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Abstract 
 
Fabrication of Diamond (including Diamond Like Carbon : DLC) 
films as electronic materials, for example: to be used as 
electron-emitter, requires several following conditions. They are: 
1) Low temperature fabrication (or deposition on several 
substrates and sometimes ones with low melting point, like 
glasses) below 400°C, 2) Wide area film deposition onto wide 
substrates of several square inches, like Si wafer and glass 
substrate, 3) Reproducible deposition of well defined film quality, 
4) others. 
 
In these respects, we have initiated, in the author’s laboratories 
at Osaka University and Kochi University of Technology, a quite 
new approach to satisfy the above requirements by using 
microwave plasma CVD under a magnetic field to be called as 
“magneto-active plasma CVD”. 
 
The films fabricated by the magnets-active plasma CVD and 
also recently by cathodic arc methods combined with our 
special nano-seeding method, have been utilized for electron 
emitter to exhibit very high efficiency.  
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1. Introduction. - Many efforts have been made to lower the substrate 
temperature during CVD because of the small choice of material as substrates 
when the conventional CVD is employed at such high temperature as 
800-900°C. In this respect, low-temperature growth is an essential technique 
required for electronics application. Especially for electron-emitter being sealed 
into glass package, it is necessary to grow diamond on glass and some other 
materials at low temperature without stress due to the difference in expansion 
rates or diffusion of impurity in the substrate materials. The most desirable 
substrate for the diamond films as electron emitter which is our main target in 
this paper is glass substrate, and therefore, it is quite understandable that the 
films should be deposited on to the glass at temperature as low as possible. 
Also, in addition, the microwave plasma CVD employs source (CH3OH, CO and 
CO2) gas diluted with hydrogen (H2) gas and so, in the plasma, atomic 
hydrogens are introduced. These hydrogen atoms etch substrates such as Si, 
and at the higher temperature the etching is the more active which naturally 
suggest that to stop or weaken the etching the deposition temperature must be 
low also. 
The trend of research on the low-temperature growth or deposition has been 
well reviewed by Muranaka et al. [1]. We can find several papers reporting the 
success in the fabrication of diamond films at temperature lower than 200°C.  
In these works, however the substrate temperature has not been correctly 
measured because of the gradient of temperature from the surface of the 
substrate to the holder with forced cooling. The following are indispensable 
problems for low-temperature CVD, i.e. heating of the substrates by the plasma, 
forced cooling and measurement of substrate temperature, growth and 
nucleation at low temperature. 
 
2. Temperature rise of the substrate due to plasma. - There are several 
kinds of energy flow onto the substrate to rise its temperature from plasma, i.e. 
radiations in infrared, visible or ultraviolet regions, electromagnetic waves, 
charged or neutral species with kinetic energy, or release of chemical or 
electronic excitation. These energies will heat up the substrate besides energy 
contribution to the surface reactions for growth. In the conventional microwave 
plasma CVD, the substrate temperature automatically exceeds 500°C.  
The thermal flux due to neutral gas molecules, Γg, is estimated from the 
kinetic-energy loss on the surface. By means of the general kinetic theory of 
gases, Γg is expressed as follows:  

