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Abstract 

 

The first successful growth of diamond layers on levitated seed particles in CH4/H2 plasma 

is presented. The particles were grown in an rf CH4/H2 plasma chamber equipped with a 

tungsten hot filament. The seed diamond particles injected in a plasma are negatively 

charged and levitated under the balance of several forces, and diamond chemical vapor 

deposition takes place on them. The SEM images show that the crystalline structures are 

formed after the coagulation of islands. The micro-Raman spectroscopy of the particle 

grown after several hours show the clear peak assigned to diamond. 
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1. Introduction 

 

Fine particles in the size of micro and nanometers are of great interests in many 

fields, e.g., thin film solar cells,1, 2 quantum effect devices,3, 4 catalysis,5 medicine,6 

electrodes for fuel cells,7 etc. Those particles are designed to exhibit useful functions with 

relation to the material properties determined by fabrication methods and adopted 

conditions. Among many production methods, plasma enhanced chemical vapor deposition 

(PECVD) is one of the useful techniques from the viewpoint of controllability of growth at 

atomic levels. Boufendi et al. showed the growth of crystalline silicon fine particles with 

pulsed plasmas,3 and Hayashi et al. observed the growth of amorphous carbon layers on 

levitated seed amorphous carbon particles in rf CH4/H2 plasmas.8 In our previous study, we 

succeeded in levitating diamond seed particles in an rf CH4/H2 plasma at the temperature of 

1300 K for more than 10 h, and the island growth of diamond was observed on them.9 To 

enhance the growth further more, in this study, the deposition setup was upgraded with a 

hot filament. Note that, rf plasma is also necessary to levitate particles, allowing 

homogeneous growth on the whole particle surface. Therefore, the hot filament was 

equipped in an rf plasma system. In general, the optimum substrate temperature for CVD 

diamond growth is in the range of 1200–1300 K.10 First of all, the hot filament provides 

effective heating of the particles due to heat radiation, contributing crystalline diamond 

growth. Second, it generates a higher density of atomic hydrogen from the H2 gas than a 

low temperature rf plasma alone.11, 12 A high atomic hydrogen density is one of the essential 

factors for crystalline diamond growth:13-15 1) atomic hydrogen react with carbon sp2 bonds 

and reduce their amount, 2) it lowers the surface energy of growing diamond by 

terminating a surface dangling bond, preventing graphic-like surface reconstructions.14, 16 

Additionally, it has been indicated that the nanoparticles in a gas phase can be locally 

heated by the energy damping through the attachment of atomic hydrogen to a growing 

surface, resulting in crystalline formation.17, 18 In this study, diamond layers were grown on 

the levitated seed particles using the above system, and their morphologies and structures 

were analyzed. 
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2. Experiment 

 

The details of the growth chamber used in this study are described elsewhere.19 

The bottom electrode is driven by rf voltage and the top electrode is grounded. A hot 

filament is equipped between the two electrodes. On the bottom electrode, a particle 

confinement ceramic ring is placed to modify sheath electric field so that the particles are 

confined above the inside region of the ring. The seed diamond particles (size = 2–4 m, 

Nilaco) are stored in the dispenser, and their surfaces are not pre-treated. Prior to the 

growth experiment, the filament was baked and carburized. The baking conditions are: H2 

flow = 100 sccm, pressure = 330 Pa, filament temperature = 1500 K, baking time = 30 min. 

The carburization conditions are: CH4 flow = 2 sccm, H2 flow = 200 sccm, pressure = 330 

Pa, filament temperature = 2400 K, carburization time = 2 h. Without this filament 

pre-treatment, tungsten deposition occurs on the growing particles as detected by Energy 

Dispersive X-ray (EDX). After deposition, the levitated particles are captured directly on a 

Si substrate applying a method described elsewhere.19 The surface morphologies of the 

particles are imaged by scanning electron microscope (SEM), (Helios NanoLab 600, FEI), 

and their bond configurations are investigated by confocal micro-Raman spectroscopy 

(CRM 200, WITec, excitation wavelength: 532 nm). Peak position of the Raman system is 

calibrated with a crystalline diamond substrate prior to the measurements. 

 

 

3. Results and discussion 

 

Fig. 1 shows an image of the levitated particles in the rf CH4/H2 plasma with the 

hot filament in operation. The hot filament is not visible in the image. It is located ca. 5 cm 

above the upper edge of the ceramic ring and therefore above the upper edge of the image. 

