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Abstract: Scanning electron microscopy (SEM) is currently widely employed in metrology applications, where nanoscale imaging in 

a liquid environment is in high demand; however, information regarding the nano-objects size measurement limitation of the SEM 

applications is lacking. In this thesis, we study the size measurement limit of nano gold particle by theoretical equation, Monte-Carlo 

Simulation and SEM. The size effect of the nanoparticles in the aqueous environment of the membrane based liquid devices 

measured by SEM was studied. The results of theoretical calculation and simulation show that the analytical capability of SEM 

decreases with the liquid depth. When the membrane thickness is less than 30 nm, the electron beam penetrates the membrane and 

reaches the depth of 100 nm below the membrane. The size of the smallest detectable particle is between 10 nm to 20 nm. The 

experimental results show that the measuring limit of nano gold particle size with 30 nm Si3N4 membrane and 15 keV electron 

energy is 20 nm. The measuring of polystyrene particle size is not easy to image. We inferred that the reason should be related to the 

atomic weight and conductivity of the particles. The particle size measured by SEM has a certain error, so it is necessary to take an 

average after multiple measurements to increase the reliability of the particle size measurement result. 
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1. Introduction

 

Nanoscale imaging in a liquid environment is a 

major area of interest within the research fields of 

physics, chemistry and biology [1, 2]. One of the most 

significant current discussions in liquid phase 

nanoscale imaging is the size of nanomaterial [3]. The 

European Commission has defined the nanomaterial 

in general as a size range of 1 nm to 100 nm around 

the number size distribution threshold of 50% [4]. The 

size of the nanomaterial may affect the stability of the 

reaction between the nanomaterials [5], the 

wavelength of reflection of light [6], the defects of the 

semiconductor process and the pharmocodynamics [7]. 

Therefore, an implementation of reliable measurement 

technique that can image with high accuracy, 

repeatability, reproducibility, and high-throughput to 
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measure the size of nano-objects such as 

nanomaterials or nanoparticles which in a liquid 

environment is expected by scientists. Scanning 

electron microscopy (SEM) and transmission electron 

microscopy (TEM) via different contrast mechanisms 

to image the liquid nanomaterial have been reported 

[8]. All electron microscopes should be operated in 

vacuum (10
-4

 Torr to 10
-7

 Torr) to minimize the 

electron source scattered other than from the sample. 

Complementing conventional high vacuum SEM or 

TEM, a membrane based liquid device that could 

isolate the liquid from the liquid environment is 

developed [9]. Over the past decade, the 

thin-membrane technology has developed. 

Microfabrication of the thin-SiN (20 nm to 150 nm) 

membranes supported on silicon microchips are 

increasingly popular, as the manufacture technology is 

more and more maturity [10, 11]. However, ever since 

the invention of the SEM that could image liquid 
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sample with membrane based liquid device, the 

nano-object size measurement limitation different 

between dry sample and wet sample is not well 

reported. What is the cause of this different 

measurement limitation? Does it involve specific 

properties of the nano-objects or membrane, 

nano-objects interaction with membrane, and SEM 

measurement theory? 

Here, we studied the size measurement limitation of 

gold nanoparticle (AuNPs) and polystyrene nanoparticles 

in an aqueous environment by theoretical equation [8, 

12], Monte-Carlo Simulation [13] and SEM. The 

liquid was enclosed in 30 nm or 50 nm thick electron 

transparent silicon nitride membranes. The membrane 

based liquid devices were loaded into a dedicated 

device holder for SEM. Nanoparticles in aqueous 

environment were detected with same concentration. 

The optimal nanoparticle size measurement limits and 

the impact of major factors were also discussed in this 

thesis. 

2. Experiment 

Effective electron beam diameter, deff, at different 

depths in water is affected by three factors: initial 

beam diameter, electron beam scattering through the 

membrane, and electron beam scattering through 

water. As shown in Eq. (1), db is the initial electron 

beam diameter assumed a value of 1 nm, dm is the 

diameter of the electron beam at the bottom of the 

membrane. The interaction between the membrane 

and the electron beam causes the diameter of the 

electron beam to broaden. We used the CASINO 

software to conduct Monte Carlo simulation and 

calculate the electron beam diameter at the bottom of 

the membrane. In addition, the theoretical formula 

was used to estimate and verify the difference. dw is 

the diameter of the electron beam at different depths 

in the water, and it is the change of the effective 

diameter of the electron beam after entering the liquid 

environment. The dw value obtained from what S. 

Thiberge et al. [14] published in 2004 is variable at 

different depths T.  