ng is the gas density at pressure p, m and υ－ denote mass and mean velocity 
of the molecule, respectively, M is the atomic mass number and η is a 
coefficient of energy transfer from the molecule to the substrate in a collision. 
The coefficient 1/4 appears in the calculation for the collision frequency of gas 
molecules with the wall of unit area. In case of conventional microwave 
discharge, Γg∼ 11 W/cm2 under the condition of p = 50 kPa, Tg = 1000 K, M = 2 
(H2 molecule) with the assumption of η= 0.5. The gas temperature, Tg, may be 
higher than 1000 K due to the high collision frequency with high-energy 
electrons. The actual Γg should be determined by the gradient of temperature 
near the substrate resulting in saturation when the substrate temperature 
approaches the gas temperature. 
The energy flux of charged particles to the substrate, Γc , is expressed as  
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The first and second terms of the right-hand side are the energy flux of ions and 
electrons, respectively. Vsh and Te denote the sheath potential and the electron 
temperature, respectively. The electron current, Ie , is equal to the ion saturation 
current, Iis , for an electrically floating substrate, where Iis is limited by the 
electron density. By using typical values, Vsh = 20 V, Te = 5 eV and Iis. = 10 
mA/cm2, for the conventional microwave plasma CVD, Γc= 250 mW/cm2 .  
The heating by the photon flux is negligible as compared with Γg, because a 
substrate put out of the plasma column is nearly at room temperature during 
deposition. Dielectric heating of the substrate by microwaves can be also 
ignored because conventionally used silicon substrates are usually enough 
conductive. The dominant thermal flux to heat up the substrate in the 
conventional microwave plasma isΓg, i.e. the collision with the high-temperature 
gas. Therefore, one of the most effective ways to cool the substrate is to lower 
the gas pressure, p, during deposition.  In addition, this lowering the gas 
pressure induces widely spread plasma which helps to grow wide area diamond 
film.  
 
3．．．．Cooling the substrates and measurement of temperature. - Even if the 
heating of the substrate was successfully reduced by lowering the pressure, at 
least, the surface reaction of diamond growth in the vapor phase is an 
exothermic reaction itself. Chemically or electronically excited species lose their 
energy on the surface to form the diamond structure. Forced cooling is 
inevitable to keep the substrate at low temperature. 

Figure 1 shows the substrate holder with forced cooling by circulating fluid, such 
as water or ethylene glycol. The material of the holder should have good 
thermal conductivity to transfer the heat flux from the substrate to the fluid. The 
thickness of the wall between the fluid and the substrate should ensure the 
atmospheric pressure of the circulating fluid with sufficient thermal conductance. 
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Most attention should be paid for the contact between the substrate and the 
holder. For the reliable control of the substrate temperature, they should be 
fixed with paste of good thermal conductivity, such as silicon grease as shown 
in fig.1(b). The resulting temperature of the substrate is quite different for the 
substrate contact with and without silicon grease.  
It is not easy to measure the substrate temperature accurately. With forced 
cooling from the backside, the temperature decreases from the surface of the 
substrate to the fluid in the holder. An optical pyrometer of visible emission is 
not useful near room temperature. A radiation thermometer in the infrared 
region is available for the measurement in a wide range of temperatures. For a 
semiconductor substrate such as Si, however, it is almost transparent in the 
range of measuring wavelengths. A thermocouple is also useful in a wide range 
of temperatures. However, special attention should be paid for the thermal 
contact between the substrate and the thermocouple.  
Many literatures reported the temperature measured by the substrate holder 
which would be lower than that of the substrate itself. The thermocouple should 
touch the surface of the substrate with protection by insulator from detecting the 
plasma potential as shown in fig. 1(b). 
 
4. Magneto-active microwave plasma CVD. - By reducing the pressure for 
easy control of the substrate temperature, it becomes difficult to ignite or 
maintain the discharge due to the loss of charged particles to the wall. A 
magnetic field is effective for low-pressure discharge because of electron 
trapping along the magnetic lines of force. It is also advantageous to employ 
electron cyclotron resonance (ECR) heating with using R-wave propagation 
from the higher magnetic-field side [2], which is called ECR discharge.From 
these points, we have named the CVD as Magneto-active plasma CVD. 

 
Fig. 2. - The magnetoactive microwave plasma CVD system. The substrate 
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holder is positively biased (usually +30V) from the grounded chamber. 
 
