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Abstract                                      

 As the range of applications of nanomaterials has expanded, the 

microstructural analysis of nanomaterials has become a major issue for 

interpreting the mechanisms of synthesis. Transmission electron microscopy 

(TEM)-based studies on nanoparticles have been widely used because of the 

superior lateral resolution and ability to analyze crystallographic, chemical, 

and electronic structural information. Even though ex-situ TEM analysis 

could help identify the material kinetics after the experiment, in-situ TEM 

analysis has an additional benefit of enabling direct observation of the 

dynamic nucleation, growth, and dissolution of nanoparticles.  

A variety of methods for preparing nanoparticles from solutions 

have been reported. In contrast to the bulk materials, properties of 

nanomaterials are significantly affected by size, distribution, aspect ratio, 

and faceting of the crystallographic surfaces. Because of the lack of 

information regarding the nanoparticle synthesis mechanism, many research 

groups attempted to control the specific morphology and size of 

nanoparticles by conducting numerous experiments empirically, with the aim 

to produce nanoparticles with specific properties. If the synthesis of 

nanoparticles is directly observed in a liquid with high spatial resolution, it 

could help in understanding the synthesis mechanism. In this thesis, we 

develop a custom-built in-situ liquid cell TEM stage, to directly observe 

growth and dissolution of nanoparticles, with a high spatial resolution.  
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 Recently, in-situ liquid cell TEM has been widely used to observe 

nanoparticle dynamics. However, in most liquid cell studies, only structural 

analysis is possible. Since a SiNx membrane is used to encapsulate the liquid 

in TEM, it causes multiple scattering of characteristic x-ray signals due to 

structural restrictions. In this thesis, we redesign the previously reported 

SiNx membrane by fabricating the asymmetrical SiNx membrane for 

structural and chemical analysis at the same time. The critical size of the 

window was confirmed by energy dispersive spectroscopy (EDS) peaks. 

From the experimental results, the critical escape angle of x-ray signals, 

which could reach the EDS detector, was calculated. By conducting the in- 

situ experiment in various solution systems, sufficient x-ray signals were 

successfully obtained in the redesigned SiNx membrane.  

Due to inelastic collisions, the energetic electrons used in TEM 

form images and diffraction patterns to generate radiolysis species while 

passing through the liquid. The variation in the electron number density 

inside the illumination area does not have a significant impact on the 

microstructure observation in the solid thin foil sample, if high resolution is 

not required. In the liquid sample, however, radiolysis species, generated 

with the illuminated electrons, could influence the reaction rates and product 

distribution. Inhomogeneous growth and dissolution of silver nanoparticles 

prior to stabilization were observed in the in situ liquid TEM. It is believed 

that the key player in this sequence of reactions is the inhomogeneous 
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distribution of eaq
-
, originating from the non-uniform illumination intensity 

of electron beam. The inhomogeneous growth is the result of the diffusion of 

radiolysis species from a high concentration region to a lower concentration 

region.  
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Chapter 1. Introduction 

 

1. 1. Background 

1. 1. 1. In-situ Transmission Electron Microscopy 

 Nanomaterials have received a great deal of attention over the past 

two decades for a variety of the applications which are used as photonics,
1
 

medicine,
2
 sensing,

3
 and catalysis.

4
 The properties of nanomaterials are 

significantly affected by their size distribution and aspect ratio, as well as 

faceting of the crystallographic surfaces. In order to use the correct object, 

many researching group have been focused on making the precise 

nanomaterials which have specific size and shape.
5-6

  

The Transmission Electron Microscopy (TEM)
7
 has been widely 

used to analyze the nanomaterials because it has a high spatial resolution and 

analysis ability of crystallographic and quantitative chemical information. 

However, the TEM uses a simple ex-situ
8-9

 analysis in most institutions. In 

case of the ex-situ analysis, it shows the trend of the overall reactions because 

specimen should be fabricated in every reaction step. In other words, ex-situ 

analysis could not show the one sample of the reaction process and 

intermediate reactions process. Therefore, the intermediate reaction process in 

one of the nanomaterial should be guessed based on the trend of the overall 

reactions in ex-situ analysis. However, the disadvantages of ex-situ analysis 
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are possible to overcome using in-situ analysis. The in-situ analysis has the 

advantage of being able to implement an actual operating environment of 

nanomaterials. in-situ analysis could identify a change in the behavior of the 

nanomaterials and the mechanism with minimal experimentation in actual 

used environment, such as heat, stress, electrical signal, gas and liquid.
10-16

 

Most important advantage of in-situ analysis is that the intermediate reaction 

process could be directly observed without guessed. In order to apply the real 

time investigation, several restrictions should be overcome unlike the general 

ex-situ analysis. There are two kinds of the methods to apply the real time 

investigation in the TEM. One method is to use modifications to the TEM 

itself for real time investigation. This method has the disadvantage of 

generating a lot of costs because of modification to the expensive TEM itself 

and it is available only renovated TEM. Another method used to manufacture 

the TEM stage for special purpose. The fabrication of stage has the advantage 

of being relatively a low cost than the previous method which is modification 

to the TEM. in-situ stage could use in all of the TEM because of the good 

portability. However, in order to fabricate the real time stage, a lot of the 

hurdles should be overcome. In particular, the problem is space restriction in 

the pole-piece
17

 where specimen has been located. The pole-piece is 

configured as a copper coil wrapped around the top and bottom. In general, 

pole-piece gap has been maintained below 2mm. In order to conduct the real 

time experiment in the TEM, all parts for in-situ experiment should be located 
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in pole-piece gap which was maintained below 2mm. If space limitations are 

overcome, real time investigation could be performed well. Many research 

group conduct the various real time observation in the TEM because real time 

investigation of nanomaterials in the TEM could clarify the relationship 

between the microstructure and various properties.  
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1. 1. 2. In-situ liquid cell TEM 

 In these days, nanoparticles have grated received attentions in variety 

of fields. One of the reasons is that the diverse properties could be intensely 

affected although the size and the shape of the nanoparticles are changed 

slightly. Thus, a lot of research groups have been focused on the controlling 

the size and shape which cause particular properties for certain applications.
18 

However, the mechanisms of the growth and the dissolution of nanoparticles 

are not fully understood due to the lack of the direct observation of the 

intermediate process in nanometer scale.  

Williamson et al. have firstly reported to introduce the observing the liquid 

phase with a high spatial resolution using the encapsulated cell loaded on the 

liquid transmission electron microscopy (TEM) for electro plating the copper 

nanoparticle.
19

 Since Williamson et al. reported the observing the liquid phase 

inside the TEM, the liquid TEM has been applied in the diverse research 

fields.
20-27

 Furthermore, the research fields of applications consistently have 

been expanded. So as to observe the liquid phase inside the TEM, the liquid 

must be isolated from the vacuum inside the TEM column which maintains 

the high vacuum state. In order to isolate the liquid, usually two thin films are 

used. The films, such as amorphous silicon nitride
19

, 
28

or graphene
29

, should 

be thin enough to transmit the electrons to form the image of the liquid phase 

which is encapsulated between two thin films. Although the main purpose of 

the electrons is creating a transmitted image of the specimens in the TEM, the 
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accelerating high energy electrons of 100-300 kV could generate a lot of the 

radiolysis species during the electron penetrations into the aqueous solutions 

due to the inelastic collisions between the electrons and aqueous solutions.
30 

These radiolysis species could react with the components such as metal ions 

in the solutions. Thus, the variables, which could affect the radiolysis of 

solutions, such as the electron dose rate, the electron energy, and the 

components of the solutions, are the important parameters, which are having 

an effect on the reactions in the solutions.  
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1. 2. Scopes and organizations 

 This thesis consists of 4 chapters. Chapter 1 presented to the 

introduction as stated above. 

