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Abstract: In-liquid plasma chemical vapor deposition (CVD) method is useful for high speed production of high quality 

diamond films. The method is simple and secure comparing usual CVD methods. In this paper, new electrodes for in-liquid 

plasma CVD by receiving microwaves are developed and introduced. This paper examines the fabrication of electrodes that 

enable the generation of plasma by effectively receiving microwaves. The fabricated electrodes are used to generate plasma 

in a waste liquid and the performance of the electrode is evaluated by the speed at which gases are created by decomposing 

the liquid. By using experiments in decomposing n-dodecane using in-liquid plasma and through detailed investigation into 

the length of the electrode used, it is confirmed that the half wavelength is optimal for the generation of plasma. The fabri-

cated electrodes are used to test the formation of diamond film by plasma CVD in the microwave oven. Diamond film is 

successfully created inside microwave oven by using the vapor from a mixture of methanol and ethanol. 

Keywords: In-Liquid Plasma, Electrode, Microwave, Plasma CVD 

 

1. Introduction 

Currently, technologies using plasma are being widely 

used in the field of materials processing. Plasma has unique 

physical and chemical characteristics and is being used in a 

wide range of fields including electric power generation, 

light source, processing and decomposing materials. Plas-

ma chemical vapor deposition (CVD), which uses the high 

chemical reactivity of plasma, is used in the formation of 

films and etching and has become an indispensable tech-

nology for the manufacturing of solar cells and liquid crys-

tal displays. And it is being widely researched as a method 

for synthesizing new materials [1-4]. 

The methods for generating plasma include methods that 

use AC or DC high voltage and methods that use micro-

waves. When microwaves are being used for plasma CVD, 

highly dense plasma can be achieved and films can be 

formed at high speeds [5]. Plasma CVD in which electrodes 

are combined with microwaves has also been widely used 

[6,7]. With this method, if efficient electrodes are used, 

starting and maintaining the discharge becomes easy and 

plasma can be generated with low electrical power. Plasma 

can also be generated in under high atmospheric pressures 

or in liquids, which have high molecular density and make 

it easier to start and maintain the generation of plasma, 

which enables faster film formation than plasma CVD that 

does not use electrodes. Furthermore, once plasma has been 

generated in liquid the temperature of the plasma gas 

reaches 3000K, so there is much anticipation about this 

high temperature condition being used as a method for ex-

tracting fuel gases such hydrogen by decomposing toxic 

liquids such as waste oil [8]. 

Unfortunately, microwave plasma equipment that uses 

electrodes must stringently control the microwaves by us-

ing three stub tuners or shorting bars in the waveguides or 

coaxial circuits to enable the generation of the plasma. This 

causes the equipment to be complex, difficult to operate 

and expensive [9]. Accordingly, this paper proposes a new 

method for microwave plasma using electrodes in a mi-

crowave oven. Since microwave ovens are mass produced, 

they are inexpensive and are capable of oscillating 

high-power microwaves. The microwaves inside the mi-

crowave oven differ from the manner of microwaves in the 

waveguides and are not capable of propagating properly. 

Since microwaves inside a microwave oven fly about in 

order to uniformly heat the object in the oven, it is ex-

tremely difficult to accurately calculate and assess their 

condition [10]. Therefore, this paper examines the fabrica-

tion of electrodes that enable the generation of plasma by 

effectively receiving microwaves. Next, the fabricated 

electrodes are used to generate plasma in a waste liquid and 

the performance of the electrode is evaluated by the speed 

at which gases are created by decomposing the liquid. Fi-

nally, the fabricated electrodes are used to test the forma-
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tion of diamond film by plasma CVD in the microwave 

oven. 

2. Examination of the Electrodes 

When a 60 mm length, 1 mm diameter metal rod is placed 

inside a microwave oven, plasma will be created at both 

ends of the rod. Based on this, it is thought that in addition to 

the minute conductive properties of the rod, the length of the 

rod also affects the field strength at the ends of the rod. The 

wavelength λ of the electromagnetic waves inside the mi-

crowave oven can be calculated by using the following 

formula. 