     √  
    

    
            (1) 

Niels de Jonge and Frances M. Ross [8] have 

described an algorithm for calculation of electron 

energy loss when electron beam transmits through the 

thin membrane. The effective diameter of the electron 

beam dm is affected by the membrane thickness, the 

density of the membrane, the atomic number of the 

membrane, the mass number of the membrane, and the 

accelerating voltage. The related equation is shown in 

Eq. (2). 

          
 

  
 

 
  

 

 
 
 

       Eq. 2 

where T is the membrane thickness, Z is the atomic 

number of the membrane, ρ is the density of the 

membrane, W is the mass number of the membrane 

and E is the accelerating voltage. 

The membrane based liquid device that we used in 

this study is k-kit of Bio Ma-TEK. The sample 

preparation method is described below. First, we fixed 

the k-kit to the carrier. Then the sealing membranes at 

both ends of the k-kit are removed so that the internal 

microflow channel of the k-kit is exposed at both ends 

of the body. Next, we filled the channel with liquid 

sample through capillary force. And then we kept the 

k-kit steady for approximately 1 min to allow the 

filling to complete. After filling the device with liquid, 

the channel openings at both ends were covered with 

seal epoxy. The SEM equipment used in the test was 

Hitachi, model SU8220. The standard gold particles 

used in the experiment were produced from BBI 

solutions company, and the specifications are shown 

in Table 1. The polystyrene nanoparticles used in the 

experiment were purchased from Thermo Fisher 

Scientific company, and the specifications are shown 

in Table 2. 

3. Results and Discussion 

The SEM measurement is raster scanning the bulk 

samples from left to right and top to bottom. Typically 
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Table 1  Standard gold particle specifications, the standard gold particles used in the experiment were produced using BBI 

solutions company. 

Particle diameter 

(nm) 
Batch number 

Mass of gold per mL 

(g) 

Number of particles 

per mL 

Particle size range 

(nm) 

Mean particle size 

(nm) 

20 016518 5.66×10-5 7.00×1011 19-21 19.3 

30 016783 5.46×10-5 2.00×1011 28-32 30.1 

60 014590 5.68×10-5 2.60×1010 57-63 59.4 

100 015757 5.66×10-5 5.60×1010 96-104 101.6 

 

Table 2  Standard polystyrene particle specifications, the polystyrene nanoparticles used in the experiment were purchased 

from Thermo Fisher Scientific company. 

Particle diameter 

(nm) 
Batch number 

Mass of polystyrene 

per mL (%) 

Number of particles 

per mL 

Particle size range 

(nm) 

Mean particle size 

(nm) 

30 3030A 1 6.70×1013 28-32 31 

50 3050A 1 2.41×1013 48-54 51 

60 3060A 1 1.67×1013 56-64 60 

100 3100A 1 6.03×1012 97-103 100 

 

the energy of the electron focused beam is from 0.5 

keV to 30 keV. Raster graphic is a one-to-one 

correspondence between the raster pattern on the 

specimen and the raster pattern used to produce the 

image on the monitor. The effective diameter and 

intensity (current) of the electron beam directly affect 

the area where the electron beam acts on the 

nano-sample in each pixel. The effective signal is 

from the active area, and we process the effective 

signal intensity (current) from each pixel on the 

nano-object. The signal is collected by the detector 

and transforms into grayscale value of the image of 

the corresponding display pixel. The SEM cannot 

distinguish nano-objects smaller than the effective 

diameter of the electron beam. Therefore, the 

minimum resolution of SEM is basically determined 

by the effective diameter of the spot formed by the 

electron beam on the surface of the nano-samples. In 

this study, we used the Monte Carlo Simulation to 

survey the variation of electron beam effective 

diameter when it transmits through the vacuum 

chamber, the thin membrane, and the liquid area. The 

results are as shown in Fig. 1. And 50 nm, 40 nm, 30 

nm and 20 nm Si3N4 membrane are applied to the 

SEM measurement under the condition of 15 keV 

electron beam energy. The results show that the 

electron beam effective diameters below the 

membrane are 13.4 nm, 6.3 nm, 4.1 nm and 3.5 nm 

respectively. When the depth below the membrane 

reaches 100 nm, the electron beam effective diameter 

changes to 20.5 nm, 16.6 nm, 16.3 nm and 16.1 nm 

respectively. When the depth below the membrane 

increases to 200 nm, the electron beam effective 

diameter changes to 59.2 nm, 58.0 nm, 57.7 nm and 

57.7 nm respectively. A positive correlation was 

found between electron beam effective diameter and 

the deep reaches in liquid environment [15]. The 

resolution ability decreases with increasing depth. 

From the data in Table 3, it is apparent that the 

effective diameters of electron beam between Monte 

Carlo simulation and theoritical equation calculation 

are very similar. The diameter of the electron    

beam becomes larger as the thickness of the membrane  
 

 
Fig. 1  The variation of electron beam effective diameter 

and intensity that interacts with different thin Si3N4 

membrane. 
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Table 3  Effective diameters of electron beam between Monte Carlo Simulation and theory equation calculation are very 

similar. 