 Chapter 2 covers the Set-up of liquid transmission electron 

microscopy. Chapter 2.1 presents the step-by-step fabrication procedures of 

silicon nitride membrane using Micro Electro Mechanical System(MEMS) 

process. In chapter 2.2, describe the development of custom-built liquid cell 

stage with electrical feedthrough to apply many kinds of the applications. 

Chapter 2.3 states the experimental details of the in-situ liquid TEM and 

applications. 

 Chapter 3 presents the liquid TEM study on the in-situ chemical 

analysis and inhomogeneous growth of the silver nanoparticles due to uneven 

electron beam irradiation. Chapter 3.1. presents redesigning the established 

silicon nitride membrane for in-situ energy dispersive spectroscopy(EDS). 

Chapter 3.2 will show the growth and dissolution of the silver nanoparticles in 

real-time. And effect of the energetic electron beam, which is generated by 

field emission gun, will be discussed in Chapter 3.3. 

 At the conclusion, chapter 4 summarized this thesis. 
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Chapter 2. Set-up of liquid cell transmission electron 

microscopy 

 

2. 1. Development of the SiNx membrane using MEMS 

2. 1. 1. Introduction 

 In order to observe the liquid phase in the TEM, firstly liquid 

encapsulation should be considered due to high vapor pressure of liquid.
1-3 

Materials, which isolate the liquid from the vacuum, should have the high 

mechanical property and transparency. We tried to use the commercial poly-

imide in advance. However, poly-imide was broken by high pressure 

difference between vacuum and atmospheric pressure. Thus, amorphous low 

stress silicon nitride (SiNx) membrane
4
 was selected instead of poly-imide to 

encapsulate the liquid inside the TEM. SiNx
5-6 

has a many kinds of the 

superior properties such as high strength over a wide temperature range, high 

fracture toughness, high hardness, good thermal shock resistance and good 

chemical resistance.  

In order to fabricate the SiNx membrane, micro electro mechanical system 

(MEMS) should be used.
 7-9

 MEMS process is defined as technology of very 

small device using silicon, glass and crystal. Devices can be fabricated with 

micrometer precision when MEMS process is applied. The microstructures 

are constructed using microfabrication technology of semiconductor which is 
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conducted by repetitive structural deposition and etching. The basic MEMS 

process is illustrate as following. The deposition process is divided into a 

physical vapor deposition (PVD) and chemical vapor deposition (CVD).
10-11

 

The PVD consist of the sputtering and evaporation. Sputtering is a process 

whereby atoms are ejected from a solid target material due to bombardment of 

the target by energetic particles. It is categorized into thermal and e-beam 

evaporation according to source to take off the atom from the target. 

The chemical deposition, which comprises the CVD, is that gas source 

chemically reacts with substrate. The CVD is classified into low pressure 

chemical vapor deposition (LPCVD) and plasma enhanced vapor deposition 

(PECVD).  

 In order to form the pattern on the substrate, lithography usually has been 

used.
12

 The lithography is that pattern change into the light-sensitive materials 

with selectively exposure by radiation source. The light-sensitive materials 

mean that these materials switch to physical properties after exposed to the 

radiation source. The radiation pattern converts into exposed materials by 

difference between the exposed and non-exposed area. The exposed area will 

be removed or used for a mask. The photolithography typically has been used 

to deposit the thin films and etch the thin films.   

The etching process is categorized into wet and dry etching.
13-14

 The wet etch 

is that target materials immerse in chemical solutions to etch the target area. 

The dry etch means that target area will etch by collision between ionized gas 
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and target materials in the vacuum.  

 In order to fabricate the SiNx membrane, LPCVD, PECVD, e-beam 

evaporation, photolithography, dry and wet etch process should be used.   
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2. 1. 2. Experimental detail 

 The mask, which was used to form the pattern on the wafer, should 

be made using the MEMS to fabricate the SiNx membrane. Three kinds of the 

mask were used for making electrode, spacer and wet etching. Hence, precise 

position of the pattern should be formed using align key. As shown in fig 2.1, 

anisotropic etch rate between the (100) and (111) plane have to be considered 

because of using the (100) silicon wafers.
15

 In other words, angle between 

(100) and (111) plane in silicon should be considered to leave the target size 

of the window after wet etch process. The SiNx membrane was fabricated 

after complete the considerations above. Figure 2.2 is a schematic view of the 

fabrication of the SiNx membrane by MEMS process. Double side polished 

(DSP) with 4 inch (100) plane silicon wafer was used. Low stress silicon 

nitride was deposited on the both side of the wafer. In order to encapsulate the 

liquid inside the vacuum, mechanical properties of the SiNx are important, so 

that low stress silicon nitride was used to reduce the residual stress. All of the 

experiments used the positive photoresist (PR) to form the pattern on the 

wafer. The Ti/Pt was deposited on the wafers to make the electrode using the 

e-beam evaporation after photolithography. We used the Ti for adhesion layer 

because of poor adhesion between the SiNx and Pt.
16

 When the PR was 

removed using the PR remover after e-beam evaporation, then target area of 

metal remained by lift-off process. The SiNx /SiO2 thin films were deposited 

on the wafer using high density PECVD (HD-PECVD) to modulate the liquid 
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thickness as spacer. Again, photolithography process was performed to form 

the spacer pattern. The SiNx /SiO2 layer was removed using reactive ion dry 

etching process to leave the target spacer pattern. Finally, photolithography 

was performed on another side of SiNx to make the viewing window. The SiNx 

was etched using reactive ion dry etching process to leave the target pattern. 

After removing the PR, the wafer immerse in the KOH with mechanical 

agitation by magnet to leave the viewing window. The SiNx membranes were 

cleaned by cleaning solutions after complete the wet etch.  
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Figure. 2.1 Schematic view of the silicon anisotropic etching due to difference 

of the etch rate between Si (111) and (100) plane. 
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Figure. 2.2 Schematic view of the fabrication procedures SiNx membrane 

7using MEMS process  
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2. 1. 3. Results and discussions 

 The Ti thin film was used as glue layer because of poor adhesion between 

the SiNx and Pt thin films.
16

 If adhesion is poor, then metal can expoliated 

from the substrate during the lift off process. In present study, we successfully 

get the electrode pattern by lift off. The most time consuming process was wet 

etch process. Hence, measurement of the etch rate is important to control the 

all over the time to make SiNx membrane. Fig .2.4 shows the cross-sectional 

scanning electron microscopy (SEM) image of the intermediate stage of the 

SiNx membrane during the KOH wet etch process. It is clearly shows the 

anisotropic etch due to difference etch rate between the Si (100) and (111) 

plane. The depth of the etch region was measured by SEM to calculate the 

etch rate. The estimated etch rate was 18.75m/hr using 40% KOH wet 

solution at the 70°C. The small spherical particles with bright contrast were 

observed by field emission SEM (FESEM). These were confirmed as 

roughness of SiNx with 9 – 10 nm average and maximum 20nm diameter by 

atomic force microscope (AFM). As shown in fig 2.5 and fig 2.6, roughness 

of the SiNx could reduce the resolution of the TEM image. The reason of the 

roughness of SiNx was inappropriate deposition conditions for thin thickness. 

