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CHAPTER I 

 

INTRODUCTION 

 

1.1 Motivation 

Diamond is touted as a superior semiconductor due to its many unique properties. 

The French chemist Antoine L. Lavoisier determined the carbon composition of diamond 

by studying the product of diamond combustion. Its cubic structure was determined by 

the father and son team of Sir William Henry Bragg and Sir William Lawrence Bragg 

through x-ray diffraction. 

 In recent years the knowledge of growing diamond, the defects inherent in the 

process and the methods of controlling it have grown immensely. This resulted in the 

availability of chemical vapor deposition (CVD) diamond of increasingly improved 

quality. Research efforts were now directed at improving specific properties of diamond 

to increase its viability for different uses. These efforts often attempt to fabricate CVD 

diamond with qualities that approach those of type IIa diamond, which is the highest 

quality natural diamond.  

The physical properties of diamond such as high thermal conductivity, small 

thermal coefficient of expansion and hardness, present intriguing possibilities for the 

fabrication of microstructures which benefit from extended dynamic range, faster 

response, or reduced wear. The best known property of diamond, its extreme hardness, 

was the first to be successfully applied. Diamond is now commonly used as a coating to 
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protect equipment that may otherwise be quickly worn down. Another property that has 

been utilized is diamond‟s thermal conductivity (24W/cmK), which is the highest of any 

solid at room temperature. This allows it to dissipate heat efficiently. Hence it is suitable 

as a heat spreader (heat sink). Diamond is also excellent for temperature cycling due to its 

extremely small thermal coefficient of expansion (1.1   10
-6

K
-1

). Diamond‟s optical 

properties have also been successfully exploited. Diamond is optically transparent from 

the infrared to the ultraviolet region and has been used successfully as optical windows. 

A property of diamond that has the greatest potential is its ability to act as a 

semiconductor when doped. Diamond-based electronics could potentially offer 

everything that silicon currently offers as well as excellent heat conduction. Diamond 

also has an effectively negative electron affinity value, which means that electrons are 

readily emitted from diamond if it is biased negatively in a vacuum. This means that 

diamond may be an effective field emitter and may have potential uses in display devices 

(1).  

 

1.2 Objectives of the work 

Increasing needs for higher power density power electronics places greater 

demands on improving the understanding of interactions between thermal and electrical 

properties of semiconductor devices. Power systems now have greater density and 

reduced sizes. As a result, electrothermal models are more important than ever before. 

The objective of this study was to produce a series of electrically viable attached and 

freestanding doped diamond resistors and to characterize the resistors at the level 

necessary for blackbody radiation to occur and for the device to fail. The diamond 
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resistors were fabricated in a process similar to conventional thin film resistors. The 

freestanding diamond resistors were doped with boron to be sufficiently conductive to 

have controlled Joule heating under applied power.  The electrothermal dynamics of the 

diamond resistors were also characterized by applying pulsed voltages to understand and 

characterize their response. The characterization compares the response of the attached 

diamond resistors to freestanding diamond resistors. Transient electrothermal behavior of 

diamond is an interesting area to examine, since dynamic thermal and electrical variables 

may have strong and nonlinear dynamic interactions in the operating condition of 

interest. 

 

1.3 Thesis Structure 

At the beginning, Chapter I provides an overview of diamond‟s unique properties 

and the motivation for the development of diamond resistors. Finally, the objective of the 

research is mentioned. Chapter II outlines the heat transfer mechanisms and the analogy 

between thermal and electrical systems. The information is useful in understanding the 

complexity of thermal characteristics. We will also discuss in great detail the effects of 

Joule heating and the boron ionization in p-doped diamond with respect to temperature. A 

brief review of the heating and cooling principles is given, before introducing the 

approach adopted herein. The chapter concludes with a brief review of electromagnetic 

spectrum and blackbody radiation. 

 Chapter III describes the details of fabrication process and experimentation 

involved in this work. Next, in Chapter IV presents the electrical and thermal 
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characterization of the resistors. Finally, in Chapter V, the conclusion and future 

perspectives are presented.  

 

1.4 Diamond Material Properties 

 Before describing the layout and processing steps that will be used to produce the 

structures for this work, the properties of diamond will be briefly reviewed. Diamond is a 

more expensive material compared to silicon. Its use is justified, however for applications 

where its properties confer upon it an advantage that is greater than the cost penalty 

incurred. Special attention is then given to such features and characteristics.  

 

1.4.1 Structural and Electrical Characteristics 

Diamond and other Group IV compounds possess the zincblende (or sphalerite) 

crystallographic structure which is made up of two face-centered cubic (fcc) sublattices 

displaced by a vector (¼, ¼, ¼), with a primitive basis of two carbon atoms, as illustrated 

in Figure 1.1.  This is similar to shifting a second fcc lattice by one-fourth along the 

diagonal of the first, creating the diamond structure. The lattice constant a = 0.356 nm, 

where a is the edge of the conventional cubic cell (2). 
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Figure 1.1: Conventional unit cube for diamond (zinc blende crystal structure). 

 

 

In 1797 it was discovered that diamond was an allotrope form of carbon. Since 

that day work has been done on ways to synthesize diamond. Table 1.1 shows some 

properties of single crystal diamond, compared with the conventional semiconductor Si, 

which is commonly used for microelectronic applications. Looking at this table, it 

becomes apparent that diamond is superior not only to silicon but all other semiconductor 

materials in all the fields. However, several factors are responsible for diamond‟s under 

utilization in industry.  Natural diamond is scarce, expensive and impossible to obtain in 

any standard shape or quality. The qualities listed in the table are for a perfect crystal of 

diamond, however all natural diamonds have defects to a certain degree. These may be 

intrinsic (dislocations, vacancies etc) or extrinsic (boron, hydrogen etc impurities) and 

a

C

a

a

a

C

a

a

[010]

[001]

[100]

a

C

a

a

a

C

a

a

[010]

[001]

[100]
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affects the electronic, mechanical, thermal and optical properties.  N-type natural 

diamond has yet to be achieved and this handicaps the use of diamonds in electronics. 

 

Table 1.1: Structural and electrical characteristics (3). 

Properties Diamond Silicon 

Crystal structure (space group) diamond diamond 

Lattice constant a (Å) 3.5668 5.4311 

Crystal density   (g/cm
3
) 3.5 2.3290 

Bandgap energy Eg (eV) 5.45  1.12  

Carrier mobility (cm2/V.s)   

     Electron 2200 1500 

     Hole 1600 600 

Thermal expansion (x 10
-6

 K
-1

) 1.1 2.6 

Breakdown voltage (x 10
5
 V cm

-1
) 100 3 

Dielectric constant 5.5 11.8 

Resistivity ( cm) 10
13

 10
3
 

Thermal conductivity (W cm
-1

 K
-1

) 20 1.5 

Refractive index 2.42 3.5 

Hardness (GPa) 98 9.8 

 

 

1.4.2 Classification of Diamond 

The currently used classification system of diamond is based on differences in  

optical absorption caused by a few occurring elements and/or defects in diamond. The 

most important element in this respect is nitrogen. Of all natural diamonds, about 98% 

contains enough nitrogen to be detectable by optical absorption. Also boron and 

hydrogen-related defects play a role in the categorization of natural, high pressure-high 

temperature (HPHT) as well as chemical vapor deposited (CVD) diamonds.  

The presence of impurities gives rise to very typical features in the absorption 

spectra, making it possible to distinguish between the different sorts. More specifically, 
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the absorption in the infrared region of the spectrum is very sensitive to intrinsic and 

extrinsic impurities. By disturbing the perfect crystal structure, the lattice symmetry is 

broken. This causes certain phonon modes of diamond, which normally does not exist 

because of symmetry reasons, to be active in the IR region. 

The first important subdivision is based on the amount of nitrogen present in the 

diamond. Roughly one can say that type I diamond contains a lot of nitrogen and type II 

diamonds don‟t. Within these two types, further subdivisions are possible, which will 

now be summarized briefly (4); (5); (6); (7). 

Type I crystals are further divided into sub-types depending on the way the N-atoms are 

incorporated in the diamond lattice. 

 Type Ia: to be graded as a pure Ia diamond, the amount of single substitutional 

nitrogen atoms should be lower than 10
16

 cm
-3

 (7). These crystals are most 

common in nature. 

 Type Ib: covers all diamond with atomically dispersed nitrogen, showing the 

paramagnetic signal for substitutional nitrogen. Synthetic HPHT diamonds 

usually are of this type, and are commonly used as substrates for doping 

experiments.  The substitutional nitrogen forms a deep donor (  = 2.2 eV) (6), 

making it suitable for electronic applications. 

 Type Ic: this category is almost never used. Unlike the previous two, this 

labeling is not based on the presence of nitrogen, but covers all diamonds with 

high concentrations of dislocations. 

Type II diamonds don‟t show any nitrogen-related optical absorption features nor 

paramagnetic signals. 
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 Type IIa: the purest form of diamond. It shows no forbidden one-phonon 

absorption due to boron or hydrogen impurities, only allowed intrinsic two-

and three-phonon process are present. Therefore IIa is optically the most 

transparent of all diamonds. Being colorless and very rare, this type is very 

much appreciated as a gemstone used in jewellery. 

 Type IIb: natural p-type semiconducting diamond are grouped in this class. 

Boron is the shallow acceptor (  =0.37eV) (8) responsible for the p-type 

conductivity. In nature, these diamonds, which are very rarely found, have a 

maximum boron concentration of 10
17

 cm
-3

. On the other hand, the manmade 

equivalents by HPHT as well as CVD techniques can contain as much as 

10
20

cm
-3

 boron atoms.  

 Type IIc: equal to Ic, this name is not commonly used. It includes type II 

diamonds with a specific hydrogen-related absorption. 

When classifying diamonds using these categories, care has to be taken. As many 

crystals are inhomogeneous, a mix of different types may be present in the same diamond 

sample.  

 

1.4.3 Thermal Characteristics 

In the standard theory, the carriers of heat are phonons which are quantized lattice 

vibrations. The Debye temperature, D is a useful parameter in solid-state problems 

because of its inherent relationship to lattice vibration. The parameter D can be used in 

characterizing the excitation of phonons and to describe various thermal phenomena, 

such as specific heat and lattice thermal conductivity. The heat capacity or specific heat 
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of the solid is one of the most essential thermal parameters. The heat capacity    for 

diamond is 0.52J/(g.K), while for silicon it is 0.71J/(g.K). Table 1.2 summarizes the 

thermal and mechanical properties of diamond compared to GaAs and Si. 

 

Table 1.2: Thermal, mechanical and optical properties (9), (10). 

Properties Diamond GaAs Silicon 

Melting point Tm (
o
C) 4000 1238 1413 

Specific heat Cp (J/g.K) 0.52 0.35 0.71 

Thermal resistivity  (K.cm/W) 0.05 0.64 2.27 

Thermal expansion coefficient 11 (10
-6

/K) 1.1 6.4 2.6 

Thermal conductivity,   (W/cmK) 24 0.55 1.5 

Young‟s modulus for <100> (GPa) 910 85 190 

Hardness Hv (100) (GPa) 100 7 10 

Debye temperature D (K) 1860 370 463 

    

 

 

1.4.4 Thermal Transport  

The diamond property that has been most widely utilized in advanced electronics 

and optoelectronics systems is its extremely high thermal conductivity. This applicability 

of diamond as a thermal management material has been growing due to the increasing 

availability of diamond in the form of high quality thin films. 

Polycrystalline diamond films are fabricated through several processes like CVD, 

microwave or laser-assisted deposition that yields polycrystalline films with different 

microstructure and thickness.  Thermal properties are often determined by the size of the 

crystallites which in turn, are dependent on the deposition rate, the film thickness and the 

process gas mixture. 
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Transport properties of diamond are determined by intrinsic defects, and extrinsic 

contaminants or dopants, most prominently nitrogen and boron, as well as different 

structural morphologies (e.g. polycrystalline). Boron is an effective acceptor with a 

ground state level 0.37eV above the valence band edge and therefore causes p-type 

conductivity (8). In natural diamond, boron doped crystals (named IIb) are very rare and 

contain less than 1 ppm boron. Synthetic HPHT can contain up to 1000 ppm of boron. 

CVD diamond has been doped in the regime of 10
16

 cm
-3

 to 10
21

 cm
-3

 by adding gaseous 

compounds of boron to the plasma. 

 

1.5 Microwave (MW) Plasma Enhanced (PE) CVD 

Figure 1.2 shows a schematic representation of a microwave deposition system as 

used by Vanderbilt Diamond Technology to deposit the diamond films.  The generated 

microwave of 5000W is coupled into the deposition chamber from above via a 

rectangular and circular waveguide through a dielectric window. The pressure used in 

this system is about 120Torr. Substrate temperature is between 800
o
C – 850

o
C. The 

choice of a good gas mixture is important, but the substrate temperature and pressure in 

the growth chamber play an equally important role in the deposition process. Through 

collisions with the gas atoms and molecules, energy is transferred. This process 

dissociates molecules into reactive species, suitable as precursors for diamond growth. 

This type of glow discharge is very stable, provides up to 25% hydrogen atoms, and is 

perfectly suited for long runs. 
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Figure 1.2: Schematic representation of a MWCVD reactor. 

 

 

1.6 Substrate 

The substrate plays an essential role in the final quality and properties of diamond 

film. The chosen material must have a melting point at the process pressure higher than 

the temperature required for diamond growth. Other parameters are the thermal 

expansion coefficient and the chemical/metallurgical stability. A small thermal 

coefficient assures a good adhesion between substrate and diamond coating that is 

relatively unaffected by temperature changes. Chemical stability is required to avoid any 

reaction between the substrate and the carbon or other gas-phase components during 

diamond growth.  

Silicon is a material that is readily available at a low price and it possesses some 

necessary properties: a thermal expansion coefficient comparable to that of diamond and 
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the ability to form an oxide layer, which will be the sacrificial layer in the fabrication 

process (silicon micromachining). 

Silicon micromachining can be broadly categorized into bulk micromachining and 

surface micromachining (Figure 1.3). The former involves etching structures into the 

substrate (removal of material), and the latter involves the deposition and subsequent 

etching of thin films of sacrificial and structural materials (additive processes). Although 

the details of the processing are beyond the scope of this work, the author will highlight 

and briefly discuss some of the popular methods that are relevant to this work 

 

 

Figure 1.3: Surface micromachining (left) of Texas Instruments Digital Micromirror Device and 

bulk micromachining (right) of silicon gear. 

 

 

1.6.1 Bulk Micromachining Process Technology 

Several methods have been used for the removal of the material from the bulk of 

the wafer. Wet or dry etchants are selected based on selectivity to etch masks, availability 

of etch stop methods, etch rate, cost, etch geometry, and many other criteria. The most 
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common anisotropic wet etchant is KOH, which etches preferentially along the <100> 

surface of the wafer, leaving the <111> surfaces exposed. When high aspect ratios are 

desired, dry etching methods are used, such as DRIE (deep reactive ion etching). High 

aspect ratios can also be obtained with thick photoresists such as SU8 and 

molding/electroplating processes. 

 

1.6.2 Surface Micromachining Process Technology 

Surface micromachining consists of the deposition, patterning, etching and release 

of thin films of material (11). Techniques that fall under this category are sometimes 

called additive processes since material is added to the surface of the substrate. Unlike 

bulk micromachining, there is no removal of material from the substrate. In order to 

obtain functional electromechanical microsystems, both insulating and conductive films 

are required. Hence, in order to create freestanding microstructures, sacrificial layers are 

used. These layers are deposited between mechanical layers, and removed near the end of 

processing. Silicon dioxide (SiO2) is certainly the most commonly available dielectric in 

silicon fabrication laboratories and is commonly used as a sacrificial layer. SiO2 is 

usually deposited using LPCVD (low pressure chemical vapor deposition) or PECVD as 

opposed to fabrication through thermal oxidation. However, at the Vanderbilt Diamond 

Laboratory, SiO2 is achieved through thermal oxidation.  
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1.7 Nucleation Process 

In order for continuous film growth to occur, a sufficient density of crystallites 

must be formed in the early stages of growth. In general, the substrate must undergo a 

nucleation enhancing pre-treatment to allow this. Substrates may be pre-treated by a 

variety of methods such as abrasion with small (~µm sized) hard grits (i.e. diamond) or 

ultrasonication of samples in slurry of hard grit. 

  The pre-treatment produces scratches, which are favorable sites for nucleation. 

There is a possibility that small (~nm sized) flakes of diamond, which are a result of the 

abrasion with diamond grit, become embedded in the substrate. The deposited CVD 

diamond will then grow on these flakes. Evidence for homogeneous nucleation of 

diamond in the gas phase has also been presented, however this is not believed to be the 

dominant process when, for example, manual abrasion is used (12). 

 It would be desirable to produce nucleation sites without damage to the 

underlying substrate. This is particularly important for some applications such as 

diamond electronics and optical components. One method for encouraging nucleation 

without damaging the substrate material has been developed: bias enhanced nucleation 

(BEN) (13), (14). This process is however still relatively new. 

 

1.8 Doping 

As mentioned before (Section 1.5), MWPECVD is a very flexible method 

allowing the use of different carbon precursors. This fact is also valid for addition of 

other gasses, unlike HF CVD (hot filament chemical vapor deposition), where adding 

halogens or oxygen would destroy the filament. This also means that in-situ doping 
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experiments can easily be performed by just adding a gas compound that contains the 

atom targeted to be included in the diamond lattice. It is evident that the growth 

chemistry is influenced by the addition of other gases. A boron source is usually 

introduced into the gas-phase for doping of the diamond lattice during its growth, in order 

to make conductive diamond. Boron acts as an effective acceptor and fits well into the 

diamond lattice (15).  
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CHAPTER II 

 

BACKGROUND 

 

2.1 Heat Transfer: Basic Concepts in Thermal Modeling 

Heat transfer occurs when energy is transferred between an object and its 

environment due to a temperature difference between them. The three basic mechanisms 

for heat transfer are through conduction, convection, and radiation. They are usually 

described individually for simplicity but a system will usually have heat transfer through 

all three processes simultaneously. In almost all problems, the energy transfer rate,  , will 

vary with time. This initial period is known as the transient period. Eventually, the 

energy transfers at a constant rate known as steady state rate or equilibrium rate.  

