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Unique characteristics of cold cathode carbon-nanotube-matrix field emitters

Philip G. Collins and A. Zettl
Department of Physics, University of California at Berkeley, Berkeley, California 94720

and Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720
~Received 28 October 1996!

The attributes of electron field emission from disordered matrix arrays of carbon nanotubes are studied and
found to be quite reproducible in spite of the disorder, density, and quality variations from sample to sample.
At low applied electric fields, the electron field emission current-voltage characteristics qualitatively follow
conventional Fowler-Nordheim behavior up to a critical current density. However, the current rise at low
applied fields is anomalously steep, suggesting that the Fowler-Nordheim model is not sufficient to quantita-
tively characterize the emission. In the high-field region, the emission characteristics have a more complex
behavior. In that regime, the instantaneous field emission is reminiscent of the low-field behavior, but discrete
switching events lead to an overall current suppression. We attribute the sudden and well-defined onset of the
switching events to interactions between neighboring nanotube tips. By correlating the switching behavior to
the current-voltage characteristics, we rule out other physical processes that cause similar effects.
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I. INTRODUCTION

A broad range of electrical, chemical, and mechanical
plications can be proposed for carbon nanotubes.1 But to date
the wide range of properties available in these nanos
building blocks have hindered as much as helped poten
applications. For example, the electrical properties of car
nanotubes are predicted to vary over a wide range, dep
ing sensitively on the tube chirality and diameter.2,3 Any
given multiwall nanotube is a complicated combination
concentric individual tubes, each with different properti
Such complexities greatly hamper the theoretical mode
and experimental characterization of carbon nanotubes.
additional restrictions encountered in manipulating and m
suring the properties of nanoscale objects further complic
the characterization and application of carbon nanotubes

To fully characterize and utilize carbon nanotubes, th
pathways are available. In the first, measurements and a
cations rely on using individual nanotubes, one at a tim
Recent progress on this front includes the measuremen
structural and mechanical properties of a single nanotube
transmission electron microscopy4,5 ~TEM! and electrical
transport measurements aided by microfabrication.6 A sec-
ond possible pathway requires adapting the synthesis
nanotubes to produce macroscopic amounts of tubes
uniform properties. Some progress has been made using
vaporization techniques which yield ‘‘ropes’’ of single
walled nanotubes, where each rope apparently contain
large fraction of nanotubes with similar diameter a
chirality.7 However, this process does not allow for spec
cation from among the many possible nanotube geomet
limiting the potential of nanotubes as, for example, chem
filters for molecules of different sizes. The third pathway
characterization and application involves using, without p
selection, as-grown nanotubes with a gross distribution
properties. In this case, selective characterization may
550163-1829/97/55~15!/9391~9!/$10.00
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occur if only a small number of self-selected, similar nan
tubes are active during any particular process or meas
ment.

An example of a self-selective process is the field em
sion of electrons from carbon nanotube tips.8,9 A negatively
biased nanotube tip, with its nanometer-sized radius of c
vature and large aspect ratio, can generate such large,
electric fields that it emits electrons into the vacuum lev
We have shown previously10 that a reliable, robust electro
beam source can be made from a disordered collection
field-emitting carbon nanotubes, regardless of the ove
distribution of tube geometries. The process is self-selec
because only the sharpest protrusions produce local fi
large enough to generate field emission. Thus nanotube
emission sharply discriminates between the many tube
ometries available in favor of only the sharpest nanotubes
a result, the emission characteristics reflect only a partic
type of nanotube and are quite reproducible.

This paper describes the details of carbon nanotube fi
emission characteristics. We find that nanotube fie
emission characteristics are extremely predictable, with o
small but interesting deviations due to local effects. Tw
exponential emission current regimes are cleanly separate
a particular universal value of the emission current. T
overall field-emission characteristics of the nanotubes
significantly different from those of conventional field em
ters.

