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Nitrogen doped nanocrystalline (NCD) diamond films have been deposited on a 

variety of substrates using microwave plasma chemical vapor deposition (MWPCVD).  

These films have been systematically studied to determine their electrical, emission, and 

surface properties. The result ing NCD films exhibit increased electrical conductivity with 

increasing nitrogen concentrations. Electron emission test on these films indicate 

increasing nitrogen content in the plasma leads to higher emission currents and lower turn 

on electric  fields.  The surface roughness of nitrogen doped films also gradually 

decreases with increasing N2 content in the plasma. These films have also been studied to 

determine the effects of microwave power on their properties.  
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CHAPTER 1 

INTRODUCTION 

 Considerable research is being performed on diamond because it possesses 

exceptional mechanical, electrical and optical properties. Diamond is the hardest known 

material in nature, it is also corrosion resistant with a wide optical transparency window 

(220 nm and above), in addition diamond has extraordinary thermal properties see Table 

1 and 2 for additional properties.   

Diamond growth has become a profitable business over the past 10 years. Advances 

in film quality, growth methods, and polishing make it possible for diamond to compete 

with existing materials.  This progression has been aided by the discovery of 

nanocrystalline (NCD) and ultrananocrysatlline (UNCD) diamond films. These films are 

smoother then traditional polycrystalline diamond (PCD), therefore they can be used in 

applications where PCD diamond films are not suitable. Today diamond films are being 

using in applications such as thermal management, biosensors, surface acoustic wave  

devices, cutting tools, optics, microelectronic devices and microelectromechanical 

MEMS systems.  

Several companies such as Delaware Diamond Knives (DDK), P1 Diamond Inc. and 

Applied Diamond Inc. are currently selling diamond heat sinks and optical grade 

diamond windows for microwave and infrared frequencies.  These films possess thermal 

and optical properties similar to those of natural diamond. 
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Table 1.   
Properties of Diamond 

PROPERTY VALUE UNITS 

Mechanical hardness 1.0 x 104   Kg/mm2 

Tensile Strength >1.2  GPa 

Compressive Strength >110  GPa 

Coefficient of Friction 0.03  Dimensionless 

Sound Velocity 1800  m/s 

Density 3.52  g/cm3 

Thermal Conductivity 20  W/cm-K 

Thermal Coefficient of Expansion 1.1 x10-6   K-1 

Debye Temperature 2200  K 

Optical Index of Refraction at 591 nm 2.41 Dimensionless 

Optical Transmissivity in the far IR 225 Dimensionless 
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Table 2.   
Electrical Properties of Diamond  

 Property  Value Units 

Dielectric Constant 5.7 Dimensionless 

Dielectric Strength 1.0 x107 V/cm 

Electron Mobility 2200 cm2/Vs 

Hole Mobility  1600 cm2/Vs 

Electron Saturation velocity 2.7x 107 cm/s 

Hole Saturation velocity 1.0 x 107 cm/s 

Work Function Negative On [111] surface 

Band gap 5.45 eV 

Resistivity 1013-1016 ohm-cm 
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Today diamond is used as a coating on drill bits, reamer and countersinks. Diamond 

tipped saws are also used to cut nonferrous materials. Additionally, diamond surgerical 

blades are now use in medical applications e.g. ophthalmology and neural surgery [1].  

Figure 1 shows natural and polycrystalline diamond scalpels ; these blades are used to 

make precision cuts and have the capability of integrating optics [1]. Diamond’s unique 

combination of extreme hardness, wear resistance, low coefficient of friction and thermal 

properties makes it ideal for these applications.   

With a thermal conductivity of 25 Wcm-1K-1, which exceeds copper by a factor of 

five, diamond is considered perfect for thermal management purposes. Therefore, 

diamond is being used as a heat sink for high power devices such as microprocessors, 

small microwave IC’s, laser diodes, detector arrays and microwave tubes.   Diamond’s 

high thermal conductivity allows it to uniformly remove heat from devices eliminating 

hot spots.  There are several benefits associated with the use of diamond heat spreaders 

including increased performance and reliability.  

Diamond has better chemical stability then other microelectronic compatible 

substrates such as gold, glass, silicon and metal oxides therefore it is attractive for 

biosensing applications.  Furthermore, scientists have successfully functionalized 

diamond films with DNA and proteins using UV photo attachment [2] and thermal 

decomposition of benzoyl peroxide [3]. Once diamond films have been functionalized 

they can be used in conjunction with other microelectronic processes to produce 

biosensor devices. 

CVD diamond films are being incorporated into mobile communication devices, 

television tuners, and optical-communication devices in the form of SAW filters or  
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a)  

b)  

Figure 1.  Diamond surgical blades produced from a) natural diamond b) polycrystalline 
diamond [1] 
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resonators. Diamond’s combination of high elastic constant and high surface acoustic 

wave velocity (SAW) makes it more desirable then existing materials.  Figure 2 shows a 

schematic of both traditional and diamond SAW filters. These devices are sandwich 

structures which consist of a piezoelectric layer usually aluminum nitride (AIN) or 

lithium niobate (LiNbO3), inter-digital transducers IDTs, and finally a diamond layer. 

These devices convert incoming RF electrical signals into mechanical vibrations (surface 

acoustic waves) and vise versa.  SAW filters with different center frequencies can be 

constructed by changing the size and spacing of the IDT. The center frequencies of SAW 

filters is governed by the following relationship rvf =  , where v is the phase velocity of 

the surface acoustic wave and r (electrode width x 4) is equal to the wavelength [4]. 

These devices are capable of operating at high frequencies. SAW velocities as high as 

11,210 m/s have been reported for AIN/ IDT/diamond surface acoustic devices [5].  

As mentioned previously, diamond is being used in optical applications. Optical 

grade diamond lenses, domes and windows are being produced for X-Ray, ultraviolet and 

infrared frequencies.  Diamond’s combination of thermal, chemical and optical properties 

(e.g. its transparency to UV, visible and far infrared bands makes) it ideal for these 

applications.  

Improvements in growth techniques and diamond processing (e.g. polishing, laser 

cutting etc.) have lead to additional application for diamond thin films. A number of 

commercial diamond products are now available. Significant research on CVD diamond 

is still needed to continually increased it’s viability as a commercial product.  
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a)  

b)  

Figure 2.  Diagrams of a) Traditional SAW filter b) diamond SAW filter [4]      
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CHAPTER 2 

LITERATURE REVIEW: UNDOPED DIAMOND 

2.1 History  

 The first significant growth of low pressure diamond was achieved by William G. 