 

2.1.1 Conduction 

Conduction is the heat transfer mechanism through a medium in direct contact 

with surfaces of different temperatures. The first requirement for conduction is that the 

medium is static. Thus the medium must be a rigid solid or a fluid with no circulating 

currents. The law that governs this heat flow is Fourier‟s law of heat conduction, Eqn. 

(2.1), which states that the heat flux is proportional to the negative of the local 

temperature gradient. Where   is the heat flux, or heat flow per unit area perpendicular to 

the flow direction (W/m
2
),   is the local temperature (K or 

o
C),   is the coordinate in the 
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flow direction (m) and   is the thermal conductivity (W/mK) of the material. The 

negative sign indicates that heat is transferred in the direction of decreasing temperature. 

 

    
  

  
 

(2.1) 

 

Specific Heat Capacity 

Specific heat capacity (  ), also sometimes known simply as specific heat, is 

defined as the amount of thermal energy required to raise the temperature of a unit mass 

of a material by a unit measure of temperature at a constant pressure. For example, the 

specific heat of a substance could be measured in J/gK, or the number of joules of 

thermal energy required to raise the temperature of one gram of the material one Kelvin.  

As noted in Chapter I, the specific heat for diamond is 0.52 J/gK. 

 

Thermal Diffusivity 

The thermal diffusivity of a material () is defined as the ratio of thermal 

conductivity to volumetric heat capacity. It has the units of m
2
/s.  High thermal 

diffusivity materials heat and cool very quickly, and therefore take less time to reach 

thermal equilibrium with their surroundings. The opposite would be true if thermal 

diffusivity is lower. A high value of thermal diffusivity can arise either due to a high 

thermal conductivity or due to a small heat capacity value of the material. Thermal 

diffusivity can be expressed as (16): 
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(2.2) 

 

where   is the density of the material. Transient heat transfer problems occur when the 

temperature distribution changes with time. The fundamental quantity that enters into 

heat transfer situations not at steady state is the thermal diffusivity. It is related to the 

steady state thermal conductivity through the Eqn. (2.2). 

 

2.1.2 Convection 

A fluid (e.g., water, air), by virtue of its temperature, can transport energy. 

Convection is the transport of energy by bulk motion of a medium from a surface to a 

moving fluid. There are essentially two types of convection: forced and natural 

convection. 

 

              (2.3) 

 

Where    is the heat flux by convection in Eqn. (2.3),    is the surface temperature,    is 

the fluid temperature and hc is the convective heat transfer coefficient, this value varies 

for forced and natural convection. 

 

2.1.3 Radiation 

Radiation is the mechanism of heat transfer where energy is emitted due to an 

object‟s temperature. Therefore any object at a temperature above absolute zero will 
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radiate energy. This energy is called radiant energy and is measured in joules. This term 

is used to describe the entire amount of energy radiated from a source in a given time 

interval.  The energy is transported by electromagnetic waves (or photons). Radiation 

requires no medium for propagation. Radiant heat transfer is the name given to heat 

transfer by way of thermal radiation. Radiant exchange between surfaces is maximized 

when no material occupies the intervening space. A perfectly emitting or absorbing body 

is called a blackbody. The rate at which it emits radiant energy is given by the Stephen-

Boltzmann law of thermal radiation (17) 

 

  
 

 
      

  
(2.4) 

 

where emissivity,   is a property of the surface characterizing how effectively the surface 

radiates compared to a blackbody (0      1).       (W/m
2
) is the surface emissive 

power.    is the Stefan-Boltzmann constant (  = 5.67   10
-8

 W/(m
2
K

4
)).    is the 

absolute temperature of the surface (in Kelvin). The relations discussed in this section are 

summarized in Table 2.1 (18). 
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Table 2.1: Summary of the relationship between temperature and heat flux for the three modes of 

heat transfer. 

Heat Transfer 

Mode Model, or “Law” 

Coefficient Defined by 

Model 

Range of 

Temperature 

Exponent 

Conduction Fourier‟s law 

      q = -  T 

Thermal conductivity   1.0  1.1 

Convection Newton‟s law of 

cooling 

      q = hc  T 

Heat transfer 

coefficient    

1.0 – 2.0 

Radiation The Stefan-Boltzman   

law 

       q =  σsT
4
 

Emissivity   4.0  5.0 

 

 

Since heat transfer is in essence a transfer of kinetic energy between particles, it 

cannot be instantaneously conveyed from one part of an object to another. Rather, it 

diffuses over time throughout objects, and to the surrounding environment.  

Heat is actually a form of motion, although not on the macroscopic scale. It is a 

result of kinetic energy due to the motion of molecules and within those molecules, 

through vibrational and rotational motions.  This kinetic energy is in a constant state of 

transfer, dispersing itself throughout the object from areas of high energy to low energy, 

and to the surroundings. The rate of this transfer of energy is proportional to the 

magnitude of the difference in temperature that exists, as can be seen in the basic 

definition of a temperature gradient (19) 

 

  

  
 

       

       
 

        (2.5) 
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where    and    are temperatures at two  points in space,    and    are locations of the 

respective points, and 
  

  
 is the gradient driving heat transfer between those points. 

Naturally, if the temperature throughout an object or between an object and its 

surroundings is uniform, there will be no heat transfer as there will be no gradient to 

facilitate the transfer of thermal energy. 

In this research, we are interested in heat conduction and radiation. These are the 

dominant effects at the range of operation of the powered diamond resistors.  

 

2.2 Electrical Equivalent of Thermal Parameters 

 For electrical engineers it is commonly easier to evaluate systems in terms of 

electrical parameters. Fortunately, the behavior of thermal and electrical systems is 

mathematically described by the same equations. Thus, temperature and heat flux are 

fundamental variables, equivalent to voltage and current in an electrical circuit, while 

heat capacity and thermal resistance describes the basic properties of a system and 

correspond respectively, to capacitance and electrical resistance (20) (21). 

 Therefore, the analogy between thermal and electrical systems, summarized in 

Table 2.2, enables us to describe thermal systems as equivalent electrical circuits, which 

is convenient because of the many excellent tools available for electrical circuit analysis 

and the familiarity of solving electrical network problems.  

  



22 

 

Table 2.2: Analogy between thermal and electrical parameters (22). 

Thermal Parameters Electrical Parameters 

Temperature  T (K) Voltage V (V) 

Heat flow → Power P (W) Current I (A) 

Heat Q (J=W.s) Charge Q (C =A.s)  

Resistance R (K/W) Resistance R (Ω=V/A) 

Conductance G (W/K) Conductance G (S = Ω
-1

) 

Capacity C (J/K) Capacitance C (F = A.s/V) 

Thermal resistivity ρth (K.m/W) Electrical resistivity ρel (Ω.m) 

Thermal conductivity   ( W/K.m) Electrical conductivity σ (S/m) 

Specific heat cp (J/kg.K ) Permitivity ε (F/m) 

 

 

Note that, even though in the true physical sense thermal power and electrical power are 

equivalent, thermal power is equivalent to an electrical current, but there is no thermal 

equivalent for electrical power. Moreover, while geometrical dependence is similar for 

both electrical and thermal resistances and conductances, they differ from capacitances. 

The thermal capacitance is directly proportional to the volume of the body and thus, for 

bodies of equal composition and shape (congruent bodies), to the third power of the 

linear scaling factor. The electrical capacitance of congruent bodies, however, increases 

in direct proportion to the linear scaling factor. Finally, there is no known thermal 

equivalent to an electrical inductor (22). The real behavior of a thermal system is 

obviously non-linear because of the heat capacity and thermal resistance are generally 

temperature dependent.  
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2.3 Joule Heating 

Joule heating is also known as resistive or ohmic heating. The discovery of Joule 

heating by James Prescott Joule in 1841 has provided for an efficient way of producing 

heat through conversion of electrical energy to thermal energy (23).  It is a process by 

which electric current passes through a conductor thereby generating heat. From 

molecular perspective, Joule heating occurs when electrons collide with atomic ions that 

make up the bulk of the conductor. These collisions result in the increase of kinetic 

energy manifesting into heat as byproduct. From the thermodynamical perspective, 

efficiency of Joule heating can be explained from the first law of thermodynamics which 

describe the conservation of energy. Essentially, electrical energy is transferred to 

thermal energy at nearly 99% since no work is done by the system. The benefits of this 

technology make it suitable for number of applications such as toasters, electric stoves, 

thermistors and recently in scene projectors. 

 

2.3.1 Electrical Resistance  

The following discussion is taken from a section in Stephen Senturia‟s 

Microsystem Design book to demonstrate the Joule heating effects from electrical 

resistance. Ohm‟s law, in continuum form, is written 

 

     (2.6) 

 

where   is the current density, with units Amperes/m
2
,   is the electric field, and   is the 

electric conductivity. In a semiconductor material, the conductivity at low electric field is  
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            (2.7) 

 

where   is the electronic charge (1.6   10
-19

 Coulombs),   and   are the concentrations 

of free electrons and free holes, respectively, and    and    are electron and hole 

mobilities, with units of m
2
/V-s . In doped semiconductors, only the majority carrier will 

contribute significantly to the conductivity. Given that     >>     for p-type 

semiconductor, the above equation simplifies to: 

 

      (2.8) 

 

The electric field is the gradient of the electrostatic potential   

 

      (2.9) 

 

and the electric field inside the resistor has the magnitude of 

 

  
 

 
 

(2.10) 

 

where   is the potential difference applied between the ends of the resistor and   is the 

resistor length. The current density inside the resistor is then uniform and has magnitude  
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(2.11) 

 

The total current I is the integral of J over the cross section of the resistor, yielding 

 

  
  

 
  

(2.12) 

 

where A is the cross section area. This can be expressed in the more usual Ohm‟s law 

form as 

 

   
  

 
   

(2.13) 

 

where   is the resistivity, the reciprocal of the conductivity,  . We recognize the quantity 

in parenthesis as the resistance of the resistor, given by 

 

  
  

 
 

 

  
 

(2.14) 

 

This proves the effect of current flow on the resistance. When the current flows through 

the resistor, it encounters resistance and some electrical energy is transformed into 

thermal energy (Joule heating). The larger the current, the greater the Joule heating. A 

large current occurs when the resistance of the resistor is decreased. Eqn. (2.15) shows 

the Joule heating occurs when the resistor is heated as the current flows through it.  
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(2.15) 

Since the current   is squared, even a small amount of current can produce substantial 

heating.  

 

2.3.2 Physics of Joule Heating 

As mentioned in the previous section, James Prescott Joule discovered that when 

current travels across a resistive material, heat is generated. Specifically, he found that 

the rate of heat generation ( ) is proportional to the current ( ) squared and directly 

proportional to resistance ( ) as shown in Eqn. (2.16).  

 

        (2.16) 

 

With the understanding of how heat is generated, we can now look at how energy 

regulates in the resistor. Figure 2.1 shows the scheme (energy balance) of a resistor. 
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Figure 2.1: Energy balance of the resistor. 

 

 

As a result, we can control the thermal energy generated ( ) by adjusting the inherent 

resistance of the material or current going through the resistor due to its relationship to 

Ohms law (see Appendix A). We can predict the rate of heat generated by knowing the 

mass ( ), specific heat (  ) of the sample and power supplied (   ) to resistor, hence 

Eqn. (2.17): 

 

   

  

  
     

(2.17) 

 

Considering the cylinder as the resistor, voltage supplied to the system will result 

in current flowing through the resistor which generates heat ( ), while heat lost to 

environment (  ) can be due to conduction, convection and radiation. In these 

experiments, the convective term is negligible as the experiments were performed in a 

vacuum chamber (5.9   10
-7

Torr). Details of the experiment setup will be discussed in 

A

qL

Current (I)+V -V

Q
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Chapter III.  The conduction term occurs due to contact between the resistor and the 

oxide layer in the attached resistor scenario and can be described using Fourier‟s Law 

(Eqn. (2.1)). The heat loss due to radiation can be modeled using Stefan-Boltzmann Law 

(Eqn. (2.4)). Incorporating all mechanisms responsible for heat lost to the environment 

results in Eqn. (2.18) for attached resistors and Eqn. (2.19) for the freestanding 

resistors. 

 

   

  

  
                                    

(2.18) 

 

   

  

  
                  

(2.19) 

 

For the attached resistors, combining both heat loss (Eqn. (2.1) and Eqn. (2.4)) with Eqn. 

(2.18), yields Eqn. (2.20) 

 

   

  

  
         

  

  
       

    
    

                               (2.20) 

 

For the freestanding resistors, Eqn. (2.19) yields to 

 

   

  

  
              

    
    

(2.21) 
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Once a plateau temperature or steady state is achieved, Eqn. (2.20) and Eqn. (2.21) 

simplify to Eqn. (2.22) and Eqn. (2.23) respectively. 

 

        
  

  
        

    
    

(2.22) 

 

             
    

   (2.23) 

 

To accurately identify the Joule heating effect, a sample could be placed under an 

infrared camera system to measure the temperature without making contact with the 

resistor. A qualitative image will be produced to show the resistor‟s temperature 

distribution. However, no infrared camera is available to use in this work. The resistor‟s 

temperature will be estimated from the temperature dependence of resistance of the 

Arrhenius relationship. This will be discussed in further detail in Section 4.2. 

In this work, the effect of Joule heating is also responsible for the time 

dependence of the measured currents when different level of voltage pulses are applied to 

the resistor. A train of voltage pulses will be applied at the start of the test, (  = 1s) to 

the resistor circuit. Measurements will be taken at 1s interval (see testing setup in 

Chapter III for further discussion). This will result in an increasing current in the 

resistor due to Joule heating and thus increases the resistor temperature and reduces its 

resistance.  
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2.4 Boron Ionization in P-Doped Diamond 

 The concentration of free majority carriers is one of the most important quantities 

that determine the electrical properties of semiconductor devices. Li (24) and Li and 

Thurber (25) have calculated the percentage of ionized dopant atoms in boron-doped Si 

and phosphorus-doped Si for doping concentrations up to       cm
-3

. Their model is 

based on a simple single impurity level theory, with the additional assumption that the 

activation energy of a donor or acceptor level decreases with doping and eventually 

vanishes as the doping concentration approaches the level of about       cm
-3

. This 

assumption is inferred from the experiments (26) indicating that the concentration of 

majority carriers does not depend on temperature for doping concentrations about 

      cm
-3

. This result was considered as evidence that at doping concentrations about 

      cm
-3

 all the dopant atoms in Si are ionized at room temperature. Thus, the 

dopant concentration can be substituted for the carrier concentration. 

 Conversely, this is different with diamond. In diamond, the dopants (boron) are 

not fully ionized (partially thermally activated) at room temperature and more ionize as 

the temperature rise (27). In this case, the carrier concentration is proportional to the 

ionized dopant concentration. An ionized dopant provides a carrier, either an electron in 

the conduction band or a hole in the valence band. The carrier concentration rises with 

increasing temperature as dopants are ionized, thereby decreasing the resistivity.   

 Resistivity as it relates to resistance is described by Eqn. (2.24): 
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(2.24) 

 

where   is resistance,   is length,   is cross-section area,   is resistivity in Ω-cm. Eqn. 

(2.24) gives the relationship of conductivity,  , or resistivity,  , to the product of charge, 

 , mobility, , and carrier (hole) concentration,  , for a p-type material. Thus, 

conductivity of a material is determined by two factors: the concentration of free carriers 

available to conduct current and their mobility. In semiconductor, both mobility and 

carrier concentration are temperature dependent.  

 We start the discussion on the temperature dependence of mobility. For 

conventional semiconductors, there are two basic types of scattering mechanisms that 

influence the mobility of electrons and holes: lattice scattering and impurity scattering. In 

the context of metals, lattice vibrations (lattice scattering) cause the mobility to decrease 

with increasing temperature. However, the mobility of the carriers in semiconductor is 

also influenced by the presence of charged impurities (ionized dopants). At lower 

temperatures, carriers move more slowly, so there is more time for them to interact with 

ionized dopants. As a result, as the temperature decreases, impurity scattering increases, 

and the mobility decreases. Impurity scattering is typically only seen at very low 

temperatures when not all dopants are ionized (i.e. Si). In the temperature range of 

interest, only the influence of lattice scattering will be expected.  
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However, unlike conventional semiconductors, mobility increases with increasing 

temperature in diamond, at least to a point. Kiyota and Deguchi determined that point for 

diamond to be nominally 500K (28) (29). Another report found that mobility increases up 

to 400K (30). In excess of these temperatures, the mobility of diamond plateaus and 

eventually decreases with increasing temperature, similar to conventional 

semiconductors.  

As we have mentioned earlier, carrier concentrations are also temperature 

dependent. In diamond, dopants are not fully ionized at room temperature and more 

ionize as the temperature rise. Increasing temperatures increases the ionization of the 

dopants and more thermally generated carriers (holes) are created.  

Consequently, the increase in the hole concentration leads to lower resistivity 

even though there is a reduction in carrier mobility at elevated temperatures. The increase 

in conductivity from the increased hole concentration overcomes the impact of the 

reduced mobility that arises from rising temperatures.  

 

2.5 Hole Concentration Calculation 

 As discussed in the Section 2.3.1, the power entering a resistor when it has 

voltage   and is carrying current   is   , which using Ohm‟s law for linear resistor, is 

equal to    . All positive resistors absorb power, regardless of the direction of current. 