In the plasma process, the reaction process is triggered by an electron impact. 
The collision frequency of the electron to gas molecules governs the production 
rate of reactive species. For example, the dissociative collision frequency, vd, is  
 
   dν =ne･ng <δd･υe>,                         (3) 
 
where ne and ng denote the electron density and the gas density, respectively,δd 
is  
the dissociation cross-section of the gas molecules, and νe , is the electron 
velocity. In the conventional microwave plasma without magnetic field, the 
electron density saturates at the cut-off density for the microwave frequency 
even if the incident power was increased. Decrease in gas density by lowering 
the pressure means decrease in the collision frequency, i.e. decrease in the 
production rate of reactive species and also decrease in the ionization rate. By 
using a magnetic field, however, the electron density can exceed the cut-off 
density by additional power input through whistler mode propagation. An 
increase in electron density is expected to compensate the decrease in gas 
density. In addition, electrons will be heated by ECR resulting in higher reaction 
probability<δd⋅νe>. ECR heating will contribute not only to νe, but also to δd 
which depends on the electron energy distribution [3].  
Figure 2 shows the magneto-active microwave plasma CVD system. It is almost 
the same apparatus as ECR plasma CVD. For the operation condition, higher 
gas pressure and higher magnetic field than in conventional ECR plasma are 
employed, such as 10 Pa and 0.25 T, whereas the ECR plasma is produced in a 
pressure range below 0.1 Pa in a magnetic field of about 0.1 T [4]. The 
operating pressure of the magnetoactive plasma is still lower by 2 orders than in 
the conventional microwave plasma CVD. In the magnetoactive microwave 
plasma at 10 Pa, Γg is smaller than in he conventional microwave plasma by 
two orders of magnitude due to the low gas pressure when the same η, Tg and 
M are assumed. In addition, low pressure results in a large deposition area 
more than 6 inches wide. A typical set of growth conditions by the 
magneto-active microwave plasma CVD is shown in table I.  

 
5. Low-temperature fabrication of diamond films. - Figure 3 shows the 
dependence of the growth rate of diamond film on the substrate temperature. 
Although the mechanism of diamond growth in the vapor phase has not yet 
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been fully clarified, it has been believed that selective etching of carbon 
non-diamond phase carbon is essential to maintain the diamond phase carbon 
[5]. So, we should consider not only the growth of carbon film but also the 
etching of non-diamond phase carbon. 
The success of the diamond growth in the vapor phase by a hot filament or a 
microwave discharge is due to the sufficient production of atomic hydrogen as 
an enchant. Etching by atomic hydrogen will overcome the growth rate of 
non-diamond phase carbon on the growing surface. When the substrate is 
cooled below 400°C, however, atomic hydrogen cannot be effective for 
sufficient removal of non-diamond phase carbon. 
 

In order to adjust the etching rate and the growth rate of the non-diamond 
phase carbon at lower temperature, the concentration of the carbon source has 
been reduced to slow down the growth [6], oxygen has been incorporated [7], or 
fluorine has been substituted for hydrogen to enhance the etching [8]. 
Oxygen-containing source gases, such as CO [9], CO2 [10] and CH30H [1l], are 
popular for diamond growth at low temperature because they can supply 
oxygen atoms for etching. 
At a temperature lower than 200°C , the fabrication of diamond films became 
generally more difficult because of the too fast growth of polymer films rather 
than of the decrease in the diamond growth rate. But the authors have 
confirmed that diamond film can be formed also at 150°C, which was measured 
on the surface as mentioned before, by enhancing the etching with additional 
oxygen. However, room temperature fabrication is extremely difficult and we 
have employed another approach to be briefly mentioned later in 8.  
 
