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ABSTRACT

Details are given of an study of the characteristics of field-induced electron
emission from hydrogen-free high sp’ content (>90 %) amorphous diamond (a-D) film
deposited on heavily doped (p<0.01 Q-cm) n-type monocrystalline Si (111) substrate.
It is demonstrated that a-D film has excellent electron field emission properties.
Emission current can reach 0.9 pA at applied field as low as 1 V/um, and emission
current density can be obtained about several mA/cm®. The emission current is stable
when the beginning current is at 50 pA within 72 hours. Uniform fluorescence display
of electron emission from whole face of the a-D film under the electric field of 10~12
V/um was also observed. It can be considered that the contribution of excellent
electron emission property resuits from its smooth, uniform, amorphous surface and

high sp’ content of the a-D films.

1 Introduction

Field emission displays (FED) with emission current density as high as 10~1000
A/cm? have been achieved in metal-tip emitters and silicon-tip arrays, respectively.
They have great potential for applications in flat panel displays. However, the electric
field needed for occuring the field emission of these devices is rather high. Moreover,
their performance degrades rapidly due to thermal effect. With the rapid development
of diamond film technology, there has been a growing interest in its potential
application to the fabrication of cold cathode electron sources for flat panel displays
because of their low or even negative electron affinity (NEA) and outstanding chemical
inertness[1]. Indeed, there were several studies of the field emission properties of thin

film diamond structures[2-5]. Observations of electron emission from chemical vapor



depositied (CVD) diamond under relatively low electric fields of 3-40 V/um were
reported[6-8]. Fabrication of diamond field emitter arrays has also been attempted[9],
and a diode-structured prototype field emission display based on a diamond-like carbon
cathode has been demonstrated[10]. But previous results showed that the electron
emission from diamond films are not stable and reliable, especially it is not uniform[2-
5]. Photoemission images showed that the emission area was small, only a small
number of emission points distributed on the fluorescent screen, and the brightness of
the concrete points was quite different. Because several kinds of crystal facets exist on
the surface of CVD diamond films, which have different barrier potential, resulting in
the nonuniformity of the field emission current density.

Hydrogen-free amorphous carbon thin films with diamond-like behavior are now
studied extensively[12-15]. Compared to hydrogenated carbon films, they have lower
electron affinity and contributes to their emission properties[11,16,17]. Their surfaces
are more smooth and uniform. Filtered arc deposition (FAD) is an excellent method to
deposit hydrogen-free amorphous carbon films. Because of their high sp’
content(>80%), they are also called amorphous diamond (a-D). There are only several
laboratories used this method to deposit hydrogen-free a-D films[18].

In this paper, field electron emission properties of FAD hydrogen-free high sp’

content a-D films are studied.

2 Experiment

The diamond films are prepared using FAD technology. The details of this FAD
system have been reported previously[21]. The films are deposited onto heavily doped
n-type monocrystalline Si (111) substrates (p<0.01€2 cm) at -200V bias voltage. The
substrate holder is held at room temperature. The substrates are cleaned in situ by an
ion beam sputtering at 0.6KeV for about 60 seconds prior to deposition. The use of
magnetic field can filter macroparticles and neutral grains. The filtered beam is nearly
100% ionized and horizontally/vertically scanned in the deposition process so as to
keep uniformity of the films. The deposition rate is about 5A/sec. Deposition time is

controlled about 10-15minutes.
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Fig 1 Schematic diagram of field emission imaging configuration

Field electron emission properties of a-D film based on a diode structure are
studied (see fig 1). The anode consists of a ZnO:Zn-phosphor + ITO coated glass plate
whereas the a-D film acts as a cathode. The two plates are parallelly separated by
spacers formed by 100um thick insulating Teflon. Under certain electric field, electrons
run off from the surface of the a-D film and bombard phosphor with their kinetic

energy, and result in the luminescence of the phosphor-coated screen.

3 Results and discussion

By FAD system, hydrogen-free high sp’ content (>90 %) a-D film is obtained. Its
density (3.35 g/em’) is very close to that of natural diamond. Fig 2 are transmission
electron microscopy (TEM) images of a-D film. The high resolution TEM image
shows that the grain is nanometer scale. The electron diffraction patter (inset) displays
a faint halo-ring, indicating that the film is amorphous. Fig 2(b) shows that the
thickness of the film is about 400nm, and the surface is very smooth. The characteristic

is quite different from that of polycrystalline diamond prepared by CVD method.