This is an example of an intrinsically dissipative element. Whenever a resistor carries a 

current, it is absorbing net power, which must be converted to heat. 

For a p-type semiconductor, the current density   due to an externally applied 

electric field  , (from Eqn. (2.6)) is given by 
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(2.25) 

 

where  ,  ,  ,   and   have been defined previously. For a non-degenerate p-type 

semiconductor (or equivalent for n-type material) containing a density    of 

compensating donor, the density of holes   at a given temperature   can be calculated 

using: 

 

       

         
 

 

 
 
      

  
 
   

     
  

  
  

(2.26) 

 

where    and    are the acceptor and donor densities,   is the spin degeneracy of 

acceptors,   is the Planck constant and    is the density of states effective hole mass 

given by: 

 

      
   

   
   

 
   

 
(2.27) 

 

where    and    are the heavy and light hole masses, assuming that the split-off-band is 

not degenerate. 

When an impurity level is created by splitting of states from the conduction or 

valence band with multiple or degenerate extrema, the impurity level spin degeneracy 

  will be larger than two. For acceptor levels introduces by group III impurities in Si and 

Ge,   = 4, because the heavy hole and light hole band are generated at   = 0 and the spin-
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orbit splitting energy   = 44 meV in Si and 295 meV in Ge is much larger than   , so 

that in general the split-off band is well separated and thermally occupied only to a 

negligible degree (31). In diamond however, spin-orbit coupling is weak;   = 6meV (31) 

so that a threefold band degeneracy with   = 6 at temperatures above about 70K can be 

expected. Below 70K, a twofold band degeneracy with   = 4 is a better approximation 

(31). 

 As mentioned before, the dopants in diamond are only partially thermally 

activated at room temperature. In a p-type semiconductor, normal band-conduction 

occurs in the valence band through the transport of holes, which result from the 

ionization of acceptors at an energy    above the valence band edge. In the high 

temperature regime, holes are thermally excited from acceptor states into the valence 

band. The hole concentration,    in the valence band of a non-degenerate p-type 

semiconductor is the solution to the equation (26) 

 

       

       
     

(2.28) 
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(2.29) 

 



35 

 

assuming that both acceptors and compensating donors are present with concentration    

and   , respectively, and with      .   

 

     
      

  
 
   

 
(2.30) 

 

is the valence band effective density of states. In this work, the donor concentration    is 

presumed to be negligible and the equation can be simplified as  

 

  

    
     

(2.31) 

 

and obtains for the hole concentration (a solution to Eqn. (2.31))  

 

    
   
 

 

 

   
      

   
 

 

(2.32) 

 

 

2.6 Heating and Cooling Principles 

This section will discuss the principle of heating and cooling that occurs during a 

thermal process. Most thermal systems are generally complex, which made up of sub-

systems, each one of which can be analyzed and computed. But when put together 

presents massive computational problem. For this reason, approximations has to be made 
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to the mathematical model. The heating and cooling mechanism possess similar effect as 

a pulse, with heating as the “on” and cooling as the “off” of the pulse. Hence, we can 

apply the effect of the heating and cooling concept to the heating pulse during the 

transient period. The following derivation of the heating and cooling principle is 

reproduced from (32). 

Consider a body that is cooled from its surface by convection to environment with 

a constant ambient temperature   . It also has an internal heat source      to compensate 

for this heat loss, and the control objective is to maintain the temperature of the body as a 

given level by manipulating the heat source. Under lumped approximation, the body can 

be considered to have a uniform temperature     , and the energy balance is given by 

 

   

  

  
                 

(2.33) 

where   is the mass of the body,    is its specific heat,    is convective heat transfer 

coefficient and    is the surface area for convection. In the case of on-off control which is 

a common form of thermal control in which the heating or cooling is turned off at a 

predetermined temperature and turned on at another, Eqn. (2.33) becomes 

 

   

  

  
             

           

            
  

(2.34) 

 

where for the moment we take the ambient temperature,    to be constant. The heat rate 

is      when the system is on and     when the system is off. With the system in its 
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off mode, as               and in its on mode                 . 

Note that with the nomenclature      and     , we have implicitly assumed that we are 

dealing with a heater, though the analysis is also applicable to cooling; in this case    

would be negative and      would be higher than     . 

 Taking the non-dimensional temperature to be  

 

  
      

         
 

 

and non-dimensional time variable to be 

 

(2.35) 

  
 

        
 

(2.36) 

 

the governing equation is  

 

  

  
    

       

       
  

(2.37) 

 

The solution is 

  

   
     

          

                     
  

(2.38) 
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We will assume that the heat source comes on when temperature falls below a value   , 

and goes off when it is above   . These lower and upper bounds are non-dimensionally 

 

   
       

         
 

(2.39) 

  

   
       

         
 

 

(2.40) 

 The result of applying this form of control is an oscillatory temperature that looks 

like in Figure 2.2. The heat source in on for a time interval     during which time the 

system temperature goes from    to   . The heater source is then switched off and the 

system goes from    back to    in time     . These temperature conditions can be 

applied to the solution Eqn. (2.38). 

 



39 

 

 

Figure 2.2: Response to on-off control. 

 

 

As mentioned before, the same concept can be applied to the pulsing mechanism. 

Voltage pulse will be applied to the diamond resistors to characterize their dynamic 

thermal behavior. Detail on the test setup will be discussed in Chapter III. 

A more extensive mathematical model temperature distribution of steady state and 

transient response based on the heating and cooling principles were studied by Minkin et 

al. Minkin et al. described a measurement method called “subtraction and extrapolation” 

in a system that contains a semiconducting thermistor and linear resistor in a circuit (33) 

to model the transient response in an RT-R circuit accompanying voltage pulses at its 

input. The method was utilized to determine basic parameters characterizing a pulsed 

thermistor-linear resistor temperature measuring circuit and ensuring increased sensitivity 

to temperature changes while conserving a given accuracy of measurement. The 

semiconducting material of the thermistor involved in the study was not reported. The 
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structural circuit diagram modeled in this method is conceptually similar to the test set up 

for the pulse heating experiment of the diamond resistor studied in this work. A transfer 

function of the system was introduced to utilize the structural circuit diagram on the basis 

of linearized differential equations describing the electrothermal processes in the circuit. 

The theoretical analysis that was carried out in this method describes the test results 

observed from the diamond pulse test. The change in temperature of the thermistor due to 

the application of a train of pulses at the input of the circuit was analyzed. The overall 

character of the variation of the output quantity of the pulses system can be expressed 

with the aid of a so-called “envelop”, the curve joining the maximum or minimum values 

of the output quantity in the transient process. This transient process will be discussed in 

detail for freestanding resistor in Section 4.5.2.  

As the number of pulses increase, i.e. n→, a state of dynamic equilibrium 

(steady state) sets in the pulse system, and the envelopes converge to constant values 

corresponding to the maximum and minimum values of the steady state (quasistationary) 

temperature. The equations that describe this phenomenon are as follows; 

 

                  
        

               
 
      

     
 

(2.41) 

 

                  
        

               
 
     

     
 

(2.42) 

 

where: 
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These expressions show an unbalanced signal during pulses and pauses of the input 

pulses and is illustrated in Figure 2.3. 
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Figure 2.3: Schematic shows maximum and minimum temperature rise of resistor in the state of 

dynamic equilibrium (steady state) with pulse voltage supply. 
 

 

According to Minkin, the steady state value of the output quantity is achieved 

when the number of repetition periods n for which the envelopes differ from the 

respective steady state values by less than 5%. This condition can be used to determine 

the end of the transient process, i.e. steady state condition has reached.  

Continuing the discussion from the steady state, the theoretical analysis of the 

transient process in an      circuit accompanying voltage pulses at its input was 

modeled by Minkin et al. The study showed that the temperature rise of the thermistor 

due to the application of a train of pulses at the input of the circuit can be described by 

the following equations (33): 

during the pulse (0     ) 
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In the intervals between pulses (     1) 
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(The variables in the above equations were defined after Eqn. (2.42) was introduced). 

The principle of this method was that two consecutive readings of the output signal were 

taken separated by some time interval within the duration of one supply voltage pulse and 

the first reading was subtracted from the second one, whereupon the difference was 

subtracted from the first reading. 

The expressions in Eqn. (2.43) and Eqn. (2.44) show that the temperature of the 

thermistor during a pulse and in the interval between pulses varies in accordance with an 

exponential law. The overall character of the variation of the output quantity of the pulse 

system can be expressed with the aid of the envelop, the curve encompassing the 

maximum or minimum values of the output quantity in the transient process. The 

maximum values of         over the given repetition periods are attained at     and 

the minimum values, at    . Inserting these values into Eqn. (2.43) and Eqn. (2.44) 

gives the equations of the envelop: 
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These expressions are visualized in Figure 2.4. We will observe this phenomenon in the 

freestanding resistor during the higher voltage characterization in Section 4.6.2. 

  

 

Figure 2.4: Transient process in RT-R circuit for action on input of pulses of supply voltage. Time 

  in seconds (33). 

 

 

2.7 The Electromagnetic Spectrum 

It has already been stated that thermal radiation is an electromagnetic 

phenomenon (Section 2.1.3). Electromagnetic waves are capable of carrying energy from 
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one location to another, even in vacuum (34). Some essential features of the 

electromagnetic spectrum are illustrated on Figure 2.5. Visible light, ultraviolet light, 

radio waves, and X-rays are all examples of electromagnetic radiation, differing only in 

wavelength.  

 

 

 

Figure 2.5: The electromagnetic spectrum 

 

 

The frequency, ν (Hz) of an electromagnetic wave is related to its wavelength  (m) 

according to (34): 

 

  
 


 

  

 
 

(2.47) 

 

where c (m/s) is the speed of light in the medium through which the radiation is passing, 

c0 (≈ 2.9979   10
8 

m/s) is the speed of light in a vacuum, and         (-) is the index of 

refraction. Frequencies in the infrared are in the order of 10
13

 to 10
14

 Hz. There are no 

methods available for the direct measurement of such high frequencies; instead, 
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wavelength is measured and converted to frequency by Eqn. (2.47). Wavelength can be 

measured interferometrically to an accuracy of about one part in 10
7 

(35). To preserve 

this increased accuracy we can use the wavenumber ( ), the number of waves per unit 

distance. If the distance is measured in centimeters, the units are reciprocal centimeters 

(cm
-1

). 

Infrared (IR) radiation is emitted by every object as a function of their 

temperature. An object at a higher temperature emits more intense infrared radiation at 

shorter wavelengths. The infrared radiation of an object at a moderate temperature (above 

93
o
C (366K)) is already intense enough for a human body to detect its presence as heat. If 

the temperature increases above 650
o
C or 923K, the infrared radiation is intense enough 

and the wavelength short enough for it to cross into the visible light spectrum. This 

occurs at the threshold of red light which is the visible light with the longest wavelength. 

At this point, the heated object glows “red hot”. As the temperature increases even more, 

the emitted radiation traverses the visible light spectrum. An object at 2760
o
C, such as the 

tungsten filament of a light bulb, radiates infrared radiation whose wavelength is short 

enough to be visible as white light. Any object that is at a temperature above zero Kelvin 

will emit infrared light. Objects or regions at different temperatures will emit radiation at 

different wavelengths.  

 

2.7.1 Basic Concept: The Blackbody  

Solids and liquids radiate visible light at temperatures above 500
o
C and above 

(36). A surface which absorbed all incident radiant energy would appear black. Such 

surface would also be a complete radiator. Such idealized surfaces are called blackbodies. 
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A practical incandescent radiator will exhibit behavior similar to that of a blackbody (e.g. 

tungsten incandescent bulb).  

The maximum wavelength emitted by a blackbody radiator is infinite. It also 

emits a definite amount of energy at each wavelength for a particular temperature, so 

standard blackbody radiation curves can be drawn for each temperature, showing the 

energy radiated at each wavelength. Figure 2.6 illustrates the distribution of energy from 

a blackbody as a function of wavelength (37) 

 

 

 

Figure 2.6: Distribution of energy from a blackbody as a function of wavelength. 

 

 

The blackbody radiation curve shows that the blackbody does radiate energy at 

every wavelength. The curve gets infinitely close to the x-axis but never touches it. The 

curve touches at infinite wavelength. It also shows that the blackbody emits at a peak 

wavelength at which most of the radiant energy emitted. At 5000K the peak wavelength 



48 

 

is about 5   10
-7

 m (500 nm) which is in the visible light region in the yellow-green 

section. At each temperature the blackbody emits a standard amount of energy. This is 

represented by the area under the curve (38). 

Classical theory can predict the spectrum contains standing electromagnetic waves in 

equilibrium. The result is 

 

  

 
 

    

  
(2.48) 

 

(the Rayleigh – Jeans law). The measured spectrum agrees well with the Rayleigh-Jeans 

law at long wavelength but deviates badly at short wavelengths. This problem was 

therefore known as the ultra-violet catastrophe.  

In 1899 Lummer and Pringsheim measured the behavior of       as a function 

of   and showed that it has the form shown in Figure 2.6. Note particularly that the 

maximum moves to shorter   as   increases (the Wien displacement law). These curves 

explain why, as a body gets hotter and hotter, it first begins to glow dark red and 

eventually, at a sufficiently high temperature, appears more blue than red (“white hot”).  

The area under the curve is proportional to    in accordance with Stefan‟s law. 
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CHAPTER III 

 

DEVICE FABRICATION AND EXPERIMENTATION 

 

This chapter is divided into two major parts. The first part describes the 

processing techniques developed for the attached and freestanding diamond resistors. The 

second part will discuss the experimentation setup to analyze the electro thermal behavior 

of the diamond resistors. 

 

Part I: Fabrication of Attached and Freestanding Diamond Resistor 

3.1 Resistor Layout and Design 

 The basic design of both attached and freestanding resistors is a similar design 

used in the Master‟s thesis work (39). Figure 3.1 shows the three dimensions of resistors, 

labeled as R1, R2 and R3. The dimensions are 50m   10m, 100m   50m and 

500m   100m respectively. However, in this work, we have focused only on resistor 

R3 with the dimension of 500μm   100μm. Based on the previous work (39), the 

chances of arcing occurring for small resistors (R1 and R2) is high for voltages at 

medium to high level due to the small separation between the electrical contacts. The 

power tolerance of diamond resistors leaves the smaller specimens vulnerable to the 

effects of localized electrical arcing at increased voltages.  

The resistors were designed to have a „necking‟ pattern as shown in Figure 3.2. 

This is to enhance and concentrate the current flow through the resistor body. The design 
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layout consists of clusters of the three resistors (R1, R2 and R3). Figure 3.3 shows the 

mask layout of the attached resistors on a 2cm   2cm substrate area. Consequently, the 

process of fabricating freestanding resistors is exactly the same as the attached resistors 

but with an additional step to create a cavity underneath the resistor body. Figure 3.4 

shows the additional mask layer of cavity underneath the resistors body.  

 

 

Figure 3.1: Three resistors, R1, R2 and R3 with dimensions of 50m   10m, 100m   50m 

and 500m   100m respectively. 

 

 

 

Figure 3.2: Diamond resistor with necking design to concentrate the current flow through the 

resistor body. 

R1 R2
R3
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Figure 3.3: Mask layout consists of mask for resistor (red) and contact (blue) on a 2cm   2cm 

substrate for attached resistors. 

 

 

 

Figure 3.4: Mask layout consists of mask for resistor (red), contact (blue) and cavity (green) on a 

2cm   2cm substrate for freestanding resistors. 

R1 R2
R3
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3.2 Resistors Fabrication  

The fabrication process of the attached and freestanding diamond resistor is 

illustrated in Figure 3.5. The process stops at step #8 for attached resistors. The starting 

substrates were a SiO2/Si wafers. The SiO2/Si substrates used in this study were produced 

by a standard thermal oxidation method. Si (111) wafer was wet oxidized at 1100
o
C and 

the oxidation time was 10 hours. Polycrystalline diamond films were deposited in an 

ASTeX
®
 MPECVD system with a 5kW generator, operating at 2.45 GHz. The schematic 

of a typical MPECVD system is shown in Figure 3.6.  The substrate temperature was set 

using an induction heater independent of the plasma. The growth system was coupled 

with a controlled gas handling system, allowing for precise control of the flow of all 

process gases. A gas mixture of methane (CH4), hydrogen (H2), and trimethylboron was 

employed for boron doped diamond growth. Trimethylboron (B(CH3)3) (hereafter 

referred to as TMB) gas was used as a dopant source to obtain p-doped CVD diamond 

films. The gases at flow rates of 18/478/12 sccm (CH4/H2/TMB) were introduced into the 

CVD system at a pressure of 120Torr. The substrates were heated to 800C. The 

microwave plasma was maintained at a power of 5000W for 3.5 hours to achieve a 

diamond thickness about 3 microns.  

After the diamond growth, the substrates were deposited with 0.5 micron thick 

of Titanium. Titanium was used as the masking material during the etching of the 

diamond layer. Previous work (39) had shown that the application of titanium as a 

masking layer was a repeatable process. The titanium was then patterned using a 

conventional lithography process (Mask #1 – mask resistor).  The delineation of the 

diamond resistor was achieved using reactive ion etching (RIE) process. The etching uses 
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oxygen plasma to remove diamond. This method produces a well defined pattern as 

shown in Figure 3.7. RIE of diamond has been attempted by different researchers with 

moderate success. A low etch rate, non-uniform etching, and inadequate mask-defined 

selectivity for device-level micro patterning have been some of the issues encountered 

during the diamond etch. Experimental trials involving different plasma technology 

sources, etchant gas chemistries, power and pressure conditions, and masking materials 

of varied thicknesses established within the diamond group researchers have led to a 

successful recipe to etch the diamond. The utilization of an ICP-RIE system, based on the 

inductively-coupled plasma (ICP) technology, which combines a high conductance, high 

vacuum compatible process chamber with an ICP source to produce very high ion density 

at low pressures resulted in a diamond etch process with an etch rate of ~0.1μm/min. 

