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Abstract 
 

We demonstrate the approach of diamond growth on levitating seed particles in a rf 
plasma. We introduce a hot filament chemical vapor deposition (CVD) technique into the rf 
plasma chamber in order to obtain improved crystal growth. Firstly, we confirmed diamond 
nucleation on seed particles placed on a Si substrate using the hot filament CVD. The 
deposition conditions, namely the total pressure and the rf power, were chosen so that they 
correspond to particles levitation conditions. We observe that a hydrogen pre-treatment on 
the seed particles improves the nucleation. Secondly, we confirm the levitation of particles 
at high temperatures. Fine particles levitated in a plasma are particularly sensitive to 
thermophoretic effects due to inhomogeneities in the gas heating. Therefore, proper heating 
procedures are required for successful particles levitation. 
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1. Introduction 
   

Fine particles of diameters few micrometers in a plasma are negatively charged and 
sensitive to the balance of several forces, e.g., gravity, electrostatic, thermophoretic, ion 
drag and others [1, 2]. Therefore, choosing the proper plasma parameters allows to levitate 
particles at a plasma sheath region. The motion of levitated particles is not always random 
but, for example, Coulomb crystals cloud form at certain parameters [3]. Levitation 
conditions strongly depend on the particles size and shape [4] as well as on the type of gas. 
Here, successful fine diamond particles levitation in a hydrogen plasma have been observed 
in hydrogen plasmas, although their non-spherical shapes could cause a disturbance in the 
levitation due to the anisotropic forces [5]. This leads to the possibility of homoepitaxial 
growth of diamond on the levitated particles in a CH4/H2 plasma. This is the deposition not 
on a planar substrate (two-dimensional, 2-D) but on levitating particles (3-D) and it is 
technically interesting. In our previous study, we succeeded in observing island growth of 
carbon materials on levitated seed particles by using a radio frequency (rf) plasma CVD [6]. 
Our next step is to enhance the growth rate with maintaining diamond crystallinity. In order 
to obtain high crystallinity CVD diamonds, one needs: 1) high density of atomic hydrogen 
and 2) effective heating of the substrate (particles in our case). To accomplish these 
demands, we introduce a hot filament CVD technique into a rf plasma, with which one can 
expect high density of atomic hydrogen as well as precursors than those in a rf plasma at a 
particles levitation condition (e.g., electron density ~ 109 cm-3) [7-10]. Additionally, 
effective heating of levitated particles are expected due to a heat radiation from the filament. 
In this paper, we report the results of diamond growth using HFCVD, as well as fine 
particles levitation in a rf plasma chamber equipped with a hot filament. 
 
2. Experimental 
 

Figure 1 (a) shows the schematic of the HFCVD system. A Si substrate is placed on the 
ceramic heater to which a thermocouple is connected. Approximately 1.5 cm above the 
substrate, a tungsten filament (φ = 0.3 mm) is mounted. The temperature of the filament is 
monitored by a pyrometer. The typical base pressure is ≈ 2×10-4 Pa. Prior to the deposition, 
filament baking and carbide processes were carried out. These treatments were performed 
without diamond particles in order to avoid possible contaminations on the particles 
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surfaces. After the procedures, the diamond fine particles (φ = 2 – 4 µm) stored in a 
dispenser are spread over the substrate. Then, the particles surfaces are treated with atomic 
hydrogen formed by the hot filament before starting a diamond deposition. The fixed 
deposition parameters are: total pressure = 100 Pa, filament temperature = 2000 oC, 
substrate temperature = 750 oC, CH4 flow rate = 1 sccm, H2 flow rate = 100 sccm and 
deposition time = 3 h. After the deposition, the resulting particles were observed by the 
scanning electron microscope (SEM) (Philips, XL 30 ESEM) and micro-Raman 
spectroscopy (WITec, CRM 200). 

Figure 1 (b) shows the schematic of the particles levitation system. The experiment was 
carried out in parallel-plate capacitively coupled rf plasmas. The bottom electrode is driven 
by rf and the top electrode is grounded. The distance between the electrodes is 12 cm and 
their diameters are 10 cm. After the plasma is ignited between the electrodes, diamond fine 
particles are supplied to the plasma from the dispenser. On the bottom electrode, a particle 
confinement ring is placed to modify sheath electric field so that the particles are confined 
above the inside region of the ring. An Ar ion laser is equipped to the system for 
illuminating the levitated particles. The particles motions are monitored by a CCD camera 
which detects the scattered laser light from the levitated particles. 
 