Eversole of the Union Carbide Corporation in 1952 [6, 7] and reproduced by Angus et al.  

in [8, 9] .  Eversole and his co-works deposited diamond on pre-existing diamond seeds 

crystals using a CO/CO2 gas mixture. This technique yielded diamond films with co-

deposits of graphite and diamond, which required a cyclic deposition and removal 

process. In addition, this method like many of the early methods suffered from low 

growth rates. Eversole’s results predate those of Liander and Bundy on high pressure, 

high temperature (HPHT) diamond growth [10-11].  His results proved that diamond 

could be grown at low temperatures and low pressures.  

Even with the early success of CVD diamond, it would be many years before 

significant advancement would take place. The first major breakthroughs came in 1971 

when Angus [4] and his co-workers reported the use of atomic hydrogen to remove 

graphitic deposits during growth. With this knowledge, Vickery of Diamond Squared 

Industries developed a diamond growth process using a 95%H2/5% hydrocarbon mixture 

[12]. Further development followed in 1976 when Russian scientist Deryagin et al. [13] 

reported faceted diamond growth on non-diamond substrates [13]. This was a major step 

because all previous growth had been done on pre-existing diamond substrates.
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In 1982 the first high quality diamond films were grown at the National Institute for 

Research in Inorganic Material (NIRM) by Matsumoto and Setaka [14].They successfully 

deposited polycrystalline diamond films using a hot filament reactor. The next year 

Kamo and others [15] described faceted diamond growth via a microwave plasma 

reactor. These major advancements spearheaded renewed interest in diamond as an 

engineering material.  Since then many CVD systems and gas mixtures have been use to 

grow synthetic diamond films.   

2.2 Diamond Structure   

Diamond is one allotrope of carbon along with graphite, lonsdaleite and fullerenes.  

All three allotropes consist of hexagonal rings of carbon with different geometries.  The 

hexagonal rings in graphite form flats sheets were as in diamond and lonsdaleite they 

form puckered chair and boat structures along the <111> direction respectively see Table 

3 for a comparison of graphite and diamond properties. The stacking sequence of 

diamond, lonsdaleite and graphite are ABC, AB, and ABAB respectively [7] see Figure 

3.  In nature diamond usually forms in the cubic structure, however it can also appear 

with hexagonal symmetry, this type of diamond is called lonsdaleite and is usually found 

in meteors. Lonsdaleite is less stable then cubic diamond because its bonds have greater 

repulsive interaction between next nearest neighbors.  Figure 3 shows the cubic diamond 

structure with a cube edge length of ao =3.567Å and can be viewed as two 

interpenetrating FCC structures displaced by (1/4, 1/4, 1/4)ao along the body diagonal.  

Carbon atoms in diamond form a tetrahedral unit where every atom forms strong 

covalent (sp3 0.154 nm bond length) bonds with four other carbon atoms at its corners.  

By virtue of its strong covalent bonding diamond   possesses exceptional properties. For 
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Table 3.   
Properties of Diamond and Graphite (Values taken from) [16] 

 
Property Graphite Diamond Units 

Lattice structure Hexagonal Cubic  

Lattice Constant 2.46 3.57 (A) Angstroms 

Mohs Hardness 0.5 10  

Thermal Conductivity 30 25 Wcm-1 K-1 

 
Band gap -0.041 5.47 eV 

Electron Mobility  20,000 1,800 cm2/Vsec 

Hole mobility  15000 1500 cm2/Vsec 

Resistivity  50 x10-6 1020 Ohm-cm 

Dielectric constant  low ?  3.0 5.58  

Reflective index (visible) _ 2.4  

Melting point  4450 4500 K 

Thermal Expansion -1.0 x10-6 1.0 x10-6 K-1 

Velocity of sound  2.63 x 105 1.96 x 105 cm/sec 

Highest Raman mode 1582 1332 cm-1 
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                a)                 

b)  

          c)                     

Figure 3. a) Cubic diamond structure [16] b) Diagram of the stacking sequence of 
graphite, lonsdaleite and diamond along the <111> plane. c) The puckered boat and chair 
configuration of diamond and lonsdaleite [7]
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instance diamond insulating properties are a result of strong bonding between atoms 

which restricts the amount of electrons available for conduction, most of which are due to 

defects or impurities in the crystal lattice. Diamond is also the hardest known natural 

material because of its combination of high atomic density and its three dimensional 

network or strong covalent bonding. Strong bonding in diamond also allows vibrational 

energy (heat) to travel through the crystal lattice rapidly, as a result diamond has 

excellent thermal properties. 

2.3 Chemical Vapor Deposited (CVD) Diamond 

CVD diamond films grow under conditions where graphite is the stable form of 

crystalline carbon. Therefore CVD systems must create an environment where diamond 

growth is favored over graphite deposition. A variety of methods have been used to 

deposit CVD diamond. However, they all have three things in common. First, all CVD 

systems have some way to activate reactant gases, whether it is by thermal, electrical or 

combustion methods. Secondly a carbon source is needed to extend the diamond lattice. 

Finally, condition in the system must be such that diamond growth is encouraged while 

graphite formation is suppressed. 

CVD diamond growth occurs at pressures of 0.1 Torr and atmospheric pressure. The 

substrate temperature during growth is usually between 400°C and 1000°C. Various 

precursor gases have been used in combination with hydrogen to grow CVD diamond 

films including methane [17], alcohols [18-19], carbon monoxide [20] and carbon 

dioxide and halides [21-23]. For these reactions hydrogen plays several significant roles; 

first hydrogen abstraction creates vacant surface sites were radicals such as CH3 can bond 
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secondly it prevents graphitization of the sur face by terminating dangling carbon bonds 

and finally atomic hydrogen etches graphite at a much faster rate then diamond. 

The growth mechanism for diamond in excess hydrogen has been the subject of 

much debate, but it is generally accepted that CH3 is the growth species. Figure 4 depicts 

CH3 insertion into the diamond lattice via hydrogen abstraction reactions. In this process 

the surface is initially covered with hydrogen, however hydrogen abstraction creates 

vacant sites where CH3 can chemosorb on the surface.  If the adjacent carbon site 

undergoes the same process with an additional hydrogen abstraction then the resulting 

CH2 radical will react with the CH3 radical completing the ring.  This is just one possible 

mechanism for CH3 insertion into the diamond lattice [24].   

