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Effect of sp 2-phase nanostructure on field emission
from amorphous carbons
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Electron field emission from amorphous carbon is found to depend on the clustering of thesp2

phase. The size of thesp2 phase is varied by thermal annealing and it dominates the effect of other
parameters, such as chemical composition, surface termination,sp3 content, or conductivity. The
optimum size of thesp2 phase is determined by Raman spectroscopy and is of the order of 1 nm.
The field emission originates from thesp2 regions and is facilitated by the large field enhancement
from more conductivesp2 clusters in an insulatingsp3 matrix. © 2000 American Institute of
Physics.@S0003-6951~00!04418-1#
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Field emission can occur at much lower applied fie
from carbon systems than from other materials. The emis
can depend on various parameters such as negative ele
affinity,1 band gap,2 surface termination,1,3 nitrogen
addition,2,4 depletion layers,5 and film thickness.6 In these
cases, the emission can be interpreted in terms of hom
neous films and a well-defined band structure.7 In amorphous
carbon, thesp3 content controls the band gap and electr
affinity, while nitrogen addition can shift the Fermi leve
However, we recently found by Kelvin probe measureme
thatsp3 content and nitrogen addition have a relatively sm
effect on their work function,8 which remains in the range
4–5 eV, and so these bulk properties cannot be the fun
mental parameters which allow the easy field emission.
the other hand, it is well known that emission occurs at
calized sites, rather than uniformly over the surface.9–11 Car-
bons with mixed sp2/sp3 bonding, like nanocrystalline
diamond12,13 and nanoclustered graphitic films,11,14 emit at
lower fields with a higher emission site density than sing
phase films. Scanning tunneling microscopy~STM! also sug-
gests that emission originates from moresp2 regions.15,16

This suggests that thesp2 phase, which has a positive ele
tron affinity, can play an important role in allowing easy fie
emission. Here, we study the effect ofsp2-phase size on field
emission. We find an optimumsp2 size of;1 nm.

There are two ways to study the effect ofsp2 size, either
varying the deposition conditions or, as here, by postdep
tion annealing. Annealing can improve the emission fro
wide-gapa-C:H.17 Annealing increases the size ofsp2 clus-
ters embedded in thesp3 matrix until thesp3 phase com-
pletely disappears and the film transforms into nanocrys
line graphite.18 To distinguish the effects ofsp2 size from
other factors such as bonding or surface termination,
studied different amorphous carbons, with and without
drogen or nitrogen incorporation.

Undoped tetrahedral amorphous carbon~ta-C! and
lightly nitrogen-dopedta-C ~ta-C:N! with 85% sp3 bonding
were deposited at room temperature by filtered catho
vacuum arc from 100 eV carbon ions onton11-Si.19 A hy-
drogenated amorphous carbon~a-C:H! with an E04 gap of
1.7 eV was deposited from methane at room temperatur
rf plasma-enhanced chemical-vapor deposition. Hydro
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nated tetrahedral amorphous carbon~ta-C:H! was deposited
from methane using an electron cyclotron wave resona
source at an ion energy of 130 eV.20 Each set of films is
about 50 nm thick, where any thickness dependence of fi
emission is least.6

The films were annealed in a vacuum of 1026 mbar for
20 min to 700 °C fora-C:H and to 1000 °C for the othe
systems. This prevented film oxidation. The film thickne
slightly increased at the highest temperatures due to gra
tization. Unpolarized Raman spectra were recorded at
nm using a Jobin–Yvon T64000 triple-grating spectrome
The sp3 content was found by electron energy-lo
spectroscopy.19 The field emission was measured
1028 mbar pressure in the parallel-plate configuration with
5-mm-diam cylindrical anode of indium–tin–oxide-coate
glass. The interelectrode spacing of 85mm was defined by
adjustable spacers located outside the emission area.
avoided errors due to field enhancement at the edges, or
face leakage on the spacers. To initiate emission, the fi
were subjected to a series of voltage ramps of increas
maximum voltage. A threshold fieldF th is defined as the
field to give an emission current density of 1026 A/cm2.
Some films such as undopeda-C:H are not good emitters
with F th over 20 V/mm, so surface damage is an issue.
slow ramp rate of about 1 V/s and a maximum applied fi
of 25–35 V/mm were used to minimize surface damage. O
conclusions are based on films that emit at lower fiel
where damage is small. Any damage above 25 V/mm de-
creasesF th but does not alter the form of the dependenc
seen. The parallel-plate configuration tests only the m
emissive spots. Nevertheless, the clear trend in our dat
difficult to explain if there was no relationship between fie
emission and structural changes induced by annealing.

