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Field emission conduction mechanisms in chemical vapor deposited
diamond and diamondlike carbon films
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Field emission properties of undoped chemical vapor deposited diamond and diamondlike carbon
films have been measured for a variety of different deposition conditions. The nature and
appearance of the damage site after testing, together with the mathematical form of the observed
current—voltage relations, are correlated with the conductivity of the film. This is consistent with a
model for the overall current which is a combination of conduction mechanisms through the bulk of
the film with Fowler—Nordheim tunneling. ©@998 American Institute of Physics.
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The emission of electrons from the surface of diamond  The DLC films were deposited on mirror-polish€D0)
and diamondlike carbofDLC) films is currently of much Si using a 13.56 MHz radio frequency parallel plate reactor
interest due to potential applications in cold cathode devicesaind CH, as the sole process gas. The process pressure was
The negative electron affinityNEA) of the hydrogenated varied from 5 to 200 mTorr and the rf power from 10 to 300
diamond surface plays an important rdland the effect of W (dc self-bias 60-500 )/over an 8-cm-diam electrode.
different surface terminating species can greatly affect thdhe deposition time was 30 min, producing smooth, feature-
emission characteristiésHowever, since most of the results less DLC films of 0.1-0.2um thickness. At powers greater
from low field emission experiments are from chemically than about 70 W, the films were hard, stressed and electri-
vapor depositedCVD) diamond with poorly characterized cally insulating, with a high degree afp® character. With
surfaces, it is clear that NEA is not solely responsible for thedecreasing rf power, or increasing pressure, the films became
emission process. In fact there are many different mechasofter and more graphitic, and were more electrically con-
nisms involved as the electrons travel from the negative sidgucting.
of the power supply, through the various interfacial contacts, A diode configuration consisting of a cathottae film
through the bulk of the film itself, to the film surface, fol- Under testand a tungsten tip anodeylinder shape, 0.5 mm
lowed by field emission into the vacuum, propagate througtfliametey mounted in a turbo-pumped vacuum chamber at a
the vacuum gap, finally reaching the collector anode. Th&ase pressure of 16 Torr was used to test the field emis-
exact nature of these mechanisms, and the way in which the3/O" characteristics of the films. Electrical cont_act was ma_de
interact, is still not well understood. In this work we report ©© Poth the front and the back of the sample using conductive
on the results of a series of field emission experiments pef@int. The tip-sample distance was continuously adjustable

formed upon undoped microcrystalline CVD diamond and!© & féw hundrecum. A negative voltage of up to 5 kV was
amorphous DLC films produced using a variety of depositionapplled to the cathode using a PC-controlled power supply,

conditions. By observing the morphology of the damaged’vh'le the emission current was measured_lautomatlcally as
tge voltage was ramped at a rate-60 V s *. A current

area created by the field emission, and careful analysis of thhmlt of 0.2 mA was set to avoid destruction to the films by

mathematical form of the current—voltagé—{/) depen- . f To minimize the effects of i
dence of the emission, insight into the conduction mechas <CESSIVE current low. o minimize he efiects ot run-to-run

nisms in the various types of film can be obtained. I?frzggsfl;rtr?snctlr?;t’ Lnagic:eﬁaig\gggg :’JV;:]e riT::ieeiStiucflchOr: di-
The CVD diamond films were deposited onto abrade b g

: ) " . ) ions, and at two different places on each film. Values of the
(100 Si substrates using conditions typical for a hot filament, .
. threshold voltage and subsequent data analysis were then
CVD reactor(process pressure 20 Torr, filament temperature

2300 °C, substrate temperature 900 °C, growth rateu.5 calculatec_i_from an average of térV curves measured at _
DT - i : each position on each sample—an average of 60 data sets in
h™%). Films were grown fo6 h giving a film thickness of 3