This paper is organized as follows. First, we provide
description of our experimental procedures. This includes
production of simple nanotube field emission sources
measurement of their current-voltage characteristics.
analysis of these characteristics is then divided into th
sections. In Sec. III A, we consider the uniformity of emi
sion properties found for these samples. In Sec. III B,
characteristics are compared to and contrasted with the
ventional Fowler-Nordheim model for electron field emi
sion. Various extension models are also considered to f
account for the observed data. In Sec. III C, we discuss
9391 © 1997 The American Physical Society
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9392 55PHILIP G. COLLINS AND A. ZETTL
dence for tip-tip interactions in the context of emission s
switching and conditioning effects.

II. EXPERIMENT

Multiwall carbon nanotube field emission sources we
prepared as follows. Nanotube-containing soot genera
from a carbon plasma arc discharge11 was first burned in
flowing oxygen at 750 °C to remove amorphous mater
Characterization by TEM revealed that nanotubes typic
made up 70% of the remaining material.5 Tube lengths
ranged from stublike growths of a few hundred nanome
in length to fibers 10mm and longer which could not be fully
imaged within the TEM field of view. Tube diamete
spanned a range from 2 to 50 nm. High-resolution TE
inspection of the tubes revealed that many of the tube e
are tapered, with ultimate tip radii of curvatureRtip smaller
than the distribution of tube diameters would suggest. T
sharpest tips, which are most likely to act as emitters, w
observed to have tip radii of curvature between 1 and 3

The tube-rich material was thoroughly mixed into no
conducting epoxy in a volume ratio of approximately 1:1
produce a conductive matrix of nanotubes. Within the ma
the bundles of tubes are completely disordered, with a sm
fraction of the tubes extending their tips beyond the epox
the sample surface. Scanning electron microscopy~SEM! re-
solved bundles of tubes sticking out from these surface
all directions with densities no less than 1 permm2. The
nanotube density was sufficient to generate large and re
ducible emission currents.

A well-defined emission surface was produced by dry
the nanotube-filled epoxy under pressure between two g
slides spaced 50mm apart. At the glass slide edges, the e
cess was removed to leave a uniform 50-mm-wide stripe of
the nanotube-epoxy matrix. The glass-epoxy sandwich
then further mechanically shaped to produce a 50350 mm2

emission surface of the nanotube-epoxy matrix. Emiss
currents were always detected from these surfaces, even
significant surface damage, because of the uniform distr
tion of sharp tips throughout the epoxy matrix. Even ha
mechanical sanding or ‘‘burning’’ of the matrix surface b
high-voltage arcing simply exposed new tube tips from
underlying matrix to serve as fresh emission sources.

Figure 1 depicts the experimental setup for detect
nanotube field emission. The samples were placed i

FIG. 1. Schematic of the carbon nanotube field emission exp
mental setup. The nanotube emission source, acceleration grid
collector plate are housed in a vacuum chamber at 1026 torr. An
electrometer detects the portion of the emission current transm
through the grid.
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vacuum chamber at 1026 Torr. Using a precision microme
ter, the prepared surfaces were brought into contact wit
50% transmitting copper grid and then withdrawn by 10–1
mm from the grid. The samples were then biased at h
negative voltageV with respect to the grounded grid. Elec
trons field emitted from the sample surface were accelera
by this bias towards the grid. Roughly half of the total em
ted electrons passed through the grid and were collected
a copper plate and detected as a currentI , using a well-
isolated electrometer. Under computer control, the volta
bias could be ramped in 70 mV increments. For all of t
data presented here, the sample matrix temperature
maintained atT5300 K, hence the emission characteristi
are for a cold-cathode configuration.

Temporal resolution of the emission current was limit
by the 1 kHz output bandwidth of the electrometer. In pra
tice, the emission current was averaged for up to 1 se
each voltage value. Averaging the current produces
smoothest curves and is a useful tool for describing the o
all behavior of the nanotube field emission. However, su
averaging filters out fluctuations in the emission current. T
collection of multiple independent current readings at
single voltage bias proved to be as illuminating as
smooth, time-averaged curves, and allowed for a better
derstanding of these samples. Both types of measurem
results are analyzed below. In Secs. III A and III B, the ch
acteristics of the smoothly varying, time-averaged curves
examined. In Sec. III C, the time-varying component of t
emission is explored. This additional temporal componen
critical for understanding the emission properties of carb
nanotubes in the high electric-field regime.