Hydrogen depleted gas chemistries have also been studied. In fact Gruen and his co-

workers at Argonne National Labs reported  the growth of ultrananocrystalline diamond 

(UNCD) using CH4 [25] or C60 [26-27] diluted in Ar.  The resulting diamond films were 

extremely smooth with small grain sizes of 3 to 5 nm. N2/CH4 plasmas have also been 

used to grow diamond films. Wu et al. [28] reported growth of smooth diamond films 

with a grain size of 10 nm. Xu et al. [29] also reported similar results with grains sizes 

ranging from 10 to 100 nm.  It should be noted that both Wu and Xu applied a negative 

bias   (-90V) to the substrate during growth. These results demonstrate that hydrogen is 

not absolutely necessary for diamond growth. The growth mechanism for CVD diamond 

films grown under the above conditions is believed to be C2 dimers which increase for 

this type of gas chemistry. 
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Figure 4.  Diamond growth via CH3 insertion into the diamond lattice [24] 
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2.4 CVD Diamond Growth Methods  
 

Figure 5 depicts a typical microwave plasma CVD (MPCVD) system. MPCVD 

employs a plasma discharge to activate gas reactants. Microwave energy is supplied to 

gas phase electrons which transfer their energy through collisions with ions and gas 

molecules to generate reactive species such as C2, CH3, C2H2 etc. These species interact 

with the substrate an eventually form a diamond film.  MPCVD is one of the most 

popular methods for diamond deposition.  This method permits reliable and reproducible 

phase pure diamond growth. Moreover, this type of system allows a  variety of gas 

reactants to be used some of which may be detrimental to other systems e.g. halogens. 

The main drawback of this type of system is the high equipment cost.  

Another popular diamond growth technique is hot filament CVD (HFCVD). A 

typical HFCVD system shown in Figure 6 is composed of an evacuated chamber where a 

metal filament such as tungsten, rhenium, or other refractory metal is heated to 

temperatures between 2000°C and 2300°C.  The heated filament dissociates reactant 

gases creating reactive precursors such as C2, CH3 and CH2 which impinge on the 

substrate to form a diamond films.  This type of diamond growth is very attractive 

because of its low cost and simplicity. It is also good for deposition of large areas and for 

depositing diamond on three-dimensional substrates.   Drawbacks of a HFCVD system 

include filament contamination and a limited deposition time. 

Diamond growth via a dc-arc jet system was first reported by Kuriharra in 1988 [31]. 

DC arc discharges utilize an electric discharge (arc) to partially dissociated reactant 

gases.  This  system  usually  consists  of  two  chambers  one where the gas  is  partially 



 16 

 

Figure 5. Microwave CVD System [30] 
 
 

 

Figure 6. Hot Filament CVD Reactor [24]
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dissociated and another where the gas expands through a small nozzle to impinge on the 

surface of the substrate. One of the most popular designs consists of a concentric cathode 

and a surrounding cylindrical anode see Figure 7. Arc discharges exhibit fast growth rates 

but are usually limited to small deposition areas. The major drawback of this type of 

system is the  high temperatures Ts ~ 1000°C - 1500°C experienced by the substrate 

during growth.  

 Figure 8 is a schematic of a direct current plasma assisted CVD (DC-PACVD).  In 

this type of system, plasma is generated by applying a voltage between two electrodes 

called the anode and cathode. The substrate is usually placed on the anode to encourage 

diamond growth.  Gas activation is similar to MPCVD where energetic electrons generate 

reactive species through collisions with ions and gas reactants.   

 Combustion flame assisted CVD diamond growth via a commercial plasma torch 

was first reported by Hirose in [32]. This technique employs an oxyacetylene flame for 

combustion synthesis of diamond. The combustion flame consists of a primary 

combustion zone where reactant gases C2H2 and O2 are consumed to produce CO and H2 

as well as other reactive species which pass through the intermediate and outer diffusion 

zone where they are deposited on the substrate.  This method allows high pressure 

diamond growth with relatively high growth rates. Just as with the dc arc-jet the 

combustion flame method suffers from high substrate temperatures. Figure 9 shows an 

oxyacetylene combustion system.  

 A radio frequency plasma CVD is depicted in Figure 10.  High voltage coils generate 

RF waves which excite the plasma. This type of plasma is called a hot plasma because 

the  electrons and  heavier ions  both  gain  energy from  the changing electric field  and  
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Figure 7. D. C. Plasma Jet [6] 
 
 
 
 

 
Figure 8. D. C. Plasma System [6] 
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Figure 9. Combustion Flame CVD schematic [6] 
 

 

Figure 10. RF Plasma Reactor [1] 
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transfer their energy to molecules, radicals and to the chamber wall causing the gas 

temperature in the hot zone to be >5000°C for high pressure growth.  Growth rates as 

high as 30 to180 um h-1 have been reported for this type of deposition.  However, this 

type of growth requires large amount of gas reactants, and low pressure deposition 

usually leads the formation of diamond-like carbon (DLC).   

2.5 Crystallinity of CVD Diamond Films  

The crystallinity of diamond is important because it affects the specific 

characteristics of diamond films. These films are separated into four categories, single 

crystal, polycrystalline, nanocrystalline and ultrananocrystalline diamond.  Each form of 

diamond has characteristics which makes it suitable for specific application, for instance 

ultrananocrystalline diamond films have low surface roughness, no statiction and their 

electrical properties are tunable therefore they are suitable for micro electrochemical 

MEMS applications.   

2.5.1. Single crystal diamond 

CVD single crystal diamond films have historically been grown on natural and 

HPHT (homoepitaxial growth) diamond  substrates.  These diamond films were originally 

hampered by low growth rates; however improvements in growth conditions have lead to 

increasing growth rates. Researchers like, Yan et al. [35] have reported high growth rates 

up to 150 um-h-1 on HPHT diamond films using a high powered MPCVD reactor. This is 

important because almost all single crystal diamond films are grown using this type of 

process. 

Now it is also possible to grow single crystal diamond films on non-diamond 

(heteroepitaxial growth) substrates. Heteroepitaxial growth of single crystal diamond is 
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usually achieved by growing diamond films on metal oxide/Iridium layers. Bednarski et 

al. [33] study diamond growth on (001) SrTiO3 plates with a Ir (001) epitaxial layer using 

MPCVD. The resulting films formed a featureless diamond slab with cleaved (111) 

planes along the <110> directions, similar to natural diamond. Other methods for 

growing single crystal diamond include growing oriented diamond films on substrates 

such as c-BN. Yoshikawa in  [34] used Raman and X-ray diffraction techniques to 

determine the orientation of diamond films grown on c-BN substrates using DC plasma.  

His results revealed that diamond’s crystallographic orientation was almost the same as 

the (111) c-BN.    These results are encouraging, however this type of growth is 

problematic because of the numerous steps required to prepare substrates for diamond 

deposition. Better substrate materials for heteroepitaxial growth of SCD are needed to 

make it feasible.  

2.5.2. Polycrystalline Diamond  

Another form of diamond is polycrystalline diamond (PCD).  These films are 

characterized by well faceted random grains 100 to 1000 nm in length with shared axis or 

planes (twinning) as shown in Figure 11.  PCD films retain many of the extraordinary 

properties of natural diamond.  