R.F.-assisted pure oxygen plasma chemistry was identified to be a very efficient and 

effective diamond etchant. A titanium masking layer of ~0.5μm thickness was found to 

offer good selectivity, allowing the patterned diamond structures to retain the beneficial 

properties of diamond. The ICP-RIE process parameters included a coil R.F. power of 

700W, platen R.F. power of 100W, oxygen flow rate of 40sccm, at a pressure of 

10mTorr. The etch conditions of high R.F. power and low pressure helped achieve good 

anisotropy, the high energy reactive ions with minimum ion scattering giving a high 

diamond etch rate and selectivity.  

An ohmic contact to the resistor was achieved by depositing dual layer of metals, 

titanium and gold. A thin layer of titanium (0.05μm) followed by a thickness of 0.2μm 

of gold. The Ti/Au layer was deposited through evaporation after delineation of resistor‟s 

body and was chosen for its good performance in high temperature operation and 
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exhibited low resistance (40).  A conventional lithography process was performed to 

remove the unwanted Ti/Au from the substrate (Mask #2 – mask contact). These steps 

complete the fabrication of the attached resistors. Figure 3.8(A) is a micrograph picture 

of attached resistor, R3 with dimension of 500μm   100μm. Figure 3.8(B) is the SEM 

image of 50μm   10μm attached diamond resistor (R1).   

The fabrication process was continued for a final step for freestanding resistors. 

After the contact patterning, the final lithography process was performed to define a 

selective area to form cavity underneath the resistor body (Mask #3 - mask cavity). The 

SiO2 layer that acted as the sacrificial layer was wet etched using BOE (Buffered oxide 

etch).  Figure 3.9 shows an optical micrograph image of a top view of a substrate after 

the final fabrication process. Figure 3.10(A) shows the SEM image of the 500μm   

100μm diamond resistor before the cavity etch. Figure 3.10(B) is the SEM image after 

the cavity etch. A clear visible image of the small freestanding resistor is shown in 

Figure 3.11. Figure 3.11(A) is the SEM image of 50μm   10μm freestanding diamond 

resistor (R1). Figure 3.11(B) is the close up image of the resistor showing the 

freestanding structure. Figure 3.11(B) inset: shows the diamond resistor was a 

freestanding and the cavity height was about 1μm. The same image could not be captured 

for resistor R3 due to its position in the middle of the 2cm   2cm sample. As was 

mentioned earlier, resistor R1 was not tested in the experiments as its dimensions limited 

the currents to which it could be exposed. 
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Figure 3.5: Steps of fabricating freestanding diamond resistors. 
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Figure 3.6: Schematic of ASTeX Microwave Plasma Assisted Chemical Vapor Deposition 

System (41). 
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Figure 3.7: SEM image shows a well defined resistor delineation after RIE process. 

 

 

 

Figure 3.8: (A) Micrograph picture of attached resistor, R3 with dimension of 500μm   100μm. 

(B) SEM picture of 50μm   10μm attached diamond resistor. 

Diamond Resistor

SiO2
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Figure 3.9: Top view of SEM micrograph of complete freestanding diamond resistors. 

 

 

 

Figure 3.10: (A) A close up SEM image of 500μm   100μm diamond resistor. Inset shows the 

boron doped diamond film. (B) Image of the freestanding diamond resistor with cavity and metal 

contact shown. 
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Figure 3.11: (A) SEM picture of 50μm   10μm freestanding diamond resistor. (B) A close up 

SEM of the diamond resistor body; inset: shows the diamond resistor was a freestanding and the 

cavity height was about 1μm. 

 

 

The dimension of the substrates ranged from less than  2cm   2cm to  2.5cm   

2.5cm. Each substrate has eight to fifteen of these patterned resistors (R3). Edge effects 

typically led to six to eight resistors as viable test candidates out of the fifteen resistors 

patterned on one substrate (see Figure 3.12).  

The samples achieved for testing were three sets of SiO2 substrates. Two of the 

SiO2 substrates are freestanding resistor samples identified as sample Free_A and sample 

Free_B. The other SiO2 substrate is the attached resistor sample identified as sample 

Att_C. Each substrate consists of 6 to 8 of R3 diamond resistors (dimension: 500μm   

100μm). From now on, this particular resistor will be referred to as resistor in this thesis 

content.  
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Figure 3.12: High mask area-to-sample size ratio contributed to edge effect.  

 

 

3.2.1 Challenge on diamond deposition on SiO2 

Though there was previous report of successful attempts to grow diamond on 

SiO2 (42), it had been a challenging experience to grow diamond on an oxide substrate 

i.e., clusters of diamond particle islands were found on the substrates (Figure 3.13). 

Multiple trials of diamond growth were attempted to have a successful uniform growth of 

diamond film.  

Mask area

Sample
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  There were two stages in the procedures that could contribute to the non-uniform 

diamond growth. The first stage was preparing the substrate for the growth which 

involved mechanically polishing the surface using a 2.5m diamond powder suspended 

in an oil base to augment diamond nucleation on the smooth surface of SiO2. Moderate 

pressure was applied manually in a circular motion for approximately 20 minutes. The 

diamond grit was removed by washing with deionized water followed by rinsing with 

acetone. Care was also taken not to damage the oxide surface as it is an important layer to 

provide electrical insulation for the high current testing and a sacrificial layer for the 

freestanding diamond resistors. Furthermore, extended abrasion process could result in 

visible scratches on the substrate that affects the ecstatic aspect of the resistor sample as 

well as the ability of the resistor to perform resistively.  A few trial runs of diamond 

deposition that involved prolong abrasion process, in anticipation that diamond would 

nucleate better, had resulted in inoperative resistors as shown in Figure 3.14. 
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Figure 3.13: Clusters of diamond on SiO2 shows non-uniform layer of diamond growth. 

 

 

 

Figure 3.14: SEM image of scratch found after contact pattern. 

 

 

scratch
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The second stage that could contribute to the non-uniform diamond growth was 

during the growth of the diamond. The 5kW microwave diamond machine is designated 

for boron dopant use only to prevent cross-contamination between machines in the lab 

and resulted in a good conductive layer of polycrystalline p-doped diamond. However, 

the high power of the microwave could have resulted in an irregular growth of diamond 

on the glassy surface of SiO2. After this possible issue was addressed, a successful 

attempt of uniform diamond growth was obtained by putting the substrate in a low power 

(1500W) microwave operated at 550W at 800
o
C for 6 hours with no dopant gas to get 

the diamond „seed‟ grown on the SiO2 surface. Figure 3.15 shows the SEM picture of 

diamond nucleation from the 1.5kW diamond machine. The substrate was then 

transferred to the 5kW power microwave where the diamond growth was continued and 

doped with boron. Figure 3.16 shows the SEM picture of the diamond surface following 

the diamond growth in the 5kW diamond machine. Figure 3.17 is the high magnified 

view of polycrystalline diamond film.  Table 3.1 shows the process parameters for the 

diamond seeding process. 

 

Table 3.1: Diamond seeding process parameters. 

Hydrogen, H2  135 sccm 

Methane, CH4 15 sccm 

Pressure 13 Torr 

Temperature 800C 

Power 550W 

Time 6 hours 
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Figure 3.15: SEM picture of diamond nucleation in diamond machine 1.5kW. 

 

 

Figure 3.16: SEM picture of diamond surface following the diamond growth in diamond machine 

5kW (same sample after nucleation process in 1.5kW machine). 
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Figure 3.17: High magnified view of polycrystalline diamond film (from diamond machine 5kW). 
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Part II: Testing Characterization 

Methods for testing dynamic systems are sometimes classified either as transient 

response or frequency response procedures. Although the classification is often 

considered to establish two independent techniques, it is recognized that the information 

yielded by one method is related to the other. The pulse method employs the transient 

response to a known input.  

 Electrical power pulse will be passed through the resistors to characterize the 

electrothermal responses. This technique is based on the rapid resistive self heating of the 

resistor up to a preset temperature and then maintaining the sample at that temperature 

under brief steady state conditions. The pulsed heating technique is considered a very 

accurate method for the measurement of several thermophysical properties (heat capacity, 

enthalpy, heat of fusion, electrical resistivity, hemispherical total emissivity, thermal 

expansion (43), at high temperatures. The oscillating temperature causes a periodic 

change in the resistor due to the nonzero temperature coefficient of resistance. This in 

turn influences the electrical power dissipated into the resistor. The pulse method has 

been shown to produce detailed curves of the experimental heat exchange frequency 

response (44). Figure 3.18 shows the duration and amplitude of a rectangular pulse. The 

pulse strength is defined as the area under the pulse. For a specified duration, the pulse 

strength is determined by the amplitude. The experiment needs to be performed in a 

vacuum chamber to avoid chemical interaction of the device (resistor) with the 

environment.  
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Figure 3.18: Schematic of a rectangular pulse.  

 

 

Several tests performed during the course of this research will be classified as 

“preliminary”. These tests were typically simple current-voltage analysis (in air and 

vacuum), constant current (DC mode), thermal current-voltage analysis, threshold voltage 

analysis, trial testing for different setups with the data acquisition (DAQ) system to 

record data. Some of the procedures were performed to make observations before a 

subsequent test but the sample was destroyed prematurely before the next level of test 

was conducted. Although some of the preliminary tests did not have the results recorded, 

resistors were lost and reduced the number of samples available for further testing. The 

ensuing section put forward the test setup developed for testing the attached and 

freestanding diamond resistors. 

 

 

t

ph

Tp

ph = pulse height (amplitude)

Tp = pulse duration

ph x Tp = pulse strength
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3.3 Pulse Heating Measurement Setup 

The measurement procedure utilizes resistive current-sensing.  Resistive current 

sensing is a commonly used technique for measuring electrical current in circuits. 

According to Ohm‟s law, when detecting current through a resistor, the voltage drop 

across the resistor is a direct measure of the current. In this technique, a sense resistor,    

is inserted in series with the device under test (diamond resistor) to measure the current. 

An Agilent HP 54600B 100MHz, 20MSa/s dual channel digital oscilloscope is used to 

record the voltage drop across   . This oscilloscope has an advanced interface with 

remote control capability and GPIB for data storage. The oscilloscope uses Agilent 

BenchLink XL 54600 software to capture screen images, gathers waveform data, and 

stores instrument setups to MS Excel™. Using a stable low impedance,    ,is important 

to accurately sense the current and minimizes power losses, yet achieve a sufficiently 

high voltage to differentiate the signal from noise. This method is also important for 

overload current protection by providing sufficient attenuation to limit the voltage on the 

oscilloscope when high voltages are applied to the diamond resistor.  

The input voltage pulse is supplied from a controlled high voltage DC power 

supply generator (Magnavolt
TM

 High Voltage DC Power Supply/Pulse Generator) that is 

capable of supplying up to 5A and a maximum voltage of 5kV. A voltage divider which 

consists of resistors    and   , was in the circuit (Figure 3.19) to allow accurate 

measurement of the voltage supplied by the Magnavolt
TM

, which will be used in the 

circuit calculation. The combined resistive value of    and    is much greater than the 

combined resistive value of the diamond resistor (  ) and   , routing most of the current 

through the resistive device under test. 
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Figure 3.19: Schematic of the set- up for pulse heating test. 

 

 

A detail schematic of the test set up is shown in Figure 3.20. Resistor    as 

100Ω, 50W aluminum housed power resistor which has a 1% tolerance of its rated value 

over 1000 hours operation. The current was calculated from the voltage drop across    as 

measured with an oscilloscope. Using the calculated current, the resistance    was 

determined. Details of the calculation will be discussed later. The resistor    has a power 

rating of 50W and throughout the experiment; the power across the resistor was much 

less than this. This ensures that test variables affect only the diamond resistor while   ‟s 

characteristics remain constant. The values of    and    were 100kΩ and 1kΩ 

respectively. The voltage drop across the 1kΩ resistor is measured using the oscilloscope; 

this allows the input voltage to be recorded (using the voltage divider). Diamond resistors 

under test were placed in a vacuum environment (~10
-7

 Torr) during testing. 
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Figure 3.20: Detail of test set- up for the pulse heating experiment. 

 

 

Following are the circuit calculations involved in the test configuration. Referring 

to Figure 3.20, we can define the current,   through    and    as; 

 

  
  

  
  

  

  
 

(3.1) 

 

Apply Kirchhoff law in Loop A; 

         (3.2) 

  

          (3.3) 
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          (3.4) 

 

Hence, we get the resistance across the diamond resistor,   ; 

 

   
             

  
 

(3.5) 

 

The input power to the diamond resistor circuit during the heating pulse can be computed 

from simultaneous measurement of the current flowing through the diamond resistor and 

the applied voltage for the duration of the defined as; 

 

             (3.6) 

 

The power dissipation in the diamond resistor causes heating and is referred to as Joule 

heating (45).  The amount of heat generated can be calculated: 

 

                   (3.7) 

 

where    is the power dissipated in the diamond resistor as a function of time (second),  . 

To verify these formulas, a PSpice simulation was performed.  The complete spice file 

and data is in Appendix B. For an example, at a voltage input of 60V,   =100Ω and    

is set at 5kΩ, following are the extracted circuit parameters: 
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   = 11.76 mA     = 0.594 mA     = 58.82 V 

    = 11.76 mA     = 0.594 V    = 60V 

IRB = 0.594 mA V1 = 1.176 V  

 

Substituting the above values of Vs, V1 and R1 into the Eqn. (3.5), 

 

   
             

  
 

   
                  

     
 

          

 

 

This illustrates the formula to calculate    is accurate, as the calculated value well 

approximates the set value of   . 

 

3.4 Experimentation to Determine Activation Energy 

This is a thermal evaluation to determine the activation energy of boron dopant in 

the thin film diamond resistor. In doped semiconductor, both the charge carrier mobility 

and the charge carrier density depend upon temperature. The thermal vibration of the 

atoms can impart energy (   ) to the holes such that some of them break free from their 

covalent bonds and migrate through the film as part of conduction current. The resistance 

temperature dependence dominates in the semiconductor and is given by the Arrhenius 

relationship:  
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(3.8) 

 

where    is the effective activation energy,   is the Boltzman constant,    is a constant 

and   is temperature under consideration. The temperature of the thin film may be 

assumed to be uniform throughout the volume between the two metal contacts. This 

assumption is made due to the very high thermal conductivity of the diamond thin film 

and the very low thermal diffusivity of the air surrounding the resistor body, a very thin 

film thickness, and the short duration of the applied current pulse.  

The basic test approach to determine the activation energy involves heating the 

diamond resistor and measuring the current to obtain the resistance. The sample was 

placed on a hot plate and probes were used to access the interconnect circuitry of the 

resistor. Voltage was supplied to the resistor from a Keithley 6517A electrometer and the 

current was measured and stored by LabView data acquisition. The experiment started at 

room temperature (25
o
C), and the current measured. The temperature was then increased 

in 25
o
C increments and the hot plate was allowed to stabilize at the new temperature for 

10 minutes before the current was measured again. The steps were repeated to a 

maximum temperature of 350
o
C. The resistance at each of the temperature was 

determined from the slope of the I-V plot. The activation energy was determined from the 

Arrhenius plot (discussed in detail in Section 4.2). 
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CHAPTER IV 

 

EXPERIMENTAL RESULTS AND DISCUSSION 

 

4.1 Thickness Measurement 

The thickness of the diamond films was determined after the delineation of the 

resistors.  The thickness was measured using a DekTak IIA Surface Profile Measuring 

system. It has a micro-sensitive stylus that moves on a plane sensing any aberrations on 

the planarity of the surface. The deviations were measured digitally and recorded as 

graphical output. An outline sketch of the instrument is shown in Figure 4.1. The stylus 

was allowed to scan the film twice, with the sample turned 180
o
 during the second run. 

The mean reading of the steps was taken to be the thickness of the film. The graphic 

outputs of the scan program in the instrument that reads the thickness are shown in 

Figures 4.2 and 4.3 for freestanding samples and Figure 4.4 for attached resistors.  

Resistors on sample Free_A have an average thickness of 2.5μm. The resistors on sample 

Free_B and Att_C have an average thickness of 2.8μm.  
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Figure 4.1: Outline sketch of DekTak IIA. 

 

 

 

Figure 4.2: Graphic output for thickness sample Free_A. 
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Figure 4.3: Graphic output for thickness sample Free_B. 

 

 

 

Figure 4.4: Graphic output for thickness sample Att_C. 

 

 



77 

 

4.2 Determination of Activation Energy 

The activation energy of boron dopant in the diamond resistors can be obtained 

from the Arrhenius relation: 

 

               
  
   

(4.1) 

 

where    is the resistivity at any given temperature and   is the temperature in Kelvin. 

The equation can be modified to give the relationship when resistance,    of the material 

at a given temperature is known, 

 

        
  
   

(4.2) 

 

where      is the resistance of the material at a given temperature, 

     is a constant, 

     is the activation energy of the sample and 

    is the Boltzmann constant. 

 

Taking the natural logarithm to both sides of the equation, we obtain  

 

                (4.3) 
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The Current–Voltage (I-V) measurements were taken for temperatures over the range of 

25
o
C to 350

o
C on all samples. Details of the experimentation have been discussed in 

Section 3.4. Figure 4.5 and Figure 4.6 show Resistance vs. Temperatures for 

freestanding and attached resistor samples respectively. As we have discussed in 

Chapter II, the resistance decreases with an increase in temperature because of the 

increased numbers of charge carriers (holes) available for conduction. At room 

temperature, the boron dopants are not fully ionized. As the temperature increases, the 

ionization of the boron dopants increases. The ionized dopants create carriers that are 

holes in the valence band. The increasing number of carriers reduces the resistance of the 

diamond resistor, which corresponds to a negative temperature coefficient of resistance 

(TCR). 