1

r

c

f
λ

ε
= ⋅      (1) 

Where, c is the speed of light in a vacuum, f is the oscil-

lating frequency, and εr is the relative permittivity of the 

medium. The frequency of microwaves in a microwave 

oven is stipulated by law at 2.45 GHz, so the wave length 

in air inside the microwave oven is 122.4 mm. The 60 mm 

long metal rod referenced above is nearly a half a wave 

length. It is thought that the length of the rod being near a 

half a wave length is one of the causes of generation of the 

plasma. Based on this, when a flat sheet of copper measur-

ing 0.2 mm thick and 3 mm wide is machined to have 

sharpened ends and be the length of half a wave length 

(61.2 mm), the ends of that copper sheet will generate 

plasma when placed in a microwave oven. Based on these 

results, research was conducted into the dimensions and 

shape of an electrode that is suitable for the generation of 

plasma. First, in order to confirm that the half wave length 

is the most suitable for the generation of plasma, the length 

of the electrode was changed from 30 mm to 250 mm, 1 

mm at time, and the behavior of the plasma was observed 

for each length. The results showed that plasma was only 

generated when the electrode length was near 2λ, 3λ/2, λ, 

λ/2. Next, the shape of the electrode was investigated. The 

shape of the electrode that was suitable for the generation 

of plasma was investigated by creating different shapes, 

such as ring shapes or cross shapes formed from the com-

bination of two rods. 

Figure 1 shows the shape when the largest and most stable 

plasma was generated. An electrode in the shape shown in 

Fig. 1 was placed in a microwave oven. Figure 2 is a pho-

tograph of it generating plasma. The length of the electrode 

for generating stable plasma at this shape was around λ/2 and 

within 3 mm. Stable plasma was not generated at other 

lengths. The above reason is that the microwave resonance 

occurs by the adequate length of the electrode and the elec-

tric field strength between the twin tops of the electrode of 

Fig.1 is amplified by the positive and negative twin charges. 

This electrode is capable of generating a large amount of 

stable plasma in different atmospheres, such as nitrogen, 

hydrogen and argon. Moreover, the same type of plasma can 

be generated in liquid. For example, if the liquid is 

n-dodecane, which does not have electrical dipole moment 

in its molecular structure, plasma can be generated if the 

length of the electrode has been determined by calculating 

the wavelength by using the dielectric constant of the liquid. 

However, when the molecular structure has electrical dipole 

moment, such as water or alcohol, plasma cannot be gener-

ated because the microwaves are absorbed by the liquid. 

 

(a)                (b) 

Figure 1. (a) A picture of the optimal shape of an electrode for generating 

plasma. (b) The relationship between the direction of the electrode and the 

generation of the microwaves. The direction of the electrode is also a 

critical factor in the stable generation of plasma. 

 

Figure 2. Photograph of plasma generation in air. 

3. Performance of the Electrodes 

The performance of the electrode shown in Fig.1 was 

investigated by generating in-liquid plasma in a microwave 

and conducting experiments on the decomposing of liquids. 

Detailed investigation into the optimal length of the elec-

trode was conducted. The length of the electrode was set 

using the standard of one half the wave length attained from 

equation (1), which was changed to ± 3 mm, in increments 

of 0.5 mm. Experiments into the decomposing of liquids 

were then conducted. Here, n-dodecane was used as the base 

material for the solution for generating the in-liquid plasma. 

n-dodecane can be broken down to hydrogen and carbon by 

the in-liquid plasma. The performance of the electrode and 

its optimal length could be investigated by examining its 

efficiency in generating hydrogen. 

An outline of the equipment used in the experiment is 

shown in Fig. 3. Two holes were made in the ceiling of a 

commercially available home microwave (500W microwave 

output) and aluminum tubes were set upright inside. Poly-

tetrafluoroethylene (PTFE) tubes were then passed through 

them and connected to the container placed inside the mi-

crowave. The container was sealed and a copper electrode 

was placed on the PTFE base located at the bottom. As the 

relative permativity of n-dodecane is 1.78, the half wave-

length of the microwave for traveling in the n-dodecane is 45. 

9 mm. 
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Figure 3. Outline of experimental equipment for decompose of 

n-dodecane. 

The procedure of the experiment is shown below. First, 

500 ml of n-dodecane is placed in the container and the 

tubing is set up. For safety, the inside of the container is 

filled with argon gas to dispel any air. Once the charging 

with argon gas is stopped, the power for the microwave is 

turned on and the gases generated are collected by 

above-water exchange. Measurement is taken until 1000 ml 

has accumulated. Using the above-referenced procedure, the 

length of the electrode is changed up or down from 46 mm in 

increments of 0.5 mm and used as an electrode and the hy-

drogen generation speeds are compared based on the dif-

ference in length. 