These films are traditionally grown using methane/hydrogen plasma 

(1%CH4/99%H2).  PCD growth involves competitive growth of diamond crystallites, 

where crystallites with the highest growth normal to the surface envelop slower growing 

crystals. This type of growth leads to increased grain size with increasing thickness (van 

der draft).  Another feature of  PCD is the fact that its  morphology and orientation can be 

tuned by controlling the a parameter which is defined by the following equation: 
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Figure 11. SEM image of a polycrystalline diamond film. [40] 
 

111

1003
v
v

=α ,  

,where 100v  and 111v  represent the growth velocity in the (100) and (111) direction,  when 

a is equal to 1 then  single crystal diamond forms,  a equal to 3 results in cubes and  

finally a between 1 and 3 leads to cubo-octahedra diamond [36] as shown in Figure 12. 

The a parameter can be easily controlled by changing growth parameters such as power, 

pressure etc. 

PCD films are being used in optical applications. Ultra-thin freestanding X-ray 

windows made from PCD films have been described by Ying et al. in [38]. These 

windows have excellent transmissivity in the soft X-ray range. Near infrared 

antireflective filter windows have also been produced by Ying et al. [37]. These windows  
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Figure 12. The shapes associated with different a values between 1 and 3 for PCD. [37] 
 

have been successfully used in on- line monitoring at Shanghai Baosteel Works and they 

produce an annual benefit of 2.4 million RMB Yuan. Additionally, optical CVD diamond 

lenses with thermal conductivity of 20.8 Wcm-1K-1 have been reported by Woerner et al. 

in [39].  PCD diamond lenses were fabricated by growing diamond on Si substrates with 

spherical impressions.  

Improvement in polishing techniques and growth quality has extended the number of 

application for which PCD diamond films are suitable. Even though PCD diamond films 

can be polished and used in many applications, it is still necessary that smoother forms of 

diamond thin films be developed to take full advantage of diamond microelectronic 

devices.  

2.5.3. Nanocrystalline Diamond 

These films consist of ballas (cauliflower) like structures with grain sizes 50 -100 

nm. Figure 13 shows two different NCD diamond films. Nanocrystalline diamond films 

exhibits improve surface roughness, reduced grain size, and increased mechanical 

strength as compared to PCD.    

Nanocrystalline films have been grown using a variety of procedures. One of the  

most popular ways to grow NCD involves replacing H2 with a noble gas such as Ar or 

He. Lin et al. in [41] reported  the transformation of microcrystalline diamond to  
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a)  

 

             b)  

Figure 13.  SEM images of NCD grown using a 2 step bias growth process [24] b) NCD 
film grown using CH4/H2 [45] 
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nanocrystalline diamond with the addition of >95.5% Ar to conventional CH4/H2 

mixtures.  Similar results are reported by Jones et al. in [42] using a hot filament reactor 

(transformation of microcrystalline to nanocrystalline occurred with >90% Ar and He 

addition). Biased enhanced growth is another process for growing NCD diamond films. 

Sharda et al. in [43] described growth of NCD via bias enhanced growth, with 5% CH4 in 

hydrogen; this growth chemistry results in NCD films with rms surface roughness of 17 

nm. Gu [44] reported similar result with ion bombardment of different energies, 

nanocrystalline diamond films appeared with a bias voltage over 120V.  

 NCD films exhibit superior structural properties with fracture strength and elastics 

modulus of 4.0 GPa and 1020 GPa respectively [45]. In addition these films have low 

intrinsic vertical and horizontal stress; therefore freestanding diamond cantilevers show 

no detectable bending, which makes them suitable for sensor and MEMS applications  

[45]. 

Extensive study of NCD diamond films is being conduc ted to determine its electron 

emission properties. Low emitting NCD films have been reported by several authors. Wu 

et al. [28] used MPCVD to grow low emitting NCD films using CH4 and N2 precursor 

gases.  The resulting diamond films have low turn on voltages which decrease from 4.9 

V/um to 1.3 V/um when the CH4/N2 flow ratio is decreased from 5.6 to 1.4%. These low 

emitting diamond films also have good long term current stability with a maximum 

emission current of 10 mA. Similar results were reported by Xu in [29]. Subramanian et 

al. [46] used MPCVD to grow a NCD film with a low turn on voltage of 7 V/um using 

CH4/H2/N2 plasma. These results indicate that NCD diamond is suitable for electron 

emission applications.  
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2.5.4. Ultrananocrystalline Diamond 

Ultrananocrystalline (UNCD) diamond films are grown via argon rich microwave 

plasmas with either C60 [26, 27] or CH4 [25] as the carbon source. Extensive 

characterizations reveal that UNCD films are phrase pure diamond with 3-5 nm grains, 

which are atomically abrupt with high-energy grain boundaries.  Thin UNCD diamond 

films less 100 nm thick demonstrate properties, which are equal to and in some cases 

superior to natural diamond. Figure 14 shows an SEM image of a UNCD films grown 

using a hot filament reactor. 

UNCD films are being considered for use in biosensor or bio-modification 

applications. In [47] Yang et al. used photochemical attachment along with other 

processes to covalently link DNA to UNCD films. Functionalized diamond films can be 

used with existing microelectronic fabrication processes to create a biosensor device. 

UNCD is also being studied for use in microelectro-mechanical systems MEMS. In [48] 

Auciello and his colleagues demonstrated that UNCD MEMS devices can be fabricated 

using a combination of Si and diamond fabrication processes. In addition, Espinosa et al. 

[49] conducted micro cantilever deflection and membrane deflection experiments, which 

showed that UNCD films possess mechanical properties that make it ideal for MEMS 

devices i.e., elastic modulus values of 930-970 GPa and fracture strength in the range of 

5.05 GPa  

The growth precursor for UNCD films is believed to be C2 carbon dimmers. Carbon 

dimmers are easily detected in Ar/CH4 plasmas by optical emission spectroscopy (OES) 

and absorption spectroscopy [50]. Reactions between C2 and diamond have been studied 

on both hydrogen terminated and non-hydrogen terminated diamond films. 
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Figure 14.  Scanning electron microscopy of UNCD [45] 
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Horner et al. [50] concluded that reactions between dicarbon C2 and the (110) 

hydrogenated diamond surface are energetically favorable with a small activation barrier; 

similar results have been attained by Sternberg et al in [52] and Redfern et al. in [51] on 

hydrogen free (100) and (110) diamond. Sternberg reported that diamond growth from 

gaseous dicarbon could occur via direct absorption on clean sites or the migration of 

dicarbon on top of existing C2n chains. Sternberg et al. in [53] also used high density tight 

bonding and showed there are additional pathways for growth on the (100) non- 

hydrogenated diamond (100)x(2x1) surface; these pathways were found to have higher 

energy barriers then those on the hydrogenated (110) plane. Even though there is a lot of 

evidence for C2  as the main growth species for UNCD, it should be noted that there is still  

~1% H2 in the plasma which means there are possibly other species such as H+, CH3,C2H, 

C2H2 which could be participating in the growth process [54].  The extent of their 

participation needs to be resolved.  