The Arrhenius plots for freestanding diamond resistors of samples Free_A and 

Free_B are shown in the inset of Figure 4.5 and the Arrhenius plots for the attached 

diamond resistors of sample Att_C is shown in the inset of Figure 4.6. The natural log of 

resistance (     ) was plotted against the inverse of the temperature in Kelvin (   ). A 

straight line was obtained where the slope of the line is     . The activation energy,    

can be calculated by substituting the Boltzmann constant,   into the slope equation. The 

activation energy was 0.1eV for sample Free_A (freestanding) and sample Att_C 

(attached) and 0.09eV for Free_B (freestanding). 
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Figure 4.5: Resistance vs. Temperature plot for both freestanding resistor samples, sample 

Free_A (A) and sample Free_B (B); inset: corresponding Arrhenius plots. 
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Figure 4.6: Resistance vs. Temperature plot for attached resistor sample, Att_C. 

 

 

I-V measurements were performed to determine the resistive behavior of the 

diamond resistors. The typical resistance at room temperature for freestanding samples 

Free_A and Free_B were 16kΩ and 5kΩ respectively. The I-V plots are shown in Figure 

4.7. The sample for attached resistors, Att_C has the same room temperature resistance 

as Free_B which was 5kΩ and the typical I-V plot at room temperature is shown in 

Figure 4.8. The variation in the measurement of the room temperature resistance for 

freestanding samples is believed to be due to the thickness difference which possibly 

occurred during the resistor delineation in the RIE process.    

Knowing the resistance value at room temperature and the resistor‟s dimension, 

the diamond resistor resistivity at room temperature is calculated from Eqn. (A-1). Please 

refer to Appendix A for details. Below are the resistivity calculations for all the samples. 
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For sample Free_A: 

 

  
  

 
 

  
  

 
 

                       

    
 

           

 

 

 

(4.4) 

 

Same calculation is carried out for sample Free_B: 

 

  

 
 

                      

    
 

           

 

(4.5) 

 

and sample Att_C: 

 

  
  

 
 

  
  

 
 

                      

    
 

           

 

 

(4.6) 
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Figure 4.7: Typical current-voltage plots at room temperature for freestanding diamond resistors. 

A: sample Free_A, B: sample Free_B. 

 

 

 

Figure 4.8: Typical current-voltage plot at room temperature for attached resistors sample Att_C. 
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4.2.1 Temperature Dependence of Resistance  

We can infer the heated diamond resistor as a thermistor. After all, the name 

thermistor is derived from the words thermal and resistor. This is based on the fact that 

the electrical resistance of the diamond resistor changes as its temperature changes. A 

thermistor with negative temperature coefficient (NTC) will show a decrease in 

resistance with a temperature increase. Thermistors made of single crystal diamond have 

been reported before (46). Vereshchagin et al. concluded that p-type diamond was the 

most suitable material for thermistors as opposed to undoped diamond, n-type silicon 

carbide or undoped SiC.  Nakahata et. al. then fabricated thermistor made from p-type 

polycrystalline thin film diamond (47).    

Temperatures of the diamond resistors in this work are not measured directly due 

to equipment limitations. Instead they are calculated from the temperature dependence of 

resistance equation. The diamond resistors are utilized as thermistors and the temperature 

dependence of resistance of the pulse voltage test allows us to obtain the resistor 

temperature. 

The dependence of resistance on temperature is given by the Arrhenius 

relationship, Eqn. (4.2). Given the values of activation energy,   , resistance at room 

temperature and Boltzmann constant, we can calculate the temperature dependence of the 

resistance constant,   . Eqn. (4.2) can be rewritten as: 

 

  
  

 
 

 

   
  

  
 
  

(4.7) 



84 

 

 To calculate     here, we show an example for sample Free_A calculation. The 

resistance measured at room temperature (300K) for sample Free_A was 16kΩ and the 

   was 0.1eV. Substituting these values in the above equation, we have: 

 

              
   

      
  

(4.8) 

 

            
     

     
         

(4.9) 

 

The    was 333.5Ω for sample Free_A. Similar calculation was also performed for 

samples Free_B, and Att_C. The    obtained was 153.5Ω and 103.7Ω respectively.  

Substituting these constant values and the resistance values (  ) that were measured 

throughout the pulse heating experiment; the temperatures of diamond resistor as the 

pulses were applied can be calculated using Eqn. (4.7). Table 4.1 shows the summary of 

the calculations performed on all the samples involved. 
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Table 4.1: Summary of measurements and calculations on all samples. 

 
 

 

4.3 Preliminary Test Results 

In this section, we will present two of the preliminary results obtained during the 

series of trial tests. Trial tests were done more on the freestanding than attached resistors 

as more freestanding resistors were successfully fabricated compared to attached 

resistors. The results of the preliminary round of testing provided guidance for more 

scientific time bounded testing. To improve data clarity, an oscilloscope was setup to 

remotely store the waveform data using a GPIB interface (Chapter III). These results 

will be more comprehensible as we go on through this chapter. The discussion here will 

be brief intending to provide guidance for subsequent tests. 

 In this preliminary test, a current limit was set on the Magnavolt
TM

 (power 

supply) and the voltage from the power supply was increased until the current limit was 

reached. This approach ensured that there was no overshoot voltage or current that could 

Sample
Free_A

Sample 
Free_B

Sample 
Att_C

Room temperature resistance, R (Ω) 16 k 5 k 5k

Thickness, t (μm) 2.5 2.8 2.7

Resistivity, ρ (Ω-cm) 0.80 0.30 0.30

Activation energy, EA (eV) 0.1 0.09 0.1

Temperature dependence of 
resistance constant, R0, (Ω) 333.5 153.5 103.7
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cause catastrophic damage to the external circuit and the equipments involved when 

dealing with high voltages and currents.  

 The current limit was set to 15mA. The test was conducted on resistor Free_A5. 

The voltage on the Magnavolt
TM

 was applied until the LED (on Magnavolt
TM

) indicated 

that the current limit has been reached. The voltage reading was at 160V. The frequency 

was 10Hz with 30% duty cycle. Figure 4.9 shows the current waveform of resistor 

Free_A5.  The corresponding resistance waveform is depicted in Figure 4.10. The 

transient response was observed within the 0.03s of the driving pulse which indicates that 

the voltage pulse warms the resistor quickly, proceeding to a lower value until the pulse 

ends. The result from this preliminary test gave us imminent idea on how much voltage 

pulse (i.e. power) that the resistor could handle before any failure to occur and 

characterize transient response within the pulsing pulse. After the pulse test, the resistor 

was visually inspected under a microscope. Probe marks were found on the contact pads.  

The I-V plot shows non-linear characteristic after the pulse test, Figure 4.11. A current 

limit imposed by the instrument was also observed in Figure 4.11 at 7V. 

 The non-linear characteristic could be due to two possible scenarios. The first 

scenario was the possibility of junctions developing at both ends of the resistor, creating a 

mirror effect of the non-linear characteristic. The second scenario was the possibility of 

the development of a secondary current path through the Si substrate, creating a mirrored 

MOS diode effect on the vertical structure of the resistor (currents flowing through the 

contact pads (metal), passing the SiO2 (oxide) and through the Si (semiconductor)).  
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Figure 4.9: Current waveform of resistor Free_A5 at 160V. 

 

 

 

Figure 4.10: Corresponding resistance waveform of resistor Free_A5. 
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Figure 4.11: I-V plot of resistor Free_A5 post pulse. 
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Another preliminary test result that will be discussed here is from a single pulse 

characterization. This was amongst the earlier tests in which overall testing was time 

independent. The purpose of this test was to investigate and characterize the resistance 

and current waveforms when the resistor was subjected to power pulses sufficient to 

cause the diamond resistor to glow. This test was conducted on resistor Free_A8. The 

Magnavolt
TM

 was set to limit the current at 0.5A. The voltage was increased until this 

current limit was achieved. For the 0.5A current limit, the input voltage pulse was 

470V. The frequency of the voltage pulse was set at 10Hz with a 5% duty cycle. In this 

test, the 5% duty cycle was chosen to keep the resistor from experiencing extended high 

stress in each pulsing pulse.  

 Resistor Free_A8 was observed to be illuminated (visible radiation emission, red 

glow) at 0.5A and the single current pulse was measured at the time when the resistor 

was glowing.  Figure 4.12 shows the waveforms of the voltage drop across Free_A8,   , 

its resistance,    and temperature during the pulse. The I
2
R heating of the diamond 

resistor causes a rapid current increase as shown in Figure 4.13. The current through the 

resistor causes significant power dissipation causing localized temperature rise, hence the 

change in the resistance. The change in resistance indicated that the resistor was heating 

up during the pulsing period. This phenomenon will be discussed in detail in the 

following sections when we discussed the experimentation results. The image of the 

resistor glowing during the pulsing was captured, Figure 4.14. Figure 4.15 shows the 

SEM image of the diamond resistor post pulse test. The stress of the pulsing had caused 

the sample Free_A to crack along the resistor Free_A8. The lateral crack caused the 

remaining resistors along the line to be damaged and unusable for further testing. In 
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Figure 4.16 the Planckian locus, which is the path that the color of a blackbody takes as 

the temperature changes, estimates the temperature, visually matching with the resistor‟s 

radiant emission. 
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Figure 4.12: Voltage, resistance and temperature waveforms of resistor Free_A8. 
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Figure 4.13: Resistance and current pulse for Free_A8. 

 

  

 

Figure 4.14: Image of resistor glowed during the high power pulse. 
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Figure 4.15: Resistor failed after the high Free_A8 power pulse. 

 

 

 

Figure 4.16: The arrow on the Planckian locus shows the blackbody‟s color for the estimated 

temperature before the failure. 
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4.4 Attached Diamond Resistors  

 In the following sections we will discuss the thermal behavior of the attached 

diamond resistors under lower and higher voltage pulses. We will also discuss the limit of 

the attached diamond resistors. Recall that the attached resistors were fabricated on a 

1m thick oxide layer (Chapter III). The oxide layer serves as a thermal isolation (48) to 

the substrate.  

 

4.4.1 Lower Pulse Voltage Response Characterization 

The attached diamond resistor described in Section 3.2 and Figure 3.8A was 

examined under pulse conditions where the pulse duration and voltage were maintained 

low enough that the resistor would heat up to an equilibrium temperature as a result of the 

pulse power, and sustain said pulsing and not fail or suffer irreversible damage. This 

pulsing condition was determined by trial pulsing many resistors to failure and found to 

be a 60V pulse with a pulse frequency of 10Hz and 10% duty cycle.  These conditions 

allowed us to observe how the diamond resistor behaves as it heats up under the effect of 

power pulses over a period of time. The measurements were then taken over time 

intervals. The power pulse is applied to the diamond resistor circuit (referred to as the 

circuit as described in Section 3.5) until steady state conditions are reached. The time and 

voltage across    were recorded from the start of the testing and at 1 second intervals 

until there is no change in voltage drop across    was observed. This condition indicates 

that the diamond resistor has reached steady state. This test was conducted on attached 

resistor Att_C5.  
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Figure 4.17 shows the input voltage pulse, the diamond resistor‟s resistance and 

current waveform recorded for the first pulse. The first pulse input power was 1.03W 

and the dissipated power in the resistor was 1.02W. The input and dissipated powers 

were calculated from Eqn. (3.6) and Eqn. (3.7) (Chapter III).   

The above described test was performed on the attached resistor Att_C5 with the 

intention to characterize the resistor under pulse heating that would reach a steady state 

condition (final temperature) and not suffer failure. As power pulses were applied, the 

diamond resistor retained heat (Figure 4.18) between pulses and the resistor‟s 

temperature increased. The temperature increase, due to Joule heating was presumed to 

reach a final temperature, which was determined by the thermal resistance associated 

with the resistor and its thermal environment (thermal equilibrium). It was observed that 

resistor Att_C5 heated and showed minimal/no change for 10s (from  =136s to 

 =147s). Then, continuing pulses resulted in further increase in the inter-pulse current as 

well as the intra-pulse (within the pulse) current as shown in Figure 4.18. The observed 

transient behavior indicates that resistor Att_C5 did not reach steady state condition. The 

test was stopped when sparks were observed in the vacuum chamber after 220s of 

pulsing. It appeared possible that the sudden current increase (inter-pulse; after 150s of 

pulsing) might come from the development of a leakage path, e.g. through the oxide to 

the silicon substrate. The sparks may have then occurred due to electrical overstress 

(EOS) from the increased leakage current through the leakage path. EOS events typically 

induce failures either due to dielectric (oxide) breakdown (excessive voltage) or thermal 

runaway from Joule heating (excessive current). Other research indicates that field-
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induced and current-induced degradation mechanisms complement one another and both 

are required to fully explain breakdown behavior over a wide range temperature (49), 

(50).  According to Pantisano et al., the oxide breakdown that leads to a leakage current 

is a common failure mechanism when a thermal/electrical stress is present (51). The 

calculated temperature before the resistor was believed to have had leakage current was 

217 . The temperature might not be high enough to cause damage to the oxide, but 

another factor known as time dependent dielectric breakdown (TDDB) could possibly 

contribute to oxide breakdown.  It was observed that when a SiO2 dielectric was placed 

under a fixed electric field, the oxide would breakdown with time (49). In this case, 

power pulsing for 4 minutes could have led to the oxide breakdown. Figure 4.19 shows 

the      corresponding to      of Figure 4.18. 

In Figure 4.20 the average current in each pulse vs. cumulative time of pulsing is 

plotted. The current increases not reaching a steady state even after 150s of pulsing was 

observed. The average temperature in each pulse over the pulsing time is shown in 

Figure 4.21. 

As the temperature increases, this p-doped diamond resistor is, of course, 

undergoing changing (increasing) carrier (hole) concentration because more dopants are 

ionizing. However, in this case this effect may not be dominant as the final temperature 

reached before the omit of leakage current is low. This will be discussed further with the 

attached resistor pulsed at higher voltage.  
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Figure 4.17: Input voltage and corresponding resistance and current waveform for resistor 

Att_C5. 
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Figure 4.18: Change in the current over time (Att_C5). 
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Figure 4.19: Corresponding change in resistance of       in Figure 4.18 over pulsing time. 
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Figure 4.20: Average current per pulse over cumulative pulsing time for resistor Att_C5. 

 

 

 

Figure 4.21: Calculated average temperature per pulse over cumulative pulsing time for resistor 

Att_C5. 
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4.4.2 Higher Pulse Voltage Response Characterization 

We now consider the transient response of the attached diamond resistor as 

observed with a higher input voltage pulse. There are two resistors involved in this higher 

voltage pulse test; resistors Att_C6 and Att_C8.  The next pulsing condition was 

determined by further trials and a 100V pulse with a pulse frequency of 10Hz and 10% 

duty cycle was applied. This test was conducted on resistor Att_C6. Its room temperature 

resistance was 5kΩ. The voltage drop across    was recorded at 1 second time intervals. 

Figure 4.22 shows the current over the pulsing time from  =1s to  =76s. The current was 

78mA in the first ( =1s) voltage pulse applied to the resistor. The resistance fell from its 

room temperature resistance to 1.3kΩ. 

The current increase in between pulses was minimal in the first 70s of the pulsing 

pulse and there was no visible change in the current intra-pulse profile. We then observed 

the current started to show transient behavior, the intra-pulse current increasing after 

 >72s. Apparently, the transient behavior was the onset again of the resistor developing a 

secondary conduction path, i.e. leakage current (Figure 4.22). The resistor‟s resistance 

before the leakage current occurred was 620Ω and the estimated temperature was 

820
o
C. This is a temperature where it is probable that the oxide would breakdown and 

leakage arises.  The indicated resistance then decreases during each pulse with continued 

pulsing as shown in Figure 4.23.   
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Figure 4.22: Current waveform for resistor Att_C6 at 1s <   < 76s.The possible leakage current 

was observed after   > 73s. 
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Figure 4.23: Corresponding resistance waveforms of      in Figure 4.22. 

 

 

Figure 4.24 and Figure 4.25 show the current and resistance respectively for 

  76s. At this point, we note that there is a sharp current increase in the subsequent 

pulses indicating that the leakage current becomes more dominant. The resistance fell to a 

low of 10Ω at the peak of the current pulse. The test lasted for 110s of pulsing when 

sparks/arcing was observed in the vacuum chamber. The arcing occurred probably due to 

EOS of leakage current, shorting out the resistor. Thus, the 100V pulse test performed on 

resistor Att_C6 lead to oxide failure and leakage to the substrate, confirming the 

observation with the prior resistor, Att_C5, that a limiting mechanism with pulsed 

attached diamond resistors is the oxide dielectric strength. The onset of leakage from this 

(100V pulse) test occurred abruptly. We wished to consider the mechanism in more 
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detail. With the experience from many trials and these two (60V and 100V) results, we 

conducted detailed pulse testing on a third resistor, Att_C8. 
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Figure 4.24: High leakage current observed in resistor Att_C6 after    76s leading to electrical 

overstress. 

 



103 

 

-0.01 0.00 0.01 0.02

0

100

200

300

400

500

600

700

R
e

s
is

ta
n

c
e

 (


)

Time (s)

 t=76s

 t=77s

 t=80s

 t=90s

 t=102s

 t=105s

 t=110s

 

Figure 4.25: Corresponding resistance waveform of resistor Att_C6 after   > 76s. Resistance 

became very low indicate it was failed to a short.  

 

 

Given that the earlier test at 100V resulted in rapid resistor destruction, we 

reduced the voltage to examine the resistor in a more controlled manner the regime of 

resistor pulse response (i.e. transient) that would slowly lead to resistor failure. The 

voltage pulse was reduced to 80V and with the same pulse frequency and duty cycle 

(10Hz and 10% duty cycle). Although the 80V pulse is higher than the 60V pulse test, the 

experience gained from the prior trials and two pulse regimes allowed us to proceed with 

this test prepared to garner detail from high power behavior of attached diamond 

resistors.  

