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Abstract 
To understand the nanoparticle motion behaviours on a surface, we have studied to investigate the three-dimension tracking of an 
individual nanoparticle with nanometre localisation accuracy. In three-dimensional nanoparticle moving position, the X and Y 
coordinates are on the parallel plane to the surface, which their coordinates can be tracked in general microscopy. However, the 𝑍 
coordinate is the nanoparticle height position perpendicularly to the surface plane, which could not be generally tracked without 
longitudinal scanning method. In this paper, the polystyrene 100 nm standard particles were used to investigate the three-
dimensional tracking. The individual standard nanoparticles were fixed on the tip, which was vertically travelled with the piezo 
actuator for movement control on the third dimension to verify the actual height 𝑍. Our developed optical microscopy apparatus has 
been applying multi-wavelength evanescent fields, and obtaining multi scattering light intensities from the observed nanoparticles 
near to surface. Commonly, the X and Y coordinates of nanoparticle were determined by the centre of mass of each scattering light 
intensity. The height 𝑍 was investigated from the integration of the detected scattering intensities of each wavelength. By using our 
method, the height 𝑍 uncertainty could be measured approximately less than ±20 nm, and the penetration height measurability was 
approximately 250 nm far from the reference surface. Consequently, we could three-dimensionally track the individual standard 
nanoparticle in recording speed higher than 50 frames per second. 
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1. Introduction   

Nowadays, nanoparticles have been developed and popularly 
used in chemical mechanical polishing (CMP) process for 
planarizing a substrate surface in the semiconductor manufac-
turing. The nanoparticles behaviours are the three-dimensional 
and ultra-speed movement in liquid solution during the CMP 
process. The optical microscopy tracking and imaging of 
individual nanoparticles can reveal their behaviour during the 
CMP process. Many studies and methods attempt to realize the 
nanoscale phenomena during the process of individual 
nanoparticle [1]. Besides, the ISO’s calibration and verification 
method for a light scattering is based on single-particle 
measurements, which is used to measure the number and size 
distribution of particle in liquid. The typical size range of particles 
measured by this standard method is between 0.1 µm and 10 
µm in particle size [2]. Furthermore, several studies have applied 
the evanescent field for detecting the scattering light from 
nanoparticles near a surface with high contrast [3-7]. There are 
not many studies on optical microscopy method for three-
dimension tracking of individual particle size smaller than 100 
nm near the surface [8].  

In our previous studies, we could determine the sub-100 nm 
particle size without fluorescent by applying the evanescent 
field [9]. We have been proposing the multi-wavelength 
evanescent fields to determine the three-dimensional tracking 
of individual particles smaller than 100 nm by using our 
developed apparatus because the single-wavelength could not 
determine the height 𝑍  from the reference surface [10-12]. 

However, those our experiments evaluated the 3D tracking of 
Brownian motion uncontrollable the height 𝑍.  There was the 
study of the height 𝑍  calibration and estimation fluorescent 
nanoparticle by using total internal reflection fluorescence 
microscopy (TIRFM) technique [13], but our method challenging 
is to trace the nanoparticle movement in a 3D position without 
fluorescent particle for using in several study fields and 
applications. 

In this paper, we focused on the validation of height 𝑍  to 
evaluate our developed apparatus and method. The standard 
polystyrene 100 nm particles were used to investigate the three-
dimensional tracking in water due to highly uniform particle size 
which the nanoparticles were fixed on the tip. We employed the 
piezo actuator to control the movement of the nanoparticles on 
the height position 𝑍 in nanoscale precision.  

2. Nanoparticle observation near-surface on an evanecent field 

The evanescent wave generated from the total internal 
reflection (TIR), that occurs when light is internally reflected off 
an interface from higher refractive index 𝑛!	material to the 
material with lower index 𝑛"	at an incident angle 𝑖 greater than 
the critical angle 𝜃# = sin$!(𝑛!/𝑛"). The Snell`s law is used to 
describe the relationship between the angles of incidence and 
refraction as follows; 𝑛! sin 𝜃! = 𝑛" sin 𝜃". The evanescent field 
occurs on the refraction surface at the lower refractive index 𝑛" 
side that it does not propagate in free space, but is generated 
only near the reference surface in a few hundred nanometers, 
as shown in figure 1. 
 



  
2.1. In single-wavelength an evanescent field 

The observation occurs when the particle size of 𝑑 moves into 
the evanescent field that near to the reference surface. The 
intensity of the evanescent light decays exponentially with the 
height 𝑍  from the reference surface [9]. The scattering light 
intensity increased when the height 𝑍 decreased. The height 𝑍 
is the distance between the reference surface to the bottom 
surface of the particle, as shown in figure 1.  
 

