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Electron emission from disordered tetrahedral carbon

B. L. Weiss,? A. Badzian, L. Pilione,” T. Badzian, and W. Drawl
Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania 16802

(Received 1 April 1997; accepted for publication 10 June 1997

Electron field-emission tests have been performed on films grown by a modified microwave plasma
assisted chemical vapor deposition diamond process. This modification includes the addition of
N, and G during the growth stage. Characterization of these films shows the presence of a
disordered tetrahedral carbon structure. Raman spectroscopy indicates a disturbance in the cubic
symmetry of the lattice and x-ray diffraction indicates a disordered tetrahedral structure.
Field-emission testing indicate that current densities of 0.5 mA/cam be obtained for applied

fields of 5—8 Vlum. The results are explained in terms of a change in the band structure and the
formation of electronic states in the band gap. 1897 American Institute of Physics.
[S0003-695(197)00632-3

Field emission of electrons by tunneling through the sur{CVD).?° Nonperfect CVD diamond has also shown advan-

face barrier at a metal-vacuum interface, due to an appliethges in several electron emission studie?.

electric field, has been reported on extensively for sharp In this letter, we report on electron emission from a thin-
metal tips(Spindt cathodes' These Spindt cathodes have film structure based on a disordered tetrahedral carbon
shown promise for use in cold cathode devices. This is, iIDTC) prepared by a microwave plasma assisted chemical
part, due to the curved geometry of the emitters, which envapor deposition(MPACVD) diamond growth process,
hance the emission characterisfics. which is modified by the addition of Nand G to the

Thin-film devices have also shown promise for cold plasma. The results of the DTC films are compared to the
cathode applications. The treatment of internal fieldresults we have obtained from polycrystalline CVD diamond
emission (IFE) led to the development of electron emission films.
devices based on a metal-insulator—méwiM ) device us- The CVD diamond growth process enables the forma-
ing thin (<0.1um) insulating films* The MIM devices tion of tetrahedral forms of carbon, which differ from cubic
have been used as a spectroscopic tool to study electron etiamond. We have proposed structural models based on the
ergy distributions of the vacuum emitted electrdfisThese  tetrahedral coordination of the carbon atoms for several
studies have shown that the electrons can gain energy abopelytypic forms?2* The models consider hexagonal stack-
the conduction-band minimum, and are termed hot electrondng, nanoscale microtwinning, and displacement disorder of
the studies have also been used to gain insight into the dthe carbon atoms. The addition of Nr O, results in differ-
electric breakdown behavior of the filMisA considerable ent forms of tetrahedral carb8i.? This current study ex-
amount of the research has been done on, $ith films  ploits a particular composition of GHH,, N,, and Q in the
because of the materials’ importance to the electronics indugplasma.
try. We have deposited DTC films on Mo substrates using a

Further development of these devices has led to the usaicrowave plasma. The MPACVD system used for deposit-
of metal island injectors at the metal—insulator interface tdng the films consists of a 2.45 GHz tunable microwave cav-
enhance the IFE proce8his is referred to as tunnel injec- ity and a 1.5 in. diam silica tube.
tion and is analogous to the Spindt emitters. Also, electron The Mo substrate is polished with 600 grit SiC sandpa-
emissiod—1! and Monte Carlo simulatidr>!3studies have per and cleaned in an ultrasonic cleaner. The substrate is then
been carried out on metal—insulator—semiconductor—metseeded with<l um diamond powder and cleaned in a hy-
device thin films &0.01-0.1um). Monte Carlo simula- drogen plasma for 5-10 min. This process also heats the Mo
tions have recently been performed for thickeelum) to the desired deposition temperature of 875-925°C, as
semiconducting films to study the ballistic nature of electronmeasured by an optical pyrometer. The nucleation step con-
transport in the conduction band. sists of a 30—45 min 6% CH100% H, at 40 sccm and 10%