The voltage drop across    (equipment to the current flow though the diamond 

resistor, see discussion on test set up, Section 3.3) was recorded at 1 second time 
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intervals. This test was conducted on attached resistor, Att_C8 with an initial room 

temperature resistance of 5.2kΩ. (All resistors involved in this testing have the same 

dimensions as described in Section 3.2). In this test, a similar scenario as the 100V pulse 

test was observed, where initially minimal current increases between pulses occurred. 

The current was 20mA for the first pulse and increased to 22mA even after 115s of 

pulsing, when the resistance had dropped to 4kΩ. At this point, the current pulse form in 

resistor Att_C8 was similar to the previous 100V test on resistor Att_C6, with a longer 

period. Figure 4.26 shows the typical current pulse form before 115s of pulsing. After   

= 115s, a transient response was observed within a pulse. The typical transient response is 

shown in Figure 4.27, an increasing intra-pulse current. The corresponding resistance is 

shown in Figure 4.28.  
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Figure 4.26: Typical resistance profile of resistor Att_C8 shows near constant value of resistance 

in the pulse. In this display, the profile was at   = 70s. 
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Figure 4.27: Current profile of resistor Att_C8 at   = 150s. 
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Figure 4.28: Resistance profile of resistor Att_C8 at   = 150s shows resistance decreases across 

the pulse (transient). 
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Figure 4.29 shows the sequential current behavior of resistor Att_C8 with 

successive pulses. Evidence of possible leakage current was observed when a sharp 

current increase was observed at pulse   = 164s. The temperature was calculated to be 

553  at   = 163s before the apparent leakage arose. 

 

 

 

Figure 4.29: Sequential current behavior of resistor Att_C8 with successive pulses for   > 60s. 

Possible leakage current was observed after 164s of pulsing. 

 

 

Figure 4.30 shows      over the pulsing time before the observed current leakage. 

The effect of rising current after   > 140s and rising temperature occurring with each 

Possible leakage
current

-0.01 0.00 0.01 0.02

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

0.26

0.28

0.30

C
u

rr
e

n
t 
(A

)

Time (s)

 t=60s

 t=70s

 t=80s

 t=90s

 t=102s

 t=110s

 t=115s

 t=120s

 t=125s

 t=130s

 t=135s

 t=140s

 t=145s

 t=150s

 t=155s

 t=160s

 t=162s

 t=164s

 t=165s

 t=166s



108 

 

pulse is apparent. The transient response in each of the later pulses is also visible. 

Concurrently, the average resistance in each pulse of the diamond resistor decreases as 

shown in Figure 4.31 and falls off rapidly. Since the applied voltage was held constant 

during each pulse, higher average currents occurred with each succeeding pulse as shown 

in Figure 4.32.  

We have reason to believe that before the onset of oxide breakdown and 

secondary leakage, we can observe the effect of carrier concentration increase from 

power heating and provide some quantitative interpretation of same. Consider in Figure 

4.32, the characteristic of         shows an exponential relationship. The exponential 

behavior occurs because the resistance decreases rapidly with increasing temperature. In 

this p-doped diamond resistor, the resistance decreases because the hole concentration,  , 

of thermally generated carriers is increasing, reducing the resistivity “faster” than the 

effect of decreasing carrier mobility that arises from increasing temperatures. The i.e., 

overall conductivity increases due to more holes available for conduction. This 

phenomenon was discussed in detail in Boron Ionization in P-Doped Diamond, Section 

2.4.  
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Figure 4.30: Sequential current behavior of resistor Att_C8 with successive pulses over pulsing 

time before the leakage current. 
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Figure 4.31: Plot of average resistance (in each pulse) over time before the leakage current. 
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Figure 4.32: Plot of average current (in each pulse) over time. 

 

 

Referring again to Figure 4.30, the Joule heating thus increases the resistor 

temperature, reduces its resistance and result in the current increase.  The heat conduction 

to the substrate and surrounding environment contributes to the linear behavior observed 

in the current profile (intra-pulse). This is described by Fourier‟s Law of heat conduction, 

Eqn. (2.1); 

 

    
  

  
 

(4.10) 
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where   is the heat flux, or heat flow per unit area perpendicular to the flow direction 

(W/m
2
),   is the local temperature (K or 

o
C),   is the coordinate in the flow direction ( ) 

and    is the thermal conductivity (W/mK) of the material. The negative sign indicates 

that heat is transferred in the direction of decreasing temperature.  

The minimal increase in current, hence temperature observed at this point in this 

higher voltage pulse test was assumed to be due to the high thermal conductivity of 

diamond.  The basic expression for thermal conductivity is 

 

  
 

 
     

(4.11) 

 

where    is the heat capacity of the thermal carriers per unit volume,   is their average 

group velocity in the direction of the thermal gradient, and   is their average mean free 

path between collisions. The factor 1/3 enters because the thermal gradient is principally 

only one direction in three-dimensional space, while the phonon wavevectors are 

distributed more or less isotropically, i.e., with the full symmetry of the crystal lattice 

which is cubic in the case of diamond (52).  

With a band gap of 5.5eV, diamond is usually considered as an electrical insulator 

in which heat is carried only by phonons. For heavily doped diamond, the dopant (boron) 

can decrease the total thermal resistance by providing holes as heat carriers. Holes 

migrating through the resistor under the effect of the power pulse undergo different 

scattering events, namely scattering with phonons, ionized boron and vacancies as well as 

hole-hole scattering (53).  This heat generated (Joule heating) in the resistor is due to the 
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flow of electricity within it and losing part of its energy to the vibration of the lattice 

(phonons).  

The estimated temperature for each pulse is plotted in Figure 4.33. The 

temperature indicated was calculated from the temperature dependence of resistance 

(Arrhenius relationship, see Section 4.2). The calculated temperature at the pulse of   = 

163s (prior to current leakage) was 553 .  

 

 

 

Figure 4.33: Sequential calculated temperature with successive pulses. 

 

 

As the power pulses continue, the power dissipation in the resistor increases and 

increased Joule heating was observed. A plot of the average temperature-average power 
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relationship is shown in Figure 4.34. A straight line is observed for the average 

temperature range of 68
o
C to 276

o
C (341K – 549K) which suggests that the temperature 

increases approximately proportional to the power increase. 
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Figure 4.34: Plot of temperature vs. power shows that the temperature increases as the power 

increases. 

 

 

The 80V pulse test on Att_C8 was terminated due to arcing observed at the 

sample. The arcing occurred after the high leakage current was observed (Figure 4.29) in 

the last 5 seconds of pulsing. As was discussed earlier in Section 4.4.1 that arcing 

occurred probably due to EOS from the increase of leakage current through a leakage 

path. EOS events typically induce failures either due to dielectric (oxide) breakdown 

(excessive voltage) or thermal runaway from Joule heating (excessive current). This is 
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known as stress induced leakage current (SILC). SILC has been shown to be one of the 

main problems in thin oxide MOS devices before the onset of soft or hard breakdown 

(54).  

 

4.4.2.1 Discussion of the Rate of Change in Temperature over Pulsing Time 

We will consider the effect of changing carrier concentration as the temperature 

increases over the pulsing time. 

In the earlier discussion (Section 2.3), we stated that when power pulsing was 

applied to the circuit, the diamond resistor starts to warm up and when the power pulse is 

terminated, the resistor cools down but heat would be retained by the resistor. This 

phenomenon is a simple Joule heating mechanism that occurs in the diamond resistor. 

The power (   ) dissipated in the resistor causes the temperature to increase.  

Concurrently, in these diamond resistors, as the temperature increases, the 

concentration of ionized boron dopants increases and more carriers (holes) are thermally 

generated. Figure 4.35 is the plot of rate of change in temperature,      , over 

cumulative pulsing time for resistor Att_C8. The curve exhibits an exponential behavior.  
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Figure 4.35: Plot of rate of change in temperature vs. cumulative pulsing time for resistor 

Att_C8. 

 

 

Due to the fact that the attached resistors are sitting on a substrate (oxide layer), 

they can disperse heat through conduction. From the curve, at time, 1s <   < 120s there is 

minimal increase in the rate of change in temperature as all the heat is dispersed almost 

immediately. The high thermal conductivity of diamond speeds up the heat dispersion. In 

this case, the substrate acts as a heat sink, providing sufficient dissipation of the heat 

generated and keeping the power dissipated per unit volume low. This heat dissipation 

scenario establishes the      behavior in the attached resistors compared to freestanding 

resistors in the next section. A quasiuniform rate of change is maintained in the resistor‟s 

temperature profile. Keep in mind that in this scenario, as more holes are generated, the 
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system accommodates them and the resistivity decreases (conductivity increases) and the 

resistor doesn‟t warm up as quickly despite the accumulation pulses on it.  

But as the power pulses continue, there comes an exponential increase in the rate 

of change in temperature in the last 40s of the pulsing time before the resistor failed due 

to arcing. The temperature build up leads to decreasing resistance, increasing current and 

higher temperatures. The exponential increase in the temperature change would parallel 

an exponential increase in generated carrier concentration. The extra carriers that become 

available cause the resistor to decrease in resistance, which in turn allows more current to 

flow, thereby generating more resistive heating, leading to further drop in resistor 

resistance. This positive feedback cycle causes the temperature of the resistor to rise 

exponentially.  

 

4.4.3 Examination of Power and Current at the Attached Diamond Resistor Limit 

It is noteworthy to observe the maximum electrical limits for attached diamond 

resistors. Table 4.2 shows the parameters upper limit for both resistors, Att_C6 and 

Att_C8. These limits are prior to the observed leakage currents. Both resistors have the 

same dimension (see Section 3.2), however, resistor Att_C6 was pulsed with 100V pulse 

and resistor Att_C8 was pulsed with 80V. In the earlier discussion, we noted that the 

100V test for Att_C6 resulted in more rapid resistor onset of leakage and destruction. 

Therefore less data were taken during transient response regime. Even though resistor 

Att_C6 failed sooner than Att_C8, both resistors have nearly the same limit in current 

and power density. The limits of the attached resistors are influenced by the dielectric 
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integrity of the thermal oxide layer as it warms up and is a subjected to a strong electric 

field.  

 

Table 4.2:  Parameters upper limit for attached resistors observed before leakage current.  

 
Resistor Att_C6 Resistor Att_C8 

Maximum current (A) 0.16 0.15 

Maximum power (W) 15.14 9.9 

Maximum current density* (A/cm
2
) 5.79E+04 5.67E+04 

Maximum power density* (W/cm
2
) 5.61E+06 3.67E+06 

Maximum temperature (
o
C) 820 553 

Time of pulsing (s) 73 164 

*area (cm
-2

) refers to cross section of the resistor 

 

 

Though both attached resistors were tested with different power pulses, it is 

interesting to comprehend how the different levels of power pulse affect the resistor 

behavior; e.g. temperature. Figure 4.36 shows the average power dissipation (for each 

pulse) vs. the calculated average temperature for both diamond resistors in one plot. The 

plot shows that resistor Att_C6 which was pulsed at higher voltage dissipates more 

average power for the same given calculated average temperature compared to the 

resistor pulsed at a lower voltage (Att_C8). As the power in each pulse increased, the 

resistor‟s temperature continued to rise which caused the resistance to decrease, as shown 

in Figure 4.37, due to its negative temperature coefficient.  The plot is the average values 

of resistance plotted against the average values of current density in each pulse for both 



118 

 

attached resistors. The limit of the diamond resistor will be discussed in further detail 

with regards to the freestanding resistor in Section 4.5.3. 
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Figure 4.36: Average power dissipation vs. calculated average temperature for both resistors 

Att_C8 and Att_C6. 
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Figure 4.37: Average resistance vs. average current density over pulsing intervals for both 

resistors Att_C8 and Att_C6. 
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4.5 Freestanding Diamond Resistors 

 We now turn our attention to the freestanding diamond resistors. In the following 

sections, we will discuss the thermal behavior of the freestanding diamond resistors under 

lower and higher voltage pulses as well as the limit of the resistors.  This will allow us to 

view the differences between the attached and freestanding diamond resistor under 

similar power pulse conditions. 

 

4.5.1 Lower Pulse Voltage Response Characterization 

The freestanding diamond resistor described in Section 3.2 and Figure 3.10B was 

examined under pulse conditions where the pulse duration and voltage were maintained 

low enough that the resistor would heat up to an equilibrium temperature as a result of the 

pulse power, but could sustain said pulsing and not fail open or suffer irreversible 

damage. This pulsing condition was determined by trial pulsing and found to be a 60V 

pulse with a pulse frequency of 10Hz and 10% duty cycle.  These conditions allowed us 

to observe how the diamond resistor behaves as it heats up under the effect of power 

pulses over a period of time.  The 60V is lower than the voltage levels that led to the 

resistors failing open. The measurements were then taken over time intervals. The power 

pulse is applied to the diamond resistor circuit (referred to as the circuit as described in 

Section 3.3) until steady state conditions are reached. The time and voltage across    

were recorded from the start of the testing and at 3 seconds intervals until no change in 

voltage drop across    was observed. This condition indicates that the diamond resistor 

has reached steady state. This test was conducted on resistor Free_A10.  



121 

 

Figure 4.38 shows the input voltage pulse, the diamond resistor‟s resistance and 

current waveform recorded for the first pulse. The first pulse input power was 0.30W and 

the dissipated power in the resistor was 0.29W. The input power and dissipated power 

were calculated from Eqn. (3.6) and Eqn. (3.7) (Chapter III).  The current fell to a 

constant value at an input power level of 0.4W after approximately 180 seconds of 

pulsing. The temperature increases as power increases. The current remains unchanged 

from the magnitude of the previous pulse at steady state. 
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Figure 4.38: Input voltage and corresponding resistance and current waveform for resistor 

Free_A10. 
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As the train of power pulses was applied, the diamond resistor retained heat 

(Figure 4.39) between pulses and the resistor‟s temperature increased until it reached a 

stable condition and a final temperature, relative to the constant voltage of the pulses. 

The final temperature is determined by the thermal resistance associated with the resistor 

and its thermal environment i.e. attached or freestanding, in this case, the latter. 
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Figure 4.39: Change in the average current over time. 

 

 

Similar behavior was observed pulsing the diamond resistor, Figure 4.40, where 

the average current in each pulse vs. cumulative time of pulsing is plotted. The current 

increases, reaching a steady state average after nominally 150s of pulsing. The resistor 
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could withstand this pulsing lower level of voltage indefinitely, hence it reached a stable 

steady state of pulse loading and an estimated temperature of 79
o
C (Figure 4.41).  

The increasing temperature causes the diamond resistor to have an increasing hole 

concentration due to ionization. Conversely, this effect is insignificant as the final 

temperature reached at the steady state is low. This occurrence will be discussed in more 

detail under higher voltage pulsing. 

 

 

 

Figure 4.40: Average current per pulse over cumulative pulsing time for resistor Free_A10. 
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Figure 4.41: Calculated average temperature per pulse over cumulative pulsing time for resistor 

Free_A10. 
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The time: temperature dependence of the diamond resistor is obviously subject to 

the heating and cooling transiency that occurs during a pulsing event performed at higher 

voltages. As stated previously, when power pulsing is applied to the circuit, the diamond 

resistor will start to warm up (Joule heating) and when a power pulse terminates, the 

resistor will cool, but heat will be retained by the resistor (the heating and cooling 

principles will be identical, see Figure 4.42. If the pulse off-interval is short and/or the 

voltage (power) on-interval is high, then the resistor does not return to ambient 

temperature before the next pulse arrives, the resistor‟s resistance will be less and the 

temperature higher. Thus there can be a condition of pulsing where thermal stability is 

not reached (Figure 4.43). Even though the next pulse is identical in voltage (by test 

intent), the temperature of the resistor at the end of the pulse is greater than the previous 

pulse.  Further pulses increase the temperature but a stable situation may be achieved 

relative to the level of the power pulse employed.  In other words, if the pulses are 

sufficiently close together, the temperature decline between pulses does not decay 

completely before the start of the next pulse. Furthermore, the peak temperature in the 

resistor reached from a given train of power pulses is less than the steady-state 

temperature at the same power applied DC, the resulting curve has a sawtooth waveform 

that trends upwards (so-called envelop). If the pulse voltage is low enough, a quasi steady 

state is reached as seen in Figure 4.40 and observed in Figure 4.43. The mathematical 

model of this phenomenon was discussed in Section 2.6. 

However, if the voltage is higher, the resistor may not plateau in temperature, but 

instead continually warm up to destruction. The pulsing conditions under which one or 
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the other occurs are of interest. We now examine the higher voltage condition that leads 

to resistor failure for the freestanding resistor. 

 

 

Figure 4.42: Heating and cooling follow the same principle 

 

 

 

Figure 4.43: The peak temperature in the resistor reached from a given power pulse can be less 

than the steady-state temperature at the same power applied DC. 
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4.5.2 Higher Pulse Voltage Response Characterization 

We now consider the transient response of the freestanding diamond resistor as 

observed with a higher input voltage pulse. In the earlier test on resistor Free_A5 

(Section 4.3), it was observed that the resistor had a dynamic intra-pulse response with a 

160V voltage pulse, where the resistor heated up and failed too quickly to examine its 

pulse power behavior to the detail we wanted. In this pulse test, the voltage was set to 

120V to examine the response. Given that the earlier test at 160V resulted in rapid 

resistor destruction, we reduced the voltage to hopefully examine in a more controlled 

manner the regime of resistor pulse response that “slowly” led to resistor failure. This test 

was conducted on the same resistor used in the lower pulse voltage test, resistor 

Free_A10. Other than the voltage being set at 120V, the pulse profile is per the previous 

experiments, namely 10Hz and 10% duty cycle. The voltage drop across    was recorded 

at 1 second interval (please refer to the earlier discussion on the test setup). The test 

lasted 80s before the resistor failed open. 

