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               Introduction 
 Diamonds, with a wide bandgap of  ∼ 5.4 eV, are electrical 

insulators and exhibit tremendous inertness to radiation as 

well as to chemical corrosion.  1   Diamonds are known for the 

various properties these materials possess, such as extreme 

mechanical hardness, high bulk modulus (low compressibility) 

(1.2 × 10 12  N/m 2 ), high thermal conductivity (2 × 10 3  Wm –1  K –1 ), 

and low thermal expansion coeffi cient at room temperature 

(0.8 × 10 –6  K –1  ) (see the Introductory article in this issue).  2   

Among these, the potential application to cold cathodes and 

fi eld emission cathodes are of special interest. The versatility 

of the chemical vapor deposition (CVD) technique has enabled 

the development of diamond fi lms with tailor-made properties.  3 , 4   

Ultrananocrystalline diamond (UNCD) fi lms are a special cat-

egory of diamond fi lm with a grain size less than  ∼ 10 nm,  5 , 6   

which is versatile for microstructural control and modifi cation 

of physical properties.  7 , 8   

 This article is aimed at illustrating the different methods 

that have been adopted to change the granular structure, the 

doping composition, and the surface properties of diamond 

fi lms, thereby enhancing the electronic properties of diamond 

fi lms for the development of various kinds of electrons sources, 

especially cold electron emission from negative electron 

affi nity (NEA) diamond and fi eld emission/thermionic emis-

sion of electrons from UNCD fi lms.   

 Cold electron emission from NEA diamond fi lms 
 The NEA nature of hydrogen-terminated diamond surfaces 

has been given attention for the realization of robust and high-

effi ciency cold cathodes even though intrinsic diamond fi lms are 

insulating in nature. There are two possible approaches to utilize 

the benefi t of the NEA of the hydrogen-terminated diamond 

surface: (1) through the fabrication of diamond  p–n  junction 

and (2) the secondary electron emission from NEA diamond.  

 Diamond p–n junction NEA cathode 
 From recent studies based on total photoelectron yield spec-

troscopy,  p -type and intrinsic diamond surfaces show good 

electron emission characteristics when they are terminated by 

hydrogen.  9   However, these diamond fi lms do not have con-

ducting electrons to supply for electron emission from their 

surfaces. In the case of  n -type diamond, which also shows 

NEA when its surface is hydrogen terminated, electrons are 

thermally excited to the conduction band from which they are 

expected to easily escape into vacuum. Still, a low electron 

emission yield was observed.  9   In subsequent studies, this was 
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attributed to charge transfer at the surface, which leads to upward 

band bending, thereby suppressing electron emission.  10   A con-

vincing result of successful diamond  p–n  junction fabrication 

was reported in 2001, for the fi rst time forming boron-doped 

and phosphorus-doped CVD diamond layers epitaxially on {111} 

single crystalline diamond substrates. The junctions showed 

clear diode characteristics and ultraviolet light emission at 

235 nm, which proves minority carrier injection for both sides 

of  p - and  n -type diamond layers through the junction inter-

face (i.e., electron injection from the  n -type to the  p -type layer 

[electrons are the minority carrier for  p -type semiconductors] 

and hole injection from the  p -type to the  n -type layer [holes 

are the minority carrier for  n -type semiconductors] through 

the  p-n  junction interface are taking place concurrently).  11   

This was a new opportunity to fabricate effi cient electron 

emitters using electron injection into  p -type diamond. 

 Hydrogen-terminated diamond surfaces naturally show 

NEA in vacuum with very high thermal and chemical stability 

due to the strong covalent bonding of C–H. The surface is 

stable even after exposure to air or heating to over 400°C. 

