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The initial field electron emission degradation behaviour of original nano-structured sp?-bonded amorphous carbon

films has been observed, which can be attributed to the increase of the work function of the film in the field emission

process analysed using a Fowler—Nordheim plot. The possible reason for the change of work function is suggested to be

the desorption of hydrogen from the original hydrogen termination film surface due to field emission current-induced

local heating.

For the explanation of the emission degradation behaviour of the nano-structured sp2-bonded amorphous carbon

film, a cluster model with a series of graphite (0001) basal surfaces has been presented, and the theoretical calculations

have been performed to investigate work functions of graphite (0001) surfaces with different hydrogen atom and ion

chemisorption sites by using first principles method based on density functional theory-local density approximation.
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1. Introduction

Hydrogenated amorphous carbon (a-C:H) film is
a complex disordered form of carbon which exhibits
an amazing diversity of properties, depending on the
preparation method and the deposition conditions.!!!
So it has attracted considerable interest during the
last two decades because of its potential applications

(=53] One of the most out-

in quite different domains.
standing applications is the production of thin-film
field-emission cathodes for vacuum micro-electronics.
Before this novel material can be made ready for com-
mercial use, stability of the devices under different
field-emission conditions must be considered. Many
factors such as ion bombardment, adsorption and des-
orption of residual gas molecules, cathode heating-up,
etc., separately or in combination, result in a num-
ber of effects changing the performance of the field-
emission cathode (FEC). It has been found empiri-
cally that electrode conditioning (repeated discharge,
aging) is helpful to improve the stability of carbon-
based FEC, such as diamond-like carbon film, carbon
nanotube and carbon fibre.l’=% On the other hand,

the emission characteristics of unconditioned surfaces
(original surface state) are known to be unstable.!*’]
But the origins for such instability are still unclear.
Knowledge of the emission behaviour in the original
surface state is valuable for not only the design of
electronic devices but also understanding of interrela-
tion of carbon materials structure with their emission
properties.

In this paper we present the experimental re-
sults of the initial electron emission degradation be-
haviour of original nano-structured sp2-bonded amor-
phous carbon film, and theoretical calculation has
been performed to confirm the experimental conclu-

sion.

2. Experiment

The nano-structured sp-bonded amorphous car-
bon film composed of carbon particles with sizes
of about 20nm is deposited on titanium-coated
ceramic substrate by microwave plasma chemical

vapour deposition (CVD). The deposition conditions
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and the structure of the films have been reported
previously.'" The field electron (FE) emission char-
acteristic of the film is measured by diode structure in
a vacuum chamber of below 5 x 107° Pa. The distance
between the sample cathode and the anode is about
270 um. The voltage is stepped up and down from 0
to 1000V for several cycles until the stable emission
is obtained.

The field emission characteristics of the film are
shown in Fig.1. During field emission measurements
the turn-on field (current density of 1uA/cm?) of
0.74V/pm is obtained for the first run. In the second
run the turn-on field increases and the field emission
current of the film is obviously degraded. After several
voltage cycles the turn-on field gradually stabilizes at
2.0 V/pum and the current density of 0.70mA /cm? at
an electric field of 3.70V/um is kept, and the I-V
curves become reproducible. The Fowler-Nordheim
(F-N) plots of the first and fifth runs shown in Fig.2
are almost straight lines, showing that the mechanism
of the electron emission from the materials is linked
to field emission by the tunnel effect.
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Fig.1. I-V curves of the film.

What is the reason of the degradation observed
in the initial field emission stage? The slope of F-N
plot of the first run is seen to be lower than that of the
fifth run as shown in Fig.2. According to F-N theory,
the slope of the F-N plot is given by

b=—6.83 x 10%%2d/B, (1)

where b is the slope of the F-N plot, ¢ is the work
function of the film, d is the inter electrode distance,
0 is field enhancement factor determined by geomet-
rical shape of the film, which is not changed obviously
as observed by scanning electron microscopy. The in-
crease of the slope of the F-N plot means the increase

It is known that
the surface of all kinds of carbon-based films grown

of the work function of the film.

by CVD methods are terminated by hydrogen, which
will be desorbed from the original film surface due
to field-emission current-induced local heating. It has
been observed in experiments that chemisorptions of
hydrogen on sp2-bonded carbon lead to a lowering of
the electron work function,'? so the desorption of hy-
drogen may result in the increase of surface work func-
tion of the film and then increase the barrier to field

emission.
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Fig.2. F-N plots 1 and 2 corresponding to curves 1 and 5
in Fig.1 respectively.