Almost of the low stress SiNx process had widely used insulating layer, which 

was relatively thick thickness, in semiconductor device. However, in order to 

use the imaging window in TEM, SiNx membrane should be thin enough for 

electron transparency. In other words, low stress SiNx deposition conditions 
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have to be controlled appropriately. We cannot use the low stress LPCVD 

machine at appropriate thin-thickness conditions in domestic. The roughness 

of the SiNx thin films were disappeared when appropriate thin-thickness 

conditions was applied from foreign company. Hence, quality of the SiNx 

membrane is important in two aspects. First, SiNx membrane should withstand 

the pressure difference between the vacuum and atmospheric pressure. 

Secondly, SiNx membrane should minimum affect to form the image in the 

TEM.  

 

 

 

 

 

 

 

 

 

 

 

 



１９ 

 

 

 

 

 

 

 

Figure 2.3 Optic image of the 4 inch Si wafer which was deposited on Ti/Pt 

using lift-off process. 
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Figure 2.4 SEM image of the anisotropic wet-etch process using KOH 

solutions to etch the silicon. 
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Figure 2.5 SEM, TEM and AFM analysis of the roughness of the SiNx thin 

films which were deposited at inappropriate conditions.  
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Figure 2.6 SEM, TEM and AFM analysis of the roughness of the SiNx thin 

films which were deposited at appropriate conditions. 
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2. 1. 4. Summary 

 In order to trap the liquid in the vacuum, SiNx membrane, which has 

good mechanical properties, was fabricated using MEMS process. The 

membrane having a viewing window size finally targeted was successfully 

obtained by calculating the anisotropic etching of the silicon and designing 

the mask. The SiNx membrane plays the important role to encapsulate the 

liquid in the vacuum. Meanwhile, it is also used to form the image in the TEM. 

If roughness of the SiNx thin film is over the several nanometer, then it could 

affect the reducing the imaging resolution. Hence, in order to use as imaging 

window in the TEM, quality of the SiNx thin films are very important. 
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2. 2. Development of custom-built liquid cell stage 

2. 2. 1. Introduction 

 In case of the commercialize in-situ TEM stage, it is hardly to apply 

the specific application for the precise purpose of the experiment.
1-7

 Hence, 

custom-built in-situ environmental TEM stage was developed to create the 

real-environment where materials operate in it. In order to observe the gas and 

liquid phase inside the TEM, general specimen preparation methods could not 

be applied. TEM image is formed by different transmitted electron densities 

through the thin sample. TEM always maintain the vacuum state to avoid the 

scattering between electron and air. Hence, liquid, which has relatively higher 

vapor pressure, cannot be directly loaded without any specific treatment. 

Specific treatment should be considered to protect the evaporation of liquid 

inside the vacuum. As shown in Fig 2.7, methods, which are able to observe 

the liquid in the vacuum, are categorized into modifying the TEM itself and 

renovating the TEM stage.
8-9

 Modifying the TEM has two kinds of the 

disadvantages. One is that experiment is performed in the only modifying 

TEM. Another one is that cost of the modifying TEM is very high because of 

high cost of the TEM. In case of the renovating the TEM stage, it has grate 

advantages. Modifying the TEM stage has good portability and low 

manufactured cost. Hence, we focused on the renovating the TEM stage 

which has good portability.  

In order to manufacture the in-situ liquid TEM stage, many kinds of the 
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hurdles should be overcome. The TEM sample locates at the pole-piece
10

 

which has small space. Generally, space of the pole-piece is 2~3mm. All of 

the facilities should be fitted in the pole-piece. In other words, space 

restriction must be solved. Thin SiNx membrane is used to encapsulate the 

liquid. Thin SiNx films with liquid could be broken due to pressure 

difference between the liquid and vacuum. Hence, thin SiNx membrane 

should withstand the pressure difference. The image resolution could be 

reduced due to transparency of the liquid and SiNx membrane.
11

    

Custom-built TEM stage could perform the various in-situ experiments 

such as heating and electrical biasing inside the liquid by equipping the 

electrical feedthrough.  
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Figure 2.7 Two kinds of the methods to observe the liquid phase in the TEM, 

(a) shows the modifying TEM and (b) shows modifying TEM stage. 
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2. 2. 2. Experimental detail and results 

The SiNx membrane cannot be loaded in the standard TEM stage 

which uses the 3mm grid. Tip stage was designed for fabricated SiNx 

membrane. Fig 2.8, shows the design of the custom-built liquid cell stage and 

prototype of the manufactured liquid cell stage. It is compatible with JEOL 

2010F TEM. Because the actual pole-piece
10

 gap is 2~3mm, thickness of tip 

stage was manufactured within 2mm. Electrical feedthrough ,which has 8 

individual line, was connected at the holder handle with O-ring type sealing. 

Hence, custom-built in-situ liquid stage could be applied the complex 

variables such as heating and electrical bias.  

In order to observe the liquid phase inside the TEM, vacuum stability 

of the SiNx with liquid was checked through the vacuum test chamber. When 

custom-built liquid cell stage was loaded in TEM with liquid, vacuum state of 

the TEM column was maintained like standard TEM stage. Therefore, 

custom-built liquid cell stage was successfully fabricated to conduct the in-

situ experiment in the TEM.    

As shown in the fig 2.9, Bulging of the SiNx thin films, due to 

pressure difference between vacuum and liquid, significantly affect the image 

resolution in liquid TEM.
12-13

 Fig 2.10, shows that image of the assembled 

SiNx cell, which contains the liquid, extract from the vacuum. The bulging of 

the SiNx membrane was not confirmed before inserting the cell with liquid 

into the vacuum. However, bulging of the SiNx membrane was confirmed 
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after extracting the cell from the vacuum by optic image. Bulging of the SiNx 

membrane with liquid was relieved after elapsed time from extracting the cell. 

Hence, it is important that controlling the degree of the bulging is significant 

factor. In order to reduce the bulging of the SiNx membrane, finding the 

optimum conditions should be required because factors, which could affect 

the bulging and cell rigidity, are related with trade-off. As shown in fig 2.11, 

when thickness of the SiNx film increases to reduce the bulging, image 

resolution could be reduced. However, thickness of the SiNx film decreases to 

increase the resolution, SiNx thin film could be broken and evaporated liquid 

damage the TEM.
14
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Figure 2.8 (a) shows the design of the in-situ liquid cell TEM stage with 8 

electrical feedthrough (b) shows the fabricated prototype of the in-situ liquid 

cell TEM stage compatible with the JEOL 2010F TEM.  
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Figure 2.9 Schematic view of the bulging of the SiNx membrane due to the 

pressure difference between the vacuum in TEM column and liquid.  
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Figure 2.10 (a) shows the optic image of the viewing window with liquid 

before the loading inside the vacuum (b) shows the bulging of the SiNx 

membrane after loading the vacuum (c) shows the releasing the bulging effect 

as time increases in the atmospheric pressure. 
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Figure 2.11 Shows the trade-off relations among the variables which could 

affect the liquid cell. 
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Measurement of thickness of the liquid in the liquid TEM has been 

reported with various methods.
15-16

 We devised the easy way to estimate the 

maximum thickness of the liquid during the in-situ experiment. Fig. shows the 

schematic view of the measurement of thickness of the liquid. TEM use the 

energetic electrons to form the image. When energetic electrons penetrate the 

liquid, reactions occur between the liquid and energetic electrons. Generally, it 

is reported that reactions are related with SiNx membrane.
17-18

 For instance, 

heterogeneous nucleation at SiNx surface requires less energy than 

homogeneous nucleation in liquid. So, heterogeneous nucleation could occur 

preferentially at the SiNx surface. The Brownian motion in the liquid TEM has 

been barely observed as compared with bulk Brownian motion. As shown in 

fig 2.12, thickness of the liquid was estimated by displacement which was 

generated by the + x-axis tilting after electron beam irradiation.  