Figure 15 demonstrates one possible mechanism for C2 incorporation which was 

proposed by Horner and Redfern et al. [50-51] it involves C2 insertion into a (110) 

hydrogen terminated diamond surface. First C2 inserts itself into C-H bonds then C2 

rotates so that it can insert itself into the C-H bond across from it. The next two steps 

involve repeating steps 1 and 2. The final step requires restoration of the (110) plane with 

the formation of a bond between the carbon atoms in the adjacent surface dimmers. 

2.6 CVD Nucleation  

Conventional heteroepitaxial CVD growth requires a significant incubation period 

before diamond growth commences. Therefore most CVD films are grown via a 

pretreatment process such as substrate scratching, diamond seeding or biasing.
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Figure 15.  Possible Mechanism fo r C2 insertion into the diamond lattice [50] 
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Pretreatment provides the substrate with diamond nuclei to initialize diamond growth 

under the right conditions. The nucleation density affects the microstructure, 

morphology, homogeneity, defect formation, and adhesion of diamond films [55]. For 

instance, the higher the nucleation density the shorter the coalesce time which result s in 

reduced surface roughness.  

A well accepted nucleation method involves mechanically polishing the substrate 

with abrasives such as SiC [56], c-BN [57], Al2O3 [58], ZrB2 [59], Cu [60], and diamond 

[61-62]. Several mechanisms have been proposed to account for the enhanced nucleation 

density of polished substrates; including the seeding effect were diamond residue from 

polishing material provide the growth template for  homoepitaxial diamond growth; the 

creation of high-energy sites or chemically active sites; and finally; the removal of 

surface oxides. Nucleation densities for scratched substrates can range from 106-1010 cm-

1.  Unforturely, this type of pretreatment results in damage to the substrate  and therefore 

is not suitable for applications, which require a smooth surface.  Another fault of this 

method is the fact that 3-D objects can not be nucleated in this manner.    

Another popular nucleation method is ultrasonic agitation which was first reported 

by Hirakuri [63]. This process involves ultrasonically agitating the substrate in a 

nanodiamond solution such as nanodiamond powder and methanol. Ultrasonic agitation 

gives a homogeneous scratching of the substrate surface by nanodiamond powder. 

Ultrasonic agitation yields a nucleation density between 107 and 1011 cm-1.  This process 

is less destructive and provides a more uniform nucleation compared to mechanical 

polishing.  
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Micro-diamond seeding is another nucleation method which gives a nucleation 

density around 108-109 cm-1. Seeding is accomplished by electrophoresis or by dipping, 

spinning or spraying the substrate with a microdiamond solution.   With this method the 

micro diamond seeds on the substrate serve as nucleation sites for diamond growth.  This 

process suffers from agglomeration of diamond nanoparticles and surface 

contaminations.  

One of the most effective nucleation processes is bias enhanced nucleation. BEN 

involves placing a voltage across the substrate under either growth conditions or slightly 

different conditions for short periods usually 30 minutes to 1hr [64-65].  This method 

utilizes ion or electron bombardment to remove native oxides; it also  suppresses oxide 

growth and creates substrate defects to promote growth of a small  diamond layer; which 

serve as the seeds (growth sites) for further homoexpitaxial growth. BEN has been 

accomplished in both MPCVD and hot filament CVD systems [64-65].  This process is 

suitable for application where smooth and clean surfaces are required. Nucleation density 

of 109-1010 cm-1 has been achieved.  

Other nucleation methods have been studied including surface coating of DLC [66-

67], carbon layers [68] and hydrocarbon oil [69]. In [69] Morrish reported enhanced 

nucleation on diamond scratched substrates which were subsequently smeared with oil 

(oil smeared samples produced almost continuous, pinhole free films). Morrish also 

discovered that the formation of a carbide layer was not necessary to produce the effects 

of enhanced nucleation. Instead he and his colleague concluded that the prevention of 

carbon diffusion into the bulk substrate material results in enhanced nucleation. 
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2.7 CVD Diamond Substrates 

Choosing the appropriate substrate for CVD deposition is critical because of the 

extreme conditions of CVD growth. Three major factor must be considered when 

choosing a substrate material  1) it must have a  high melting point to withstand the 

temperature of CVD diamond growth 2) substrates must have low index mismatches and 

3) the  coefficient of thermal expansion must  be close to diamond to ensure good 

adhesion . To date silicon is the most used substrate because of its properties, availability 

and low cost. In addition researchers have discovered that substrates which react with 

carbon or form carbide layers have a lower incubation period then substrates which do 

not.  

Studies by Joffereau [70] and Lindlbauer [71] reveal that a carbide layer forms on 

substrates such as silicon before diamond growth commences.  Lux and Hauber  indicate 

that substrates that formed carbide layers the fastest had the shortest incubation period 

[72]. They also proposed that carbon dissolves into the substrates which results in stable  

carbide layer. Diamond nucleation occurs when the carbon concentrations on the surface 

reaches its saturation point. 

Therefore, materials such as Cu, Sn, Pb, Ag and Au which and do not form a carbide 

layers and have little or no solubility in carbon can be used to make freestanding diamond 

films because diamond does adhere well to these substrates. On the other hands materials 

like Pt, Pd, Rh, Ni, Ti, and Fe, which react readily with carbon, are not useful because 

carbon will be absorbed into the bulk material which could cause a long incubation 

period and affect the physical properties of the material.  
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CHAPTER 3 

LITERATURE REVIEW: CONDUCTIVE DIAMOND FILMS 

3.1 Conductivity of Diamond Films  

 At room temperature, diamond is a good electrical insulator with a resistivity of 

approximately 1016 ohm-cm. The conductivity of diamond can be modified by hydrogen 

termination or by doping with impurities. Increasing the conductive of diamond films is 

important if diamond films are going to be used as electrochemical electrodes and 

electronic devices. As of now boron is the most common p-type dopant for diamond and 

n-type films have been achieved with nitrogen doping of UNCD films. 