In order to examine the above suggestion, theoret-
ical calculations have been used to explain the exper-
imental phenomena as an approximation in the next

section.

3. Theoretical calculations

The diamond films also show better field emission
characteristics due to the hydrogen termination.!?!
The electronic structure of diamond surfaces has been
calculated!* =17 and the results show that the hydro-
gen termination can reduce the energy barrier for elec-
tron emission by lowering the electron affinity of dia-
mond surface.

Although chemisorption of hydrogen on sp?-
bonded carbon surfaces, including Cgg multilayer
films, single-walled carbon nanotubes, and graphite
(0001), lead to a lowering of the work function ob-
served by experiment,'?) and chemisorption proper-
ties of H atom on graphite surface have been theoret-
ically investigated by many authors,'8=23] up to now
the accurate theoretical calculation of the change of
work function of sp?-bonded carbon surfaces due to

hydrogen chemisorptions has not been reported. In
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this paper we investigate the work function change
of hydrogen-adsorbed sp?-bonded amorphous carbon
surfaces by using first principles method based on
density functional theory-local density approximation
(DFT-LDA). For simplicity, a cluster model is pre-
sented, which suggests that the nano-structured amor-
phous carbon grain consists of a series of graphite
(0001) basal surface clusters, then the theoretical cal-
culations are performed to investigate work functions
of graphite (0001) surfaces with different hydrogen
atom and ion chemisorption sites by using first prin-
ciples method based on DFT-LDA.

3.1. Model and calculation methods

An asymmetric supercell approach with periodic
boundaries has been employed to model graphite (0
0 0 1) surface. The substrate consists of five carbon
layers with (2 x 2) surface cells that contain eight car-
bon atoms per layer. A vacuum space of 12A has
been used to separate the graphite substrate and its
repeatable images. In the structure optimization pro-
cess, the carbon atoms in the bottom two layers are
kept fixed at their bulk-like positions, only the car-
bon atoms in the upper three layers and the hydrogen
atom (H) are allowed to move in all directions.

The first-principle calculations presented in this
paper have been performed using ab initio total-
energy code Vienna ab initio simulation package. The
approach in the code is based on DFT calculations.
The exchange—correlation function is considered in
the form of LDA. The interactions between the ionic
cores and the electrons are described by projector
augmented wave scheme. Monkhorst-Pack special K
points are used in integrating the periodic functions of
Bloch wave vector over the Brillouin zone of the sam-
ple. The plane wave cut-off energy is set to be 400eV.
The optimization is terminated when the change of
the total energy is less than 0.001eV.

3.2. Hydrogen atom adsorption on
graphite (0001) surface

Firstly we optimize the clean graphite performed
via either a conjugate gradient or a quasi-Newton min-
imization. The same optimized lattice constants of
ao = 2.453 A and ¢y = 6.647 A are obtained by using
the two methods, which are in agreement with the ex-
perimental values ag = 2.456 A and ¢y = 6.696 A.[24

Then we put one H at an initial distance of 1.5 A
above the surface in each (2 x 2) graphite surface su-
percell and let the system relax. The H coverage is
thus 1/8 of a monolayer in the present paper. Four
high-symmetry sites on the graphite (0 0 0 1) surface
have been examined with respect to H binding: the
bridge between two nearest-neighbour carbon atoms
(BR), the hollow of the hexagonal ring (HL), and the
two nonequivalent top sites of a surface carbon, one
type has a carbon atom directly below it (71), and the
other does not (T3).