As shown in fig 2.13, Liquid thickness was measured in two kinds of 

the membrane with different sizes of the window and same thickness of the 

SiNx film. The size of the windows was 100 × 100 m and 20 × 100 m. In 

case of the former one, the displacement was measured to be 2.55 m by 20 

degree tilting. Thereby, the maximum thickness of the liquid was calculated to 

be 7.45 m. In case of the latter membrane, the displacement was measured to 

be 0.65 m by 20 degree tilting. Thereby, the maximum thickness of the 

liquid was calculated to be 1.9 m. Hence, when thickness of SiNx thin film 

was fixed, the thickness of the liquid was affected by the variation of the 
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window area.  

As shown in Fig 2.14, in-situ liquid tip stage was fabricated with 

various designs by methods of sealing the liquid. The diversity of methods 

could help researchers who conduct the experiment for specific purpose in the 

liquid TEM.  
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Figure 2.12 shows the schematic view and equations of simply method to 

estimate the thickness of the liquid using the heterogeneous reactions at SiNx 

membrane surface.  
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Figure. 2.13 Shows the estimation of the thickness of the liquid from the 

measurement of the displacement by tilting. It is clearly shows that reducing 

the size of the window could reduce the thickness of the liquid.  
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Figure. 2.14 Shows schematic view of the various methods to encapsulate the 

liquid in the TEM using the SiNx membrane, glue and O-ring.  
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2. 2. 3. Summary 

In-situ liquid cell stage was successfully manufactured by 

overcoming the space restriction caused by narrow pole-piece gap in the TEM. 

The custom-built liquid cell stage was good vacuum stability at a level of the 

standard TEM stage. It is noted that the difference of the membrane with 

different size of window could significantly affect the thickness of the liquid 

by bulging in the vacuum state. We devised the methods, which measured the 

thickness of liquid, to optimize the cell rigidity and image resolution. We 

confirmed the reducing the thickness of liquid by reducing the size of the 

window. The various methods were devised to trap the liquid in the TEM for 

specific purpose of the experiment.    
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2. 3. Liquid cell experimental detail  

 The in-situ liquid cell experiment was conducted in a JEOL 2010F 

TEM. Acceleration voltage of electron beam was set as 200 kV to reduce the 

defect generation during electron beam scanning. Current density of the 

electron beam was 3~10 pA/cm
2 

. The liquid cell sample was loaded in the 

vacuum chamber to confirm the vacuum stability before the in-situ liquid cell 

experiment.   

 Energy dispersive spectroscopy (EDS) analysis was conducted with 

the Semi-STEM control unit of Oxford Company.   

 Solution was prepared by dissolving the precursors during the 

magnetic stirring at the room temperatures. 

High-resolution images were taken by 2100F TEM before and after 

in-situ liquid cell experiment. 
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Chapter 3. In-situ chemical analysis and 

inhomogeneous growth and dissolution of the 

silver nanoparticles in the liquid cell 

 

3. 1. In-situ chemical analysis during the liquid cell 

experiment 

3. 1. 1. Introduction 

 Real-time observation of the liquid phase using in-situ liquid TEM 

can help the understanding of the nucleation and growth of the nanoparticles.
1-

4 
However, almost of the research in liquid TEM has been reported that the 

chemical analysis of the materials has been conducted using ex-situ analysis 

after drying the liquid.
2-3

 ex-situ chemical analysis could give rise to the 

different results after drying the solution. Most strong point of in-situ 

experiment is that actual environment where the materials are actuated, is 

formed. However, when ex-situ chemical analysis will be perform after in-situ 

experiment, environment, where materials are formed, could change into 

another conditions. Fig 3.1 is our preliminary results. It shows clearly that 

phase of the nanomaterials were changed into other phase. Fig 3.1 shows 

snapshots from the movie. Real-time growth of the nanoparticle, which had 

high crystallinity, was observed during the electron beam irradiations. 



４５ 

 

Spherical shape of particles were nucleated and grown at the beginning stage. 

And then shape transformation was confirmed to octagonal shape of particles 

for reducing the interfacial energy at critical size.
5-7

 All of the particles obey 

the classical growth model in advance.
8-9

 After 100s, growth behavior was 

converted into the Ostwald ripening.
10

 This movie presents the important 

information which could be contributed to understand the growth mechanisms 

of nanoparticles. In order to investigate the structural analysis, selected area 

diffraction pattern (SADP) was also taken from zone axis. It clearly shows the 

typical FCC [111] zone-axis. Fig 3.2, shows the bright field image after 

drying the solution to perform the chemical analysis. It is evidently shows that 

nanoparticles with high crystalline phase were changed intro amorphous 

phase after drying the solutions. In other words, materials could be 

additionally transformed by changing the environmental.  
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Figure 3.1 Shows sequentially structural changing of nanoparticles were 

recorded during electron beam induced growth process. All of the bright field 

images were snapshots taken from streaming video. First, spherical particles 

were grown up to 80s. Particles were evolved from spherical shape to octagon 

shape. Finally, particles which had specific facets were evolved from octagon 

shape after 240s. 
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Figure 3.2 Shows bright field image of the nanoparticles after drying the 

liquid to identify the exact phase. However, high crystalline phase, which was 

confirmed by SADP during the in-situ experiment, transformed into 

amorphous phase.   
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The chemical analysis in the TEM is commonly conducted in two ways 

using electron energy loss spectroscopy (EELS) and energy dispersive 

spectroscopy (EDS). However, EELS is not suitable in the liquid TEM 

because the sensitivity to thickness. The EDS can be used only when 

sufficient characteristic x-ray reaches the detector.
11-12 

In order to conduct the 

in-situ chemical analysis in the liquid cell using EDS, as shown in fig 3.3, 

considerations of the structural barrier of SiNx membrane has not much 

reported yet. In this chapter, in order to overcome the structural barrier of SiNx 

membrane, we redesign the SiNx membrane and successfully gain the 

sufficient characteristic x-ray signals during in-situ liquid cell experiment. 
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Figure 3.3 shows schematic view of the space restriction of the characteristic 

x-rays due to structural barrier of the SiNx membrane. 
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3. 1. 2. Experimental detail 

 As shown in fig 3.4, it is necessary to avoid multiple scattering of the 

characteristic x-ray by structural barrier of SiNx membrane. SiNx membrane 

must be modified to gain the sufficient characteristic x-ray signals. There are 

two ways to improve that sufficient x-rays reach the EDS detector. One way is 

reducing the thickness of the SiNx membrane. Advantage of this method is 

that bulging of the window is not affected because of constant window size. 

However, thickness of SiNx membrane is not reduced infinitely and handling 

of the thin SiNx membrane is insecure. Because mechanical property of the 

SiNx membrane is most important thing to encapsulate the liquid in the 

vacuum, so we focus on another way. Another way is that size of the SiNx 

membrane is redesigned. Additional process is not required such as reducing 

the thickness in this method. Sufficient characteristic x-rays could be gained 

by simply adjusting the design of the mask which is necessary for 

photolithography. Adjusting the window size is relatively unlimited for getting 

the sufficient x-ray signals. Because bulging and window size is closely 

associated, balanced design will be required.
13-15 

To minimize the bulging 

effect, membrane was asymmetrically redesigned, as shown in fig 3.5 

Although the extent of bulging is equal, more sufficient area is retained by 

asymmetrically redesigning the SiNx membrane.  