Based on this, exploratory research was performed with the 

aim of obtaining  p–n  junction cold cathodes fabricated from 

diamond. Initially, the electron effi ciencies of these devices 

were lower than 0.01% due to poor junction fabrication. Most 

problems related to junction fabrication are due to the diffi cul-

ties in obtaining  n -type diamond.  12 , 13   

 After establishing  n -type diamond growth, followed by the 

successful formation of  p–n  junctions, a study of effi cient  p–n  

junction cold cathodes was fi rst reported in Japan in 2006.  14   

Diamond  p–n  junctions were formed on {111} single crystal-

line diamond surfaces because high-quality  n -type diamond 

was only feasible in this orientation. A phosphoru s  doped  n -type 

diamond layer was deposited as a bottom layer for the  p–n  junc-

tion on the {111}-oriented diamond substrate. Growth was per-

formed by microwave plasma CVD. Phosphine (PH 3 ) was used 

as a dopant gas together with methane and hydrogen as source 

gases. The fi lm thickness was 5 µm, with a phosphorus doping 

concentration of 1 × 10 19  cm −3 . On the surface of the  n -type dia-

mond, using diborane as the doping source gas, a boron-doped 

 p -type diamond layer was formed with a thickness and doping 

concentration of 500 nm and 1 × 10 18  cm −3 , respectively. After 

the  p–n  stacking, mesa structures were fabricated by reactive 

ion etching in order to obtain  p–n  junction diodes.  14   

 Electron emission measurements were performed in an 

ultrahigh vacuum (UHV) probe station. The sample was placed 

on the stage of the UHV probe station, which was heated to 

200°C to obtain higher conductivity of the  n -type layer, which 

has a large donor activation energy of 0.57 eV. A collector 

electrode, biased at 100 V, was placed above one of the  p–n  

junction mesas with about 0.1 mm separation. The  p–n  junction 

showed rectifying diode characteristics, and electron emission 

from the  p -type layer of the  p–n  junction was observed in the 

forward bias regime by which the diode turns on. The electron 

emission effi ciency (electron emission current/diode current) 

of the fi rst prepared device was 0.64%.  14   

 By improving the crystalline quality of the semiconduct-

ing diamond layers, the emission effi ciency was increased up 

to 1.4%, as reported in 2009.  15     Figure 1   shows the current-

voltage characteristics of the latter diamond  p–n  junction 

cathode together with the electron emission effi ciency plots. 

It is clear that the electron emission strongly increases with 

forward diode current increase. In the reverse bias regime, 

clear leakage in the diode current is observed, although no 

increase in the electron emission current appears. In subse-

quent work, electron emission current densities of  ∼ 0.23 A/cm 2  

have been obtained with excellent emission current stability.  16   

These results confi rmed that the electron emission is driven 

by electron injection at the  p–n  junction interface. The emis-

sion area and energy of emitted electrons have been carefully 

analyzed using electron emission spectro-microscopy.  17   The 

electron emission image clearly showed the emission coming 

from the  p -type diamond surfaces on top of the mesa struc-

tures. The energy of the emitted electrons was about 4 eV over 

the Fermi level of  p -type diamond ( ∼ 0.37 eV from the valence 

band maximum) with an energy spread of about 1 eV. It was 

considered that electrons, injected from the  n -type layer, drift 

in the conduction band of  p -type diamond and occupy empty 

surface states of the hydrogen-terminated surface. A part of 

those electrons escape to the vacuum when their energy is 

higher than the vacuum level. The emission current, formed 

by these electrons, can be measured with a collector electrode.     

 The application of  p–n  junction cold cathodes as high volt-

age switching devices has been successfully demonstrated.  16   

  Figure 2   shows the concept drawing of a high voltage vacuum 

switch using a diamond  p-i-n  junction cold cathode. In the 

near future, it is expected to obtain effi cient ultrahigh volt-

age switches, which can serve as DC high voltage transmis-

sion systems for electricity, preferably used in offshore wind 

power generation.       

 Secondary electron emission from NEA diamond 
 While effi cient electron emission at NEA diamond surfaces 

has been confi rmed experimentally,  1 , 18 – 20   electrons must be 

present in the conduction band in order to exploit this NEA 

  

 Figure 1.      Electron emission and diode characteristics of a 

diamond  p–n  junction cathode.  15      
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emission capability. One practical approach is to inject elec-

trons into the conduction band using energetic electron or 

photon beams.  21   In such a process, the impacting beam loses 

energy through electron scattering, whereby valence electrons 

are excited into the conduction band. These “secondary” elec-

trons can then diffuse through the conduction band to the NEA 

surface, where they can be emitted into a vacuum (  Figure 3  a).     

 A key feature of such an emission from NEA diamond is 

the narrow energy spread of the emitted electrons (FWHM 

< 0.5 eV).  1 , 22   This results from thermalization during the trans-

port process as the secondary electrons (with an incident energy 

E 0 ) lose energy through phonon scattering. Consequently, the 

electron distribution that reaches the surface is dominated by 

very-low-energy electrons. At surfaces with positive electron 

affi nity, this distribution is blocked by the energy barrier, and 

only the relatively few non-thermalized electrons can be emitted. 