3.1.1  Surface Conductivity of Hydrogen Terminated Diamond 

In [73], Landstrass and Ravi described the substantial surface conductivity of 

hydrogen-terminated single crystalline diamond; they also reported similar results for as-

grown MPCVD diamond films [73].They found that hydrogen terminated diamond films 

were more conductive before annealing in atmospheric conditions (dehydrogenation)    

Several suggestions have been made to account for this phenomenon including the 

formation of shallow acceptor states which was first postulated by Landstrass and Ravi et 

al.  in [73]; passivation of deep defects [74] and finally adsrobate based transfer-doping 

mechanism[75-79]. Recent results by authors such as Maier, Ristein and Williams [75-

79]   support the transfer-doping model, which requires not only the present of hydrogen, 

but the formation of anions in a thin aqueous layer above the hydrogen-terminated



 34 

surface.  They propose a mechanism were electrons transfer from the valence band to 

absorbates at the surface which results in the formation of a dipole with a hole 

accumulation layer just beneath the surface. Electrons transferred from the surface to the 

aqueous layer via the following redox reaction OH2H22O2H 223 +⇔+ −+ e . Figure 16  

shows both the hydrogen terminated surface in contact with the aqueous layer as it 

appears in air and the band bending during electron transfer. Ristein verified this 

conclusion in [77] by heating  samples in an ultra high vacuum which removes the 

aqueous layer while preserving hydrogen termination. The resulting diamond films 

became highly resistive again. The original conductivity of these films was restored when 

the films were re-exposed to the atmosphere. These result confirm that hydrogen 

termination along is not responsible for the increased conductivity see Table 4 for a lists 

of properties associated with hydrogen terminated diamond films. 

Researchers have attempted to use hydrogen terminated diamond films for electronic 

applications.   For example, Garrido [80] and his colleagues fabricated in-plane 

transistors using a combination of lithography and surface oxidation on hydrogen 

terminated polycrystalline diamond. These devices demonstrate low leakage current at 77 

K and room temperature with good saturation and complete pinch-off. Aleksov et al. [81] 

reported fabrication of RF FETs with a gate length of 0.2 um. This device produced a 

maximum output current of IDmax=360 mA/mm with a peak transconductance of 148 

mS/mm, however current instabilities at microwave frequencies prevent this device from 

being used in high power applications. 
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Figure 16.  Top: Schematic representation of a hydrogen terminated diamond surface in 
contact with an aqueous layer as it forms in air.  Bottom depicts the evolution of the band 
bending during the electron transfer process at the interface. [78] 
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Table 4.   
Properties of Hydrogen Terminated Diamond [78] 

 

 

Surface Conductivity ~10-4 – 10-5  ohm-1cm-1    at room temperature RT 

Density of p-type carries ρs = 1013 cm-1  hardly temperature dependent between RT and 

150K (~T1.5) 

Hall mobility of carriers 30 cm2 V-1 s-1 Max  value of 70 cm2 V-1 s-1 temperature 

dependency (~T1.2) 

Negative Electron Affinity  H-terminated diamond surfaces can be used as electron 

emitters 
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3.1.2  Boron Doping 

  Boron is a naturally occurring dopant or impurity found in natural diamonds. In fact, 

type IIb diamond demonstrates p-type conductivity with a boron concentration less then 

1ppm.  To date, boron incorporation has been accomplished via gas reactants, solid 

sources i.e. boron power, boron oxide [82] and cold implantation rapid annealing CIRA 

[83]. Other well known dopants are diborane [84, 75] and trimethayoboron B(C2H5)3[86, 

87].  

Extensive research has been conducted on boron doped natural diamond films to 

determine their electronic properties.  Okushi et al [86] achieved homoepitaxial doped 

boron diamond films with hall mobilities of 1840 cm2 V -1s-1 at 290 K using 

CH4/H2/B(CH3)3 . Hatta [84] reported hall mobilities of 1600 cm2 V -1s- with a hole 

concentration > 1014. In addition Tsubota [87] produced homoepitaxial diamond  with hall 

mobilites of 2020 cm2V-1s-1 at 243 k with a hole concentration of 5x1012 cm-3 it should be 

noted that this value was only obtained after exposure to hydrogen plasma. Table 5 shows 

the hall mobility and hole concentration for homoepitaxial grown diamond using boron 

doping.  

As of now, boron doped diamond films have primarily been used as electrochemical 

electrodes. Electrodes have been constructed on poly [88], nano [89] and 

ultrananocrystalline diamond films [90]. These electrodes demonstrate low background 

currents, wide working potentials and are responsive to many solutions i.e. Fe(CN)6 
3-/ 4- 

and IrCl6 
2 -/ 3- and Fe 3+/2+  [90]. 
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Table 5.   
Comparison of Hall Mobilities and Hall Concentration for Boron Doped Diamond 

 

Authors Boron 
Source 

B/C 
(ppm) 

Hall 
Mobility 
cm2V-1s-1 

Substrate 
Temperature 

(K) 

Hall 
Concentration 

(cm -3) 

Homoepitaxial Growth      

Tsubota et al [87] TMB 100 2020 243 5x1012 

Hatta et al [84]  B2H6 10 1600 290 5.0x1013 

Kiyota et al [23] B2H6 20 1000 293 1014 
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3.1.3 Nitrogen Doped Ultrananocrystalline Diamond 

Highly conductive nitrogen doped n-type UNCD diamond films have been deposited 

using MPCVD [91].   The conductivity of nitrogen doped UNCD films increases five 

orders of magnitude with increasing nitrogen content as compared to un-doped films. 

Other electrical properties of nitrogen doped UNCD films such as carrier concentration, 

electron mobility and sheet resistivity have also been studied. Bhattacharyya et al. in [91] 

used Hall Effect measurements to determine the carrier density and moblilities of 10 and 

20% nitrogen doped UNCD films. They reported high carrier concentration of 2.0x1019 

and 1.5x1020 cm -3 for 10% and 20% doped films. Carrier mobilities of 5 and 10 cm2/Vs 

were also measured for 10 and 20% films [91]. However, Williams et al. in [92] reported 

lower carrier mobilites of 1.48 and 1.56 cm2V-1s-1 for 10 and 20% films at room-

temperature. Williams also calculated the sheet resistivity of nitrogen doped UNCD 

films. Room-temperature sheet resistivity increased from 22 ohm/sq for 20% N2 film, to 

880 ohm/sq for 10% N2 films and finally 2.5 x104 ohm/ sq for 5% N2 film [92].  

