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To clarify the origin of the superior field emission characteristics of carbon-coated emitters, the

authors investigated the field enhancement and the work function of model systems calculated by

numerical simulations. They propose that the field enhancement is due to the triple junctions, which

are distributed on the surface of the carbon film consisting of sp3 (diamond-like) insulating and sp2

(graphite-like) conducting nanometer-sized grains. The electric field around the triple junction is

one order of magnitude higher than at other places. Based on ab initio density functional theory

calculations, the authors found that (1) the work functions of diamond and graphite dramatically

decrease down to 3–3.6 eV upon hydrogen termination, and (2) the effective work functions of

these models decrease to 2–2.5 eV by applying an external electric field of 2.57� 107 V/cm. They

also estimated the field emission current from the potential distribution and the local density of

states under the external electric field applied. As a result, the authors found that hydrogen termina-

tion significantly increases the field emission current. The results suggest that the triple junction

and hydrogen termination are promising candidates as the mechanism of improving the emission of

the carbon-coated emitters. VC 2014 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4903229]

I. INTRODUCTION

For future vacuum nanoelectronics devices including

ultrafast electron sources, compact x-ray sources, lamps, dis-

plays, RF-amplifiers, analytical instrument, and high-current

density field emitters are required. It has been reported that

Fowler–Nordheim analysis of field emission from specific

carbon-related materials yields very low effective work

functions, even though the materials lack high aspect ratios

in their geometrical structures.1,2

We have reported that lithographically fabricated Si

FEAs as well as single Si emitters whose tips are coated with

an arc-prepared carbon film yield superior field emission

features as shown in Fig. 1.3,4 Although the tip radius

becomes blunt (from 5 to 20 nm) upon coating with the car-

bon film, where geometrical field enhancement should be

degraded, the field emission current increases and the slope

of the Fowler–Nordheim plot of field emission features

becomes reduced upon coating with carbon film.3,4 Here, the

effective work function is estimated to be 1.7–2.0 eV by

using “MAGIC” code.5

Chung et al. theoretically investigated the field enhance-

ment due to the dielectric around a simple triple junction

consisting of metal, dielectric, and vacuum.6 They obtained

the electric potential near the junction as a function of geom-

etry, dielectric constant of the two-dimensional model. And

they found that the key factor to determine the field enhance-

ment is the ratio of the angles subtended by the dielectric

and vacuum portions. However, their model is a cylindrical

triple junction of metal-dielectric-vacuum model only, and

their equation cannot calculate the special distribution of

electric field.

Wang et al. calculated the work functions of H, OH, O,

and NH-terminated graphene by an ab initio Density

Functional Theory (DFT) simulation. And they found that

the zigzag edge terminated with amine groups has the lowest

local work function (2.0 eV).7 However, their work did not

provide the work function under an applied external electric

field, let alone estimate the field emission current.

FIG. 1. (Color online) FN plots of C-coated and bare Si emitters obtained

from the single emitters. The circles and triangles indicate the carbon coated

and bare Si emitters, respectively. The 2 lm thick silicon oxide layer is used

as a spacer (Ref. 3).a)Electronic mail: toshihigu@r7.dion.ne.jp
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Motivated from the above considerations, in this paper,

we investigated the field enhancement near the triple junc-

tion point, and work functions on the basis of finite element

and ab initio DFT simulations. And we also calculated the

emission current distribution by using the model developed

by Khazaei.8

II. FIELD ENHANCEMENT AT A TRIPLE JUNCTION

The scanning tunneling microscopy (STM) and the local

tunneling barrier height (LBH) images obtained from the car-

bon films show the surface consisting of nanometer-scale

grains, with no nanoprotrusions having higher aspect ratios

that could largely enhance the electric field, as shown in

Fig. 2, and the field emission image (FE) obtained shows

higher field emission current near the rim of each grain as

shown in Fig. 3.3,4 These facts suggest that the field enhance-

ment is due to the triple junctions, which are distributed on

the surface of the carbon film consisting of sp3 (diamond-like)

insulating and sp2 (graphite-like) conducting nanometer-sized

grains as shown in Fig. 4. Therefore, we considered the

dielectric sphere on metal as a simplified model and calcu-

lated the electric field. The radii of dielectric spheres are 0.5,

1.0, and 2.0 nm. The length between the edge of a dielectric

sphere and an anode was 5 nm, and the external voltage of

5 V was applied as shown in Fig. 5 (right). Thus, the electric

field in the region of the parallel plate is 1� 107 V/cm.