Figure 1~a! shows the effect of annealing temperature
F th . In all systems,F th first decreases, passes through
minimum and then increases again. This common beha
suggests that neither the chemical bonding to H or N,
surface termination involving C–H bonds are key para
eters. Most H evolution froma-C:H andta-C:H is above 500
and 600 °C, respectively.21 Thus, the emission varies mostl
at fixed H and N content. The decrease and subsequen
7 © 2000 American Institute of Physics
P license or copyright, see http://apl.aip.org/apl/copyright.jsp



in

e

s

y

,

o

a

of

n

his
e

nd
est

nd

y,

ho-

di-

rmi

rb

s.

2628 Appl. Phys. Lett., Vol. 76, No. 18, 1 May 2000 Ilie et al.
crease inF th both occur against a continuous increase
conductivity.

Another parameter that can affect the emission is av
agesp3 content.7 Annealing is well known to convertsp3

sites intosp2 sites. We now know that thesp2 phase begins
to order before the conversion ofsp3 to sp2 sites.22 Thus,
Fig. 1~b! shows that the main changes ofF th do not generally
correspond to changes ofsp3 content for any of the system
studied. Moreover, the decreases ofF th occur before the
main decrease ofsp3 content, particularly forta-C ~where
sp3 content is constant up to 1000 °C! and ta-C:H ~where
sp3 content first stays constant and then decreases onl
10%!. Thus, thesp3 fraction is not the key parameter.

We now study the role ofsp2 microstructure. Visible
Raman spectroscopy is mainly sensitive tosp2 sites and is a
convenient way to follow the evolution of thesp2 phase. The
presence of a RamanD peak at;1350 cm21 indicates that
the sp2 phase is clustering into aromatic rings.18 There is a
relationship23,24between the in-plane correlation lengthLa of
thesp2 clusters and the intensity ratio of theD andG peaks,
I (D)/I (G). In Fig. 2, froma-C to nanocrystalline graphite
I (D)/I (G) increases with increasingLa ~branch 1!. For

FIG. 1. Variation of~a! the emission threshold field and~b! the film sp3

content with the postannealing temperature for different amorphous ca
systems.

FIG. 2. Generic correlation between the Raman parameterI (D)/I (G) and
the in-plane correlation lengthLa of the sp2 aromatic clusters.
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branch 2 forLa.2 nm, the transition from nanocrystalline t
microcrystalline graphite,I (D)/I (G) decreases as 1/La .23

Our case is on branch 1. Here,I (D)/I (G) is proportional to
the number of rings in a cluster, soI (D)/I (G) increases as
La

2.24 I (D)/I (G) is derived from the Raman spectra using
Breit–Wigner–Fano lineshape for theG peak and a Lorent-
zian for theD peak.

The dependence ofI (D)/I (G) on La gives the variation
of F th with La shown in Fig. 3. There is an optimum size
clusters for each system whereF th has a minimum,Fopt.
Figure 4 plotsFopt as a function ofLa . Each system has a
optimum cluster size of about 1 nm. Inta-C:N, a-C:H, and
ta-C:H the optimum isLa;0.7– 1.1 nm and at smallerLa

;0.2 nm in ta-C. Figure 3 also shows thatF th increases
strongly in all the systems when thesp3 matrix disappears
and the material tends towards nanocrystalline graphite. T
corresponds toLa51.5– 2 nm in Fig. 2. This emphasizes th
need for bothsp2 andsp3 phases for good emission.