The results of the experiment are shown in Fig. 4. The 

electrode that was slightly shorter than the theoretical wa-

velength had the highest hydrogen generation speed. Since 

the wavelength from a commercial microwave oven is not 

necessarily 2.45 GHz and can be different among models, an 

electrode length that is half a wave length is considered to be 

best. In addition, when the electrode was made into the 

round shape as shown in Fig. 1, it did not affect the maxi-

mum length. 

 

Figure 4. Length of the electrode and production speed of gas. 

Next, investigation was made into whether increasing the 

number of electrodes would improve the efficiency of ge-

nerating hydrogen. The results of the experiment are shown 

in Fig. 5. The arrangement of the electrodes at that time is 

shown in Fig. 6. Increasing the number of electrodes in-

creased the speed at which the hydrogen was generated. The 

results are explained by the propagating properties of mi-

crowaves in a microwave oven. When there was only one 

electrode, it could not receive all the microwaves inside the 

microwave oven, and after plasma ignition, the distribution 

of the electromagnetic field became non-uniform. Therefore, 

increasing the number of electrodes could allow reception of 

all of the microwaves and enable plasma to be efficiently 

generated. However, it was found that at seven electrodes, 

the efficiency of hydrogen generation dropped. This led to 

the conclusion that electromagnetic power loss by the re-

sonant current of the electrodes increased, therefore de-

creasing the efficiency of hydrogen generation. During this 

testing, hydrogen was generated most efficiently when there 

were six electrodes. It required 560 kJ to make 1 mol of 

hydrogen. [=(0.5kW×37.4 s/l) / (0.0446 mol/l×0.74(74%))]. 

In experiments in the past using different electrodes in ex-

periments for decomposing n-dodecane, the generation of 

hydrogen required 640 kJ/mol [8]. 

 

Figure 5. The number of the electrodes and production speed of gas. 

 

Figure 6. Arrangement of the electrode. 

Therefore, it could be said that the electrodes created for 

this experiment manufactured hydrogen at high efficiency. 

Further improvement in the efficiency of manufacturing 

hydrogen can be expected by a better arrangement of the 

electrodes. 

The method of using a microwave oven for generating 

hydrogen from n-dodecane is more costly and requires more 

energy than conventional industrial methods for manufac-

turing hydrogen. However, in addition to n-dodecane, the 

microwave method can be used for creating hydrogen from 

used engine oil or vegetable oil after it has been discarded. 

Therefore, this technology can be utilized as an effective 

method for recycling discarded materials. 
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4. Utilizing in microwave plasma CVD 

The fabricated electrodes are used to test the formation 

of diamond film by plasma CVD. It is well known that a 

mixture of hydrogen and a small amount of methane in the 

raw material is used when creating diamond film by plasma 

CVD [11-15,19]. However, since metal parts cannot be 

used inside the microwave oven, high levels of sealing 

cannot be ensured. Because of this, there are issues with 

safety in this method in which large amounts of hydrogen 

gas are flowing. There has been research into forming di-

amond film without using hydrogen gas, but quality di-

amond film has not been achieved when using them [16,17]. 

On the other hand, with the in-liquid plasma CVD method, 

when the raw material is being handled as a liquid, it is 

easy to handle [18]. When diamonds are created using 

in-liquid plasma, a solvent that has methanol as its main 

ingredient is used, but since methanol has a molecular 

structure that has electrical dipole moment, it absorbs the 

microwaves, making it difficult to generate stable plasma. 

The conditions for the raw material for creating diamond 

film by plasma CVD were determined based on a large 

amount of past data in which the mol ratios for the base 

elements are determined by using the Bachmann C-H-O 

diagram [19]. There is no liquid without polarity that has a 

mol ratio for synthesizing being absorbed. In this research, 

a mixture of methanol and ethanol was vaporized and used 

as the base material for the diamonds. Vaporizing reduces 

the friction among the molecules so the microwaves can 

reach the electrodes without being absorbed. This enables 

stable plasma to be generated. 