 
Figure 1. Single-wavelenght an evanescent field 

 
Where 𝜆 and 𝐼% are the laser wavelength, and laser intensity, 

respectively, the 𝜉	is the parameter that relates to the reverse 
variation of the evanescent wave penetration depth value, 
where; 𝜉 = (4𝜋 𝜆⁄ ))𝑛!"𝑠𝑖𝑛"𝑖 − 𝑛"" . An objective lens can accu-
mulate the scattering light 𝐼&	from the observed particle by with 
a numerical aperture NA, and the scattering light intensity	𝐼& can 
be approximated by equation (1) [10]. 
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2.2. In multi-eavelength evanescent fields      

We have been applying a multi-wavelength of evanescent 
fields to investigate the three-dimensional position tracking of 
nanoparticles that the scattering light intensity distribution of 
each wavelength from nanoparticles at different height 𝑍 , as 
shown in figure 2. The detected scattering light intensities 
(𝐼&!, 𝐼&")	of dual wavelengths will be written in equation (2) and 
(3), and then the height 𝑍 of unknown particle size of 𝑑 can be 
obtained by substituting ratio of both detected scattering light 
intensities (𝐼&!/𝐼&")  into equation (4). The laser intensities 
𝐼%!, 𝐼%"  are irradiated at incident angle 𝑖!, 𝑖"  (deg), which both 
laser beams are total internally reflected from the reference 
surface, and 𝜉!, 𝜉"  are composed of total internal reflection 
parameters. Hence, the position of height 𝑍  in the third 
dimension can be determined while observing the nanoparticle 
on a two-dimension tracking method from an area image sensor 
in an optical microscopy system. 

 

 
Figure 2. Multi-wavelength evanescent fields 
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3. Experimental and our developed apparatus     

3.1. The optical microscopy and particle displacement control 
In our experimental setup, there are two main parts: the 

optical microscopy observation part and the nanoparticle 
displacement control part, as shown in figure 3. For the 
observation part, the multi-wavelength of evanescent fields 
were used to detect the amount of the scattering light 
intensities from the observed nanoparticles by an 8-bit colour 
camera on the optical microscopy system. For the nanoparticle 
displacement control part, the piezo actuator (MESS-TEK: MPA-
UA1S with controller: M-2510) was used to control the particle 
displacement on the height 𝑍 . The stroke length and the 
repeatability positioning of the piezo actuator are 16 µm, and ±1 
nm, respectively. 
 

 
 
Figure 3. Our developed apparatus on the optical microscopy system 
with the multi-wavelength evanescent fields and the piezo stage for 
controlling the nanoparticles displacement 
 
3.2. The experimental methods 

The standard 100 nm of polystyrene particles were fixed on a 
tip surface, held with the piezo actuator to control the 
nanoparticle movement on the height 𝑍  direction, as seen in 
figure 3. We selected the optical resin material with a refractive 
index (ntip = 1.35) to create the tip, close to the refractive index 
of water (n2 = 1.33) for avoiding the scattering light signal from 
the tip itself. The X and Y coordinates are parallel to the plane of 
the reference surface, and the 𝑍  coordinate is the height 
position of a nanoparticle, perpendicularly distance from the 
reference surface to the bottom the nanoparticle, as shown in 
figure 4. In experiments, the nanoparticles on the tip were 
moved downward in the water in a range of evanescent fields 
until attaching to the reference surface for 3D position tracking 
of nanoparticles. For verifying the height 𝑍 , the tip and 
nanoparticles were controlled to move downward every 20 nm 
on the height 𝑍 direction, and the observed nanoparticles were 
recorded 400 frames in each height 𝑍 position in the rate of 50 
frames per second with an exposure time of 5 milliseconds. The 
parameters have set in our experiment with the optical 
microscopy system for particle tracking, as shown in Table 1. 

 



  
3.3. The height Z position calculation 

The quantities of the detected scattering light of both 
wavelengths of each nanoparticle can be used to determine the 
height 𝑍. The amounts of the scattering light intensity between 
logarithm ratio of multi-wavelength ( 𝜆! =red, 𝜆" =blue) are 
separated to sum the integral area of each scattering light 
intensity 𝐼&! and  𝐼&", as shown in figure 5. Then 𝐼&!, 𝐼&" were 
substituted in equation (4) to calculate the height 𝑍 [10-12]. 
 

 
 

Figure 4. Typical observed image from our developed apparatus   
 
 

Table 1. The optical microscopy parameters in experiment  
 

Laser Illumination 𝝀𝟏 𝝀𝟐 
 -Wavelength: l nm 640 450 
 -Power: I0 mW 11 11 
 -Incident angle: i deg 68 
Refractive index 
 -n1 (glass surface), n2 (water) 
 -ntip (optical resin)  
 -np (polystyrene particle) 

n1 = 1.52, n2 = 1.33 
ntip = 1.35 
np = 1.6 

Optical system 
 -Total magnification 70x 
 -Numerical aperture: NA 0.45 
CMOS camera (RGB) 8 Bits 
 -Frame rate fps 50 
 -Exposure time ms 5 
 -Pixel size µm" 6.9 

 

 
Figure 5. Determination method on the height position 𝑍  

 
3.4. The X,Y position calculation 

This method is different from the height 𝑍 determination, but 
we can use the same scattering light intensity data to measure 
the two-dimensional position (X, Y) of the nanoparticle. The X, Y 
coordinates tracking of particles are analysed by generally 
calculating the centre of mass of scattering light intensity [14]. 
In this paper, the scattering light intensity 𝐼&"	were used to 
determine the centre of mass of scattering light for estimating 
the X, Y coordinates accurately due to higher contrast signal than 
𝐼&!. 