Through the duration of the 120V pulsing test, the overall current assumes an 

increasing “sawtooth” form as shown in Figure 4.44. Each value plotted for the      

response of Figure 4.44 is the minimum and maximum value of the start and end of the 

on state of each current pulse (Figure 4.45) and plotted vs. cumulative time of the test. 

The inset of Figure 4.44 shows an enlarged region of the      curve over a larger time 

scale in the last 10s of the pulsing time. Figure 4.45 will be discussed in detail in the 

following segment.  Note: A similar current waveform profile of Figure 4.45, was also 

observed in other freestanding resistor, Free_B11, see Appendix C for details. Back to 

Figure 4.44, we note at   < 20s the sawtooth amplitude is not as pronounced as it is at   > 



129 

 

55s. The overall character of the variation of the output quantity of the pulse system 

follows the envelop expressions (Section 2.6) where curves joining the maximum and 

minimum values of the output quantity in the transient process are imposed.  

 

 

 

Figure 4.44: Current waveform over time shows that the sawtooth effect is less pronounced when 

t < 20s but is more marked when t > 55s. 
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Figure 4.45: Sequential current behavior with successive pulses. 
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In Figure 4.45 the effect of rising current and thus temperature occurring with 

each pulse is apparent. Concurrently, the resistance of the diamond resistor decreases as 

shown in Figure 4.46 and since the applied voltage was held constant during each pulse, 

higher currents occurred in the diamond resistor with each succeeding pulse as shown in 

Figure 4.45. As previously mentioned in the attached resistor, higher voltage pulse 

discussion, a similar principle can be applied to the freestanding resistors. The resistance 

decreases because the concentration,  , of thermally generated carriers is increasing at a 

rate that reduces the resistivity “faster” than the thermally generated carriers exceeds the 

rate of decrease of carrier mobility that arises from increasing temperatures. The details 

on this phenomenon can be found under Boron Ionization in P-Doped Diamond, Section 

2.4.  

  Figure 4.47 shows the plot of average current in each pulse over the pulsing 

interval. (The minor transient in the data at  55s was a test anomaly not related to 

resistor behavior.)  
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Figure 4.46: Plot of average resistance (in each pulse) over time. 
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Figure 4.47: Plot of average current (in each pulse) over time. 
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The diamond resistor failed open circuit after 80 seconds total time elapsed or 

8000 pulses. The current increased in a power relationship (will be discussed in detail 

later, see Figure 4.53) before the resistor failure. This increase was recorded every 1s as 

shown in Figure 4.45. The resistance decreased as the resistor heated up, and because we 

were providing a constant voltage pulse, a corresponding increase in current occurred.  

The room temperature resistance of resistor Free_A10, prior to the testing was 16kΩ. 

The first pulse heated the resistor (Free_A10) such that its resistance fell to 8.4kΩ. The 

resistance continued to fall with ongoing pulsing until it reached the lowest value of 

468.6Ω at the highest current. The resistor experienced enough resistive heating to cause 

a visual illumination in the form of a “red hot” glow, and it‟s temperature was definitely 

  800
o
C. As shown in the preliminary test section, Section 4.3, the radiant phenomenon 

was also observed in the other freestanding resistor, Free_A8, see Figure 4.14.  

The calculated temperature for each succeeding power pulse is plotted in Figure 

4.48. The temperature shown was calculated from the temperature dependence of 

resistance (Arrhenius relationship). The calculated temperature at the peak of the pulse at 

  = 79s (prior to resistor failure) was 3227
o
C which is improbably hot.  
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Figure 4.48: Sequential calculated temperature with successive pulses. 

 

 

This anomalous high temperature from the calculation would be a predictable 

deviation from the Arrhenius relationship. This deviation can be explained by the 

findings of a study, that non-Arrhenius behavior was observed at elevated temperatures in 

doped semiconductors (55). The study concluded that the non-Arrhenius behavior 

occurred because of two scenarios. In the first scenario, the energy levels of holes on 

acceptor band states have a broad energy distribution, and in the second scenario, the 

density of states of the extended band states in the vicinity of the band edge possesses a 

low-energy exponential tail. Both of these scenarios lead to a nonlinear shift of the Fermi 

level as a function of temperature and thus results in a non-Arrhenius temperature 



135 

 

dependence of the resistivity (55). Therefore, the anomalous high temperatures in the 

high temperature regimes calculated simply from the Arrhenius relationship in Figure 

4.48 are believed to be accurately overestimated. In these high temperature regimes, the 

boron dopants are believed to have reached a state of full ionization and thus have a 

broad energy distribution in the energy levels of holes on acceptor band states. As 

discussed by Michel et al. that this scenario contributes to a non-Arrhenius relationship of 

temperature dependence of resistivity. This consideration is relevant at these high 

temperature regimes. 

A plot of the average temperature-average power result is shown in Figure 4.49. 

A linear response is first observed in the temperature range (as estimated from Arrhenius 

behavior, Section 4.2) of 88
o
C to 870

o
C which suggests that the temperature increases 

proportional to the power (Joule heating). However, the non-linear increase in 

temperature at higher power suggests a different mode of heat transfer is becoming 

dominant.  
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Figure 4.49: Plot of temperature vs. power shows that the temperature increases as the power 

increases and at high temperatures regime, the radiation mechanism is dominant and consistent 

with T
4
. 

 

 

The behavior is consistent with proportion to T
4
, (Stefan-Boltzmann law) where 

radiant mechanism is dominant. That is, to indicate the relationship between temperature 

and thermal radiation (at the higher end of the calculated temperature range, focusing on 

the last 10s of the pulsing test), we can consider the Stefan-Boltzmann law which states 

(56) that for an object of temperature    the radiated power   will be; 

 

          
  (4.12) 
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where   is the emissivity of the object,    is the surface area, and   is the Stefan-

Boltzmann constant. The emissivity constant depends entirely on the material and is 

defined as 1 for an ideal blackbody. There is no definitive emissivity value reported for 

diamond. Indeed, the values are highly dependent on surface and growth conditions of 

the diamond film (57). Herchen and Cappelli reported estimated emissivity values 

determined from the measured diamond brightness temperature and the diamond 

temperature derived from the Stokes to anti-Stokes ratios (Raman Scattering). Their 

results suggest emissivities at the wavelength of 655nm close to unity in the temperature 

range from 1100K to 1400K.  

For practical purposes, the net power being radiated is more relevant than the 

absolute radiated power. The net power of an object at temperature   in an environment 

of temperature    is 

 

                  (4.13) 

 

and, according to the Stefan-Boltzmann relation, 

 

          
        

  

                                                          
    

    

(4.14) 

 

where            are the aforementioned constants.  In this experiment, when the 

temperature of the diamond resistor   is greater than 1500K and ambient temperature 
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   was measured at 298K, then    will be  than   
 , so the environmental temperature 

term is negligible. This simplifies Eqn. (4.14) to     

   

         (4.15) 

 

or further, 

 

        (4.16) 

     

and 

 

            (4.17) 

 

Thus a plot of     vs.     of the test data will illustrate the relationship between 

  and   as a power law, the exponent of that power law being the slope of the curve. The 

experimentally determined values of     and calculated values of     are plotted in 

Figure 4.50. As noted earlier, the assumption made in the derivation of Eqn. (4.15) was 

that    was far larger than   
 . Thus, Eqn. (4.15) does not hold for lower resistor 

temperatures, so only data points with an inferred temperature exceeding 1500K were 

examined. The slope observed is 3.2, an exact operant would be 4.0. This deviation 

from the expected value of 4 can occur for several possible reasons. One possibility is 
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that the approximation of         
  used in Eqn. (4.15) is not valid. This seems 

unlikely, as the least data point is 1586K. (1586)
4
 is over 700x larger than (298)

4
.  

Another possible source of difference is the estimated temperature values. The 

temperatures were calculated from the Arrhenius relationship. Recall from Section 4.2 

that the rate constant (resistance) of the Arrhenius equation was directly determined from 

the temperature range of 25
o
C to 350

o
C (298K to 623K). The logarithmic rate constant is 

  to  
 

 
 . Although it is possible to calculate the pre-exponential factor (constant),    and 

activation energy,    (see Section 4.2) using one set of resistance-temperature reading, it 

would be more practical and reliable to use at least three sets of experimental data and 

determine    and    using statistical method. Additionally, the statistical analysis of the  

      vs.    
 

 
  plot indicates the standard error in the slope (which determines the    

value for the freestanding diamond resistor Free_A) was 56. This gives an uncertainty 

interval of 123.4 or 10.52% within a 95% confidence level. This uncertainty affects the 

estimated temperature values at the higher end of the temperature range and can be an 

influential source of variation in the Stefan-Boltzmann law estimation. 
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Figure 4.50: The natural log of the measured power versus the natural log of the inferred 

temperature. The slope of the curve fit is 3.21. 

 

 

The observed slope of 3.21 from the plot       vs.       resulted from the 

calculated temperatures from the temperature dependence of Arrhenius relationship. 

However, as discussed earlier, the calculated temperatures are probably inaccurate as the 

Arrhenius relationship has been shown to deviate at elevated temperatures (55). 

Assuming different temperatures, a plot to fit a    dependence for the Boltzmann power 

law relationship was redrawn. Figure 4.51 shows the redrawn curve of       vs.       

with the set of predicted temperatures that ideally correlate with the Stefan-Boltzmann 

power relationship. When the slope had a value of ~4, the indicated temperatures used 

were lower than those calculated from the single Arrhenius relation. There is an average 
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difference of 260K lower temperatures, with the biggest difference being 287K and the 

smallest 236K. A tabulated table containing the considered temperatures can be found in 

Appendix A. This difference can be explained by the deviation from simple Arrhenius 

behavior at highly elevated temperatures. Based on the set of predicted temperatures that 

“match” the Stefan-Boltzmann    dependence, for the elevated temperatures, the 

Arrhenius equation predicted higher temperatures than the Stefan-Boltzmann 

comparison. This is consistent with the observation of strong non-Arrhenius temperature 

dependence of resistivity (55).  
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Figure 4.51: Plot of       vs.      . A: Redrawn plot with new predicted temperatures. B: Plot 

with initial calculated temperatures. 
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We now portray the   vs.   plot (as per Figure 4.49), Figure 4.51B showing the 

original “Arrhenius” curve and the “matched” Stefan-Boltzmann temperature behavior. 

This range of temperature at the higher power should be a reasonable estimate of the 

actual behavior at the extremes of power density (see discussion in Diamond Resistor 

Limit, Section 4.5.3) 

Referring again to the pulsing intervals in Figure 4.45 (shown here as Figure 

4.52), we note the rising current within each additional pulse. Power is of course 

dissipated as heat but as noted earlier, the body temperature of the resistor will rise above 

the ambient temperature of its environment if the resistor does not cool completely 

between pulses.  
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Figure 4.52: Sequential current behavior with successive pulses. 
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 Figure 4.53 is a detailed plot of      for time,   at 77s, 78s and 79s which focuses 

on the scenario at the limit of high current and high temperature. This is the interesting 

testing regime just before the resistor Free_A10 failed open. The current behavior can be 

described (“fit”) by a power function consistent with a radiance governed response as the 

temperature increases. A similar observation was reported on thin film nichrome resistors 

that were characterized for infrared projector applications (58). Qualitatively, this power 

behavior of      vs.   agrees with the power relation of       vs.       of Stefan-

Boltzmann power law estimation above. Consequently, the test data of the freestanding 

diamond resistor in the high temperature regime is consistent with radiation as the 

dominant mechanism of heat transfer.  

 

 

Figure 4.53: Details of the current waveforms for time, t at 77s, 78s and 79s which focuses on the 

scenario at high currents. 
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Thus, at these highest power/temperature conditions of pulsing, the levels rise at 

an increasing rate, consistent with a higher temperature from the preceding pulse and the 

   dependence of radiated power. The occurrence of radiative behavior at high 

temperatures can be examined further based on heat transfer analysis. 

As previously described in Section 4.2.1, the heated diamond resistor can be 

treated as a thermistor. A thermistor is a thermally sensitive resistor and comes from the 

words thermal resistor. Heat equation analysis has been applied to thermistors to 

characterize their behavior and energy transfer and can be applied to our diamond resistor 

configuration.   

Conservation of energy dictates that the rate at which energy is supplied must 

equal the rate at which energy is lost plus the rate at which energy is absorbed (Figure 

4.54): 

 

dt

dQ

dt

dQ

dt

dQ AL   
(4.18) 
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Figure 4.54: Energy balance of the resistor. 
 

 

The rate at which thermal energy is supplied to the resistor is equal to the power 

dissipated in the resistor: 

 

RIP
dt

dQ 2  
(4.19) 

 

The rate at which thermal energy is lost from the resistor to its surroundings is 

proportional to the temperature rise of the resistor: 

 

   

  
             

(4.20) 

 

  is dissipation constant which depends upon thermal conductivity (conduction), relative 

motion of the medium (convection) as well as heat transfer from the resistor to its 

surroundings (radiation). In the high temperatures scenarios, the radiation mechanism 
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will be dominant (59), (60). The rate at which thermal energy is absorbed by the resistor 

causing a specific rise in temperature can be expressed as: 

 

   

  
   

  

  
   

  

  
 

(4.21) 

 

where  : specific heat (kJ) ,  :mass(kg) ,   : specific heat capacity (kJ/kgK) 

The heat transfer equation for a thermal resistor at any instant in time after power has 

been applied to the circuit can be expressed as: 

 

  

  
                 

  

  
 

(4.22) 

 

Examining the resistor thermal behavior under transient conditions, the solution for the 

above equation where power is constant is: 

 

        
 

 
        

 

  
    

(4.23) 

 

This demonstrates that when a significant amount of power is dissipated in the resistor, 

its body temperature will rise above the ambient temperature as a function of time.  The 

transient conditions at “turn on”, and all applications that are based upon the Current-

Time characteristics are governed by Eqn. (2.23).  
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In regards to the heat loss equation, Eqn. (4.20), in the freestanding thermal 

resistor, the heat loss is attributable to radiation. This assumption is based on the 

freestanding configuration of the resistor and that the experiment was performed in 

vacuum. At the high temperature test conditions, the heat loss due to radiation can be 

modeled using the Stefan-Boltzmann Law: 

 

         (4.24) 

 

 

Substituting Eqn. (4.24) into Eqn. (4.20) yields: 

 

   

  
            

  
(4.25) 

   

At high temperatures, small increases in the temperature lead to large changes in 

heat loss. The increased heat loss at higher temperatures reduces the rate of increase of 

the current flow through the resistor.  This results in the response of the current vs. time 

(Figure 4.52 and Figure 4.53) to roll off during the duration of the pulse in this higher 

temperature regime as more power in is lost through heat, i.e. the rise time is reduced, in 

agreement with the power law fit of the current-time plot (Figure 4.52 and Figure 4.53). 
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4.5.2.1 Temperature Effect on Carrier Concentration 

Above, we discussed this freestanding diamond resistor (Free_A10) having    

power dependence due to the radiance with respect to the temperature at high power 

regimes (Stefan-Boltzmann). We will now extend the discussion for the resistor when the 

carrier concentration increases as the temperature increases. 

In the earlier discussion, we stated that when power pulsing was applied to the 

circuit, the diamond resistor started to warm up and when the power pulse is terminated, 

the resistor cooled down but sufficient heat would be retained by the resistor, that it did 

not return to equilibrium or ambient temperature. This phenomenon is a simple Joule 

heating mechanism that occurs in the diamond resistor. The power dissipated (   ) in the 

resistor causes the temperature to increase.  

In diamond, boron dopants are not fully ionized at room temperature. As such, the 

carrier (hole) concentration is equal to the ionized dopant concentration, but not the 

atomic dopant concentration. As we know, the conductivity of a semiconductor is 

determined by two factors: the concentration of free carriers available to conduct current 

and their mobility (see Section 2.4): 

 

                         (4.26) 

 

where  : conductivity,  : elementary charge,       : carriers mobility and  , : carrier 

concentrations.  

For p-type semiconductor, Eqn. (4.26) becomes 
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             (4.27) 

 

Both carrier concentration and mobility are temperature dependent. When the 

power pulse is applied to the diamond resistor, it heats up, more boron dopants are 

ionized and this leads to an increase in the carrier concentration, in this case, holes.  

Figure 4.55 shows a plot of the ratio of ionized boron to atomic boron concentration in 

the temperature range of 180                          calculated from Eqn. 

(2.32) in Section 2.5 using the ionization energy,    of 0.1eV and the boron concentration 

of 10
19

/cm
3
.  

When the temperature rises, the ionization of boron increases and more carriers 

are thermally generated. Because of the increasing number of holes, the conduction in the 

resistor increases and hence there is a decrease in resistance as a function of time as 

shown in Figure 4.46. The conductivity also depends on the mobility of the carriers. 

Furthermore, the mobility of carriers in diamond is also subject to the doping 

concentration, e.g. at lower concentrations the mobility increases and vice versa (61). See 

Section 2.4 for further discussion.  
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Figure 4.55: Ratio of ionized boron to boron concentration 180 K< T< 2400K (-93 < T< 2000

o
C). 

  

  

Figure 4.56 is the plot of rate of change in temperature over cumulative pulsing 

time for resistor Free_A10. Note that, the behavior suggests two mechanisms at lower vs. 

higher temperature, linear and exponential.  
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Figure 4.56: Plot of rate of change in temperature vs. cumulative pulsing time. 

 

 

The low power region (early pulsing) is shown in Figure 4.57 where we plot the 

rate of change in temperature vs. the first 50s of the pulsing time. The small linear 

increase in the rate of change in temperature in the first 50s of pulsing test suggests that 

the rate of Joule heating by the current equals the rate of heat transfer to the surroundings. 