An outline of the equipment used in the experiment is 

shown Fig. 7. Pyrex® glass container A is placed in the 

microwave oven. An electrode that has been fabricated to 

the shape shown in Fig. 1 from a 0.1 mm sheet of tungsten 

is secured in position. In addition, a sheet of silicon sub-

strate that has undergone a diamond polishing treatment is 

secured in position at 1.5 mm at the top of the electrode. 

The dimensions of the silicon substrate are 30 mm long, 10 

mm wide and 0.67 mm thick. The parts used for securing 

the electrode and substrate in container A have been made 

using PTFE and ceramics. One end of the hose that has 

been passed to container A is connected to the aspirator and 

the pressure inside the container is reduced. The other hose 

is connected to glass container B. Glass container B is 

heated as usual and when the liquid mixture that has been 

drawn by the aspirator flows into glass container B, it im-

mediately vaporized and becomes vapor in reaction con-

tainer A. A flow regulating device was installed between 

container B and container C, which is used for supplying 

the solution, and the amount of the solution that is flowing 

into the heater section of container B is adjusted. An ad-

justable transformer was connected to the microwave oven 

and the high voltage to the magnetron is changed to adjust 

the output of the microwaves. By adjusting the output of 

the microwaves, the strength of the plasma can be con-

trolled, enabling the temperature of the substrate to be con-

trolled. The temperature of the substrate is measured by an 

infrared thermometer. The creation of the film was moni-

tored by a scanning electronic microscope (SEM) and the 

formation of the crystals was investigated by using Raman 

spectroscopy. 

 

Figure 7. Outline of experimental equipment for microwave plasma CVD. 

The test conditions were set as follows. When a liquid 

mixture of methanol and ethanol is used to create diamonds 

by in-liquid plasma, the optimal temperature of the sub-

strate is 650 ℃ [20]. However, in this experiment the 

temperature of the substrate was set to 750 ℃ because it is 

expected that in the case of in-liquid plasma the bubbles 

that are generated and surrounding liquid will cause a tem-

perature that is lower than the actual temperature to be 

measured. The mixture ratio of the solution is 95:5 metha-

nol: ethanol, which is the optimal mixture for in-liquid 

plasma. The pressure inside the container was set at 20 kPa 

because if it is too low, plasma will be generated from the 

substrate or other unanticipated locations. The amount of 

fluid used was 20 ml/min and the duration of the experi-

ment was 10 minutes. The bluish-white light region of the 

plasma came in contact with the substrate whose reverse 

side became red from the plasma heat, and this condition 

was maintained for a synthesizing time of 10 minutes. 

Figure 8 shows the SEM photograph (by JEOL 

JSM-6060) and Raman spectrum (by Renishaw inVia Ref-

lex, 532 nm, 1.4 mW, spot size 1.4 µm) of the film created. 

The SEM photograph enabled confirmation of angular par-
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ticle formations. A clear peak at 1333 cm-1 could be con-

firmed, which indicates diamonds on the Raman spectrum. 

The FWHM of the peak is 6.1 cm-1, which indicates that 

the synthesized diamonds have the same average qualities 

as the diamonds synthesized using general plasma CVD. 

From this it could be determined that diamonds had been 

formed. Based on the above, it is possible to create di-

amonds by using the electrode in the shape shown in Fig. 1 

to receive the microwaves that are flying about in the open 

space inside a microwave oven and generate the plasma. It 

became clear that diamonds could be created by using 

pulse-shaped microwaves that have been oscillated by a 

magnetron that is operating on the half-wave rectified DC 

voltage that is used in commercially available microwave 

ovens. 

 

(a)           (b) 

 

(c) 

Figure 8. (a) Overall SEM photograph of the film created. (b) SEM pho-

tograph of the center section of the film created. (c) Raman spectrum of 

the center section. 

5. Conclusions 

In this research a method for generating plasma inside a 

microwave oven was investigated and an electrode suitable 

for generating plasma was fabricated. By using experiments 

in decomposing n-dodecane using in-liquid plasma and 

through detailed investigation into the length of the elec-

trode used, it was confirmed that the half wavelength was 

optimal for the generation of plasma. It is possible to in-

crease the efficiency of decomposing n-dodecane by in-

creasing the number of electrodes. Tests were conducted 

into creating diamond film by using these electrodes in 

plasma CVD. Diamond film was successfully created inside 

microwave oven by using the vapor from a mixture of me-

thanol and ethanol. 
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