simulations of
the track structures revealed by the AFM. For

simplicity, we assume that the scanning resolution

is sufficiently good so that the probes always cross

the track centers. The tracks of alpha particles in

CR39 and LR115 detectors were plotted by pre-

viously described computer programs [9]. Details

of these programs will not be repeated here. Each

track is represented by a set of coordinates for the
track wall and stored in the memory of the com-

puter. During the simulations, the AFM probe

moves step by step across the track in such a way

that it touches the track wall, only at one point. For

a given position in the horizontal direction (x-
axis), the computer calculates a feasible position of

the probe in the vertical direction (y-axis) based on
geometrical considerations. Subsequent positions
of the tip, when the probe travels across the track,

are stored in the computer memory, and they

represent the profile recorded by the AFM. The

computer program was written in standard For-

tran90, and graphical on-line presentation of the

scanning process is enabled on the computer

screen.

4. Results

Simulations have been performed for the ul-
tralever for LR115 and CR39 detectors for alpha-

particle energies between 1 and 4 MeV for LR115,

and between 1 and 5 MeV for CR39. In all cases

the incident angle was taken to be 90�. The bulk
etch rates were assumed to be 1 and 3.27 lmh�1

for CR39 and LR115, respectively, in the simula-

tions. The results are shown in Figs. 4–7. For each

alpha-particle energy, there will be a pair of
curves. The calculated track shape is given on the

left while the simulated profile recorded by AFM

is given on the right. The scale for 1 lm is also

given for evaluation for the track dimension.

Fig. 4 gives the results for the CR39 detectors

which have been etched for 15 min. The recorded

profiles are very similar to the calculated ones, but

the depths are always smaller, with the difference
between the simulated and calculated depths being

larger for smaller energies. The results for an

etching time of 30 min are shown in Fig. 5. All

tracks are in the sharp developing phase. The

opening angles of the track tips are larger than the

opening angle of the AFM ultralever so this kind

of tracks can be successfully scanned with the

Fig. 4. Calculated track shape (left) and simulated track shape recorded by the ultralever of the AFM (right) for different alpha

energies, in CR39 etched for 15 min.
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AFM. However, the recorded depths are smaller

than the real ones and, as in the previous case, the

differences are more pronounced for smaller en-
ergies. In the low-energy region, the difference can

be significant. The depth of the tracks from alpha

particles with energies larger than 3 MeV can be

accurately measured with AFM.

The results for LR115 detectors are shown in
Fig. 6 for an etching time of 15 min. The appear-

ances for the LR115 detectors are very different

Fig. 5. Calculated track shape (left) and simulated track shape recorded by the ultralever of the AFM (right) for different alpha

energies, in CR39 etched for 30 min.

Fig. 6. Calculated track shape (left) and simulated track shape recorded by the ultralever of the AFM (right) for different alpha

energies, in LR115 etched for 15 min.
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from those for the CR39 detectors. Due to the very
fast etching along the particle track in the low

energy region (Bragg peak), very deep tracks are

created with almost vertical walls. This is an in-

convenient situation for AFM and the track pro-

files recorded by AFM can suffer severe distortions.

The tracks for alpha energies of 3 and 4 MeV are

not so steep and AFM can scan them more

properly. Fig. 7 shows the results for an etching
time of 30 min. The simulated track for the alpha

energy of 1 MeV particle now has a rounded tip

and the simulated depth is almost correct, but

there are still some distortions of the track wall as

recorded by the AFM. The calculated track for an

alpha energy of 2 MeV is very deep in the detector.

Since the track is too deep and the ultralever

cannot penetrate to the bottom, the depth mea-
sured by the AFM will not be correct. The situa-

tion is similar for the track of an alpha energy of

3 MeV. On the contrary, the track for an alpha

energy of 4 MeV is convenient and suitable for

AFM scanning which will give a proper profile.

Table 1 summarizes the track depths calculated

by the computer program and from the AFM

simulations, and the column ‘‘%’’ gives the per-
centage difference between the two. It can be seen

that the error can be as large as 50%.