However, at the NEA surface, the entire secondary electron 

distribution can be emitted, resulting in electron beams with 

low energy spread ( Figure 3b ). 

 Additionally, large current amplifi cation can be achieved 

when energetic electron beams impact a NEA diamond fi lm. 

Specifi cally, incident electrons with energy E 0  generate a 

cascade of secondary electrons, with the internal gain being 

approximately equal to E 0 /(2.5 × E g ) (where E g  is the bandgap 

energy).  23 , 24   Consequently, a single impacting electron can pro-

duce  ∼ 73 secondary electrons for each keV incident energy, 

thereby providing a current multiplication mechanism in the 

diamond. Importantly, if a suffi ciently large percentage of sec-

ondary electrons reach the surface, emission currents can be 

obtained that are substantially higher than the incident current. 

In fact, emission gains as high as  ∼ 115 and  ∼ 85 were measured 

at E 0  = 2.9 keV from hydrogenated  p -type single-crystal and 

polycrystalline diamond fi lms, respectively  25 , 26   ( Figure 3c ). 

 In spite of such results, high emission gain cannot be achieved 

at all hydrogenated diamond surfaces. Rather, the emission 

gain depends on the dynamics of the generation, transport, and 

emission processes.  21   Specifi cally, the internal gain increases 

with E 0 , but the penetration depth of the primary beam 

increases as well. Thus, to optimize the transport effi ciency of 

secondary electrons, high crystal quality is important to limit 

scattering and traps at defects and grain boundaries, while suf-

fi cient conductivity and downward band bending are needed 

to promote electron transport to the surface. 

 To optimize the emission probability, a uniform NEA must 

be present across the surface that is stable and robust in a 

practical operating environment. In general, the hydrogenated 

diamond surface meets these criteria, as it is stable in vacuum 

up to  ∼ 800°C, and the NEA property can be restored after 

exposure to air by moderate annealing ( ∼ 400°C) to remove 

surface adsorbates.  27   In fact, the hydrogenated diamond surface 

is exceptionally robust and stable when compared to surface 

coatings (e.g., CsO, BaO) used in state-of-the-art thermionic 

and photocathode materials. However,  in situ  annealing of the 

diamond may not be possible in practical device applications, 

and the hydrogenated surface may also degrade following 

  

 Figure 2.      A schematic drawing of the proposed vacuum switch 

and the electrical characterization circuit is shown. E represents 

the high voltage of the power supply, I A  the anode current 

(or the current of the high voltage line), Z the load, V A  the anode 

voltage, V L  the voltage drop at the load, V G  the control voltage 

of the electron emitter, and I G  the control current of the electron 

emitter. I A  = I G  + I K , and in the on state, V A  = V on , which is the 

on-voltage of this switch. In the off state, V A  = E.  16      

  

 Figure 3.      (a) Schematic energy-band representation of the secondary-electron-emission process in diamond produced by an impacting 

electron beam with energy E 0 . (b) Energy distribution curves measured from the hydrogenated surface of 8- μ m-thick single crystal diamond 

fl ake in refl ection and transmission confi gurations.  22   (c) Secondary emission gain measured from NEA surfaces (cesiated, Cs; hydrogenated, H) 

of single-crystal natural diamond (C(100), C(111)) and polycrystalline (CVD) diamond fi lms.  25      
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sustained high-energy particle impact (e.g., electrons, photons, 

ions).  26 , 28 , 29   Strategies are needed to overcome these challeng-

es, and research efforts are exploring possible approaches. For 

example, a robust, air-stable NEA surface has recently been 

demonstrated on lithium-covered oxygen-terminated diamond 

that exhibits the same high emission effi ciency as the hydro-

genated surface.  30   

 Additionally, a transmission approach has been demon-

strated that uses back-side electron beam impact to avoid 

damage at the NEA emitting surface.  22 , 31   Due to the long-

er transport through the fi lm, a fully thermalized electron 

distribution reaches the surface with very low energy spread 

( ∼ 0.3 eV) ( Figure 3b ).  22   However, effi cient transport becomes 

especially critical in order to achieve high emission gain. 