III. RESULTS AND DISCUSSION

A. Field emission onset and nanotube tip dependence

Figure 2 shows a typical current-voltage (I -V) character-
istic of a nanotube-matrix field emitter with current on bo
logarithmic and linear scales. The sample-grid separatio
d550 mm. The onset voltageVons, which typically occurs
near 100 V, is arbitrarily defined as the bias for which
10-pA emission current is measured. AboveVons there are

ri-
nd

ed

FIG. 2. I -V curve for field emission from carbon-nanotub
matrix sample, showing both logarithmic and linear current sca
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55 9393UNIQUE CHARACTERISTICS OF COLD CATHODE . . .
two exponential regimes, as clearly seen in the logarith
cally plotted data. A knee voltageVknee is defined as the
breakpoint at which the emission data deviate from the lo
voltage, straight-line asymptote. For the sample used for
2, values ofVons andVkneeare 97 and 130 V, respectively.

For a sample surface separated from the accelerating
by 50mm, these voltages suggest average electric fields
the order of 104 V/cm if we assume the two planar electrod
have a uniform field between them. However, 104 V/cm is
approximately three orders of magnitude lower than
characteristic onset field required for field emission in
vacuum.12 In addition, we find that the nanotube emissi
characteristics are relatively insensitive to variations in
sample-grid separation. Varying this distance from 10 to 1
mm results in only a 10% increase in the observedVons ~and
a corresponding shift of theI -V curve!. The emission char-
acteristics remain essentially unchanged even when the
erage field varies by an order of magnitude. Thus we c
clude that a planar electrode model, as suggested by
physical setup, is wholly inappropriate for the nanotu
emitters.

The low onset voltage and insensitivity to sample-g
separationd both suggest that a local electric-field model
more suitable. In this case, the electric-field concentratio
the emitting nanotube tips is primarily an effect of the nan
scale tip geometry and the tip’s immediate environment. T
nanotube tip, which is typically within 1mm of the emitter
surface, is at the same potential as the surface but con
trates the electric field due to the small radius of curvatu
Accordingly, we may model each tip as a hemisphere12,13

with a local field

Eloc5Vapplied/~aRtip!, ~1!

whereRtip is the tip radius of curvature anda is a modifying
factor determined by local geometric and electronic facto
Using a characteristic value ofRtip'1 nm as observed by
TEM and a ‘‘typical’’ emission electric field ofEloc'108

V/cm, we finda to be on the order of 10. Theoretically, ana
between 3 and 5 can result solely from the screening du
image charges.12 In our casea also includes the effects o
screening by nearby protrusions, including the nonemitt
nanotubes, and the not-so-distant epoxy matrix. In addit
a may include electronic effects of the presumably lo
dimensional nanotubes. Therefore a value ofa'10 is not
unreasonable for the nanotube emitters, and the small
served onset voltage and relative insensitivity tod can be
explained without invoking novel emission mechanisms
any other ‘‘magnification’’ factors.

The simplicity of the isolated hemisphere model allows
to argue that only the sharpest tips in the nanotube matrix
active in our measurements. The electron emission cur
depends exponentially on the local electric fieldEloc . By Eq.
~1!, then, the emission depends exponentially on the na
tube tip radiusRtip and only the sharpest tips can emit at lo
applied voltages. As the voltage is increased, the expon
tially rising current from these active tips conceals t
turn-on events of larger radius tips, if any turn on at all.
this sense the emission process itself self-selects amon
broad distribution of nanotube properties, so that only
narrowest tubes, independent of length, are represente
the data. We have tested this hypothesis by measuring
i-
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emission from samples made of monodisperse single-wa
tubes withRtip51 nm and find results identical to Fig. 2 fo
all samples.14 Thus the experimentally measured field em
sion is completely insensitive to the broad range of tip g
ometries present in the sample.