4. Nanoparticles tracking results  

According to the experiment, we could estimate the three-
dimensional position tracking of 100 nm polystyrene particle of 
three particles in a different position on the tip surface. The 
observed three particles were namely Particle A, Particle B, and 
Particle C, which the location of the nanoparticles was shown in 
figure 6 (left). The observed three nanoparticles were moved 
downward every 20 nm of the piezo strokes from first stroke 
∆𝑍p1 to n-th stroke ∆𝑍pn, as shown in figure 6 (right). These 
nanoparticles were recorded in 400 images per stroke. Then we 
averaged the scattering light data from 400 images to determine 
the three-dimensional position of nanoparticles in each stroke.  

 

 
 
Figure 6. The location of nanoparticle on the tip (left) and the movement 
of nanoparticle in each stroke height of piezo ∆𝑍p (right) 
 
4.1. The three-dimensional tracking results 

We could continuously trace the position of the three 
nanoparticles in several strokes. The total number of stroke 
tracking of Particle A, Particle B and Particle C were 11, 6 and 6 
strokes, respectively. The 3D position tracking results of the 
three observed particles were plotted in figure 7. The movement 
on the X, Y coordinates of Particle A was larger than Particle C 
and Particle B, respectively. 
 

 
Figure 7. The 3D tracking results of the three nanoparticles and the 
scattering light images from Particle A were displayed in some stroke on 
the right hand side 
 
4.2. The verification results of the height Z 

From the foregoing, we have focused on the verification of the 
height 𝑍 to evaluate our method performance by controlling the 
nanoparticle displacement in the third-dimension with the piezo 
actuator. Figure 8 explains the main parameters that were used 
to verify the height 𝑍  in this paper. According to the experi-
mental results, the height 𝑍  of Particle A, to the reference 
surface, had not changed after stroke number 10 due to the 
elastic tip touched the reference surface. Therefore, we can 
assume that the height 𝑍 of Particle A was zero to compensate 
the height 𝑍 up by adding the 𝑘 factor into equation (4), and the 



  
compensation of height 𝑍 was written in equation (5), whereas 
the 𝑘 factor was calculated to be 1.14.  
 

𝑍 =
1

𝜉" − 𝜉!
ln 7𝑘 ∙

𝐼&!
𝐼&"
9 (5) 

 
Then the height 𝑍 of the three nanoparticles were compensated 
by using the 𝑘  factor, as shown the results in figure 9. The 
compensation height 𝑍  results of the three nanoparticles 
decreased the same trend as the piezo movement. However, we 
could not track all of the nanoparticles in the same number of 
stroke because the nanoparticles’ locations were different, and 
their height 𝑍 positions were above than the penetration depth 
of the evanescent fields. 
 

 
 
    Figure 8. Describing the evaluated values that related to the height 𝑍 

 

 
 
Figure 9. The compensated height 𝑍  results of the three observed 
nanoparticles were plotted in each stroke   
 

 
 
Figure 10. The difference of height ∆𝑍 of ∆𝑍AB and ∆𝑍CA were plotted 
with an error bars comparison of three observed nanoparticles  
 

Moreover, we analysed the difference of height ∆𝑍 between 
each two-nanoparticles that related to the height 𝑍 to evaluate 
the accuracy of our method. The difference of height ∆𝑍AB and 

∆𝑍CA were the particle distance between Particle A to Particle B, 
and Particle C to Particle A, respectively, as seen in figure 8. The 
results of ∆𝑍AB and ∆𝑍CA were plotted together with the error 
bar, as shown in figure 10. The error values of the height 𝑍 were 
less than ±20 nm. However, the result at stroke number 11 was 
not analysed because Particle A already attached to the 
reference surface since stroke number 10.  

5. Conclusions 

 The multi-wavelength evanescent fields were used to 
investigate the 3D position tracking of observed polystyrene 
particles (φ100 nm) by controlling the nanoparticle displace-
ment. We could detect the scattering light intensities from 
nanoparticles by an 8-bit camera in a frame rate of 50 fps within 
an exposure time of 5 ms in which the penetration height 
measurability was 250 nm from the reference surface. After 
compensating the height 𝑍, we found that the measured height 
𝑍 uncertainty could be less than ±20 nm. 
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