Therefore, it is necessary to use very thin fi lms (e.g., microns 

thick) of high-purity single-crystal diamond, along with 

an internal fi eld to accelerate the electrons to the surface. 

While challenging, the successful development of a high-gain 

transmission-mode secondary emitter would permit the current 

amplifi cation of existing electron sources and thereby provide 

previously unattainable emission performance. 

 Exciting opportunities exist to exploit the current amplifi -

cation capabilities of NEA diamond, as well as the low energy 

spread of the emitted electrons, in a wide range of device 

applications, including cathodes for vacuum electronics, elec-

tron beam lithography, electron multiplier technology, and 

high-resolution imaging and spectroscopy.    

 Electron fi eld emission from UNCD fi lms  
 High conductivity UNCD fi lms 
 UNCD fi lms possess a very interesting granular structure that 

can be easily altered. In fact, most of the approaches for 

improving the conductivity of UNCD fi lms via “doping” end 

up with modifi cation of the granular structure of the fi lms. 

One typical example is the enhancement of the electron fi eld 

emission (EFE) properties of UNCD fi lms via the ion implan-

tation process. It has been demonstrated that P-, O-, N-, and 

Cu-ion implantation  32 – 36   as well as Au-ion irradiation  37 – 39   

improved the EFE properties of UNCD fi lms. The conductivity 

of the UNCD fi lms increased with dose for Au-ion implanta-

tion, achieving a value as high as  σ  = 185 S/cm when 1 × 10 17  

ions cm 2  of Au-ions were implanted into the UCND fi lms; the 

enhanced EFE properties were preserved even after anneal-

ing.  38 , 39   The EFE process of such fi lms can be turned on at 

4.88 V/ μ m with an EFE current density of J e  = 6.52 mA/cm 2  

at an applied fi eld of 8.0 V/ μ m. TEM examination revealed 

that the Au ions formed clusters in the UNCD fi lms that 

induced the formation of a nanographite phase surrounding 

the clusters. 

 Gruen et al.  40 , 41   demonstrated that using CH 4 /N 2  plasma 

instead of CH 4 /Ar plasma yields needle-like diamond grains. 

It was also observed that UNCD fi lms grown at 700°C 

(designated as N-UNCD) showed very good conductivity 

( σ  = 200 S/cm) and superb EFE properties of E 0  = 6.13 V/ μ m 

and an EFE current density of J e  = 3.36 mA/cm 2  at 8.8 V/ μ m.  42   

TEM examination revealed that they contain needle-like dia-

mond grains encased in a few layers of graphite. On the other 

hand, diamond fi lms with a hybrid granular structure were 

developed using a unique two-step microwave plasma-enhanced 

(MPE)-CVD process in which a layer of UNCD fi lm was fi rst 

grown in CH 4 /Ar plasma to serve as a nucleation layer for 

subsequent deposition of a nano-diamond fi lm using CH 4 /

(50%Ar-50%H 2 ) plasma.  43 , 44   The second MPE-CVD process 

resulted in the formation of large diamond aggregates evenly 

distributed in the matrix of ultra-small grains (i.e., a hybrid 

granular-structured diamond [HiD]). The HiD fi lms showed 

even better EFE properties than the UNCD fi lms (i.e., lower 

turn-on fi eld of (E 0 ) HiD  = 6.6 V/ μ m and a higher EFE current 

density of (J e ) HiD  = 1.0 mA/cm 2  at 30 V/ μ m applied fi eld).  43   

N-ion implantation/annealing of the HiD fi lms further improved 

the EFE properties of these fi lms.  45   

 These observations demonstrated that UNCD fi lms are 

versatile in terms of modifi cation of their granular structure. 

All of the ion-implantation, N 2 -plasma MPE-CVD, and two-step 

MPE-CVD processes thus can modify the granular structure 

of the UNCD fi lms, rendering them more conductive. The key 

to enhancing the conductivity of the fi lms is the induction of a 

nanographitic phase encasing the diamond grains.   