6. Diamond nucleation at low temperature by means of nano-seeding 
technique using very fine and pure nano-sized diamond powder. - Because 
of low kinetic ( or thermal)energy of active species on the substrate surface for 
diamond  nucleation  at such low temperature, it is difficult to fabricate a 
continuous diamond film. And even if a continuous film was fabricated by 
increasing the carbon concentration in the source gases, the SEM images of 
the resulting films show no facets and the X-ray diffraction peak for diamond of 
the films is broadened due to their small crystallite size. Therefore, nucleation 
by the conventional scratching, ultrasonic agitation, or biasing are no more 
promising as pretreatment for diamond film formation at low temperature. 
So, instead of the self-nucleation during the deposition process, seeding of 
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diamond powder on the substrate is a promising pretreatment for high-quality 
diamond growth. Requirements for this seeding process are high seeding 
density so as to cover the whole surface of the substrate, and good adhesion of 
those diamond particles on the substrate. The finer powder will be expected to 
be better for both the density and the adhesion. Nanocrystal diamond powder 
synthesized by the implosion process, the size of which is 3 to 5 nm, is 
commercially available. By using a colloidal solution of nanocrystal diamond 
purified by acid, a high seeding density of 5×1011 cm –2 was obtained on silicon 
substrates [12].  
Nanocrystal seeding or “nano-seeding technique”has been, for the first time, 
used for low-temperature fabrication of diamond films in the author’s laboratory 
[13]. With the pretreatment of the high-density seeding on silicon substrate, 
diamond growth starts almost instantly after the deposition starts. This 
pretreatment greatly improved the actual growth rate by shortening the loss time 
for nucleation, which was more than 5 hours at 200°C. In addition, as shown in 
Fig. 4, the nano-seeding results in well-faceted polycrystalline diamond films 
even at 200°C. In contrast, only the ball-like diamond could be formed on the 
conventional ultrasonic agitated silicon substrate after deposition in the same 
batch. The present nano-seeding improved not only the growth rate but also the 

crystal quality of the fabricated films. 
 
7. Qualities of the films. - The quality of the diamond films  fabricated at low 
temperature is still inferior to that of those fabricated at conventional high 
temperature, even though they show almost a similar morphology in SEM 
observation. Figure 5a) shows the typical Raman spectrum of a diamond film 
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fabricated at 200°C with an optimal condition by the magnetoactive microwave 
plasma CVD, and fig. 5b) shows that of a film fabricated at 930°C by the 
conventional microwave plasma CVD. The spectrum for the conventionally 
fabricated film has only a sharp Raman peak for diamond at 1330 cm-1 with the 
FWHM of 6 cm-1. The diamond peak for the low-temperature fabricated film by 
the nano-seeding technique is broadened to 21 cm-1 and shifted to the lower 
wave number side. In addition, the spectrum for the low-temperature fabricated 
film includes a swell centered at 1600 cm–1 due to the inclusion of non-diamond 
phase carbon in the film. It should be improved for actual applications. 
 
8. Future prospects for electronic application. - The remaining challenge for 
low-temperature growth of diamond is the improvement in growth rate and film 
quality. The diamond growth rate at low temperature is still too slow to use for 
actual application. However, the films deposited on to the nano-seeded 
substrates (mainly Si, but many other substrates like glasses with rather low 
melting points) exhibit very effective electron emissivity to be used as a good 
electron emitter.  In this respect, the author served as a project-leader of 
“Development of thin flat panel display” to be 3 years Japanese national project 
from 1997 to 1999. And presently, the another national project has stanted 
from 2003 for 5 years.  In the projects these films were employed as shall be 
demonstrated in my talk.  Several characteristics of the emitter are as following. 
Extraction Field : ～1～2V/μm, Current Density:100mA/cm2, Emission Site 
Density :～106/ cm2, Life time: more than 10000hr.  Also, for the projects, Dr. B. 
S. Satyanarayna has joined to my group at Kochi University of Technology from 
Prof. W. I. Milne`s group at the University of Cambridge and he has applied the 
cathodic arc technique developed at Cambridge〔14〕to the nano-seeding 
technique to deposit the films at room temperature and also improve greatly the 
emission property to be reported shortly in my talk. 
  From above data and facts, these films by the nano-seeding combined with 
the above mentioned low temperature deposition techniques can be said to be 
one of the most prospective material for electron emitter. 
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