Si3N4 15 keV 

dm (nm) Simulation (nm) Theory (nm) 

20 3.5 2.0 

30 4.1 3.7 

40 6.3 5.6 

50 13.4 7.9 
 

Si3N4 20 keV 

dm (nm) Simulation (nm) Theory (nm) 

20 1.7 1.5 

30 2.8 2.7 

40 3.3 4.2 

50 5.7 5.9 
 

Si3N4 30 keV 

dm (nm) Simulation (nm) Theory (nm) 

20 1.3 1.0 

30 2.2 1.8 

40 3.5 2.8 

50 5.5 3.9 

 

increases. The data obtained from theoritical equation 

can be compared with the Monte Carlo simulation 

results. For example, when the 15 keV electron energy 

penetrates 50 nm, 30 nm and 20 nm Si3N4 membranes, 

the electron beam effective diameters below the 

membrane are 7.9 nm, 3.7 nm and 2.0 nm. These 

values are less than simulation results. Interestingly, 

this correlation is related to the thickness of the 

membrane. No matter what, when the membrane 

thickness is less than 30 nm, the electron beam 

penetrates to the depth of 100 nm below the 

membrane, the minimum size of the nanoparticles that 

can be measured is between 10 nm to 20 nm. The 

difference is the smaller the particle size that can be 

observed under the membrane, the farther it is from 

the membrane and the more unobservable. 

In Fig. 2, there is a clear trend of the size 

measurement limitation of gold nanoparticles in 

aqueous environment by SEM. We used the 

membrane based liquid device which has 30 nm Si3N4 

thin membrane, 300 µm × 25 µm view window and 2 

µm depth. The electron beam energy that we used is 

15 keV and couples with the membrane based liquid 

device to measure the 30 nm, 20 nm and 10 nm 

standard gold particles in aqueous environment. The 

measurement results show that the 30 nm and 20 nm 

gold particles can be clearly imaged, but the 10 nm 

gold particles are not easy to image. The gray value 

variations of measuring different size nanoparticles 

are shown in Fig. 3. The gray value changes of 30 nm 

and 20 nm AuNPs are 60 and 40, but the change of 10 

nm AuNPs is less than 25. It should be due to the 

difference in the effective signal that the electron 

beam acts on the particle surface in each pixel. We 

repeated observations on 30 nm and 20 nm standard 

gold particles, and used ImageJ software for image 

analysis. Each particle size was measured repeatedly 

at least 3 times, and we chose 15 positions to observe 

in the view window of the membrane based liquid 

device. The results of the repeated test are shown in 

Figs. 4 and 5. The particle size distribution shows 

normal distribution at either 20 nm or 30 nm. The 

average particle sizes of 30 nm AuNPs in 3 

experiments were 30.3 nm ± 5.4 nm, 29.0 nm ± 2.8 

nm, and 29.9 nm ± 4.3 nm respectively, while the 

manufacturer claims an average particle size of 30.1 nm 
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Fig. 2  The measurement results show that the 30 nm and 20 nm gold particles can be clearly interpreted, but the 10 nm gold 

particles are not easy to interpret. 
 

 
Fig. 3  The gray value changes of 30 nm and 20 nm AuNPs are 60 and 40, but the change of 10 nm AuNPs is less than 25. 
 

 
Fig. 4  Repeated observations on 30 nm standard gold particles, and used ImageJ software for image analysis.  

Each particle size was repeated at least 3 times, and each observation experiment observed 15 positions in the view window of the 

membrane base liquid device. 
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Fig. 5  Repeated observations on 20 nm standard gold particles, and used ImageJ software for image analysis.  

Each particle size was repeated at least 3 times, and each observation experiment observed 15 positions in the view window of the 

membrane base liquid device. 
 