Figure 3 depicts the range of observed voltagesVons and
Vknee for many different samples prepared by similar me
ods and measured at room temperature. The observed r
in onset voltageVons is to be expected, and can almost e
clusively be considered an effect of the local geometry s
rounding each nanotube. Surprisingly, every one of th
samples shows a breakpointVknee in its I -V characteristic.
By plotting Vknee againstVons for each sample as is done i
Fig. 3, a clear and surprising correspondence is revealed.
straight-line fit in Fig. 3 indicatesVknee5~1.2960.08! Vons
for the entire ensemble of nanotube-matrix emitters. The
indicates that variations inVknee for different nanotube ma-
trix samples are only due to the same local variability as
Vons. We may argue, then, that the local electric fields as
ciated with the onset and with the breakpoint are we
defined constants for the selected class of field-emitt
nanotubes~i.e., those with the sharpest tips!.

Having characterized the local electric field at the nan
tube tip, we next turn our attention to the local tip emissi
current density, which is a more difficult quantity to acc
rately determine. The experimentally measured current
only a fraction~on the order of one-half! of the total electron
beam, since many of the emitted electrons are captured
the accelerating grid before reaching the collector plate. F
thermore, the sample-grid spacing in this study is nearly
same size as the opaque stripes of the grid, which are
proximately 100mm wide. Therefore, if the emission is from
only a few sites on the surface, the measured current at
collector will depend strongly on the relative positioning
these sites with respect to the grid. Due to the small size
the emission samples, it is difficult to quantitatively dete
mine how many independent emission sites are active on
surface. However, two facts seem to indicate that the em
sion is, on a gross scale, uniform across the surface. First
find surprisingly little matrix sample-to-sample variatio

FIG. 3. Knee voltage as a function of onset voltage for a vari
of nanotube emission samples. The dashed line is a straight-lin
with slope 1.2960.08 passing through the origin. The correspo
dence indicates that, corrected for local geometries, the nano
emitters have a single, well-defined breakpoint.
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The reproducibility of the measured collector current fro
one sample to the next is almost anomalously consistent
sidering the disordered nature of the nanotube matrix
faces. Second, as previously mentioned, the emission cu
is found to depend only weakly on the sample-grid sepa
tion. Due to the experimental setup, changing the perp
dicular sample-grid separation invariably causes para
translational motion between the grid and sample surfac
only a few strongly emitting sites dominated the total c
rent, the combined perpendicular and parallel motions wo
be expected to lead to sizable variations in the measu
emission current, contrary to experimental observations.
therefore assume that a large fraction of the sample surfa
uniformly active, at least on the micrometer length scale
order to calculate a lower bound on the local tip emiss
current density, we shall below assume that the entire sur
emits uniformly.

Two current density values of particular interest are
maximum attainable current density and the current den
at the breakpointVknee. The maximum current in Fig. 2 is
I58mA, suggestive of a total field-emission current from t
matrix surface of 16mA after accounting for the shielding o
the accelerating grid. Thus, as an absolute minimum,
matrix sample is capable of supporting a total surface cur
density on the order of 600 mA/cm2. To calculate a tip cur-
rent density, we make the conservative assumptions tha
ery tube emits equally and that the active emission surf
per tip is 4pRtip

2 . From the SEM observation of on averag
one tube per square micrometer, we calculate for this sam
a maximum current of 6 nA per nanotube and a tip curr
density of 53104 A/cm2. The second current density of in
terest is the critical current at the breakpoint of theI -V char-
acteristic. In Fig. 2, the emission currentI atVknee is 35 nA,
corresponding to a total matrix surface emission current d
sity J53 mA/cm2. This value implies a minimum current o
30 pA per nanotube and a tip current density of 200 A/cm2.