The experimental procedures are as follows. First, mask was designed to 

fabricate the asymmetrical shape of the SiNx membrane with a variety size of 
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window. Window size in fabricated SiNx membrane was measured using the 

SEM. A gold thin film was deposited on one surface of the SiNx membrane 

using evaporation. In order to find the x-ray signals according to the window 

size, the cell was assembled without liquid to remove the influence of the 

liquid thickness. The assembled cell was loaded into custom-built liquid cell 

stage and insert into the 2010F TEM. Characteristic x-ray signals were 

measured at same conditions.  
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Figure 3.4 shows the schematic view of the variables which could affect to 

avoid the multiple scattering in SiNx membrane. 
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Figure 3.5 shows the simply method to avoid the multiple scattering by 

manufacturing the asymmetrical shape of SiNx membrane. Asymmetric 

membrane could give more signals although same degree of bulging with 

symmetrical shape of the SiNx membrane.   
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3. 1. 3. Results and discussions 

 Fig 3.6, shows the SiNx membrane with variety size of the window 

by redesigning the mask. Length of the window was measured to be 120m to 

832m in the SEM image. A gold thin film was deposited on the surface of 

the window by using the evaporation. Fig 3.7, shows the TEM image and 

corresponding SADP of poly crystalline gold which was deposited on the 

surface of the window. Asymmetrically fabricated membrane with various 

size of the window was assembled without containing the liquid to gain the x-

ray signals. Fig 3.8 shows that intensity of the x-ray signals was affected by 

window size in no-tilting conditions. This intensity of the x-ray signals have 

an increased tendency as increases the window size. It is shows that the 

increases of intensity did not appear until 500m size. The intensity of the x-

ray signals were increased dramatically when window size reaches the 600m.  

In 600m size window, x-ray signals is effectively reached to the EDS 

detector beyond the structural barrier which was formed by SiNx membrane.     

To investigate the effect of tilting, x-ray signals was measured by a 10 degree 

+x tilting direction where EDS detector is located. As indicated in the Fig 3.9 , 

in contrast to previous results, the intensity of the x-ray signals were increased 

dramatically when window size was 322m. It was confirmed that the 

intensity of x-ray signals could be increased efficiently without significantly 

increasing the size of the window as tilting the stage. It should be noted that 

because the image resolution may deteriorate by tilting the stage. The 
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experiments were performed to confirm the effect of symmetry on the x-ray 

signals. The intensity of the x-ray signals were compared between the 

symmetrically and asymmetrically fabricated membranes at 800m size 

window without tilting. As shown in fig 3.10, in case of the symmetrically 

fabricated membrane, intensity of the x-ray signals was not substantially 

confirmed. When membrane was asymmetrically fabricated, it can be seen 

that intensity of the x-ray signals was greatly increased. As shown in fig 3.11, 

the same result as above was confirmed in 10 degree tilting conditions at 

300m size window. In the above two cases, the bulging of the SiNx 

membrane will be the same because size of the window is the identical. 

Despite the same bulging of the SiNx membrane, sufficient x-ray signals were 

obtained by fabricating an asymmetrical. In other words, x-ray signals 

successfully were gained through a very simple way. The location which is 

located in TEM varies by model of the EDS detector. The critical escape angle 

could be estimated in the above experimental results. In other words, the 

critical escape angle was estimated by the following equation as shown in fig 

3.12. The critical angle was estimated to be 28 ~ 29 degree in our EDS 

detector. Hence, if the size of the window is large enough to exceed the 

critical angle, then sufficient characteristic x-rays could reach the EDS 

detectors.  
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Figure 3.6 shows the SEM image to measurement the size of the window 

which was redesigned to obtain the sufficient x-ray signal. The size of the 

window was directly measured to be 150m to 830m. 
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Figure 3.7 shows bright field image and corresponding selected area 

diffraction pattern in the window where gold was deposited by the 

evaporation. It is shows that polycrystalline gold thin films with nano-meter 

size were deposited on the SiNx membrane.   
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Figure 3.8 shows results of the EDS signals in various size of the window 

without tilting. It is clearly shows that critical size of the window was 600m 

which was able to obtain the sufficient x-ray signal.     
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Figure 3.9 shows results of the EDS signals in various size of the window 

with 10 degree +x axis tilting. It is clearly shows that critical size of the 

window was 322m which was able to obtain the sufficient x-ray signal. 
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Figure 3.10 shows results of the EDS signals in effect of the symmetry of the 

membrane without tilting at 830m size of window. It is clearly shows that 

asymmetrically fabricated membrane could give sufficient signals although 

effect of bulging was same due to having same area of window. 
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Figure 3.11 shows results of the EDS signals in effect of the symmetry of the 

membrane without 10 degree +x tilting at 322m size window. It is clearly 

shows that asymmetrically fabricated membrane could give sufficient signals 

although effect of bulging was same due to having same area of window. 
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Figure 3.12 (a) shows the equation of the critical escape angle to effectively 

reach the EDS detector. (b) shows the results of calculated critical escape 

angle in the oxford EDS detector. 
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The actual in-situ EDS signal was obtained in the actual liquid cell using a 

membrane which was suitable for the calculated critical escape angle. Liquid 

phase was observed after loading the HAuCl4 solutions in the custom-built 

liquid cell. The Au nanoparticles were quickly formed after electron beam 

irradiation. As shown in fig 3.13, Au M edge was clearly confirmed by EDS. 

The sufficient intensity of the signals was successfully gained using 

redesigned membrane to avoid the multiple scattering of x-rays by structural 

barrier. Also, in this result, we should be noted that oxygen peak. The oxygen 

peak was not confirmed without the liquid from the results of the above. 

While oxygen peak was clearly detected when liquid was injected into the cell. 

It has been reported that thickness of the liquid was estimated by the ratio of 

oxygen and silicon peak in EDS.
12

 In other words, silicon peak is almost 

constant because it originated from the SiNx membrane. However, oxygen 

peak could be varied with thickness of the liquid. Relative thickness of the 

liquid could be assumed by measuring the ratio of the silicon and oxygen peak.  