3. Resuts and discussion 
 
3.1. HFCVD on diamond seed particles 
 

Using the HFCVD, we check diamond growth on seed particles placed on a Si substrate. 
Therefore, this is not a 3-D but 2-D deposition. The purpose of the experiments is to find 
out the suitable deposition parameters with respect to the levitation conditions. For example, 
a high pressure condition generally results in high growth rate, however, it makes the 
thickness of plasma sheath thin, which results in a difficulty in particles levitation. In this 
experiment, we choose the total pressure of 100 Pa which is suitable for levitation. 

A surface pre-treatment process is important for achieving successful CVD-depositions. 
We chose a dry process for the easy handling of fine particles. The depositions were carried 
out at the same conditions but at different hydrogen pre-treatment times. Figure 2 (a) is the 
image of the initial seed particles for comparison (without deposition), and Figures 2 (b), 
(c) and (d) are the images of the samples prepared with the hydrogen pre-treatment time of 
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0, 1 and 3 h, respectively. We observe that the number of nucleation sites increases with the 
pre-treatment time. 
Generally, surface reactions in diamond growth are considered like below [11, 12]. 
H + H-CD  CD* + H2,        (1) 
CHn + CD*  HnC-CD,        (2) 
 
where H-CD is a hydrogen terminated diamond surface, CD* is a diamond surface with a 
dangling bond and CHn is a precursor. In reaction (1), the surface terminating hydrogen is 
abstracted by a gaseous phase atomic hydrogen, remaining a surface dangling bond. Then, 
at a certain probability, a precursor reacts with it and forms a new sp3 bond. We have 
detected the surface oxygen peak in our seed particles by X-ray Photoelectron Spectroscopy 
(XPS). Moreover, Goeting et al. observed the decrease in the O1s/C1s signals ratio by 
exposing the diamond surface to a hydrogen plasma [13]. We speculate here that the 
hydrogen treatment passivates the native oxygen layers of seed particles surfaces and 
creates hydrogen-terminated layers, resulting in a preferable surface for diamond growth. 
Further investigations are necessary to understand the effect. 

Next, the samples were observed by micro-Raman spectroscopy to confirm the diamond 
growth. Figure 3 shows the spectra of the samples prepared with the pre-treatment time of 0, 
1 and 3 h. The spectrum of the seed particles is also shown for comparison (without 
deposition). Each spectrum shows the clear peak around 1332 cm-1 which is an active mode 
of diamond. Here, it is necessary to distinguish the diamond peaks from those of the seed 
particles. For this, we pay attention to the observed peak shifts and compare them in Figure 
4 in which the peaks of the reference seed particles and of the 3 h pre-treated sample are 
shown. For comparison, the peak of the diamond (100) substrate is also shown. The 
micro-Raman spectra were taken by planner scan with 100×100 dots and the peaks at 
maximum and minimum positions among others are shown. The peak shift range of the 
reference particles is 1328 – 1333 cm-1 and that of the diamond deposited particles is 1315 
– 1320 cm-1. We observe the lower frequencies peaks in the diamond deposited particles. 
Shifts of diamond sp3 peak have been discussed from several perspectives, e.g., residual 
stress, phonon confinement and defect scattering. As for stress, the values are estimated 
according to a type of stress and its direction with respect to a crystal orientation [14]. The 
diameters of the deposited materials are different from those of the seed particles (Fig. 2 
(d)). If we assume a grain size effect on residual stress, one can distinguish a peak of 
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deposited diamond from that of reference particles by observing its shift. Ager III et al. 
calculated the peak shifts and the change in full width at half maximum (FWHM) based on 
phonon confinement model where those phenomena are related to a phonon confinement 
length [15]. They summarized that a lower peak position with broader FWHM is obtained 
in a shorter confinement length condition assuming an averaged (100) phonon-dispersion 
curve. In Fig. 4, we detect the peak shifts as well as the FWHM changes (the diamond 
(100) substrate: 4 cm-1, the reference particles: 5 cm-1 and the diamond deposited particles: 
8 cm-1). The absolute values of peak shifts and FWHM changes with respect to the crystal 
sizes do not correspond to those in the literature, but the trends are similar. Moreover, 
Nachal’naya et al. observed the relation between the peak shift and the densities of the 
particles surface defects [16]. They observed that both the peak shift and the defect density 
correspond to the diamond powder size. Note, that their spectra also show FWHM changes. 
To confirm this effect further, it is necessary to measure the defect densities of our samples. 
Assuming a crystal size effect on Raman spectrum peak position and FWHM, one can 
distinguish an isolate signal of the diamond deposited on seed particles. In Figs. 2, we 
observe the seed particles covered with the deposited materials, and in Fig. 4, the diamond 
crystal peak at lower frequency position with broad FWHM are detected. Furthermore, G- 
and D-bands signals are undetectably small. Therefore, we consider that diamond crystal 
growth takes place on the seed particles in our system. 
  Knowing that the HFCVD works well for diamond growth on seed particles in the 
pressure rage of 100 Pa, for the next step, we confirm the particles levitation in the rf 
plasma chamber equipped with a hot filament. 
 
