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Thermionic electron emission from low work function doped diamond films can be related to

materials’ properties, which include donor states, surface electron affinity, and substrate-diamond

interface properties. The focus of this study is on how the properties of the substrate material affect

the emission. Two aspects are considered, the substrate electrical resistance and the substrate

Richardson constant, and the effects of tungsten, molybdenum and rhenium substrates are

explored. Low work function diamond films were deposited on the substrates, and the thermionic

emission was measured to �530 �C and described in terms of a fit to the Richardson-Dushman

formalism. The results establish that all surfaces exhibit a similar work function but the Richardson

constant and maximum emission current vary considerably. The rhenium based emitter displayed a

low work function of 1.34 eV, a significant Richardson constant of 53.1 A/cm2 K2, and an emission

current density of �44 mA/cm2 at a temperature of 530 �C. The results indicated that interface

carbide formation could limit the emission presumably because of increased electrical resistance.

For non-carbide forming substrates, an increased substrate Richardson constant corresponded to

enhanced emission from the diamond based emitter. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4766442]

I. INTRODUCTION

Efficient electron sources find applicability in devices

for high power telecommunications, space propulsion, and

direct thermal to electrical energy conversion.1–5 In many

systems, the emitter operating temperature is determined by

the required electron emission current density which is gov-

erned by material parameters for thermionic emission, the

emission barrier or work function, and emission or Richard-

son’s constant. The work function of a material is dependent

on the electronic states at the surface while a range of prop-

erties contribute to the Richardson’s constant which deter-

mines the emission current at a specific temperature.

Conventional materials employed in thermionic emitter

applications, e.g., refractory metals such as tungsten and mo-

lybdenum, are characterized by a high work function of

4.5 eV and 4.1 eV, and high values for Richardson’s constant

of 74 A/cm2 K2 and 55 A/cm2 K2, respectively. These

Richardson’s constants approach the theoretical value of

120 A/cm2 K2. For practical devices, work function lowering

techniques are required to extract suitable emission currents.

This includes application of cesium at the emitter surface

which reduces the work function to values of about 1.3 eV.

However, a significant reduction in the Richardson constant

to �3 A/cm2 K2 has been observed for Cs adsorbed on re-

fractory metal surfaces.6 This lowering in the emission con-

stant was attributed to a temperature coefficient of the work

function greater than that for clean metals, or to a greater

degree of reflection of electrons at the metal surface.7

While thermionic electron emission from metal based

emitters has been well established, ongoing interest in dia-

mond based electron sources can be attributed to two key

material properties: the ability of diamond surfaces to gain

negative electron affinity (NEA) properties, and the ability

of its crystal lattice to accept donor atoms. In our previous

research, doping by phosphorus and nitrogen resulted in low

work function thermionic emitters where we reported a work

function of 0.9 eV for phosphorus doped diamond thin films

prepared on molybdenum.8 However, emission was observed

to be limited by a reduced value of the Richardson’s constant

(10 lA/cm2 K2) which was attributed to increased film resis-

tivity. In a different study, nitrogen doped diamond emitter re-

sistivity was controlled by utilizing a low resistivity nitrogen-

incorporated ultra nanocrystalline diamond (N)UNCD inter-

stitial layer where we measured a low work function of

1.29 eV and a larger Richardson constant of 0.84 A/cm2 K2.8

Recently, Paxton et al. prepared similar nitrogen-incorporated

polycrystalline diamond films on molybdenum substrates for

a thermionic emission study and reported a work function of

2.22 eV and a Richardson’s constant of 5.96 A/cm2 K2.9 This

increased value of Richardson’s constant was attributed in

part to reduced film resistivity and more complete hydrogen

termination providing a higher density of low work function

surface sites for emission. For nanocrystalline diamond films,

Uppireddi et al. have reported a work function of about

3.3 eV which was observed to increase to about 4.4 eV at

900 �C.10 This increase in the work function can be attributed

to a loss of NEA properties at elevated temperatures. Typical

values for the electron affinity of various diamond surfaces

have been reported to be ��1.1 eV.11,12 Results have shown

that vacuum annealing of a nanocrystalline surface at

�1100 �C reverts its NEA to a positive value of about

þ0.2 eV.13 For oxygen terminated surfaces, a positive elec-

tron affinity can be induced with a reported value of 1.7 eV.14

As electron transport occurs across the structure, this

study investigates how the substrate-diamond interface prop-

erties effectuate thermionic emission of the device. We will
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evaluate thermionic emission in terms of substrate resistivity

and Richardson’s constant for three metal substrates: molyb-

denum, tungsten, and rhenium. Distinct values of these

parameters have been reported for the metals and their

carbides which are presented in Table I. The range of values

for the Richardson’s constant was reported for various crys-

tallographic faces of the respective single crystal metal. The

Richardson’s constant for rhenium is close to the theoretical

value of 120 A/cm2 K2. In the absence of literature data and

with the low solubility of carbon in rhenium, the theoretical

value for the emission constant for Re þ C was assumed.