The relaxed structure parameters and adsorption
energies are shown in Table 1. The results show that
the equilibrium C—H bond lengths are 1.14, 1.14, 1.35,
2.21 A and the adsorption energies of 1.883, 1.904,
1.208, 0.402 ¢V for H atom above T7, T, BR, HL sites
respectively. The position of the C atom bonded to H
atom is pulled out of the basal plane by Ak = 0.30 A
for two top sites which give rise to a local sp3-like hy-
bridization as shown in Fig.3, while for H atom above
the BR and HL sites only negligible surface recon-
struction is observed.

Table 1. Relaxed structure parameters and binding en-
ergy of H atom adsorbed on graphite surface.

C-H bond

H bonding adsorption

sites energy /eV length/A Ah/A
T 1.883 1.14 0.30
T> 1.904 1.14 0.30
BR 1.208 1.35 0.05
HL 0.402 2.21 0.02

Fig.3. Relaxed structure of graphite (0001) surface for
H adsorbed on T3 site. The C atom is pulled above the
graphite plane.

The charge density plots corresponding to H ad-
sorption above the four sites are shown in Fig.4. The
plane of the plots corresponds to a z-axis slice through
the supercell. The charge density distribution reveals
that the charge transfers between the H and the sur-
face for H above T3, 75 and BR sites, indicating that
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the binding is of chemical nature. However, no sig-
nificant electron transfer occurs between the H atom
and the surface for H above HL site, and thus the
adsorption is of physical nature. A detailed analysis
of the C—H bond lengths and the adsorption energies

(c)T2

can also indicate that H above Ti, T>, BR sites are
chemisorption and H above HL is physical adsorption.
In the following, we only calculate the work function
changes of graphite (0001) surface due to H atom and
hydrogen ion adsorbed on 73, T5 and BR sites.

(d)HL

Fig.4. The charge density plots corresponding to H adsorption above the four sites of (a) BR, (b) T4, (¢)
T> and (d) HL. The plane of the plots corresponds to a z-axis slice through the supercell.

3.3. Work functions of graphite (0001)
surface

DFT-LDA calculations have been performed to
investigate vacuum level and Fermi level, the differ-
The cal-
culated work function of clean graphite (0001) sur-
face (¢o) using p(2 x 2) supercell is 4.652eV. The
work functions (¢) of graphite (0001) surface and the
work function changes (A¢ = ¢ — ¢g) due to H atom
chemisorption on its surface are listed in Table 2.

ence between them is the work function.

Table 2. Calculated values for graphite (0 0 0 1) surface
due to H atom adsorption.

H adsorption

sites /eV Ad/eV
BR 3.614 —1.038
T1 3.725 —0.927
T 3.687 —0.965

We also calculate the ¢ and A¢ of graphite (0001)
surface due to hydrogen ion chemisorption on its sur-
face since the carbon film surface grown in plasma
(CH4+Hs) will be terminated either by H atom or hy-
drogen ion. The calculated results are listed in Table
3.

Table 3. Calculated values for graphite (0 0 0 1) surface
due to H ion adsorption

H* bonding
sites ¢/eV Ag/eV
BR 2.539 —2.113
T 2.472 —2.180
T> 2.454 —2.198

The calculated results in Tables 2 and 3 reveal
that the work function of graphite (0001) surface is
obviously lowered due to H or H* chemisorption on
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either top sites or bridge site. The values of the lower-
ing of work function due to H and H™ chemisorption
can be up to 1.038eV and 2.198eV respectively. It
is in agreement with the experimental results that H'
treatment lowers the work function of sp? carbon more
than that of H treatment.'?

The calculated results can explain the experimen-
tal phenomena that the origin of the observed initial
current degradation and the increasing slope of F-N
plot is the desorption of hydrogen from the original
hydrogen termination film surface, which results in
the increase of the work function of the film and thus
substantially increases the barrier to field emission.

4. Conclusions

that the
structured sp2-bonded amorphous carbon film is an

The experiments indicate nano-
efficient cathode material at low electric field. The
initial emission degradation behaviour of the film
during the field-emission process can be attributed to
the desorption of hydrogen from the original hydro-
gen termination surface due to field-emission current-
induced local heating, which results in the increase of
the work function of the film from the analysis of F-N
plot. The theoretical results reveal that hydrogen ter-
mination on graphite (0001) surface can significantly
lower the work function of the film surface, which is
in agreement with our experimental results.
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