We have adapted the Poisson Superfish code to calculate

the electric field near the triple junction. This code includes

a program for calculating static magnetic and electric fields

in either two-dimensional Cartesian coordinates or axially

symmetric cylindrical coordinates, which was developed by

the Los Alamos National Laboratory.9 The calculated elec-

tric field near the triple junction is one order of magnitude

higher than at other places as shown in Fig. 5 (left).

Although the relative permittivity (er) of the dielectric sphere

of the above calculation is 10 (DLC), similar results were

obtained in both er¼ 20 and er¼ 5 (diamond).

FIG. 2. (a) Constant current STM and (b) LBH images simultaneously obtained from the arc-prepared carbon film (40� 40 nm2, Vs¼�1 V, and IT¼ 1 nA)

(Refs. 3 and 4).

FIG. 3. (Color online) Constant current STM and FE images simultaneously obtained from the arc-prepared carbon film (15� 15 nm2, Vs(STM)¼�3.7 V,

IT¼ 1 nA, Vs(FE)¼�5.5 V) (Refs. 3 and 4).
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Many electrons emitted on the cathode surface near the

triple junction can penetrate through the nanometer sized in-

sulator, because electron inelastic mean free paths in solid10

are (1) 6 nm at 5 eV and (2) more than 100 nm at 1 eV. Thus,

the triple junction model is consistent with the observed FE

image obtained from STM and it is a promising candidate as

the emission improvement mechanism of the carbon-coated

emitters.

III. AB INITIO DFT CALCULATION

The work functions, and the field emission current as well

as emission patterns of carbon-related materials under

applied external fields were calculated by using Quantum-

ESPRESSO (QE), developed by the DEMOCRITOS

National Simulation Center in Trieste, Italy.11 This program

is an integrated suite of computer codes for electronic-

structure calculations and the nanoscale modeling of materi-

als. It is based on density-functional theory, plane waves,

and pseudopotentials.

Calculations were made for clean and hydrogen-

terminated (H-terminated) diamond and graphite as shown

in Fig. 6. Electrons emit from diamond (001)–(1� 1) and

graphite zigzag edge, respectively. The diamond and graph-

ite had film thicknesses of 1.075 nm and 1.579 nm, respec-

tively. These thicknesses are nearly the same as the grain

size of the carbon films enhancing field emission as shown

in Fig. 2. The H-terminated diamond and H-terminated

graphite had C-H bond lengths of 0.110 and 0.101 nm,

respectively. These bond lengths were obtained from

O’Donnell’s and Miyamoto’s reports.12,13 It is well known

that the equilibrium atomic positions on a crystal surface are

generally different from those on an ideal bulk-terminated

surface. Here, a structural relaxation was taken into account.

The cutoffs were 40 Ry for the wave functions and 480 Ry

for the charge density, and a k mesh (10� 10� 1) was used.

We calculated electronic properties under an external

electric field applied. The form of external electric field is a

saw-tooth like.

Figure 7 shows the calculated work functions where (1)

the work functions (without external electric field) of dia-

mond and graphite dramatically decrease to 3–3.6 eV upon

hydrogen termination and (2) the effective work functions of

the H-terminated models decrease to 2–2.5 eV by applying

an external electric field of 2.57� 107 V/cm.

Next, we calculated the field emission current using the

model developed by Khazaei based on the Penn–Plummer

model.8,14 Equation (1) is the Khazaei’s equation. Here, we

give an outline of this equation. The details are described in

his paper8

ji eð Þ ¼ 2e�h

me
� f eð Þ � Si � k�2

i eð Þ � D2
i eð Þ � gi e; xl;ið Þ; (1)

jiðeÞ is the field emission current along the grid line i. In ab
initio calculations, the supercell is generally discretized by

introducing a fine grid. Thus, the total current jðeÞ is

FIG. 6. (Color online) Calculated models for (a) clean graphite (zigzag

edge); (b) H-terminated graphite (zigzag edge); (c) clean diamond (001)-

(1� 1); and (d) H-terminated diamond (001)-(1� 1).