Furthermore, we will establish whether a Schottky-

barrier can be expected at the back contact and whether it

presents a substantial effect to thermionic electron emission.

As diamond deposition occurs at elevated temperatures inter-

face carbide formation will be addressed, and its contribution

to thermionic emission will be described in terms of resistiv-

ity and Richardson’s constant. While tungsten and molybde-

num exhibit interface carbide formation, rhenium, a high

Richardson constant material, does not display carbide for-

mation. Our results will establish whether thermionic elec-

tron emission is more advantageously effected by a change

in resistivity or the value of Richardson’s constant.

II. EXPERIMENTAL

The base substrate materials for diamond deposition

were 1 in. diameter disks of 99.95% purity molybdenum,

tungsten, and molybdenum/rhenium alloy with 47.5% rhe-

nium content. In order to promote diamond nucleation, the

roughness of the metal substrate surface was controlled by a

bead blasting procedure. For pure rhenium surfaces, a mo-

lybdenum substrate surface was sputter etched to remove

any native oxide which was followed by evaporation of

99.99% rhenium with a final film thickness of 5 nm. Prior to

diamond deposition, the metal substrate surface was soni-

cated in a nanodiamond suspension, rinsed with acetone, and

dried with nitrogen gas. This procedure provided nucleation

enhancement for diamond film growth. The emitter structure,

prepared by plasma assisted chemical vapor deposition, was

comprised of a nitrogen incorporated ultra-nanocrystalline

diamond, (N)UNCD, layer and a thin nitrogen-doped dia-

mond top layer. The (N)UNCD layer was synthesized under

addition of 10 sccm argon, 20 sccm methane, and 100 sccm

nitrogen. Microwave power was adjusted to 900 W at a

chamber pressure of 20 Torr and a substrate temperature

of �900 �C. The nitrogen-doped diamond top layer was

prepared by shutting off the argon flow, establishing the

hydrogen flow at 400 sccm and reducing the methane flow to

2 sccm with concurrent increase of microwave power to

1300 W and chamber pressure to 50 Torr. The final diamond

film surface was exposed to a pure hydrogen plasma to

induce negative electron affinity properties.

Thermionic electron emission measurements were con-

ducted in a UHV system with a base pressure <2� 10�10

Torr. The diamond emitter was mounted on a radiatively

heated sample stage, and an optical pyrometer was employed

to control sample temperature. In the measurement configu-

ration, the emitter and collector were separated by a 50 lm

thick BN spacer and a bias of 20 V was applied to collect

emitted electrons. This applied field is not sufficient to cause

field emission. The emitter was held at electrical ground and

an electrical contact was made to the collector in vacuo by a

moveable actuator. Thermionic electron emission was

recorded with a Keithley 2400-LV source-measurement unit.

The electron emission current density, J(T), was

recorded as a function of emitter temperature, and analyzed

with respect to the Richardson–Dushman formalism (1)

allowing extraction of the work function u and Richardson

constant AR by a fitting procedure. The current density J(T)

was fit to the following expression:

JðTÞ ¼ ART2e�
u

kBT; (1)

where

AR ¼ CF � A0; (2)

with a correction factor (CF) which varies with material pa-

rameters and temperature and

A0 ¼
4pmek2

Bke2

h
; (3)

the theoretical value of Richardson’s constant (120 A/cm2

K2) with Boltzmann’s constant, kB, electron mass, me, elec-

tronic charge, e, and Planck’s constant, h.22

III. RESULTS AND DISCUSSION

This study begins with the evaluation of thermionic

electron emission of a doped diamond emitter structure pre-

pared on a molybdenum substrate as presented in Figure 1.