. . ) all.
pm. Process gas m_mture was methane ig, With three During testing, it was found necessary to ramp the volt-
methane concentrations. 0.5% £

di d fil ih f in b lﬁzjodgced h(;gh quallity. age up and down several times in order for th&/ curves to
lamond films with few grain boun aries an crysta SIZ€stabilize and become reproducible. This conditioning effect
around 1um, 1% CH, produced good quality diamond with has been reported previousignd is accompanied by mor-

more grain boundaries and crystal size aroundh® and 5164y changes on the film surface. These damage sites are
2% CH, produced poor quality “ballas” type diamond with ajieved to occur as a result of extremely high local fields in
crystal size around 0.05-04m. the vicinity of the emission site causing dielectric breakdown
of the surface, followed by rapid heating and vaporization of
dElectronic mail: paul.may@bris.ac.uk the surface layersOften the presence of vapor phase spe-
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FIG. 1. Schematic diagram showing different types of damage site observed
after field emission testing of DLC films grown using a range of rf powers:
(a) <30 W, the DLC film has burnt off down to the Si substrate over a large
area(0.5 mm diametercorresponding to the size of the anodiey 30—70

W, many equally spaced craters forméd) 80—100W, only a few large
craters, with the central section showing partial melting of the Si substrate;
and(d) >100 W, a single large crater in the center of the tested area with
extensive melting of the Si.

cies close to the surface, along with high fields, creates a
plasma leading to a discharge, often observed as sparking
between the electrodes. For the DLC films, the nature and
appearance of the damaged site varied depending upon the
properties of the filmsee Fig. 1 Typically, a damage site
would appear as in Fig.(@) for a DLC film deposited under
medium powe(for example, 50 Wconditions. A number of
equally spaced holes in the film, or “craters” appear across
the whole of the tested ar€d.5 mm diameter These craters
were typically between a fewm and a few tens oftm in
diameter, with the depth varying upon the exact testing con-
ditions, such as the current drawn, the number of emission
sites, etc. Often, the whole tested area was covered in a thin
layer of graphitic material, which was presumably redepos-
ited from the evaporated film. With prolonged testing, these
craters would deepen. Raman imagdiognfirmed that some-
times the craters extend sevepai into the Si substrate,
causing evaporation and redeposition of Si onto the sur-
rounding area as well.

For DLC films produced at lower rf powers, i.e., softer,
more conducting, graphitic films, the density of the craters
increased, often linking up to form enlarged areas where the
film no longer existed and only the Si was visipkg. 2(b)].

In the case of DLC films deposited at powers less th&®

W the crater density after field emission testing was so large
that the entire 0.5-mm-diam tested area had been removed.
Conversely, for films produced at high rf powers, the crater
density decreased, ultimately to a single feature— either &IG. 2. Electron micrographs of the damage site from a DLC films depos-
deep crater or a hillock—located somewhere near the cent%?d a(a)hme(."“mhpower 50 Wb(b:]'o‘fv power 20(}/v, ﬁ”dc) .h'gﬁ‘ power
of the tested areéFig. 2(0)]. Redeposition of Si from the 00 W, showing the cratering behavior illustrated schematically in Fig. 1.
bottom of the crater was particularly noticeable in these

harder films. could melt and partially evaporate. For more insulating films,

These observations can be correlated with the conductithere would be far fewer conducting pathways, and as a re-
ity of the films. Graphitic films contain many conduction sult, a much smaller number of emission sites. Ultimately
channels to allow passage of electrons from the contact to thitaere may be only one emission site through which the entire
surface® Therefore we can imagine many separate emissioemitted current must pass. This would lead to rapid and ex-
sites turning on simultaneously when the voltage rises aboveessive local heating of the film and substrate, producing
a certain threshold. Space-charge effects between neighbaither a large, deep crater, or sometimes a hillock of melted
ing conduction pathways would produce an evenly distrib-and recrystallized material.
uted arrangement of channels. The current density within For CVD diamond films, this observed trend with con-
each channel may be high enough to cause significant localuctivity is generally similar, although not as pronounced.
heating, leading to graphitization and subsequent evaporatiofhe ballas-type films grown with high methane concentra-
of the carbon material around the channel, producing a craion show damaged areas containing many linked craters,
ter. As the crater becomes deeper, even the Si substrate itselthereas the more crystalline, insulating films grown with
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TABLE I. The most usual mechanisms of conduction in insulators, their expected current voltage réssens
Ref. 8, and mathematical relations required for a straight line plot.