and a particle size distribution from 28.0 nm to 32.0 

nm. The 20 nm AuNPs measuring results were 20.9 

nm ± 2.7 nm, 20.9 nm ± 2.7 nm, and 20.8 nm ± 2.5 

nm respectively, while the manufacturer claims an 

average particle size of 19.3 nm and a particle size 

distribution from 19.0 nm to 21.0 nm. ANOVA 

analysis showed that the F value at 30 nm was 1.45 

which was less than the F-threshold value of 3.04. In 

20 nm nanoparticle repeated experiment showed that 

the F value was 0.07 also less than the F-threshold 

value 3.01. The data from Figs. 4 and 5 indicate that 

the inter-group variation of either 30 nm or 20 nm met 

the requirements. Therefore, the SEM experimental 

data showing that mean metal particle size 

measurement in the membrane based liquid device 

with a 30 nm thin membrane have a good consistency, 

and 20 nm particle is the measurement limit that can 

be clearly presented. The 10 nm metal particles are not 

easy to image, and the repeated measurement results 

show that the image is unclear or no image. Overall, 

these results indicate that if we want to obtain a stable 

particle image quality, the range of electron beams 

acting on the surface of the particle must be 4 to 8 

times the effective diameter of the electron beam, and 

membrane thickness also has the strong relationship of 

the measurement resolution. The most interesting 

finding was that the variation of results by SEM 

measurement is greater than the standard declared 

values. A possible explanation for these results may be 

due to the influence of contrast [16]. Because of the 

different energy and effective area of electron beam at 

different depths, it reflects backscattered electrons and 
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secondary excitation of secondary electrons are 

different amount, and then the final effective signals 

received by the detector also produce a large variation. 

In addition, when the metal spherical particles were 

measured the influence of aberrations may be one of 

the causes of measurement error [17]. Nanoparticles 

have dynamic behavior in a liquid environment [18-20] 

shown in Fig. 6. Therefore, the measurement 

limitation is not the same as that of the dry sample, 

and the dynamic behavior may be one of the sources 

of image error. In theory, if the membrane thickness 

can be further reduced, it is possible to measure 

metal particles below 10 nm [21]. But how to 

maintain the membrane in a vacuum environment 

without cracking and having consistency is a difficult 

point. 

The results of the non-metal particle (polystyrene) 

measurement by SEM are presented in Fig. 7A. As the 

measurement of metal particles, a membrane based 

liquid device with a membrane thickness of 30 nm, a 

view window of 300 μm × 25 μm and a depth of 2 μm 

were used under a 15 keV electron beam. The 

measurement results showed 100 nm, 60 nm, 50 nm 

and 30 nm polystyrene could not be effectively 

measured. The results, as shown in Fig. 7B, indicate 

that we used the TEM to measure the 50 nm 

polystyrene in the same condition as SEM to confirm 

the preparation of membrane base liquid device and 

nanoparticles. The TEM measurement showed the 

quantitative concentration of 50 nm polystyrene under 

the electron beam of 150 keV is consistent with the 

standard value. However, the distribution of the 

particle size is large which indicated that there are the 

differences in particle size of the standard. The 

differences between SEM and TEM measurement 

results highlighted the measurement theory and beam 

energy difference as that SEM cannot measure the 

polystyrene particles as TEM [8, 22], the data also show 
 

 
Fig. 6  Nanoparticles have dynamic behavior in a liquid environment. 
 

 
Fig. 7  The results of the non-metal particle (polystyrene) measurements by SEM and TEM in liquid environment. 
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that SEM has different measurement limits for metal 

particles and non-metal particles [23]. We inferred it 

should be related to the atomic weight and 

conductivity of the particles [24], but more different 

non-metal particles are still needed for testing. 

By the end of the SEM measurement results as 

above showed that the use of an electron microscope 

for the measurement of the nanoparticle size in an 

aqueous environment requires a membrane based 

liquid device. The existing membrane is mainly based 

on MEMS-made silicon nitride membrane and the 

thickness from 150 nm to 30 nm. Since the membrane 

based liquid devices are combined with an electron 

microscope for the measurement of nano-objects in a 

liquid environment, the electron beam needs to pass 

through the membrane first, then enter the liquid 

environment, and then contact with the nano-objects 

to excite the backscattered electrons. The backscattered 

electrons were back propagation to the detector to 

become an effective signal at a unit pixel. Therefore, 

the measurement limit of the optimal size is not the 

same as that of the dry sample to detect the secondary 

electrons when measuring the nanoparticles in the 

liquid state. The results also show that the effective 

measurement of the particle size of nanoparticle is 

related to electron beam energy and effective diameter 

on the active surface, and also related to the 

membrane thickness. Furthermore, the nature of the 

particle to be tested is also an important factor. 

4. Conclusions 

This study clearly reports the limits of SEM for 

measuring the size of nanoparticles in a liquid 

environment, and discusses the main influence factors 

such as membrane thickness, accelerating voltage and 

particle properties through simulation and experiment. 

The results obtained in this study show that the SEM 

can be used to measure the nanoparticle size of the 

liquid environment with a membrane-based liquid 

device of 30 nm membrane and electron beam energy 

at 15 keV. The caliper limit of metal particle is 20 nm. 

The measurement results of polystyrene particles 

cannot be clearly imaged between 30 nm and 100 nm 

due to particle properties and SEM measurement 

principles. The particle size measured by SEM has a 

certain error, so it is necessary to take an average after 

multiple measurements to increase the reliability of 

the particle size measurement result. 
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