FIG. 7. (Color online) Effective work functions vs external electric field for

diamond and graphite as calculated by Quantum-ESPRESSO.

FIG. 4. (Color online) Triple junction model. Nanometer-sized sp3 insulator

clusters embedded on and in the surrounding sp2 matrix.

FIG. 5. (Color online) Calculated triple junction model (right) and calculated

electric field near the triple junction (left) as calculated by Poisson

Superfish. Strong electric field enhanced near the triple junction of the

dielectric sphere (er¼ 10) on metal. The diamonds, squares, and triangles

indicate the radius of dielectric sphere, r¼ 0.5, 1, 2 nm, respectively.
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calculated to be the sum of the currents along the grid line i;
jðeÞ ¼

P
i jiðeÞ. In Eq. (1), me is the electron effective mass,

�h is the reduced Plank constant, and e is the electronic state

with energy. f ðeÞ is the Fermi-Dirac distribution, and Si is

the area of the surface element i. kiðeÞ is a slowly varying

function of energy resulting from the asymptotic matching

of the wave function of emitting state at the left turning point

xl;i with WKB wave function inside the barrier. The left and

right turning points, xl;i and xr;i, along the grid line i are

determined as the points where the energy of the emitting

state becomes equal with the potential barrier energy uiðxÞ,
with x being the coordinate along the emission direction.

D2
i ðeÞ indicates the probability of electron tunneling through

the nanostructure-vacuum barrier uiðxÞ, and giðe; xl;iÞ is the

local density of states (LDOS) at the left turning point. kiðeÞ
is given by

ki eð Þ ¼ p=3ð Þ
1
2 � ci=3ð Þ�

1
3 C

2

3

� �
cos p=6ð Þ

� ��1

; (2)

where ci is obtained by fitting the effective potential
2 me

�h2 ui xð Þ � e
� �

to c2
i ðx� xl;iÞ at the left turning point, and C

is the gamma function. The tunneling probability D2
i ðeÞ is

expressed as

D2
i eð Þ ¼ exp �2

ffiffiffiffiffiffiffiffiffi
2 me

�h2

r ðxr;i

xl;i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ui xð Þ � e

p
dx

" #
: (3)

Within above approach, the necessary data for calculating

emission currents jiðeÞ, the LDOS giðe; xl;iÞ, the tunneling

probability D2
i ðeÞ, and the slowly varying function of energy

kiðeÞ are calculated by using the output data of the QE.

In the actual calculation, we use these values: (1)

2 e �h=me ¼ 2:3153� 10�4 C eV s = kg (me is the electron

effective mass, but we assumed it to be the rest mass here.).

(2) f ðeÞ¼ 0.5 (as temperature is 0 K). (3) Si is a grid mesh

size (in Å2) of the face perpendicular to the emission

direction. (4) ci is obtained by fitting the potential distribu-

tion at Fermi-energy (in eV) of the left turning point. The

potential distribution is the output data of the QE calculation.

(5) In this calculation, we defined e¼Fermi energy. uiðxÞ, in

eV, is obtained by using the potential distribution, which is

the output of the QE calculation. (6) gðe; xl;iÞ, in eV�1 Å23 is

obtained by the output data of QE: local density of states at

the Fermi energy.

Figures 8 and 9 show the calculated distributions of the

probability of electron tunneling through a nanostructure-

vacuum barrier, k�2
i ðeÞ, the LDOS, and field emission.

Figure 8 is for the case of the clean diamond

(001)–(1� 1). From this figure, we found that (1) current

density is the highest on the top of the carbon atom and (2)

the patterns of the probability, k�2
i ðeÞ, and LDOS are

corresponding to emission pattern. Figure 9 is the case of

H-terminated diamond (001)–(1� 1). From this figure, we

found that (1) more electrons are released from the in-

between position of hydrogen atoms and (2) the patterns

of the probability does not correspond to LDOS and to

emission pattern.