Zapol [93]  and others [91-94] propose that the high conductivity of these films is the 

result p-bonded carbon atoms in the grain boundaries.  In their model, nitrogen is 

incorporated into grain boundaries giving raise to bands of mid-gap states. As a result, 

hopping conduction or other thermally activated conduction mechanisms could lead to 

enhancement of electronic conductivity. There is also evidence which suggests that 

nitrogen addition to the plasma leads to changes in the film structure of UNCD. For 

example Birrell et al. in [94] showed that nitrogen incorporation into UNCD films results 

in increased grain size, wider grain boundaries, and a slight increase in sp2 bonded 

carbon. The gas chemistry and growth mechanisms of UNCD is also effected by nitrogen 
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addition; optical absorption spectra indicates there is a large amount of CN [48] present 

when nitrogen is introduced in various amounts as opposed to mainly C2 dimmers in 

Ar/CH4 spectra. The actual role of CN in the growth of nitrogen doped UNCD films is 

still being investigated.  One point of view is that CN reduces renucleation rates [93] of 

UNCD much like hydrogen in CH4/H2 chemistries. This view would account for the 

increased grain size of nitrogen doped UNCD films with increasing N2 content. However, 

more studies are needed to determine the role of CN in UNCD film growth.   

Nitrogen doped films are now being considered for several applications including 

electrochemical electrodes as well as electronic devices [95]. Like boron doped 

electrochemical electrodes nitrogen doped electrodes exhibit a wide working potential 

window,  low background current, and a high degree of electrochemical responsiveness 

for Fe(CN)6-3/-4, Ru(NH3)6
+3/+2  and IrCl6-2/-3 [96]. However, these electrodes are not as 

good as boron doped electrodes because their electrical responses are dependent on 

physicochemical properties of the grain boundaries [90].  
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CHAPTER 4 

EXPERIMENTAL PROCEDURES 

4.1  System description  

The experimental set-up for the microwave CVD reactor is shown in Figure 17.  The 

chamber consists of a quartz bell jar, which is enclosed in a Faraday cage. Microwave 

power is supplied by a water-cooled ASTEX 2.45 GHz waveguide. The chamber itself is 

connected to a mechanical vacuum pump and the chamber pressure is controlled by a 

throttle valve.  Reactant gases are  introduced into the chamber by a small inlet on the 

side of the reactor.  Gas flow rates of N2, CH4, and Ar are controlled by mass flow 

controllers.  Samples are load onto a cylindrical stainless steel holder and Mo plates are 

used to adjust the distance between the substrate and the plasma. The substrate 

temperature is measured using an optical pyrometer.  The chamber also has two inlets 

where air is circulated to provide cooling for the bell jar. The whole system is monitored 

by two safety interlocks; the first monitors the ultraviolet light generated by the plasma 

and cuts the power off if the plasma ball disappears.  The second interlock measure the 

water flow for cooling the microwave generator.  

4.2 Substrate Preparation 

 Nitrogen doped diamond films were grown on Si, SiO2 and quartz. Films grown on 

SiO2 substrates were used for conductivity measurements. Substrates were cleaned 

ultrasonically in acetone and methanol for ten minutes followed by a two step nucleation 
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Figure 17.  ASTeX 5010 reactor [95] 
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process. First samples were nucleated with an amorphous carbon layer via 

(97%Ar/2%H2/1%CH4) plasma for 10 mins. Next, the substrates were ultrasonically 

agitated in nanodiamond and methanol solution for 30-60 mins. Samples where then 

washed with methanol and isopropyl alcohol before growth. 

4.3 Experimental Procedures  

Prior to deposition the chamber pressure was pumped down, then gas reactants were 

introduced to the chamber. The microwave power varied between 600 and 800 Watts 

while the chamber pressure was held constant at 100 Torr. The substrate temperature was 

estimated to be 786°C - 894oC by an optical pyrometer it should be noted that the actual 

substrate temperature was not determined. NCD films were deposited using CH4/N2/Ar 

plasma. The total flow rate was kept constant at 100 sccm during all experiments, as the 

nitrogen content was varied between 0-40 sccm the Ar flow rate was adjusted.  Films 

were then characterized by SEM, Raman, four point measurements and electron emission 

current measurements. 

4.4 Diamond Film Characterization 

Raman scattering is an important nondestructive tool for identifying diamond films. 

For this experiment visible Raman spectra were obtained on all samples using a He-Cd 

laser with a 100mW excitation photon (441.6 nm).  The focus size of the laser beam is 

8mm.  

Scanning electron microscopy (SEM) is another tool used to characterize diamond 

films. SEM images can be used to establish the morphology of the diamond films. It can 

also be used to determine the relative thickness of the diamond films as well as the 

growth rate. 



 44 

CHAPTER 5 

RESULTS 

5.1 Field Emission Properties  

 Nitrogen doped NCD films were deposited on (100) n-type silicon substrates for 

emission analysis. Electron emission tests were conducted in an evacuated chamber with 

a diode structure. The ambient pressure in the test chamber is ~10-6 Torr; the actual test 

setup is depicted in Figure 18. This setup consists of a top electrode made from a metal 

rod encased in a ceramic block; a pica-ammeter, which is used to measure the emission 

current, and a high voltage source.  Two 60 um Al2O3 spacers were used to separate the 

substrate from the electrode.   It should also be noted that the edges of all samples were 

cut prior to the emission test to ensure there was no connection between the diamond film 

and the silicon substrate on the side of the sample.  

For this measurement we define the turn on electric field as the electric field at which 

the emission current is equal to 1.0x10-7 Amps.  The Log (I) - E characteristic for NCD 

films grown at 600 and 800 Watts are plotted in Figure 19. The emission properties of 

these films increase with increasing nitrogen in the plasma. In films grown at 600 watts 

the turn on electric fields decreases from > 50V/um to 40 V/um with 10 and 20% 

nitrogen respectively.  Similar results have been established for 800 Watts samples with 

turn on electric fields of 50 V/um and 35 V/um with 10 and 20% nitrogen addition.  
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Figure 18.  Setup for Emission Current Measurements 
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      a)     

        b)  
 

Figure 19.  Log (I)-E curves for 800 and 600 Watt nitrogen doped NCD films. Increased 
nitrogen content results in decreased threshold voltages from a) >50 to 35 V/um b) > 50 
to 40 V/um respectively  
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Figure 20 displays the I-V characteristic for 600 and 800 watt NCD samples. When 

the N2 flow is increased from 10 to 20%, the emission current at 30 V/um increases 2 

orders of magnitude from 10-11 to 10-9 Amps for 800 Watt films.  Comparable results are 

seen in 600 Watt films where the emission current is 3 orders of magnitude higher for 

20% samples. It should be noted that 5% and 40% samples did not admit even at very 

high electric fields. Additionally, the linear nature of the Fowler-Nordheim (F-N) plots in 

Figure 21 shows that the emission characteristic of these films is the result of electron 

tunneling. 
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a)  
 

    
             b) 