From a data fit to the Richardson formalism, a low work

function of 1.42 eV can be deduced. This reduced emission

TABLE I. Work function u, emission constant AR, and resistivity q for various metals and their carbides used in thermionic emitter applications. Resistivity

values are presented for a temperature of 500 �C.20,21

Material

Work function

u (eV)

Richardson AR

(A/cm2 K2)

Resistivity

q (lX cm) Carbide

Work function

u (eV)

Resistivity

q (X cm)

Richardson AR

(A/cm2 K2)

Molybdenum 4.15 38–39 (Refs. 15 and 16) 17.5 Mo2C 3.7 130 23

Tungsten 4.54 55–104 (Ref. 17) 19 WC 3.6 2 96

Rhenium 4.7 110–320 (Ref. 18) 52 Re þ C 4.1 52 120

Cesium 1.81 162 (Ref. 19)

Cs on W 1.36 3.2

BaO þ SrO 0.95 �10�2
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barrier was attributed in part to decreased band bending at

the surface due to the nano-structured film morphology and

the propagation of states from the (N)UNCD layer into the

top nitrogen doped diamond film. The data fit also indicates

a Richardson constant of 0.69 A/cm2 K2. Suzuki et al.
prepared similar films with nitrogen concentration of

2.7� 1020 cm�3 on silicon and reported a work function of

1.99 eV with a Richardson constant of about 70 A/cm2 K2.23

The same group measured a saturation current of 1.4 mA at

670 �C from a 14 mm� 14 mm substrate. It should be noted

that diamond deposition on silicon results in a 1–10 nm SiC

layer.24 Richardson constants for Si and SiC have been

reported as 112 A/cm2 K2 and 72 A/cm2 K2, respectively.25,26

A comparison with these results and noting the electrical

resistance values in Table I suggests that the interstitial

Mo2C layer in the device structure as well as the resistivity

of the nitrogen-doped diamond layer can limit the value of

the Richardson’s constant. It should be stated that data that

exhibit a higher degree of deviation from the law of

Richardson-Dushman could be described by an alternate set

of work function and Richardson’s constant. In this case, a

higher work function would coincide with a higher value for

Richardson’s constant.

In successive experiments, a similar nitrogen doped dia-

mond structure was synthesized on tungsten and a molybde-

num/rhenium alloy. For tungsten with resistivity of 19 lX
cm at 500 �C, an emission constant of 80 A/cm2 K2 has been

measured. Its carbide resistivity has been reported to be

�2 lX cm at a temperature of 500 �C with a slightly

increased Richardson constant of 96 A/cm2 K2.27 The molyb-

denum/rhenium alloy can be characterized by a resistivity of

40 lX cm at a temperature of 500 �C, significantly higher

than its tungsten-carbide counterpart and the additional bene-

fit of a non carbide forming rhenium phase. Table I details

resistivity and Richardson’s constant for molybdenum

carbide and tungsten carbide. Comparing molybdenum

carbide and tungsten carbide indicates a reduction in resistiv-

ity by a factor of 65 while the value of Richardson’s constant

is increased by a factor of �4.

An emitter structure grown on tungsten versus molybde-

num results in enhanced emission characterized by an

increased value of Richardson’s constant by a factor of �2.

This indicates that the value of the substrate’s Richardson’s

constant presents a more advantageous contribution to

thermionic emission than a decrease in resistivity.

Evaluation of thermionic electron emission from doped

diamond on a molybdenum/rhenium substrate as shown in

Figure 1 presents significant enhancement in the emission

current density, which may be related to an increased value

of Richardson’s constant of the alloy. In a different study,

tungsten/rhenium alloys with varying rhenium concentration

were investigated with respect to thermionic emission prop-

erties. For tungsten samples with 2% and 6% rhenium a

Richardson constant of 110 A/cm2 K2 and 130 A/cm2 K2,

respectively, was measured.28 The same report has attempted

to analyze the value of Richardson’s constant in terms of a

reflection coefficient of the form a�exp(�p2/2mx), where a
and x are constants and p is the component of the normal

momentum outside the surface. It was suggested that with

accurate knowledge of the emitter temperature, a and x
could then be determined, and predictions could be provided

for the value of AR.

During the initial exposure step in diamond film growth,

surface reactions between the substrate and the active gas

species can result in a thin layer of amorphous carbon, metal

carbide, or graphite. The properties of the intermediate layer

is determined by the substrate material and the thickness

affected by carbon interdiffusion. During diamond deposi-

tion, the molybdenum surface will react to form a carbide,

Mo2C, with a reported thickness of 1.5–3 lm.29,30 With a

Richardson constant of AR¼ 23 A/cm2 K2 for Mo2C, a sig-

nificant reduction from the metallic value of 55 A/cm2 K2 is

observed.31 At a temperature of 500 �C, the electrical resis-

tivity of molybdenum has been measured as 17.5 lX cm and

its carbide resistivity is 130 lX cm.