In this scenario, more holes are generated and the system accommodates them such that 

the resistivity decreases and the resistor doesn‟t warm up quickly despite the continuous 

pulsing.  At   = 50s it appears that this equilibrium at which power dissipation balances 

the heat loss to the surrounding changes.  
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Figure 4.57: Plot of rate of change in temperature in the first 50s of pulsing time. 

  

 

As the power pulses continue, the resistor is heated such that the conduction 

thermal mechanism becomes as discussed in previous section, principally the radiant 

mode. The second part of the plot in Figure 4.56 is shown in more detail in Figure 4.58. 

There is an exponential increase in the rate of change in temperature in the last 30s of 

the pulsing time before the resistor failed open. The pulsing under this particular 

condition is the same as earlier but the temperature build up leads to decreasing 

resistance, which increases the current and causes even higher temperatures. The 

exponential increase in the temperature change suggests that, the exponential increase in 
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hole concentration governs the behavior and then the resistor reaches a condition where 

the boron approaches full ionization, and a constant carrier concentration. At this point, 

the diamond resistor is believed to have semi-metallic property and act as a conventional 

resistor.  
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Figure 4.58: Plot of rate of change in temperature from 50s of the pulsing time until the resistor 

failed open. 
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4.5.3 Examination of Power and Current at the Freestanding Diamond Resistor Limit 

It is pertinent to consider the maximum power and current density for the 

freestanding diamond resistor, i.e. what are the limits of the boron doped resistor body? 

The maximum current measured was 0.21A which for the resistor of this dimension (see 

Section 4.5.2) gives a maximum current density (cross section) of 8.4  10
4
 A/cm

2 and a 

maximum power density in the resistor of 8.3   10
6
 W/cm

2
. The average power and 

current density in each pulse of resistor Free_A10 are plotted against the cumulative 

pulsing time in Figure 4.59. Figure 4.60 shows the average power dissipation (for each 

pulse) in the diamond resistor vs. the calculated temperature. As the power to the 

diamond resistor increases, the resistor temperature continues to rise to a maximum 

calculated (from Arrhenius relation, Eqn. (4.7)) average temperature of 1800
o
C. 

 

 



155 

 

0 20 40 60 80

0

1x10
6

2x10
6

3x10
6

4x10
6

5x10
6

6x10
6

7x10
6

 PowerDensity

 Current density

Time (s)

P
o

w
e

r 
D

e
n

s
it
y
 (

W
/c

m
2
)

0

1x10
4

2x10
4

3x10
4

4x10
4

5x10
4

6x10
4

7x10
4

C
u

rre
n

t D
e

n
s
ity

 (A
/c

m
2)

 

Figure 4.59: Power and current density over pulsing intervals. 
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Figure 4.60: Power dissipation vs. theoretical temperature. 
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As the power in each pulse increased, the resistor‟s temperature continued to rise 

which caused the resistance to decrease, as shown in Figure 4.61, due to its negative 

temperature coefficient.  The plot is the average values of resistance plotted against the 

average values of current density in each pulse. 

 

 

0 1x10
4

2x10
4

3x10
4

4x10
4

5x10
4

6x10
4

7x10
4

0

2000

4000

6000

8000

10000

R
e

s
is

ta
n

c
e

 (

)

Current Density, J (A/cm
2
)

 

Figure 4.61: Resistance vs. current density over pulsing intervals. 

 

 

Figure 4.62 shows the input voltage pulse, resistance and current combined in 

one plot of the last pulse recorded at 80s when the diamond resistor failed. The resistance 

abruptly increased and the current was measured at 0.21A before the resistor became 

open. This occurred before the last voltage pulse completed its cycle. Figure 4.63 is the 

optical image taken before and after the experiment. The freestanding diamond resistor 
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body was broken and separated from the neck of the resistor.  The Ti/Au contact pads 

were observed to be discolored and detached after the cycles of pulses, Figure 4.64.  

 

 

 

Figure 4.62: Waveforms of input voltage, resistance and current when the resistor failed. 

 

 

 

 

 

 

 

 

-0.01 0.00 0.01 0.02

 Input voltage pulse

Time (s)

-0.01 0.00 0.01 0.02

100

1000

10000

 Resistance

 Current

Time (s)

R
e

s
is

ta
n

c
e

 (

)

0.00

0.05

0.10

0.15

0.20

0.25

C
u

rre
n

t (A
)

Resistor failed



158 

 

 

 

Figure 4.63: Before (left) and after (right) picture of resistor Free_A10 at 120V power pulse. 

 

 

 

 

Figure 4.64: Damaged contact pads after voltage cycles. 
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 If we consider the last current and resistance reading (0.21A and 468Ω) before 

the resistor failed, we can calculate interesting “limit” values of the diamond resistor 

properties.  

The values of the maximum current,      and power density,       (cross 

section) as well as the minimum resistance,      have been mentioned in the previous 

segment but will be cited again for comparison purposes. The      was recorded at 

               and the       reached the value of                . The      

was measured at      (compared with 16kΩ of    , where    = initial room temperature 

resistance.       = maximum power density per unit square =               

       (analogous to sheet resistivity, associated with “conventional” power resistors.  

It is interesting and relevant to compare       with other materials used for 

electronic purposes. For example, the nichrome resistor is reported to have      of 

4               (62) and        of                    (63). The       reported 

for chromium silicide was only           (64).   Hence, we observe that diamond 

resistors have two orders of magnitude higher power density than that of nichrome.  

 As regards to the open failure of the resistor, from electrical results and test 

performance, it appears that the resistor‟s local temperature may have reached a value 

where it proceeded to graphitize and became physically unstable. This could happen if its 

local temperature became in excess of  1800
o
C. 
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4.6 Comparing Attached and Freestanding Diamond Resistors 

There are several observations to be made when comparing the pulsed behavior of 

the freestanding and attached resistors. Under the lower voltage conditions on 

freestanding resistors, current (between pulses) initially increases with time (i.e. each 

sequential pulse) but settles to a constant value. However, for attached resistors, the 

current increases steadily to a point and then rises rapidly. This increase is suspected to 

be the result of leakage to the substrate, i.e. through the layer of oxide on which the 

attached resistors sit. The leakage current was also observed in the higher voltage 

conditions.   

Based on these observations, the current profile of the attached resistors was in 

contrast to the behavior of the freestanding resistor (Free_A10). Under higher voltage 

pulse conditions, the freestanding resistors show a dynamic increase in the current pulses 

for each successive voltage pulse. The      signals (Figure 4.65) rise in a non-linear 

(power) behavior at higher temperatures which is consistent with the effect of heat loss 

through radiation as described by the    dependence of the Stefan-Boltzmann law. In 

contrast, the      signals of attached resistors, Figure 4.66, the current increase exhibits 

linear behavior in both cases, 80V and 100V voltage pulse test at higher temperatures 

regime. At relatively lower temperatures, the      signals of attached resistors follow the 

voltage pulse profile (square shape) and observed minimal increase in current level intra-

pulse. The linear increase in the current at high temperatures is describable by the 

mechanism of direct conduction of heat to the substrate.  

When the attached resistors failed, the failures were due to a short to the substrate 

and caused a spike in the current levels. The 1 micron thick of the oxide layer 
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underneath the attached resistors was not sufficient to provide the dielectric insulation 

under thermal and voltage stressing of the pulses. That is, the continuous pulsing voltage 

applied to the resistors could have contributed to the thermal stress of the oxide layer. 

Conversely, the freestanding resistors failed open, the resistor becoming completely 

destroyed. Of the two physical constructions, the freestanding resistor was able to tolerate 

higher power density than the attached configuration.  

 

 

 

 

Figure 4.65: Sequential current behavior with successive pulses for freestanding resistors, (A): 

resistor Free_A10 with 120V voltage pulse, (B): resistor Free_B11 with 80V voltage pulse. 
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Figure 4.66: Sequential current behavior with successive pulses for attached resistors, (A): 

resistor Att_C8 with 80V voltage pulse, (B): resistor Att_C6 with 100V voltage pulse. 
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CHAPTER V 

 

SUMMARY AND FUTURE WORK 

 

Summary 

Thin and thick film resistors occur regularly in electronics. In certain situations, 

high power into resistive elements are utilized as blackbody radiative sources. Most 

common is the incandescent bulb. Diamond is the hardest known material, has the lowest 

coefficient of thermal expansion, is chemically inert and wear-resistant, has the highest 

thermal conductivity and high binding energy. It is electrically insulating but can be 

doped to behave as a semiconductor/resistor.  

These properties led to investigation of the thermal-electrical properties of 

diamond as fabrication and testing/characterization of diamond microelectronic resistors 

had not been accomplished before. 

 DC and temperature testing provided basic property information but given the 

semiconductor behavior of doped diamond, thermal runaway made behavior of diamond 

resistors “at the limit” difficult to ascertain. Pulsing power allowed details of the diamond 

resistor configuration to be examined by “stretching” out the high power behavior of 

attached and freestanding diamond micro resistors to learn more about the material 

system. 
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 It was determined that diamond resistor could tolerate 1000x more power than 

conventional resistor (65) material and the freestanding configuration was potentially a 

better form for handling high power. 

 

Future Work 

 The work done herein, can be continued in several directions. As typical with the 

nature of polycrystalline material, there are still many unanswered questions. For 

example, the influence of grain boundary in thermal transport was not discussed in this 

dissertation. An interesting study may involve investigating the influence of grain 

boundary states on the thermal behavior of the diamond resistor.  

 Exploring the wavelength of diamond resistor during the illumination may result 

in profound knowledge of temperature dependance of hole concentration at high 

temperatures in diamond. A simple concept may involve the deposition of a thin film on 

one side and the measurement of the temperature rise on the other side by means of an 

infrared imager. 

Another area of study, which would yield valuable results, is the study of the 

temperature dependent thermal conductivity in diamond resistor, as a function of 

thickness and film morphology. It would be interesting to measure the local thermal 

conductivity of diamond films, on roughly the scale of a grain, using specialized 

microscale techniques (e.g. Scanning Thermal Microscopy).  
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APPENDIX A 

 

RESISTANCE AND CONDUCTANCE 

 

Electrical resistance and its reciprocal, electrical conductance are the basic 

concepts that govern the travel of electricity through a conducting medium. Resistance is 

a ratio of the degree to which a material opposes an electrical current, whereas 

conductance is a measurement of the ease with which electricity can travel through the 

material. The units used in resistance and conductivity are ohms (Ω) and Siemens (S) 

respectively. Resistance can be expressed as: 

 

  
  

 
 

( A-1) 

 

Where   is the length,   is the cross sectional area and   is the specific electrical 

resistance of the material. Also known as resistivity, specific electrical resistance is the 

value that denotes how strongly a material opposes the flow of an electrical current. 

The base equations that express the relationships held between resistance with 

voltage, current and electrical power are rearrangements of Ohm‟s law with additions of 

Joule‟s laws, and are as follows: 

 

  
 

 
 

(A-2) 
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(A-3) 

  

     

 

(A-4) 

  
 

  
 

(A-5) 

 

Where   is resistance,   is voltage in volts (V),   is current in Amperes (A) and   is 

power in watts (W).  The equations above show that when the voltage across a resistor is 

kept constant, the power dissipated in the resistor will increase as current increases.  The 

dissipated power is lost in the form of thermal energy which increases the temperature of 

the resistor. For semiconductors such as the diamond resistor, a higher temperature leads 

to reduced resistance.  This in turn increases the current flowing through it and causes 

even greater power losses. This is a phenomenon known as Ohmic heating, joule heating, 

or electrical resistance heating (ERH). The theory behind ERH has been extensively 

studied, and is very well understood. 
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APPENDIX B 

 

P-SPICE SIMULATION 

  

Following are P-Spice circuit simulation to illustrate the circuit simulation for diamond 

resistor measurement. 

 

**** 06/13/09 16:51:51 ********* PSpice 9.1 (Mar 1999) ******** ID# 0 ******** 

 Circuit simulation for resistor measurement 

 ****     CIRCUIT DESCRIPTION*************************************************** 

VS  1 0 DC 60V 

RA 1 2 100k 

RB 2 0 1k 

Rd 1 3 5k 

R1 3 0 100 

.DC Vs 60 60 1   

.PRINT DC V(1) V(2) V(3) 

.PRINT DC V(2,0) 

.PRINT DC V(1,3) 

.PRINT DC V(3,0) 

.PRINT DC I(RA)  

.PRINT DC I(RB) 

.PRINT DC I(R1)   
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.PRINT DC I(Rd) 

.END 

 

 

 

**** 06/13/09 16:51:51 ********* PSpice 9.1 (Mar 1999) ******** ID# 0 ******** 

 Circuit simulation for resistor measurement 

 ****     DC TRANSFER CURVES               TEMPERATURE =   27.000 DEG C 

****************************************************************************** 

       VS           V(1)             V(2)      V(3)         

   6.000E+01   6.000E+01   5.941E-01   1.176E+00 

 

**** 06/13/09 16:51:51 ********* PSpice 9.1 (Mar 1999) ******** ID# 0 ******** 

 Circuit simulation for resistor measurement 

 ****     DC TRANSFER CURVES               TEMPERATURE =   27.000 DEG C 

****************************************************************************** 

          VS           V(2,0)       

   6.000E+01   5.941E-01  
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**** 06/13/09 16:51:51 ********* PSpice 9.1 (Mar 1999) ******** ID# 0 ******** 

 Circuit simulation for resistor measurement 

 ****     DC TRANSFER CURVES               TEMPERATURE =   27.000 DEG C 

****************************************************************************** 

          VS           V(1,3)       

   6.000E+01   5.882E+01 

 

**** 06/13/09 16:51:51 ********* PSpice 9.1 (Mar 1999) ******** ID# 0 ******** 

 Circuit simulation for resistor measurement 

 ****     DC TRANSFER CURVES               TEMPERATURE =   27.000 DEG C 

****************************************************************************** 

          VS          V(3,0)     

   6.000E+01   1.176E+00 

 

**** 06/13/09 16:51:51 ********* PSpice 9.1 (Mar 1999) ******** ID# 0 ******** 

 Circuit simulation for resistor measurement 

 ****     DC TRANSFER CURVES               TEMPERATURE =   27.000 DEG C 

****************************************************************************** 

             VS          I(RA)        

   6.000E+01   5.941E-04 

 

**** 06/13/09 16:51:51 ********* PSpice 9.1 (Mar 1999) ******** ID# 0 ******** 

 Circuit simulation for resistor measurement 

 ****     DC TRANSFER CURVES               TEMPERATURE =   27.000 DEG C 

****************************************************************************** 

            VS          I(RB)        

   6.000E+01   5.941E-04 
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**** 06/13/09 16:51:51 ********* PSpice 9.1 (Mar 1999) ******** ID# 0 ******** 

 Circuit simulation for resistor measurement 

 ****     DC TRANSFER CURVES               TEMPERATURE =   27.000 DEG C 

****************************************************************************** 

          VS          I(R1)        

   6.000E+01   1.176E-02 

 

**** 06/13/09 16:51:51 ********* PSpice 9.1 (Mar 1999) ******** ID# 0 ******** 

 Circuit simulation for resistor measurement 

 ****     DC TRANSFER CURVES               TEMPERATURE =   27.000 DEG C 

* **************************************************************************** 

           VS          I(Rd)      

   6.000E+01   1.176E-02 

          JOB CONCLUDED 

          TOTAL JOB TIME             .03 

 

**** 06/13/09 16:51:51 ********* PSpice 9.1 (Mar 1999) ******** ID# 0 ******** 

************ ***CIRCUIT DESCRIPTION********************************* 
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APPENDIX C 

 

PRELIMINARY TEST  

 

Resistor Free_B11 

As mentioned previously, the transient response characteristics of the diamond 

resistor can be readily observed at a higher input voltage pulse. The transient response 

was observed with the 80V voltage pulse. The test was conducted on resistor Free_B11. 

The pulse frequency was set at 10Hz with 10% duty cycle. The voltage drop across    

was recorded at 3s interval (see earlier discussion on the experimentation setup for 

details). The test lasted for 4mins and 9s before the resistor failed open.  Figure C.1 

shows the instantaneous current waveforms over the pulsing intervals of resistor 

Free_B11. It is noted that Joule heating becomes appreciable as the power pulse 

continues. The resistance of the diamond resistor decreases while the applied voltage was 

constant during the pulse leading to higher currents in the diamond resistor. The 

corresponding resistance waveforms are depicted in Figure C.2. Figure C.3 shows SEM 

image of the resistor‟s failure after the power pulse. 
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Figure C.1: Current waveforms over pulsing intervals. 
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Figure C.2: Resistance waveforms over pulsing intervals. 
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Figure C.3: SEM image of resistor Free_B11 failed during pulse test. 
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APPENDIX D 

 

TEMPERATURE TABLE 

 

Table D.1: Tabulated table of calculated temperatures from Arrhenius relationship and predicted 

temperatures that correlate to ideal Stefan-Boltzmann relationship. 

Initial 
calculated 

average 
temperature*

, T (K) 

Predicted 
average 

temperature, 
Tnew (K) Power (W) Ln(Power) Ln(T) Ln(Tnew) 

1586.393 1349.410 13.869 2.630 7.369 7.207 

1602.234 1360.212 14.319 2.662 7.379 7.215 

1623.711 1374.825 14.944 2.704 7.392 7.226 

1637.852 1384.425 15.366 2.732 7.401 7.233 

1654.252 1395.539 15.865 2.764 7.411 7.241 

1674.717 1409.377 16.504 2.804 7.423 7.251 

1697.382 1424.663 17.232 2.847 7.437 7.262 

1720.534 1440.237 17.998 2.890 7.450 7.273 

1783.326 1455.528 18.774 2.932 7.464 7.283 

* Calculated from Arrhenius relationship 
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