 Diamond nanostructures as electron fi eld emitters 
 To further enhance the EFE behavior, two approaches have 

been adopted to fabricate electron fi eld emitters with a high 

aspect ratio: (1) the use of nanoscale tips as templates for 

growing high conductivity UNCD fi lms and (2) directly fabri-

cating diamond nanowires (DNWs) via a reactive ion etching 

(RIE) process. Si-nanowires (SiNWs) are good candidates for 

this application. The UNCD fi lms can be grown on SiNWs 

with full coverage, exhibiting good EFE properties (i.e., with 

a low turn-on fi eld of E 0  = 4.4 V/ μ m and a large EFE capacity 

of J 2  = 13.9 mA/cm 2  at an applied fi eld of E a  = 12.0 V/ μ m).  46 , 47   

The alternative is to fabricate Si-pyramids (Si pyramid,  4  μ m in 

size and 3.5  μ m in height with a pyramid separation of 10  μ m) 

using an RIE process  48   that are less sharp but are widely 

separated. Superior EFE behavior was observed. The evident 

feature of the HiD/Si-pyramid emitters is that the template 

fabrication process is robust since standard photolithographic 

and RIE processes are the only techniques required for mak-

ing these nanostructures. 

 In some applications, such as microplasma devices, the 

cathode materials are subjected to continuous ion bombard-

ment. To fabricate electron fi eld emitters, which combine good 

EFE properties with high resistance to Ar-ion bombardment in 

a microplasma, high conductivity N-UNCD fi lms were directly 

reactive ion etched using Au nanodots as masking materials,  49   

resulting in high conductivity diamond nanowires (N-DNWs) 

with  σ  = 275 S/cm (  Figure 4  a). The N-DNWs exhibit high 

EFE properties with a turn-on fi eld of (E 0 ) N-DNWs  = 2.04 V/ μ m 

and a large EFE current density of (J e ) N-DNWs  = 4.84 mA/cm 2  

at an applied fi eld of E a  = 3.2 V/ μ m ( Figure 4b ). These 

N-DNWs emitters also show good stability against the plasma 
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bombardment when used as a cathode material in a micro-

plasma device (inset,  Figure 4c ).     

 The other approach of developing the electron emitter 

is to utilize the advantage of  sp  2 - and  sp  3 -bonded carbons 

that was demonstrated in the NCD-coated carbon nanotubes 

(CNTs).  50   Coating a thin layer of NCD fi lm on CNTs mark-

edly improved the stability of CNT emitters, although it 

slightly degraded the EFE properties. Such a composite 

material utilized both the advantage of the high conductivity/

large aspect ratio of CNTs and the negative electron affi nity/

high hardness of the diamond fi lm, resulting in emitters that 

possess very good EFE properties with high stability against 

plasma bombardment. The NCD-coated CNTs possess a 

low turn-on fi eld (E 0 ) of 2.19 V/ μ m and an emission current 

density (J e ) of 2.33 mA/cm 2  at an applied fi eld of 4.76 V/ μ m. 

There was no noticeable current degradation or fl uctuation 

over a period of 250 min at an applied voltage of 900 V, 

whereas the bare CNT emitters lasted only 33 min at an 

applied voltage of 360 V.  50   

 Flexible electronics possess great potential for applications 

and are of large current interest. The high EFE emitters described 

previously are all based on Si substrates and are very rigid. 

For the purpose of fabricating fl exible EFE emitters, a trans-

fer process was adopted in one study, as shown schematically 

in   Figure 5  a.  51   The fl exible EFE emitters are comprised of 

pyramidal N-UNCD tips on a polynorbornene-based polymer, 

shown in the photograph in  Figure 5a . This EFE emitter 

exhibited good EFE properties; it can be turned on at (E 0 ) fl exible  = 

2.2 V/ μ m, achieving a high EFE current density of (J e ) fl exible  = 

5.10 mA/cm 2  at an applied fi eld of E a  = 6.0 V/ μ m ( Figure 5b ). 

These EFE emitters show high brightness on a fl exible 

phosphor screen, which was separated from the emitters by 

a fl exible PTFE spacer ( ∼ 1 mm) (inset,  Figure 5b ). Moreover, 

the EFE current density can last more than 144 min without 

showing any sign of degradation. Such EFE behavior is 

superior to those of fl exible electron fi eld emitters previously 

reported (  Table I  ).  51 – 55              

 Thermionic electron emitters 
 Conventional thermionic electron sources utilized in telecom-

munications, space propulsion, and energy conversion operate at 

temperatures in excess of 1000°C requiring extensive power 

management and systems design. For the direct transforma-

tion of heat into electricity a reduction in operation tempera-

ture would allow a more widespread deployment. Thermionic 

electron emission can be described by the Richardson-Dushman 

formalism (1) where the electron emission current density J(T) 

is given by:

  ( ) T2
RJ T A T e

ϕ−
= Bk  (1) 

   where 

  
2 2

R ,
4

A
π

= e Bk em

h
 (2) 

   using Boltzmann’s constant,  k  B , electron mass,  m   e  , electronic 

charge,  e , work function,  φ , and Planck’s constant,  h , resulting 

in a theoretical value for the Richardson constant (A R ) of 

120 A/cm 2  K 2 . 

 An emitter device can be realized by deposition of a thin 

doped diamond fi lm on top of a nitrogen incorporated UNCD 

[(N)UNCD] layer where defect states can propagate through 

the structure. The observed low work function of these fi lms 

suggested an origin in the mid-bandgap states due to struc-

tural defects in the nanometer-size grain boundaries.  56   The 

low work function observed for diamond emitters can, in part, 

be attributed to the hydrogen termination as it provides the 

negative electron affi nity surface characteristics that eliminate 

a surface barrier for electron emission. The use of NEA diamond 

in a thermionic electron source necessitates examination of its 

temperature stability. Paxton et al .   57   characterized a nitrogen-

incorporated diamond fi lm (work function of  ∼ 2.2 eV) pre-

pared on a molybdenum substrate, where hydrogen desorption 

was observed at around 700–800°C. The hydrogen coverage 

was related to the emission current density and value of the 

  

 Figure 4.      Scanning electron microscope micrograph of ultrananocrystalline diamond (UNCD) nanorods after (a) and before (b) the reactive 

ion etching process; (c) the electron fi eld emission properties of reactive ion etched UNCD nanorods, with the TEM microstructure and a 

selected area electron diffraction image of the UNCD fi lms shown as an inset. (d) The lifetime test for a microplasma device, in which the 

UNCD nanorod was used as a cathode (the inset shows the typical plasma illumination images of the device).  49      
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Richardson constant while no signifi cant effect on the work 

function was observed. 

 Suitable metallic substrate materials for thermionic elec-

tron emission include refractory metals such as tungsten and 

molybdenum as they form low resistivity carbides during 

high-temperature diamond deposition and establish a stable 

interface for the emitter. A typical thermionic emitter com-

prised of a metallic substrate, a (N)UNCD interfacial layer, 

and a nitrogen-doped diamond top layer was characterized by 

a low work function <1.4 eV, where electron emission com-

menced at temperatures <250°C.  58   Diamond thin-fi lm emitters 

deposited on various substrate materials exhibited a low work 

function, and the thermionic emission was described in terms of 

the Richardson-Dushman formalism, as shown in   Figure 6  a. 

The rhenium substrate-based emitter displayed a low work 

function of 1.34 eV; a signifi cant Richardson constant of 

53.1 A/cm 2  K 2 ; and sustained an emission current density of 

 ∼ 44 mA/cm 2  at a temperature of 530°C. The results indicated 

that interface carbide formation could limit emission presumably 

because of increased resistance, while a non-carbide-forming 

substrate with an increased Richardson constant effectuated 

signifi cant emission enhancement.  59       

 Various doping levels available in diamond suggest their 

application in thermionic emitters with diminished work func-

tion. Suzuki et al.  60   measured a nitrogen-incorporated nano-

crystalline diamond fi lm prepared on silicon, and a work 

function of 1.99 eV was extracted from a fi t to the Richardson 

equation. The higher work function in this report was attributed 

to strong upward band bending ( ∼ 1.6 eV).  61   However, this 

value was obtained from a study on single crystal diamond 

surfaces. Kataoka et al. investigated thermionic electron emis-

sion from nitrogen-doped diamond fi lms prepared on high-

pressure high-temperature (HPHT) Type-Ib diamond plates 

with (001)-oriented surfaces, wherein the thermionic emis-

sion spectra yielded a photoelectric work function of 2.4 eV.  62   

This fi lm sustained an emission current density of about 

1.2 mA/cm 2  at 740°C. For boron-doped nanocrystalline dia-

mond fi lms with hydrogen termination, a work function of 

3.95 eV was reported.  63   Measurements of sulfur-doped nano-

crystalline diamond yielded a work function of 2.5 eV and 

a value for the Richardson constant of about 40 A/cm 2  K 2 .  64   

With phosphorus as the shallow donor, one of the lowest 

thermionic work functions of 0.9 eV was reported for fi lms 

prepared on molybdenum substrates.  65   Enhancement of the 

thermionic electron current can be realized by ionization of 

gaseous species at low work function diamond surfaces.  66 , 67   

The Saha-Langmuir formalism describes this process.  68   In 

the ionization process, an electron is transferred to an unoc-

cupied molecular orbital, establishing a negative ion state 

with lifetime  τ . 