The maximum sample emission current varies from 1
50mA from sample to sample, perhaps indicating a variat
in the number of emitting nanotubes. However, the measu
emission current atVknee is relatively predictable for thes
matrix samples. We find this value to be a universal cons
I knee520615 nA forall nanotube emission samples, with th
large error bars due to the steepness of the current rise a
voltage. This constant current value and the behavior ofVknee
demonstrated in Fig. 3 uniquely determine a single point
the I –V characteristic at~Vknee, I knee!5~1.29 Vons, 20 nA!
which all of our 50350 mm2 nanotube matrix samples ap
pear to meet. This result is quite unexpected for a numbe
reasons. Little care was taken to prepare quality surfa
which would give sample-to-sample reproducibility, asi
from the similar surface areas. Also, the likely distribution
potential nanotube emitters on each surface is broad. Fin
the density of nanotube material in each sample may v
over as much as an order of magnitude due to variation
the quantity of epoxy mixed into the nanotube-contain
soot. All of these reasons support the wide range of ma
mum sample emission currents, but apparently contradict
constant value ofI knee. The single, well-defined breakpoin
common among all measurements is more reminiscent
carefully prepared semiconductor crystal facet15 than the
relatively inhomogeneous matrix samples described h
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We concern ourselves below with possible causes of
unexpected, but reproducible and potentially very use
feature.

B. Modeling field-emission current behavior

The well-defined breakpoint at~Vknee, I knee! confirms that
emission is very selective among the various nanotubes
truding from the matrix sample. It is also suggestive of
common physical property among these particular tubes,
example, a current saturation limit. In order to investiga
further the breakpoint atVknee, additional analysis of the
I –V characteristic is helpful.

Conventional field-emission analysis utilizes the model
Fowler and Nordheim,16 which was originally developed fo
individual, isolated, noble-metal tips emitting into vacuum
Subsequent experiments have shown the Fowler-Nordh
~FN! model to be widely applicable to many emittin
systems.17 The recent nanotube electrical conductivity me
surements of Langeret al.6 indicate that multiwalled carbon
nanotubes are metallic, at least at room temperature. Th
fore, the FN model could be reasonably expected to appl
nanotube matrix field-emission characteristics.

In the FN model, the electron current densityJ at the
emitting tip can be calculated as a function of the local el
tric field Eloc and the tip work functionF. The resulting FN
equation is

J}Eloc
2 exp@26.83107F3/2/Eloc#, ~2!

whereE is in units of V/cm,F in units of eV, andJ in units
of A/cm2. Assuming the isolated hemisphere model forEloc
given by Eq. ~1!, the FN equation may be rearranged
terms of experimentally measured quantities such as the
currentI and applied voltageV measured in A and V to give

lnS I

V2D5
1

V
~26.8aRtipF

3/2!1offset, ~3!

with Rtip measured in nm. For small excursions in appli
voltage, the logarithmic behavior dominates the emiss
I –V characteristic and the quantity~a RtipF

3/2! may be de-
termined from experimental data.

Figure 4 is a Fowler-Nordheim plot of ln~I /V2! against
1/V for the emission data of Fig. 2. For a conventional fie
emitter, this plot results in a straight line with slope26.8
~a RtipF

3/2!. The two regimes above and belowVknee in Fig.
4 both appear to fit this Fowler-Nordheim criterion, but gi
quite different slopes.

In the low-voltage region, the best-fit slope for the data
SLV522700. Assuming values ofRtip51 nm anda'10, this
slope givesF512 eV. This work function is unphysically
large, and no reasonable adjustments of other parameter
bring F into a more realistic range. Furthermore, as d
scribed in Sec. III A, we observe two uniquely defined poin
on theI –V characteristics for all of our samples. One of t
points is the onset, defined at~Vons, 10 pA!. The other is the
breakpoint at~Vknee, I knee!5~1.29Vons, 20 nA!. These two
points alone can be used to calculate a low-voltage ‘‘
slope’’ without any foreknowledge ofa, F, or the tip radius
Rtip . That calculation yields a valueS523100, quite close
to the value obtained from the low-voltage regime of Fig.
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This agreement and the unlikely valueF512 eV suggested
by it indicate that the FN equation fails to accurately mo
these emitters, at least for low fields belowVknee. In physical
terms, the current rises far too fast as a function of voltag
be explained by conventional electron emission into
vacuum for the carbon nanotube matrix emitters.