Although the calculations described above were the case

of the clean diamond and H-terminated diamond, similar

results were obtained from the case of the clean graphite and

H-terminated graphite, i.e., more electrons are released from

the in-between position of hydrogen atoms in the cases of

H-terminated graphite, although the current density of the

clean graphite is most high on the top of the carbon atom.

Table I lists the effective work functions and total field

emission current jðeÞ ¼
P

i jiðeÞ at applied external electric

field of 2.57� 107 V/cm. From this table, we found that

hydrogen termination significantly increases the emission

current: by fourteen orders of magnitude for diamond (001)

and by seven for graphite.

From above results, we conclude that hydrogen termina-

tion dramatically decreases the work functions and increases

the field emission current.

FIG. 8. (Color online) Calculated patterns of the probability of electron tun-

neling through a nanostructure-vacuum barrier, k�2
i ðeÞ, the LDOS, and field

emission of the clean diamond (001)-(1� 1). Inset shows the top view of an

atomic structure model. The inside of the red frame of inset corresponds to

the frame of calculated figures.

FIG. 9. (Color online) Calculated patterns of the probability of electron tun-

neling through a nanostructure-vacuum barrier, k�2
i ðeÞ, the LDOS, and field

emission of the H-terminated diamond (001)-(1� 1). Inset shows the top

view of an atomic structure model. The inside of the red frame of inset cor-

responds to the frame of calculated figures.
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IV. DISCUSSIONS

First, we discuss the reason why hydrogen termination

significantly increases the emission current by fourteen

orders of magnitude for diamond (001)–(1� 1). Field emis-

sion current depend on the product of the tunneling probabil-

ity, k�2
i , and LDOS. The k�2

i of the H-terminated is the same

as that of the clean. The mean value of LDOS of the clean is

1.65� 10�2 eV�1 Å23. In contrast, its value of the H-

terminated is 5.5� 10�5, which is three orders of magnitude

smaller than that of the clean. The mean value of the tunnel-

ing probability for the clean is 4.4� 10�23. However, the

mean value for the H-terminate is 1.0� 10�5, which is 18

orders of magnitude larger than that of the clean. This is the

reason why the emission current of the H-terminated is

larger than that of the clean.

Second, we discuss the reason why many electrons are

released from the in-between position of hydrogen atoms in

the H-terminated diamond, although the current density of

the clean is highest on the top of the carbon atom. The maxi-

mum and minimum tunneling probabilities of the clean are

9.0� 10�23 and 2.1� 10�23, respectively; the ratio of the

maximum to the minimum is 4.3. On the other hand, in the

case of the H-terminated, max.¼ 1.8� 10�5 and min.-

¼ 4.4� 10�6; the ratio is 4.1. Thus, both the ratios are quite

similar. However, the maximum and minimum LDOS of the

clean are 8.3� 10�2 and 2.1� 10�2, respectively; the ratio

is 2.6. In the case of the H-terminated, max.¼ 3.9� 10�4

and min.¼ 3.3� 10�6; the ratio is 120. It means that the

LDOS of the H-terminated are concentrated in between posi-

tion of hydrogen atoms. This is the reason why many elec-

trons are released from the in-between position of hydrogen

atoms in the case of H-terminated diamond.

V. SUMMARY AND CONCLUSIONS

From the field enhancement analyses around triple junc-

tion, and the work function and emission current analyses

based on the ab initio DFT calculation, we found that (1)

the calculated electric field near the triple junction is one

order of magnitude higher than at other places, (2) the

work functions of diamond and graphite dramatically

decrease to 3–3.6 eV upon hydrogen termination, and the

effective work functions of the H-terminated models

decrease to 2–2.5 eV by applying an external electric field

of 2.57� 107 V/cm, (3) many electrons are released from

the in-between position of hydrogen atoms in the cases of

H-terminated diamond and graphite, although the current

densities of the clean diamond and graphite are highest on

the top of the carbon atom, and (4) hydrogen termination

significantly increases emission current: by 14 orders of

magnitude for diamond (001)–(1� 1) and by seven for

graphite.

From these investigations, we conclude that the triple

junction model and the hydrogen terminated model are

promising candidates as the mechanism of improving the

field emission feature upon coating with the arc-prepared

carbon film.
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