 Ionization of a gaseous particle occurs when it approaches 

the diamond surface where the vacuum level of the particle 

and the diamond surface vacuum level become aligned. If 

energetically suitable states are present in the diamond, an 

electron will tunnel to the affi nity level of the particle estab-

lishing a negative ion. This phenomenon was employed in 

particle detectors utilizing diamond-like carbon surfaces.  69   

Direct conversion of heat into electricity can be achieved by 

a process termed thermionic energy conversion, where a tem-

perature gradient is established across a vacuum gap separat-

ing a thermionic electron emitter from a collector electrode.  70   

The effi ciency of such a device can exceed 30% but cannot 

surpass 90% of the Carnot cycle effi ciency.  71   Initial thermionic 

energy conversion measurements from a nitrogen-doped dia-

mond emitter demonstrated a self-generated thermo-voltage 

of 0.23 V at  ∼ 750°C.  72   In a similar measurement, a low work 

function (N)UNCD-based emitter was separated from a similar 

collector by a 50  μ m vacuum gap. At an emitter temperature 

of 500°C, an electrical potential difference of about 0.5 V 

  

 Figure 5.      (a) The process for fabrication of fl exible diamond 

electron fi eld emitters: (i) chemical etching of Si to form 

inverted cavities, (ii) growth of ultrananocrystalline diamond 

(UNCD) fi lms on the Si containing the inverted cavities, 

(iii) coating of a thin Au layer, (iv) coating of a 10-mm-thick 

polynorbornene-based polymer (PNB) fi lm, (v) etching of the 

Si materials, resulting in the UNCD pyramids on PNB, and 

(vi) a micrograph showing the fl exible diamond electron fi eld 

emitters. (b) The electron fi eld emission properties of the fl exible 

diamond electron fi eld emitters, using 2, 4, 6, and 8  μ m UNCD 

pyramids as emitting materials. The inset in (b) shows the typical 

fi eld emission image for the devices using phosphor-coated 

polymer as the anode.  51      
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was measured across the gap, and the power dissipated in a 

variable ohmic load indicated direct conversion of heat into 

electricity.  73   A different approach utilized fi eld emission at 

elevated temperatures from nitrogen-doped CVD diamond with 

a work function of  ∼ 1.2 eV. Enhanced emission of thermally 

excited electrons was suggested for power generation at high 

temperatures.  74 , 75   Paxton et al. observed a low work function 

of 1.39 eV from nitrogen-incorporated “ridged” nanodiamond 

fi lms synthesized on highly doped  n -type silicon where an 

emission current of  ∼ 0.5 µA at 900°C was measured, suggest-

ing its application for thermal energy conversion.  76   

 The power output of a thermionic energy converter 

( Figure 6b ) can be enhanced by increasing the charge released 

from the emitter (i.e., adding to the thermionic current an ionic 

component generated by surface ionization phenomena at the 

emitter). Performance enhancement can, in part, be attributed 

to a reduction in space charge effects. Results from a UNCD-

based thermionic energy converter in vacuum and methane 

(electron affi nity level of 0.083 eV) ambient indicated gen-

eration of a negative ion current across the gap, resulting in 

increased power output with a concurrent shift of maximum 

power output to lower load resistance.  72 , 73   Nitrogen-doped 

diamond fi lms with a work function of  ∼ 2 eV enabled charge 

transfer to atomic hydrogen (electron affi nity level of 0.75 eV). 