Electron supply from the substrate necessitates examina-

tion of the metal-diamond electrical contact. Utilization of

an n-type nitrogen incorporated UNCD interstitial layer in

the device structure suggests the absence of a Schottky

barrier at the substrate-diamond interface due to the high

nitrogen incorporation and due to the graphitic grain bounda-

ries.32 In fact, it has been reported that metal contacts to n-

type UNCD films are typically ohmic in nature; independent

of the metal work function.33 As the thermionic emission

current is affected by device resistivity, the interface electri-

cal resistance of the emitter layer structure may limit the

emission. Various metal contacts on doped nanocrystalline

diamond have shown an electrical contact resistance in

the range of 10�5–10�7 X cm, about 2 orders of magnitude

smaller than contacts prepared on undoped films. This obser-

vation suggests a negligible contribution to electrical device

resistance from the ohmic contact at the metallic substrate-

diamond interface.

To further investigate the role of rhenium at the

substrate-diamond interface, a pure rhenium layer was evapo-

rated onto a clean molybdenum substrate, and an optimized

doped diamond emitter structure was synthesized on the

rhenium film. This optimization included adjustment of the
FIG. 1. Thermionic electron emission from nitrogen doped diamond struc-

tures prepared on various substrate materials.
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thicknesses of the (N)UNCD and N-doped diamond layers.

Thermionic electron emission was evaluated in vacuum with

respect to the Richardson-Dushman formalism with results

presented in Figure 2.

Similar to previous emitter results (Figure 1), a low

work function of �1.3 eV can be extracted from the data fit.

The enhanced emission current is reflected in the Richard-

son’s constant which increased to a value of 53.1 A/cm2 K2.

This emitter sustained a significant emission current density

of �44 mA/cm2 at a temperature of 530 �C. In contrast to the

other refractory metals used in this report, rhenium exhibits

the highest electrical resistivity of about 52 lX cm at a tem-

perature of 500 �C. This suggests that for increased emission

a higher resistivity of the substrate can be offset by a higher

value of Richardson’s constant.

In a summary comparison, Figure 3 depicts the observed

relation between thermionic electron emission current from a

nitrogen doped diamond film at 500 �C and its metallic sub-

strates resistivity and Richardson’s constant. From the plot

in Figure 3, it can be deduced that thermionic electron emis-

sion from a nitrogen doped diamond film is enhanced by a

substrate material which exhibits a larger Richardson’s con-

stant, i.e., rhenium. The main contribution to the emission

current enhancement is then not determined by the substrate

electrical resistance.

Operation at elevated temperatures requires a stable

substrate-diamond interface and thus necessitates evaluation

of rhenium-carbon interactions. Reports indicate low solu-

bility of carbon in rhenium (less than 1% w/w) with no sig-

nificant carbide formation.34 Furthermore, rhenium contacts

on carbon rich 6H-SiC surfaces have been shown to be sta-

ble at temperatures of 1000 �C with undetectable interface

reaction.35

IV. CONCLUSION

We have prepared a layered structure of nitrogen incor-

porated ultra-nanocrystalline diamond with a nitrogen doped

diamond top layer on various substrate materials for thermi-

onic emission characterization. The focus of this research

was the substrate-diamond interface and its effects on

thermionic electron emission, in particular, on its corre-

sponding value of Richardson’s constant. Refractory metals

like molybdenum and tungsten, typically employed in

thermionic emitter devices, form interface layers, mainly

carbides, due to the carbon rich ambient in diamond growth.

These interstitial layers may limit emission current density

due to increased resistivity and reduced Richardson’s con-

stant. Rhenium interstitial layers, which do not form car-

bides and exhibit low carbon solubility, provide enhanced

thermionic emission from a deposited nitrogen doped dia-

mond emitter, which was attributed to the increased value of

Richardson’s constant for rhenium and its stable interface.

While rhenium exhibits higher resistivity its increased value

of Richardson’s constant offsets the current limiting param-

eter and our results indicate a significant effect on the

Richardson’s constant of the final doped-diamond emitter

structure.

FIG. 2. Thermionic electron emission from an optimized nitrogen doped di-

amond structure deposited on a rhenium thin film.

FIG. 3. Thermionic electron emission

current at 500 �C from nitrogen doped

diamond films prepared on Mo, W, and

Re substrates and the Richardson’s con-

stants and resistivity values.
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