Type of conduction Current—voltage relation Ordinate Abscissa
(1) Schottky emission I~exp @VYFKT) In1 Y
(2) Fowler—Nordheim I~V? exp(—alV) In (1/V?) N
(3) Space-charge limited I~V (low fields) | \%
currents(SCLO) I~V" (n>1, high fields Inl InVv
(4) SCLC with Poole—Frenkel I~V2 exp@VMZKT) In (1/Vv?) WV
(PP effect
(5) Poole—Frenkel conduction I~V sinh@VY%kT) sinh™t (1/V) WV
(6) Poole—Frenkel conduction | ~sinh@V/kT) sinh™t 1 Y,

with overlap of Coulombic
potentials(Hill's law)

low methane concentration show fewer isolated craters. in the CVD diamond films, although the data are not as clear
When discussing field emission, the most commonlycut: the poor quality graphitic films are best modeled with

used model for the ejection of electrons from a surface is théhe Fowler—Nordheim equation, whereas for better quality

well-known Fowler—Nordheim equatidn.However, this (more diamondlike films other models, particularly the

only deals with effects occurring at the surfa@® at the  Schottky emission, SCLC and SCH®F models, perform
interface between the electrical contact and the)filand  petter.

there are many other models for the mechanisms of conduc- A possible explanation for these observations can be
tion in the bulk of insulatofSwhich may be important when  made using arguments similar to those outlined above. For

Studying field emis_sion from diamond. The EXpeCt_edconducting films, the significant mechanism is probably only
.curreglt—voltag(—:l‘ re'latloEs for SOme of thess modglsl ?re g'vfeﬂ]e tunneling of the electrons through the potential barrier,
In Table I. By plotting the appropriate mathematical form of ;. ¢onqyction through the film should be relatively facile.

these relations as abscissa and ordinate, a straight line pl%r more insulating films, however, conduction through the

can be obtained. The correlation coefficient of the line of ulk of the film could become important and potentially rate
best fit them gives a direct measure of how well each modii P P y

fits the experimental data. Table Il shows the results of th mc]:'t'gg' Thusli bulk chonQUctlon me(_:ham;sm(asuch_ as.
analyses for each of the CVD and DLC films investigated. ), as well as mechanisms occurring at the various In-
For the more conducting, softer DLC films, the Fowler— €rfaces(such as Schottymay begin to play a significant

Nordheim model is a better fit than the other modebscept role in the electron transport. If this is true, the obseried
for the space charge limited curref@CLC) model which is ~dependence will then be a combination of these mechanisms
comparablé However, as the films become harder and more2nd the Fowler—Nordheim surface ejection model.
insulating, some of these other models, in particular the An alternative mechanism, however, might involve the
Schottky emission, SCLC, and SCLC with Poole—FrenkefSi Which is often evaporated from the bottom of the craters
(SCLC+PP models, provide increasingly better fits to the t0 redeposit onto the film surface. The presence of a thin Si
data, although the Fowler—Nordheim model is still the bestlayer covering the area immediately surrounding an emission
However, for very insulating filmge.g., the one grown at 90 site may affect the local emission characteristics in an un-
W powey, these other models provide as good a fit to theknown way. Since we observed a greater tendency for Si
data as the Fowler—Nordheim model. This trend is mirrorecevaporation on the less conductive diamondlike films, it is
possible that the presence of this Si coating might be respon-

TABLE Il. Threshold voltagesV(,) and correlation coefficients {) for the sible for the non-Fowler—Nordheim contribution to the over-
straight lines of best fit for the different data plots given in Table | and all emission characteristics.

various CVD diamond and DLC films. For the PF and Hill's Law plots a

straight line fit was inappropriate because the plot was obviously a curve—

the r? values for each of the films in these two models are<al.7, and

have been omitted. To reduce scatter due to random error, the values for

each film are averages from 60 setsl eV data, as described in the main

text. Our estimated uncertainty in each of the quoted threshold voltages is .

+4 V, while the values for the correlation coefficients are reproducible to 2C' Bandis and B.B. Pate, Appl. Phys. Lei®, 366 (1996.
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