It should be noted that the resonant tunneling process benefi ts 

from a widening of the affi nity level as the atomic species 

approaches the surface. The increase in the device current and 

thus output power was attributed to the charge the negative 

hydrogen ions transferred across the gap (see  Figure 6c ).  77     

 Summary 
 Electron sources are found in a variety of devices ranging from 

traveling wave tubes for telecommunications, cathodes for 

free electron lasers, thrusters for space propulsion, and direct 

heat to electricity power converters. New interest in high data 

rate communications in the THz regime presents an opportunity 

for diamond electron sources. Similarly, effi cient electrical 

energy generation could be feasible through diamond-based 

thermionic electron emitters. The status of the development 

 Table I.      Comparison of electron fi eld emission properties of fl exible C-UNCD pyramidal microtips with various fl exible 
fi eld-emitting materials.  

Flexible fi eld-emitting materials   E  0   
a    (V/ μ m) J e   

b   (mA/cm 2 )   β    c    τ    d    

Carbon nanofi bers  52    3.2 (1.0  μ A/cm 2 ) 1.0 @ 3.3 V/ μ m 2500 16 h (7.18 x 10 −5  A/cm 2 ) 

Metallic nanowire-graphene hybrid 
nanostructures  53   

1.85 (1.0  μ A/cm 2 ) 2.0 @ 5.0 V/ μ m 3533 50 sec (10 −4  A) 

Carbon nanoparticles on carbon fabric  54   1.33 (10  μ A/cm 2 ) 108.0 @ 7.3 V/ μ m 4200 120 min (10 mA/cm 2 ) 

Large-area graphene on polymer fi lms  55   1.75 (0.5  μ A) 60.0  μ A @ 1.7 V/ μ m 1000 180 min (7.5  μ A) 

Flexible C-UNCD pyramidal microtips  51   1.80 (1.0  μ A/cm 2 ) 5.8 @ 4.20 V/ μ m 4580 210 min (0.2 mA/cm 2 )  

     a   E 0 : the turn-on fi eld defi ned as the applied fi eld corresponding to the J e -value indicated in the parenthesis.  
   b   J e : the EFE current density corresponding to the applied fi eld specifi ed.  
   c    β : the fi eld enhancement factor estimated from Fowler-Nordheim model (equation 2).  
   d    τ : the life-time stability measurement under the current density indicated in the parenthesis.    

  

 Figure 6.      (a) Thermionic electron emission from nitrogen-

doped diamond structures prepared on various substrate 

materials.  59   (b) Schematic of a thermionic energy converter 

comprised of a thermionic emitter and collector separated 

by a vacuum gap, and (c) output power of a thermionic 

converter at various temperatures in vacuum and with 

atomic hydrogen in the inter-electrode gap resulting in 

signifi cant and stable power output at an elevated 

temperature.  77      
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of various kinds of electron sources, including cold electron 

emission from NEA diamond and fi eld emission/thermionic 

emission of electrons from UNCD fi lms, has been reviewed. 

In  p–n  junction NEA cathodes, electrons are injected from 

 n -type diamond to the conduction band of  p -type diamond, 

giving rise to electron emission with effi ciencies exceeding 

1%. Alternatively, impacting electron beams are used to pro-

duce secondary electron emission from NEA diamond, with 

emission gains of more than 100 being demonstrated. By 

exploiting the NEA surface properties, exciting opportunities 

exist to further advance the development of novel diamond 

cold cathode technology for a wide range of commercial 

applications, including high voltage switching devices, high-

power amplifi ers, linear accelerators, and x-ray sources. 

 Concerning the electron fi eld emission of UNCD fi lms, 

the N-UNCD and HiD fi lms show the best EFE properties. In 

both fi lms, the formation of a nanographitic phase is presumed 

to be the prime factor that enhanced the EFE properties of 

the materials. Two approaches have been demonstrated to be 

effective in enhancing the EFE behavior of the electron fi eld 

emitters: (1) utilization of nano-tips as templates for grow-

ing high conductivity UNCD fi lms and (2) direct fabrication 

of diamond nanostructures via the RIE process. Thermionic 

electron sources based on diamond utilize NEA surface char-

acteristics and the ability of the lattice to accept impurities 

to engineer a low work function emitter. Utilizing rhenium 

as a non-carbide-forming substrate and highly conducting 

nitrogen-incorporated UNCD fi lms in the emitter structure real-

ized an effi cient thermionic electron source that established an 

emission current of  ∼ 44 mA/cm 2  at a temperature of 530°C. 

Thermionic energy conversion in such a diluted gaseous 

ambient signifi cantly enhances power output.     
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