Fine particles with diameters of a few micrometers or less are negatively charged and 

levitated in the plasma sheath due to a balance of several forces, including gravity, 

electrostatic, thermophoretic, ion drag and others.20 Since they are all negatively charged, 

there are repulsive forces between the particles so that growth can take place on individual 

seed particles. The applied conditions are: CH4 = 2 sccm, H2 = 200 sccm, pressure = 330 Pa, 

filament temperature = 2400 K, rf input power = 50 W bottom electrode temperature = 

1300 K, top electrode temperature = 900 K. Several steps are required to achieve steady 
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state conditions for diamond growth on levitated particles. First, H2 rf plasma is ignited at 

300 K; then the seed particles are inserted and levitated in the plasma. The total pressure 

during this initial phase is set to 130 Pa. After confirming the levitation, temperatures of the 

electrodes and the filament are increased. This increase must be gradual so that levitation is 

not significantly disturbed.21 During this phase also the total pressure is increased from 130 

to 330 Pa. Higher pressure gives thinner plasma sheath thickness in our parameter range, 

resulting in lowering the particle levitation position. The force balance on the levitated 

particles is determined also by temperature and rf input power. In this phase, due to the high 

bottom electrode temperature, the particles are levitated at a higher position than that 

observed at 130 Pa and 300 K mostly due to the additional thermophoretic force. It takes 

about 30 minutes until the temperatures reach steady state condition, and during this phase 

the surfaces of the particles are exposed to pure H2 plasma. After steady state conditions are 

established, CH4 gas is admixed to start growth. Particles are levitated in stable positions 

throughout the complete growth process. 

 

 

FIG. 1: Levitated diamond particles in the rf CH4/H2 plasma with a hot filament. The conditions 

are: filament temperature = 2400 K, bottom electrode temperature = 1360 K, top electrode 

temperature = 800 K, total pressure = 330 Pa, rf input power 50 W, CH4 = 2 sccm, H2 = 200 sccm. 
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FIG. 2. 

SEM images of the grown particles: (a) seed particle 

without growth, (b) after 1 h growth, (c), (d) after 5 h 

growth. 
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Fig. 2 (a) shows the morphology of a seed particle prior to deposition. Figs. 2 (b)–(d) are 

SEM images of particles exposure to growth conditions for different times. After 1 h 

growth, small grains are visible on the surfaces of the seed particles as shown in Fig. 2 (b). 

It is also observed that some of the islands start coagulating. The size of the grains before 

coagulation is roughly 100 nm. Figs. 2 (c) and (d) are the images of two different particles 

grown after 5 h where flat surfaces and edge-like structures are observed, indicating 

crystalline growth. It seems that the growth is in a Volmer-Weber (VM) mode, which is 

generally observed in heteroepitaxial growth. In an X-ray photo-electron spectroscopy 

(XPS) measurement, an oxygen peak is detected on the surface of the initial seed particles. 

Those oxygen surface layers could inhibit homoepitaxial growth in a Frank-van der Merwe 

(FM) mode. On the other hand, the surface oxygen atoms are thermally desorbed above 

1200 K,22 or it could be replaced with hydrogen atoms by atomic hydrogen exposure,22 

which is the procedure used in our study before the diamond layer growth as described 

above. Additionally, the effect of a substrate temperature should also be considered. Kamo 

et al. has reported the polycrystalline diamond growth on a diamond substrate at a low 

substrate temperature.23 At low temperatures, the surface of a diamond substrate, a seed 

particle in our case, are most likely terminated with oxygen or hydrogen atoms because no 

thermal desorption of them take place.15, 22 Note that, the substrate temperature of around 

1300 K, which is commonly accepted as the optimum value for high quality homoepitaxial 

diamond growth, is also the temperature at which thermal desorption of hydrogen and, as a 

result, surface reconstructions of diamond take place.15, 16 Those simultaneous procedures 

are believed to be related to high quality homoepitaxial diamond growth. At low 

temperatures, since the growing surface is terminated with H or O atoms, the sticking sites 

for diamond growth, i.e. surface dangling bonds, should be created through chemical 

reactions, e.g., with atomic hydrogen or other hydrocarbon radicals in a gas phase, and it 

has been shown that it requires far less activation energy than that for a spontaneous 

desorption of hydrogen from a diamond (100) surface.24 In such a case, the density of 

surface dangling bonds at a steady state condition is influenced by the flux of atomic 

hydrogen or other radicals. Note that, a created dangling bond can also be terminated with 

another atomic hydrogen. If the number of the sticking sites is limited, it can be a cause of 

island growth of diamond at low temperatures because of different surface energies 

between diamond and such hydrogen or oxygen terminated surface.14, 25, 26 In our case, 

although the bottom electrode temperature was fixed at 1300 K and the levitated particles 
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were additionally heated with the hot filament, the temperature of those particles could be 

still lower than the optimum value. In the high substrate temperature case (> 1400 K), 

generally non-diamond components are grown,14 which is, at least, not our case as 

confirmed by the Raman measurement. To understand the growth mode furthermore, the 

growing surface structure should be checked as a function of growth temperature. 