In order to control the morphology and size of the nanoparticles, a variety of 

the interface control materials of surfactant have been used.
7 

The actual 

presence of the surfactants can be confirmed by EDS in the liquid. The 

cetrimonium bromide (CTAB), which is known to control the surface of the 

silver nanoparticles, was dissolved in D.I water with silver nitrate (AgNO3) 

and observed. As shown in fig 3.14, the Br
-
 which is distinct peak of CTAB 

was confirmed in the liquid cell. The elements mapping, which is the most 
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powerful tool in the EDS, could be performed in the in-situ liquid cell. If the 

solution is not high reactivity by energetic electrons, elemental mapping is 

possible. The elemental mapping cannot perform the sensitive solution by 

energetic electrons. The elemental mapping is similar to scanning TEM 

(STEM) which is scanned by small probe to form the image using scattered 

electrons. The reactions are strongly induced in the STEM mode because the 

energetic electrons focused on a small area. Hence, silver nanowire was 

immersed in relatively stable isopropyl alcohol (IPA). Then, EDS mapping 

was performed in the previous solution. Fig3.15, shows the elemental 

mapping in IPA solution with silver nanowire. As results, morphology of the 

silver nanowire was clearly distinguished from other regions. The irradiation 

area where elemental mapping was performed was clearly confirmed from the 

other area.  
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Figure 3.13 shows results of the in-situ experiment in the liquid cell with 

obtaining the EDS signal. It shows that particles which were quickly formed 

was Au through in-situ EDS data.  
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Figure 3.14 shows results of the in-situ experiment in the liquid cell with 

obtaining the EDS signal. It shows that surfactants, which were known to 

could control the shape and size of the nanoparticles, could be confirmed by 

in-situ EDS analysis.   
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Figure 3.15 shows results of the in-situ experiment in the IPA solutions with 

silver nanowire by elemental EDS mapping. Silver nanowire was successfully 

confirmed by elemental EDS mapping.   
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3. 1. 4. Summary 

 The in-situ chemical analysis was successfully performed in the 

liquid cell using a simply method. The sufficient characteristic x-rays was 

obtained at 600 m-size window with no tilting and 300 m-size widow with 

10 degree tilting. The intensity of the x-rays was huge difference between 

symmetric and asymmetric fabricated membrane. The critical escape angle 

was estimated to be 28 ~ 29 degree from the results. Redesigned liquid cell 

successfully apply many kinds of the systems and successfully obtain the EDS 

peak and elemental mapping. These results have not been reported yet in the 

liquid cell. Our results will contribute to the fields of the in-situ liquid cell. 
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3. 2. Inhomogeneous growth and dissolution of the silver 

nanoparticles 

3. 2. 1. Introduction 

 Nanoscale materials have received a great deal of attention over the 

past few decades for applications in medicine,
1
 catalysis,

2
 sensing,

3
 and 

photonics.
4
 The properties of nanoparticles are significantly affected by the 

size, distribution, aspect ratio, and faceting of the crystallographic surfaces. 

Several studies have reported on methods to control the size and shape of 

nanoparticles, which significantly affect the properties of localized surface 

plasmon resonance (LSPR) and surface-enhanced Raman scattering (SERS).
5
 

Since the first report of electroplating of copper nanoparticles from a liquid 

cell using transmission electron microscopy (TEM),
6
 liquid TEM has enabled 

observations of particle nucleation, growth, and dissolution in real time.
7-16

  

Thin membranes, such as amorphous silicon nitride
6-15

 or graphene,
16 

are 

commonly used to isolate liquids from a vacuum and to contain the liquid to 

encapsulate two membranes during liquid TEM. The energetic electrons used 

in TEM form images and diffraction patterns to generate radiolysis species 

when passing through the liquid due to inelastic collisions.
17-18

 These 

radiolysis species react with chemical components, such as metal ions in the 

solutions, leading to the formation of nanoparticles.
7-8, 11, 13-14

 The production 

of radicals during radiolysis depends on the electron energy and dose, as well 

as the constituents of the solutions, and determines the properties of the 



７２ 

 

resulting nanoparticles.  

Liquid cell experiments have typically focused on the growth
7-8, 11, 13-14 

or 

dissolution
15

 of nanoparticles due to difficulties in controlling the volume of 

liquid
19-22, 24 

reactant and the rate of the reaction14 by varying the properties of 

the electron beam. A great of insight could be gained regarding the growth and 

dissolution behavior of nanoparticles if the reaction pathways were observed 

in a reversible manner; however, this is difficult to control because of the 

complexity of the reactions that occur in the liquid. Here, we report 

observations on the growth and dissolution of silver nanoparticles in real time 

using in situ TEM. We compare our findings with those of previous studies 

and discuss the effects of the electron dose. We find that the dose is significant 

in the growth and dissolution properties of the silver nanoparticles.  

We describe the experimental details in the ESI. TEM employs highly 

energetic electrons, which generate radiolysis species when they pass through 

the liquid. Scanning TEM (STEM) and CTEM modes provided different 

results because of the difference in the current density and illuminated 

area.
12

This experiment was performed using a conventional TEM (CTEM) 

with parallel electron illumination. Remarkably, however, different growth 

modes were observed under the CTEM illumination conditions, which has not 

been reported previously using in situ liquid TEM. 
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3. 2. 2. Experimental detail 

 The solution used to fill the liquid cell was prepared by dissolving 2 

mM of silver nitrate (AgNO3) (99%, Sigma-Aldrich) in deionized (DI) water. 

The resistance of the DI water was 18.2 MΩ·cm, and two SiNx membranes 

were used to encapsulate the liquid for imaging. The membranes were 

fabricated using KOH wet chemical etching, leaving transparent 50-nm-thick 

SiNx films to form a 5 µm × 100 µm electron-transparent imaging window, 

which was supported by a 500-µm-thick silicon substrate. To control the 

thickness of the liquid, a 250-nm-thick SiO2/ SiNx spacer was deposited in the 

upper part of the window using plasma-enhanced chemical vapor deposition 

(PECVD). The solution was placed between two membranes by dropping the 

liquid onto the bottom side of the window, followed by capping it with an 

upper window. The liquid cell was mounted and sealed using O-rings on the 

custom-built liquid cell stage. The assembled custom-built liquid cell stage 

was loaded into the TEM (JEOL, JEM-2010F), which was operated at 200 kV. 

A side entry-type charge-coupled device (CCD) camera (Gatan, ES-500W) 

was used to record the real-time reaction sequences at 7 frames/s. The electron 

current density was measured directly during the experiments using a 

phosphor screen and was found to be approximately 3.6 pA/cm
2
. 
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3. 2. 3. Results and discussions 

 Fig. 1 shows snapshots revealing the formation of silver 

nanoparticles induced by the radiolysis species. Small equiaxed crystals were 

observed during the first 5 s (Fig. 3.16a). It is believed that these small 

crystals were quickly formed before moving the visible areas due to relatively 

smaller than total illumination area.
21, 23

 And preferential growth was observed 

from region A after 35 s (Fig. 3.16b). Subsequently, growth in region B 

occurred after 55 s. After 75 s, reactions in region C were observed, as shown 

in the lower left of fig 3.16f. Finally, after 95 s, growth saturated, and 

uniformly sized nanoparticles covered the entire visible area. Note that growth 

of silver nanoparticles was observed from nanoparticles that acted as seeds. 

Seed-mediated growth was clearly visible, which has been used to provide a 

narrow distribution of shape or size.
25

 Fig 3.16 h shows that most of the 

nanoparticles were irregularly shaped due to a lack of the shape-controlling 

component in the experiment.
7-8

 

To determine the growth rate of nanoparticles in regions A, B, and C (see Fig. 

3.16), typical nanoparticles with similar initial sizes were selected from each 

region, and changes in size were traced. Fig. 3.17a–c present the growth rates 

of three representative nanoparticles from regions A, B, and C, and Fig. 3.17d 

shows the changes in the projected area of each nanoparticle as a function of 

time. The growth of nanoparticles in region A began before the growth of 

nanoparticles in other regions, and these increased in size rapidly until about 
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50 s. Nanoparticles in region B grew rapidly from 50 to 65 s. Note that 

dissolution of nanoparticles in region A occurred following the start of the 

rapid growth of nanoparticles in region B. The size and the shape of 

nanoparticles in region A did not change significantly after 60 s. A similar 

three-step process of growth, dissolution, and morphology fixation was also 

observed in regions B and C after 65 s.  