(a) Showing the film is amorphous (b) showing the thickness of the film is about 400nm

Fig 2 TEM images of amorphous diamond film

Different photoemission images can be observed with the increasing value of the
voltage. Several emission points are dis{élayed on the phosphor screen in the beginning.
An increase on anode voltage cause an increase on the number of emission points and
the points become brighter, simultaneously emission current also increases. Fig 3 is the
fluorescent display of electron emission of a-D films under different electric fields. Fig
3(a) shows the point emitting of a-D film under the electric field of about 5 ~ 8 V/um.
The area of the points is around the 0.1-0.5 mm?. The points distribute on the whole
surface of the a-D film. The phenomenon is quite different from that described by
V.L.Humphreys and co-workers. They observed that the edge of the CVD diamond
films had high work function, so the points displayed at the certre[22]. Fluorescent
image show the whole surface electron emission of the a-D film in the area of 2x4 mm?
under electric field about 10-12 V/um (see fig 3(b)). The emission current was set up
about 50 pA, showing that the emission current is stable, and almost made no
difference after several days. Fig 4 is the current-field (I-E) characteristic and fig 5,
Fowler-Nordheim (F-N) plots for emission currents of the film. The emission current

can reach 0.9 pA at applied field as low as 1 V/um, and the emission current density

can be obtained above several mA/cm? at applied field no more than 20 V/ pm.

10



(a) Under the electric field of 58 V/um (b) Under the electric field of 10-12 V/um

Fig 3 Fluorescence display of electron emission of
amorphous diamond
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Fig 4 I-E characteristic of amorphous diamond film  Fig 5 Fowler-Nordheim plots of amorphous diamond
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From the above results, it is indicated that field emission properties of a-D film
prepared by us are superior to those of a-D film and other forms of carbon have been
considered previously:

(1) The emission current is more stable;

(2) The electron field emission 1s uniform;

(3) The film working life seems to be long;

(4) The turn-on field is less than 1 V/um;

(5) The emission current density can obtain several mA/cm®.

It has been analyzed that the graphite content in the diamond films is crucial for
creating conduction channels between the substrate and the diamond surface[22].
Negative electron affinity and certain content of graphite are the two factors contribute
to the fine emission properties of diamond films[3]. For a-D film prepared by FAD,
only small content (<10%) of graphite exists in it. But it possesses very low turn-on
field and high current density. Over limited ranges, the current density obeys the
Fowler-Nordheim equation for field emission as follows[23]:

J=A- (BE)’ - exp(-B¢"*/BE) (1)
where J is the current density in A/m’, ¢ 1s the work function in eV, E is the electric
field in V/m, B is the field enhancement factor at sharp geometries, B=6.8x10’ and
A=1.4x10". The field enhancement factor B can be assumed of 1. From fig.5, it can be
calculated that the work function ¢ 1s 0.025-0.05eV. It is very small compared to Mo
and Si, which are the active materials commonly applied in electron industry. They
have work function of 4-5eV. And is also smaller than that of high quality hot filament
CVD diamond films[24].

Though the existence of the graphite is a intrinsic characteristic of the diamond

films[25], from our results, we can say that its content in the matrix should be limited.

B.S.Satyanarayana and co-workers have studied that turn-on field of FAD a-D films
decreased with increasing sp’ content, and they have obtained a maximun sp> content
of 80% with a threshold field of 8V/um, which is higher than ours[18]. We can
conclude that small content of graphite (<10%) can provide high carrier density. High
sp° content results in low work function of the surface, so decreases the electron

affinity of a-D film. We have obtained/observed whole face uniform emitting of the a-D
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film (see fig 3), which is demonstrated that the work.ﬁmction at every part of the
surface mustn't make a great difference. It is relatively uniform. This characteristic
makes it preferable to provide a-D film in flat panel display. Course shape and
nonuniform composition of the surface of CVD diamond films result on nonuniformity
of emission current and point emitting, and often cause vacuum arc to disrupt the
films[26].

We have obtained and analysed the good electron emission properties of undoped
a-D film. It can also be doped either n- or p-type film because of its easily doping

capacity[27]. This work is continuing.

4 Conclusions

In summary, high sp® content hydrogen-free a-D films prepared by FAD process
show better field emission properties than those of CVD diamond and high sp® content
but hydrogenated a-D films. The electron emission current increases and the turn-on
field decreases increasing sp® content in the a-D films. We have obtained whole face
emitting image of the films. It can emit electrons under the emission field of less than
1V/um. A current density as high as several mA/cm’ is achieved. a-D film as a low
electric field, high current density cold cathode material has many potential

applications in vacuum electronics and flat panel displays.
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