Additionally, the surface analysis of the seed particles exposed to atomic hydrogen, and the 

temperature measurement of the levitated particles could also help to understand the growth 

mode. 

 

 

FIG. 3. 

Micro-Raman spectrum of the grown particles at various conditions. (a) particles grown at the 

filament temperature of 2400 K for 5 h, (b) particles grown at the filament temperature of 2400 K 

for 1 h, (c) particles grown at the filament temperature of 1800 K for 5h. 
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The grown particles were investigated by micro-Raman spectroscopy. Fig. 3 shows 

the result. Spectrum (a) is taken from one of the particles grown for 5 h. One can see the 

sharp peak assigned to diamond at 1332 cm-1, indicating crystalline diamond growth. 

Spectrum (b) is taken from a particle grown for 1 h, and the peak assigned to diamond is 

also observed. In this case, the observed peak position is shifted from 1332 cm-1 to 1324 

cm-1. The similar trend was observed in our former work.21 Such peak shift is generally 

observed when a crystalline size is small, which is explained by residual stress,27-31 or by 

phonon confinement effect in each crystal grains.32, 33 The correlation between the peak 

shifts and defect densities has also been reported, suggesting the influence of grain 

boundaries, therefore, the size and density of grains.34 Additionally, the peak shifts were 

observed due to the heating up of a measurement target by probing laser.13, 35, 36 In our case, 

the typical sizes of the crystal grains are larger than 100 nm (see Fig. 2 (b)) which seems to 

be rather large to discuss the internal stress causing the observed relatively large peak shifts 

of around 10 cm-1. Such amount of shift is also observed in hexagonal diamond with peak 

broadening.37, 38 At the earlier stage of the growth in our case, such hexagonal diamonds 

might be grown. On the other hand, the peak shift is not observed in the diamond layers 

grown after 5 h. More detailed analysis, e.g. XRD measurement to identify lattice 

structures,39 grain size and laser intensity dependent Raman measurements and electron 

paramagnetic resonance (EPR) measurement to analyze defect densities should help to 

understand the origins of the peak shift observed in our study. 

Since the diamond layers are grown on a seed diamond particle, it is important to 

confirm that the detected signal is not from the seed particle but from the grown layers. 

First of all, the micro-Raman spectroscopy used in this study is a confocal system having 

the depth resolution of about 1 m. Second, when graphite or amorphous carbon layers are 

grown on the surfaces, e.g. by changing the filament temperature, only the typical D-peak 

(1353 cm-1) and the G-peak (1610 cm-1) are observed, but no diamond signal from the inner 

seed is detected. Spectrum (c) in Fig. 3 shows the Raman signal of the particle grown at the 

filament temperature of 1800 K. Obviously, at the low filament temperature, no diamond 

layers are grown. A lower filament temperature causes a lower dissociation of the H2 gas 

and possibly leads to a lower temperature of the levitated particles. Both can be the reason 

that no diamond layers are grown.10, 14, 15 The absorption coefficient () of amorphous 

carbon changes due to its structure. The  value of the amorphous carbon prepared or 

annealed at the temperature of around several hundred K is of the order of 105 cm-1 at 
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530 nm,40, 41 which gives the penetration depth of 100 nm, and that of graphite is 3×105 

cm-1 at 539 nm,42 giving the penetration depth of 30 nm. Additionally, Raman efficiency of 

graphite is two orders of magnitude higher than that of diamond.43 Therefore, even a very 

slight amount of graphite is detectable with Raman spectroscopy. On the other hand, the 

spectrum (a) and (b) in Fig. 3 only show the diamond peaks, indicating that those are the 

signals from the grown layers, or it is at least the sum of the signals from the grown layers 

and the seed particles.  

 

 

4. Conclusion 

 

First successful growth of diamond layers on levitated seed diamond particles in 

the rf plasma chamber equipped with a hot filament is demonstrated. The SEM images 

show that the crystalline structures are formed after the coagulation of islands. The 

micro-Raman spectroscopy of the grown particle show the clear peak assigned to diamond. 
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