Variations in the electron number density in the illuminated area did not 

significantly affect the microstructure of the solid thin foil sample. In the 

liquid sample, however, the radiolysis species that were generated were able 

to influence the reaction rates and resulting distribution of nanoparticles. 

Therefore, sequential growth and dissolution of nanoparticles is expected to 

depend on the intensity of the electron beam. 

A nonuniform distribution of radiolysis species may have occurred due to 

reactions between high-energy electrons and the aqueous solutions, which was 

investigated by measuring the electron dose. Fig 3.18a shows a high-

magnification image of the electron beam with no specimen and 

corresponding intensity profile along the line AB. Fringes were observed at 

the edges of the electron beam image. The intensity was large at the edges of 

the beam, with an increase of almost 18% compared to the central region of 

the beam, which was attributable to Fresnel fringes
26-27 

that resulted from the 

aperture in the beam path.  

The inhomogeneous concentration of radiolysis species was attributable to 
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the relatively high dose rate at the edges of the electron beam, which was 

expected to result in a concentration gradient of the radiolysis species. The 

edges and the central region of the beam have been reported to result in 

different reaction characteristics, although the cause of this difference was 

unclear.
9
 Although the edges of the beam were not observed directly, we 

expect that the reactions at the edges of the beam will differ from those in 

other regions due to the larger dose.  

Growth and dissolution of the metal nanoparticles is affected by the electron 

dose rate. It was reported that the growth is favored with a relatively high 

dose rate, and dissolution with a relatively low dose rate,
28

 consistent with the 

results obtained here. The region of the beam visible in the images had a 

relatively low dose rate, which was insufficient for growth, but provided a 

stable environment to maintain the size of the nanoparticles up to 35 s (see 

Figs 3.16 and 17. Although the steady-state concentration of radiolysis species 

could be quickly reached after electron beam illumination, it could be varied 

with the dose rate.
28

 Fig 3.18b shows a schematic diagram of the diffusion of 

radiolysis species caused by inhomogeneous electron beam illumination.
11,

 
13

 

Time was therefore required for the radiolysis species (e.g., as eaq
–
 and OH· 

radicals, which acted as a reducing and oxidizing agents, respectively) to 

reach the region of the beam that was visible in the images via diffusion from 

the highly illuminated region at the edge, where the population of radiolysis 

species is expected to be larger. This higher population of the radiolysis 
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species at the edge of the beam is expected to occur in the region shown in the 

upper right of fig 3.16, as deduced from the growth rate of nanoparticles. 

Growth started from silver ion precursors located outside of the region of the 

beam that was visible in the images and spread to the adjacent area following 

completion of the growth in the outer region, propagating toward the low-

concentration region of the radiolysis species. 

Fig 3.19 shows schematic diagrams describing the suggested reaction 

mechanism. Seeds with stable sizes were maintained via the exchange of 

generation and consumption of eaq
–
. When eaq

–
 diffused into a stable region 

from the high-intensity region at the edge of the electron beam, silver 

nanoparticles began to grow. The silver ion precursors appeared to have been 

consumed close to the seeds because mechanical agitation (i.e., stirring) was 

not applied.
12

 Nanoparticles that formed via an increase in the eaq
–

concentration could undergo dissolution due to a temporary drop in the eaq
–
 

concentration. The size and morphology of the nanoparticles stabilized over 

the entire visible area via diffusion of eaq
–
 from the high-intensity region at the 

edge of the electron beam.  
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Figure 3.16 (a)–(h) Snapshots from the in situ video recording after (a) 5 s, (b) 

35 s, (c) 40 s, (d) 55 s, (e) 60 s, (f) 70 s, (g) 75 s, and (h) 95 s. Inhomogeneous 

growth of silver nanoparticles was observed, with larger growth rates in the 

upper-right corner of the observation area. 
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Figure 3.17 Enlarged images of regions (a) A, (b) B, and (c) C. The growth 

rate was larger in region A than in region C. (d) The projected area of the 

nanoparticles in the three growth regions as a function of time. 
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Figure 3.18 (a) The electron beam at a magnification of 2×10
5
 and the 

corresponding intensity of the electrons. The electron density was larger at the 

edges of the beam, which led to an inhomogeneous concentration of radiolysis 

species in the cell. (b) A schematic diagram illustrating diffusion of radiolysis 

species from the high-concentration region at the edge of the beam to the 

lower-concentration region at the beam center. 
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Figure 3.19 A schematic diagram of the overall reaction pathway for the 

growth of silver nanoparticles via in situ TEM using irradiation with an 

inhomogeneous electron beam. 
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The hydrated electron (eaq
–
) has a lowest reduction potential (standard 

reduction potential of - 2.9 V) among the reducing agents, which are 

generated by ionizing radiation. In other words, hydrated electron respond 

with other oxidizing agents due to its high reactivity. In steady-state, it is 

reported that the concentration gradients of hydrate electrons is given by 

diffusion equation in spherical symmetry,4,5 

𝜕[𝑒−𝑎𝑞]

𝜕𝑡
= 𝐷∇2[𝑒−𝑎𝑞] = 𝐷

𝜕

𝜕𝑅
(𝑅2

𝜕[𝑒−𝑎𝑞]

𝜕𝑅
) = 0 (1) 

which is solved by  

[𝑒−𝑎𝑞](𝑅) =
𝑎

𝑅
+ 𝑏 (2) 

where a and b are constants and R is radius of the diffusion length.  

In our experimental conditions, hydrated electrons could diffuse from edge 

of the illumination area, which has relatively high dose rate, to the visible area 

in the steady-state conditions.  

The area illuminated by electron beam could be clearly distinguished from 

the other area, in which the electron beam was not illuminated because 

chemical reaction was induced by the electron beam during the in-situ 

experiment. Fig 3.20 shows the low-magnification TEM image of the region 

where the in-situ experiments were carried out. As shown in Fig 3.20, a 

circular trace was observed after the in-situ experiment which was caused by 

the electron beam induced reaction. Thus, maximum diffusion length could be 

obtained by measuring radius of the trace. The radius of the trace was 
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measured directly along the line CD and was found to be as approximately ~ 

800 nm. It should be noted that the trace of the electron beam induced 

reactions was measured larger than actual illumination area because hydrated 

electrons could diffuse outward to the non-illumination area. Therefore, the 

actual illuminated area should be smaller than the radius of the trace measured. 

Hence maximum diffusion length from the illumination edge to center of the 

visible area should be defined as shorter than ~ 800 nm.The diffusion length 

of the long-lived hydrated electrons has been reported to be nearly 1.25 m 

from the source point. It is well matched with our results in present study. It 

has been reported that difference in the volume exists in the liquid cell caused 

by window bowing, which is induced by pressure difference between liquid 

and TEM column, and by air pocket. The inhomogeneous growth could be 

induced when reaction volume is not identical on the visible area. In other 

words, difference of the liquid volume causes the difference of the quantity of 

the silver ion precursor.  

In, CTEM mode, spatial resolution is given by function of the thickness of 

the liquid,  

𝑑𝑇𝐸𝑀 = 6 × 1012
𝛼𝐶𝑐𝑇

𝐸2
 (3) 

where is the objective semi-angle, Cc is the chromatic aberration coefficient 

and E is the beam energy, and T is the thickness of the liquid. From this 

equation, dTEM is proportional to thickness of the liquid, therefore, when local 

volume difference exists in the visible area, and then resolution would be 
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locally different. Also, it was reported that difference of the volume could be 

recognize, although there is only few-nanometer-scale variation in thickness. 