3.2. Diamond particles levitation and a thermophoretic effect 
 

Fine particles levitate at the position where several forces are balanced. The forces are 
gravity, electrostatic, thermophoretic, ion drag, and others [1, 2]. In high substrate 
temperature range of 1000 oC, the thermophoretic effect is particularly strong. Thus, one 
needs to control heating process in order not to disturb levitation. 
The balance of the forces is described bellow. 
mpg = QE + FT + Σi Fi,          (3) 
 
where mp is a mass of a particle, Q is particle’s charge, FT is a thermophoretic force and Σi 
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Fi is a summation of other forces. Here, the thermophoretic force FT is given by the 
following equation [1]: 
FT = – (8rp

2/3v) Λ (dT/dx),       (4) 
 
where dT/dx represents temperature gradient, rp is a particle radius and v = (8kT/πm)1/2 is an 
average thermal velocity of gas atoms (k: Boltzmann factor, T: gas temperature, m: mass). 
Λ is a coefficient of heat conductivity, and its detailed explanation is given in the literature 
[1]. According to the above equations, the forces balancing position (particle levitation 
position) changes when the temperature gradient dT/dx changes. Indeed, we observe this 
phenomenon in our system. When the bottom electrode is heated up to a high temperature, 
the particles cloud position moves up. In most cases, the particles clouds finally disappear 
at higher substrate (bottom electrode) temperature than 100 oC. On the other hand, it is 
possible to compensate this effect by heating the top electrode. The relation between the 
electrodes temperatures and levitation is summarized in Table 1. The experiments were 
carried out without a hot filament in order to observe the thermophoretic effects with a 
simple configuration. The results show that a compensation of thermophoretic effect is 
necessary for successful particles levitation. 
 
3.3. Particles levitation with a hot filament 
 
  Since diamond growth using a HFCVD technique is typically carried out at a substrate 
temperature of 800 oC, we also confirm the levitation in this temperature range. In this 
experiment, a hot filament was installed in the system. The levitation conditions are: 
bottom electrode = 800 oC, top electrode = 800 oC, filament temperature = 2000 oC, rf input 
power = 50 W, H2 = 30 sccm, He = 1 sccm and total pressure = 50 Pa. Note that, we use 
Al2O3 particles of diameter and mass density similar to those of diamond fine particles. 
Figure 5 shows the levitated particles at the above conditions that are equivalent to those 
for diamond growth. The top electrode heating is still required, although there is the 2000 
oC hot filament above the bottom electrode, which supposes to compensate thermophoretic 
effect. 
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4. Conclusion 
 

We have observed diamond nucleation on seed particles placed on a Si substrate using 
the hot filament CVD. In order to obtain sufficient number of nucleation sites, a hydrogen 
pre-treatment procedure on the seed particles surfaces is necessary. Particles levitated in the 
plasma are particularly sensitive to thermophoresis due to inhomogeneities in the gas 
heating. Therefore, a proper heating procedure is necessary for successful particles 
levitation. We report the levitation of Al2O3 fine particles in a H2/He rf plasma equipped 
with a 2000 oC hot filament. 
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Table 1 
The dependence of the particles levitation on electrodes temperatures. 
The conditions are: H2 = 50 sccm, pressure: 60 Pa (○: levitation 
successful, ×: unsuccessful). 

run # 
rf power 

W 
bottom electrode 

oC 
top electrode 

oC levitation 

1 30 RT RT ○ 
2 30 70 RT × 
3 30 70 260 ○ 
4 70 RT RT ○ 
5 70 190 100 × 
6 70 190 380 ○ 
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Fig. 1. (a) The HFCVD system used for the diamond growth. (b) The rf plasma system used 
for the particles levitation. 
 
 
 

 

(a) (b) (c) (d)(a) (b) (c) (d)  

Fig. 2. The SEM images of the diamond particles. (a) seed particles without deposition. (b) 
– (d) diamond deposited samples with different hydrogen pre-treatment time ((b) 0 h, (c) 1 
h and (d) 3 h). 
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Fig. 3. The micro-Raman spectra of the samples prepared with the hydrogen pre-treatment 
time of 0, 1, and 3 h. The spectrum of the seed particles without deposition is also shown. 
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Fig. 4. The micro-Raman spectra of the seed particles and the diamond deposited sample 
(with the hydrogen pre-treatment time of 3 h). The spectrum of the diamond (100) substrate 
is also shown. 
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Fig. 5. The pictures of the levitated Al2O3 particles in the rf plasma equipped with a hot 
filament. The picture colors are inverted for easier view of particles. 
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