A new stimulus for electron emission study came aboutCH,/H, at 60 sccmconcentration. B(10 sccm and G (0.3
when it was reported that diamond exhibited negative elecsccm) are introduced into the plasma during the growth
tron affinity">=" (NEA) and that practical devices could be stage. The growth rate of the films 460.3 um/h.
fabricated'®1° Along with the NEA, it has also been demon- Characterization of the films was carried out by Raman
strated that diamond exhibits ballisticlike transport in thespectroscopy, x-ray diffractioXRD), optical and scanning
conduction band? Recently, Okano reported on a device electron microscopy, and x-ray photoelectron spectroscopy.
fabricated from doped cubic diamond, with high nitrogenThe Raman spectresee Fig. 1 shows three broad peaks at
levels (16%cm?), by hot filament chemical vapor deposition 1190, 1340, and 1550 cih. The 1550 cmi' peak has a full

width at half-maximum of~30 cnil. This peak also ap-

; 24
JElectronic mail: biwg@email.psu.edu peared for DT7C1 grown_frqm a CJ-AN? mixture” The lack .
bpresent address: Department of Physics, The Pennsylvania State Univéf the 1332 cm pe:?\k indicates a disturbance of the cubic
sity, Altoona, PA 16601. symmetry of the lattice.
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FIG. 1. Raman spectra for the disordered tetrahedral carbon films. The
wavelength of the laser used is 514.5 nm. The inset contains a comparison
of Raman spectra for 514.5 nfgreen and 488 nm(blue) lasers.

|

X-ray diffraction was recorded by the Debye—Scherrer
method for CuK « radiation. Two components of diffraction —
appeared on the pattern: scattering around the central beam
and a set of weak broad peaks corresponding to the cubic FIG. 2. Schematic of the field-emission testing chamber.
diamond lines 111, 220, 331, and 331. The 220 line was
shifted towards large®. No graphitic phase scattering was |-V and Fowler—Nordheim(FN) plots for the films are
seen. shown in Figs. 3 and 4, respectively.

Combining the Raman and XRD data, we believe the  The current—voltage characteristics also provide some
atomic structure of the CVD films grown with,Nand G, insight into the breakdown nature of the films. Study of the
additions is highly disordered. The atomic network has tetemission characteristics of the films at fields higher than
rahedral coordination, but the local symmetry departs fronthose stated above were not carried out due to electric break-
that of cubic diamond. However, some type of long-rangedown. In the high-field regioné.e., just before breakdown
order still appears to exist within the crystal grains. Scannindocalized emission sites may produce a short-lived high cur-
electron microscopy of the films showed a columnar struc+ent burst. These current bursts are a precursor to the break-
ture along the growth direction and a surface roughness alown and, in our experiments, these bursts are quite notice-
<0.5um. able and ultimately result in physical damage to the film.

Field-emission(FE) testing has been carried out on Although thel -V characteristics plotted in FN coordi-
samples of different composition and thickness. A schematioates yield an approximate straight line, we must caution that
of the test chamber is shown in Fig. 2. The FE test stag¢he field used here, applied voltage/film—anode spacing, is
consists of a metal base for making electrical contact to th@ot neccessarily the true locér vacuum field, which de-

Mo substrate and an anode fastened to a micropositioner féermines the shape of the barrier for the tunneling process.
varying the anode cathode spacing. The anode was a Dural-

loy™ probe from IDI with an area oA=0.33 cnf. The

electrometer is a Keithley 6517 and the voltage supply is a ~ 2 ' ‘ ' ' ‘
Fluke 410B. The FE test stage is placed in a high vacuunmr
chamber with a base pressure 6f20~’ Torr, which can be
reduced to X108 Torr by use of a liquid-nitrogerfLN2)
trap.

FE testing was carried out on four types of filmsufin
(thin) and 6,um (thick) DTC and similar thickness polycrys-
talline CVD diamond films. The thin DTC films had a resis-
tance of ~kQ and the thick films had resistances of
~M{Q. The CVD diamond films had resistances larger than
20 MQ. For the thin DTC films, calculated fields of 5-8
V/um (calculated fiele=applied voltage/film—anode spac- 0
ing) have shown current densities of 0.5 mAfniThe 0 500 1000 1500 2000 2500 3000
thicker DTC films did show an advantage over both the thick Applied Voltage (Volts)
and thin diamond films. Calculated fields of 50—10QukY - . 4 . ,
yilded Curront densitios of 3.5 MATGor the thick DTC 15, Sy Shrecriles o e i DTC o) e ek OTC i
flms and ~1 mA/cn? for both CVD diamond films. The details of the 1um DTC film.
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