Fig 3.21 shows snapshots from the movie, and its corresponding intensity 

profile along the line EF. As shown in Fig 3.21, remarkable difference of the 

resolution could not be found, and furthermore, quantity of the electrons in the 

region of without particles, are not different along the line EF. Thus, it is 

believe that volume difference is not a dominant factor in the inhomogeneous 

growth of silver nanoparticles.  
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Figure 3.20 Low-magnification image of the illumination area after in-situ 

experiment. 
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Figure 3.21 In order to investigate the volume difference, snapshot from the 

movie with the intensity profile line EF. 
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3. 2. 4. Summary 

 We observed delayed growth, inhomogeneous growth, and 

dissolution of silver nanoparticles, followed by stabilization, using in situ 

liquid TEM. The most significant factor in this sequence appears to be the 

distribution of eaq
–
, which originated from the nonuniform intensity of the 

electron beam. Inhomogeneous growth resulted from diffusion of the 

radiolysis species from the high-concentration region at the edge of the 

electron beam toward the lower-concentration region at the center of the beam. 
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Chapter 4. Conclusion 

 In-situ liquid cell analysis of silver nanoparticles was conducted in a 

transmission electron microscope by using a home-built liquid cell TEM stage. 

SiNx membrane was used to encapsulate the liquid inside the TEM which was 

maintained vacuum state. Also, electrical feedthrough was combined with a 

liquid cell TEM stage for various applications. Nano-battery system was 

performed inside the TEM.  

 In-situ chemical analysis system in the liquid cell was developed 

during the liquid cell experiment. In order to avoid multiple scattering of the 

characteristic x-rays by the restrictions which come from the anisotropic 

shape of SiNx membrane, we design and fabricate the various sizes of the SiNx 

membranes. To obtain the characteristic x-rays in the liquid cell, two 

dominant factors which include size and symmetry of the membrane were 

investigated by gold deposition on the upper membrane. We shows the critical 

size of the membranes depend on the x-tilting of the stage. Sufficient x-ray 

signals were detected in no-tilting conditions when 600m size of the 

membrane was used. When 10 degree of the x-tilting conditions was applied, 

enough x-ray signals were obtained at 300m size of the membrane. And we 

shows symmetry of the membrane significantly affect the x-ray signals also. 

The critical escape angle was calculated to 28 ~ 29 degree from the 

experimental data. The renovating membrane for in-situ chemical analysis 
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was applied various kinds of the solutions. These scientific findings will 

contribute the field of the in-situ liquid TEM. 

  And finally, We observed the delayed growth, inhomogeneous growth, and 

dissolution of silver nanoparticles, followed by stabilization, using in situ 

liquid TEM. The most significant factor in this sequence appears to be the 

distribution of eaq
–
, which originated from the nonuniform intensity of the 

electron beam. Inhomogeneous growth resulted from diffusion of the 

radiolysis species from the high-concentration region at the edge of the 

electron beam toward the lower-concentration region at the center of the beam.  
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Abstract (in Korean)                           

나노입자를 활용한 소자들의 미세화가 가속화 됨에 따라서 

나노미터 크기 미만의 미세조직 분석에 대한 수요가 급격히 증가하고 

있다. 이에 따라 우수한 공간 분해능과 구조적 화학적 분석 능력을 지닌 

투과전자현미경을 활용한 다양한 연구가 진행되고 있다. 하지만 실제 

재료가 형성되는 메커니즘을 파악하여 활용하기 위해서는 결과 후 

관찰(ex-situ)연구로는 한계를 지니고 있다. 이에 따라 많은 연구자들이 

실시간 관찰(in-situ)을 통하여 직접적으로 재료의 핵생성과 성장과정을 

해석하고자 하고 있다.  

액상내에서 나노입자를 형성시키는 다양한 연구들이 많이 

진행되고 있다. 나노입자들은 크기와 모양이 변함에 따라 벌크와는 달리 

아주 다른 특성들이 유발될 수 있다. 하지만 원하는 특성을 얻기 위해 

정확한 크기와 모양을 제어하는 방법에 대해서는 많은 실험을 통해 

경험적으로 얻어 지고 있다. 이는 성장메커니즘의 이해에 대한 부족에서 

기인한다. 직접 나노입자가 형성되는 과정을 관찰할 수 있다면 

메커니즘을 해석하는데 큰 도움을 줄 수 있다. 본 논문에서는 우수한 

공간 분해능으로 액상내에서 나노입자의 형성 및 분해를 직접 관찰할 수 

있는 자체적으로 제작한 액상 스테이지를 투과전자현미경 내에서 활용할 

수 있도록 개발하였다.  

나노입자의 형성과정에서 그와 유사한 환경을 조성해 주는 것은 

아주 큰 의미가 있다. 하지만 현재 액상을 투과전자현미경으로 관찰을 
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하는 것은 구조적인 분석에 그치고 있다. 액상을 진공과 차단하기 위해서 

질화규소 막이 증착된 멤브레인을 사용되고 있는데 이는 구조적으로 특성 

x선의 다중 산란을 일으키는 원인이 되기 때문에 지금까지는 화학적 

분석이 불가능하였다. 이에 본 논문에서는 액상에서 구조적 분석과 

동시에 화학적 분석이 가능하도록 기존에 보고된 질화규소 멤브레인을 

간단한 방법으로 개조하여 화학적 분석이 가능하게 하였다. 질화규소 

멤브레인에서 실제 투과전자현미경내에서 투과되는 막의 크기를 조절하고 

또한 비대칭적으로 제작함으로써 충분한 특성 X선이 분광분석 수집기에 

도달하는 것을 가능케 하였다. 이를 통해 화학적 분석이 가능한 탈출각을 

계산하였고 이를 통해 최적화 시켜서 실험을 수행하였다. 다양한 액체 

시료에서 화학적 분석을 수행하였고 충분한 양의 신호들이 검출됨을 

성공적으로 확인할 수 있었다. 

그리고, 투과전자현미경은 높은 에너지를 가지는 전자를 이용해 

이미지를 형성하고 이에 따른 패턴을 관찰한다. 이 높은 에너지들이 

액상에 조사되게 되면 다양한 반응들이 일어난다. 본 논문에서는 현재 

액상 투과전자현미경 스테이지를 이용하여 연구를 하는데 있어서 

간과하고 있는 전자빔의 역할에 집중하여 연구를 수행하였다. 실제 관찰 

부위에서 은 나노입자의 성장과 분해 거동이 균일하지 않게 일어나는 

현상이 관찰되었다. 이는 빔의 가장자리 부분에서 프리스넬 줄무늬에 

의한 전자빔의 비균일한 조사로 인해 유발되는 것으로 확인되었다. 즉 

전자빔의 세기에 따라 액상에서 발생하는 방사선 분해 물질들의 농도가 



９５ 

 

달라 지게 되고 이에 따른 확산으로 인해 균일하지 않은 성장이 유발될 

수 있음을 밝혔다. 즉 전자빔의 불 균일한 조사로 인한 방사선 물질농도 

차이에 의해서 금속 입자의 성장과 분해가 유발될 수 있음이 확인되었다.  

 본 논문은 앞으로 액상의 환경에서 만들어지고 거동하는 

나노입자들을 투과전자현미경 내에서 관찰 해석하는데 큰 도움이 될 

것으로 생각된다. 

 

주요어 : 투과전자현미경, 액상, 실시간 관찰, 에너지 분산 분광, 

나노입자 성장, 나노입자 분해 미세전자기계시스템, 
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