Nanostructured carbon, nanocrystalline diamond, a
carbon nanotubes are the types of carbon that emit at low
applied field. In microcrystalline diamond, emission is fou
to occur from grain boundaries,9,25,26 that is, nm-scale
sp2-bonded regions of positive electron affinity. Similarl
emission from carbon nanotubes27 occurs from 1 nm curved
regions. Our experiments above indicate that nm-scale in
mogeneities also promote emission froma-C.

Why is this small length scale so prevalent in such
verse systems? Electron energy distribution~EED! measure-
ments show that electrons are emitted from near the Fe

on

FIG. 3. Dependence of the threshold fieldF th on the in-plane correlation
lengthLa of sp2 aromatic clusters for various amorphous carbon system

FIG. 4. Variation of the optimum threshold fieldFopt with La .
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level, so the potential barrier for emission is the work fun
tion, 4–5 eV.27,28 Second, the EED width shows that emi
sion occurs in the presence of large local fields of thousa
of V/mm. So far, the EED shows no evidence of hot-elect
effects or conduction-band emission in these systems.

There are numerous mechanisms which can lower
barrier by 0.5–2 eV, such as surface depletion, change
the surface termination, etc.7 However, the only effective
means to lower the barrier by 4–5 eV is field enhancem
Field enhancement can occur at interfaces betweensp3 and
sp2 phases or at a triple junction between thesp2 and sp3

phases and vacuum because of high-aspect ratio geom
and/or the presence of space-charge distributions. Con
tive filaments normal to the film surface, such as gr
boundaries in microcrystalline diamond, can cause large
cal electric fields. Conductive filaments and surface regi
were observed onta-C surfaces.28,29 The field lines will fo-
cus onto such filaments or grain boundaries, Fig. 5~a!. The
positive potential on the anode creates negative space ch
in the film. sp2-bonded filaments possess amphoteric g
states around the Fermi level, which become negativ
charged@Fig. 5~b!#. The filaments are distributed inhomog
neously in the film so the field lines focus onto the filamen
creating a field enhancement. The local field is enhanced
b compared to the macroscopic field of 1–10 V/mm. b can
be over 100 for a filament at the interface with vacuu
giving local fields of thousands of V/mm. For a-C:H and
ta-C:N, from the Fowler–Nordheim plots for the optimu
films, we obtainb;490 and 640, respectively. For this w
used barriers for emissionfb of 4 eV for a-C:H and 4.5 eV
for ta-C:N.8 If the density of states isN;1021cm23 and the
charged length of filament is 1.5 nm, the barrierfb is fully
lowered at macroscopic fields of;10 V/mm. This size is
similar to that found here by Raman.

We believe field emission occurs from localized co
ducting regions because this simultaneously gives large
enhancement and the sizable local conductivity able to s
port emission. The critical diameter of a filament is a tra
off between the need for field enhancement and the nee
carry emission current. The macroscopic emission cur
densityJ is given in terms of filament diameterd, its con-
ductivity s loc , emission site densityN, and local fieldF loc as
J5N(pd2/4)s locF loc . Using J5531023 A/m2 N

FIG. 5. ~a! Field focusing around a high-aspect ratio filament nanostruct
~b! Band model for field emission from filament-typesp2 clusters perpen-
dicular to the film/vacuum interface.
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;106 sites/m2, ands loc;1 V21 m21 for a typical disordered
sp2 material, we obtaind;0.7 nm forF loc553109 V/m.

Even in good emitters, nondestructive conditioning o
curs. We attribute this to a combination of current-induc
conversion ofsp3 to sp2 sites, as found by STM,15,16 and
loss of surface hydrogen. Both processes form preferen
emitting regions.

In conclusion, we show that the size of thesp2 phase
can dominate the effect of chemical bonding,sp3 content, or
conductivity on field emission. Nanometer-scalesp2 clusters
embedded in thesp3 matrix were observed using Rama
spectroscopy. These can enhance the local field and sig
cantly lower the surface tunnel barrier, explaining the ea
emission from mixed-phase carbon systems.
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