 
Figure 20.  I-E curve for 800 and 600 Watt nitrogen doped NCD films. Increased, 
nitrogen content in the plasma results in increased emission current for a) 800 and b) 600 
Watt films 
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a)  
 

b)  
 

 
Figure 21.  F-N plots for 10 and 20% nitrogen samples grown at a) 600 and b) 800 Watts. 
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5.2 Surface Roughness as Function of Nitrogen Concentration 
  

The surface roughness of doped NCD films was evaluated using  an Alpha-step 200 

surface profiler.  A scan length of 80 um with a scan rate of 25 scans per um was used 

during testing.  The surface roughness of doped NCD films gradually decreases with 

nitrogen content for both 600 and 800 Watt samples. With 10% nitrogen added to the 

plasma the roughness of 600 and 800 Watts films is approximately 20 to 24 nm. The 

addition of 20% nitrogen to the plasma leads to roughness values between 12-15 nm for 

600 and 800 Watt films. The 800 Watt film grown with 40% nitrogen had a roughness of 

~8 nm.  These results are consistent with those of Peng et al [98]. The reduction in 

surface roughness is believed to be the result of CN which increases in the plasma with 

increasing nitrogen content.  

Figure 22 shows the optical emission spectrum for Ar/N2/CH4 plasma which shows 

that C2 is the dominant species in the plasma when nitrogen is not present, but as nitrogen 

is introduced three other emission signals appear at 678.7nm (N2 ), 421.6 and 460.6nm 

(CN). It is the CN emission which becomes larger with the addition of nitrogen that is 

thought to be important in this process. Further study needs to be conducted to determine 

the role CN plays in CH4/Ar/N2  microwave plasma.  
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Figure 22.  Optical emission spectrum for nitrogen doped NCD films with 10, 20, and 
40% nitrogen addition [95] 
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5.3 Characterization of Nitrogen Doped NCD films  

NCD films have been characterized using raman spectrum as well as scanning 

electron microscopy (SEM). The raman spectra for nitrogen doped diamond films are 

shown in the Figure 23 and 24. There are three main peaks which occur at 1160, 1350, 

and 1550 cm-1. The first peak at 1160 cm-1 is typically used to indicate NCD phases in the 

diamond films. However, researchers like Ferrari  et al. [99] have shown that this peak is 

related to sp2 sites and assign its origin to polyacetylene lying in the grain boundary.   

The other two peaks at 1350 and 1550 cm-1 represent the D and G bands. The addition of 

nitrogen during growth causes the 1332 cm-1 peak to broaden and the peak at 1350 cm-1 

becomes more dominate. Additionally as nitrogen is increased in the plasma the raman 

intensity decreases and all three of the peaks broaden.  

Cross-sectional SEM images of several NCD films are shown in Figures 25 and 26. 

When N2 is increased from 10 to 20% the growth rate for 600 Watts samples increases 

from 0.8 to 1.14 um/hr. 800 Watt samples show almost identical results with growth rates 

of 0.7 and 1.07 um/hr with 10 and 20 N2 addition respectively.  Figures 27 and 28 shows 

SEM images of both 600 and 800 Watt films. These images along with Raman confirm 

that the diamond films deposited here are in fact nanocrystalline in nature.  
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Figure 23.  Raman spectra of NCD films grown with CH4/N2/Ar plasma at 600 Watts 
with varying nitrogen content a) 0 b) 3 c) 10 and d) 20%. 
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Figure 24.  Raman spectra of NCD grown at 800 Watts with a) 10 b) 20 and c) 40% 
nitrogen . 
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Figure 25.  SEM of 600 Watt NCD films grown with a) 10 and b) 20 percent nitrogen. 
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Figure 26.  Cross-sectional SEM images of 800 Watt films grown with a) 10 and b) 20 % 
N2 
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Figure 27.  SEM image for 600 Watt NCD films grown with a) 10% and b) 20% 
nitrogen. 
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Figure 28.  SEM image of nitrogen doped 800 Watt film with 20% nitrogen. 
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5.4 Conductivity of Nitrogen Doped Diamond Films  
  
 The conductivity of nitrogen doped NCD films was measured using and a four point 

probe configuration.  Figure 29 shows the four point contact structure. All measurements 

were done using an HP 4145 analyzer. In this particular setup, current is forced across the 

outer contacts, while the voltage is measured across the two middle contacts. Resistivity 

values were calculated using the following equation: 

Resistivity ( )( )I
V

L
Wt=    ohm-cm 

where t is equal to the thickness of diamond film, L is the distance between the two 

middle contacts, W is the width of the diamond films and I and V represent the applied 

current and the measured voltage respectively. 

 The resulting diamond films demonstrate increased conductivity with increasing 

nitrogen addition during growth. The conductivity of 800 Watts samples is  0.191 ohm -

1cm-1 for 20% samples while 10% samples show lower conductivity around 4.0x10-4 ohm 

-1cm-1.  On the other hand 600 Watts samples grown with 10 and 20% nitrogen additions 

have conductivity values of 1.05 and 5.55 ohm -1cm-1 respectively. The 600 watt samples 

demonstrate a higher conductivity than do the 800 watt samples.    

 These results show conductivity NCD films can be grown by adding nitrogen to 

CH4/Ar plasmas. These results are not as high as those reported by Argonne National 

Labs. This can be expected because we used a different reactor which has a higher power 

density; additionally the substrate temperature is not maintained at 800°C during growth. 

These are just a couple of factor which may affect the conductivity of nitrogen doped 

methane/argon plasmas. Therefore more work is needed to determine the role of substrate 

heating during deposition of CH4/Ar/N2 plasma.  
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Figure 29.  Four point contact configuration 
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CONCLUSION  
 
 

Nitrogen doped diamond films have been successfully deposited onto several 

substrates including silicon, silicon dioxide, and quartz. These films have been studied to 

determine their electrical, emission and surface properties. The resulting data indicates 

that nitrogen addition results in increased conductivity as well as increased emission 

current and lower turn on electric fields. The surface roughness of the samples decreased 

with increased nitrogen content which believe to be a consequence of (CN) in the plasma. 

The nitrogen doped films grown here are more like those grown using CH4/N2 [28] 

reactant gases, where the emission properties are controlled by the ratio of methane to 

nitrogen.  The raman spectra of these films are identical to those reported here; also the 

emission behavior and growth rates are similar to ours.  Therefore it is believed that  the 

conditions reported here are in a regime between low emitting CH4/N2 films and 

conductive CH4/Ar/N2 films. Additionally the results show how important it is to 

maintain the substrate at constant temperature during growth. Further studies are needed 

to determine the relationship between substrate temperature and nitrogen concentration in 

films. 
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