As mentioned above, we will also carry out

some simulations for the ultrahigh aspect ratio

probe, although it is not available in our labora-

tory, to demonstrate its advantages. In fact, dif-

ferent probes are available on the market (e.g.

see the webpages: www.topometrix.com or www.
spmprobes.com). As an illustration, we simulated

the most inconvenient case identified from the

above results, i.e. tracks for LR115 detectors from

2 MeV alpha particles. According to the manu-

facturer, the length is 4 lm and the aspect ratio is

10:1. The results are shown in Fig. 8. In the case

shown in Fig. 8(a), the probe is shorter than the

track depth so it cannot reach the bottom of the
track, and a flattened bottom of the recorded ob-

ject appears again. The track wall, although nearly

vertical, will be almost perfectly recorded. Fig. 8(b)

shows the results for a track formed after etching

for 5 min in the LR115 detector. Here, the track

depth is shorter than the probe and the entire wall

profile is accurately recorded.

Fig. 7. Calculated track shape (left) and simulated track shape recorded by the ultralever of the AFM (right) for different alpha

energies, in LR115 etched for 30 min.
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5. Conclusions and discussion

Computational simulations of track scanning in

LR115 and CR39 detectors with the AFM have
been performed. The computations in the present

paper are only based on geometrical consider-

ations of the probes (an ultralever and an ultra-

high aspect ration probe) and the tracks. Other

limitations, such as the inertia of the ultralever,

have not been taken into account.

The results presented in this paper show that

the ultralever of the atomic force has limitations in
track studies particularly for deep tracks with very

steep walls, which are more frequently encoun-

tered in LR115 detectors. In some cases the error

in the track depths can be as large as 50%. The

recorded track profiles can also be wrong. CR39

detectors are more convenient and suitable to be

studied with the AFM. The maximum discrepancy

from measurements of track depths in CR39 is
about 28% (for incident alpha energy of 1 MeV).

On the other hand, probes with ultra high as-

pect ratios, e.g. better than 10:1, can record wall

profiles very accurately, even for very steep tracks

in the LR115 detectors. Problems still remain if the

probe is shorter than the track length. To be able
to study the full track profile, we need shallower

tracks and thus shorter etching time.

The technique to mount nanotubes on AFM

tips has become available a few years ago [10], for

which the non-contact tapping mode of operation

has been used. Simulation of AFM images of Si

surfaces recorded using nanotubes were carried

out [11], where chemical interaction between the
tip of nanotube and the investigated surface was

dominant over van der Waals forces. Applications

of nanotubes have enabled recording of surface

images on the atomic scale. To the best of our

knowledge, there have not been attempts until now

to employ nanotubes for track studies. Such in-

vestigations should be able to record almost per-

fect track profiles, and thus be able to give much

Fig. 8. Calculated track shape (left) and simulated track shape (right) recorded by the ultra high-aspect-ratio (10:1) probe, in LR115

detector etched 5 and 15 min, for an incident alpha energy 2 MeV.

Table 1

Calculated track depths (under the columns ‘‘Track’’) and the simulated track depths recorded by ultralever of AFM (under the

columns ‘‘AFM’’) for CR39 and LR115 detectors for different alpha energies and the percentage difference (under the columns ‘‘%’’)

Energy

(MeV)

Depth in CR39 (lm) Depth in LR115 (lm)

15 min 30 min 15 min 30 min

Track AFM % Track AFM % Track AFM % Track AFM %

1 1.62 1.17 28 2.77 2.4 13 3.79 3.79 0 3.79 3.79 0

2 1.04 0.97 7 2.26 2.14 5 7.12 3.89 45 7.12 4 43

3 0.65 0.6 8 1.33 1.28 4 1.77 1.67 5 6.57 4 40

4 0.45 0.41 9 0.92 0.88 4 0.63 0.61 3 1.34 1.34 0

5 0.32 0.29 9 0.64 0.61 5 – – – – – –
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better track etch rates Vt along the tracks, which
are related to the restricted energy loss of particles

in matter [12].
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