In the high-voltage region aboveVknee the data of Fig. 4
also give a straight-line fit but with slopeSHV52840. Again
assumingRtip51 nm anda'10, this value gives a tip work
function of F55.4 eV, in agreement with the 5 eV wor
function of graphite. However, unlike the low-voltage slop
the sample-to-sample spread inSHV is quite broad, leading to
variations in the calculatedF from 2.7 to 8.2 eV. This varia-
tion, in combination with the failure of the FN model at lo
voltages, makes the evaluation ofF from Eq. ~3! unreliable
even in this field regime.

A failure of the FN model in describing conventional fie
emitters is often accounted for by the incorporation of ad
tional interactions. The theory of Dyke and Dolan18 includes
the effects of vacuum space charge surrounding an emis
site. At high-current densities, this space charge sharply
duces the actual electric field at the emitter. The FN linea
criterion will fail when the space charge becomes signific
because the local electric field is no longer proportiona
the applied voltage. Saturation of the emitter current due
limited carrier concentration in a nonmetallic emitter can a
to or exaggerate this space-charge effect.17,19

The combination of space-charge buildup and car
saturation explains the sharp breakpoints observed in
field-emission characteristics of semiconductors.15,19 We
note this example because, at first sight, the nanotube re
reported here exactly match the field-emission characteris
of semiconductor crystal facets. The important difference
that the semiconductors follow standard FN behavior up
particular field, and then deviate. At higher fields, the curr
gradually saturates to a point at which it no longer increas
Both of these rules are broken in the case of nanotube e
ters. As described above, the FN model fares worst for na

FIG. 4. Fowler-Nordheim plot of ln~I /V2! versus 1/V for a nano-
tube matrix sample. For conventional field-emission tips, suc
plot results in a straight line. The nanotube data fit the Fow
Nordheim equation well in both the high voltage~HV! and low
voltage ~LV ! regions. However the interpretation of the Fowle
Nordheim slopes~indicated by dashed lines! is more complex than
for the case of conventional field emission sources~see text!.
l

to
e

,

i-

on
e-
y
t
o
to
d

r
he

lts
cs
is
a
t
s.
it-
o-

tube emitters in the low-field regime, even though spa
charge effects should be insignificant. Furthermore, in
high-field regime the current continues to rise smoothly a
exponentially over no less than two orders of magnitude.
therefore rule out space charge or low carrier density a
cause of the field-emission breakpoint in nanotubes. For
same reasons, accounting for the resistivity of the subst
or of the nanotubes themselves cannot bring the experim
tal data into accord with the predictions of a conventional
model.

The FN model may not apply well to the nanotub
samples for a variety of reasons. First of all, the nanotu
tips may have localized electronic states only wea
coupled to the bulk of the tube. In the FN model, such sta
are assumed to be in equilibrium with the essentially infin
reservoirs associated with good metals. Second, the
model assumes a single emitter, completely independen
its surroundings. In using the FN model, we have ignored
effects of multiple emitting nanotubes, other nonemitting b
nevertheless sharp nanotubes nearby, and the epoxy m
stabilizing these tubes. Section III A described the samp
to-sample uniformity of emission and concluded that t
emission does not simply behave as emission from a v
small number of discrete protruding tips, since the emiss
appears relatively uniform over a scale of many micromete
The FN model does not include any interactions which,
these nanotube matrix samples, may play an important
in spatially ‘‘homogenizing’’ the emission-current densit
For example, the emission current might be stabilized a
spatially averaged by cooperative effects between the m
tubes. A cooperative interaction between tips could expl
both the spatial uniformity of the emission current as well
the anomalously steep current rise of low fields, neither
which fit in the FN model. The emission current might al
be influenced by the surrounding environment. Addition
sharp nanotubes lie both above and just below the surfac
the epoxy matrix and produce large electric fields of th
own. The entire configuration of tips may create a comp
field distribution beyond the standard FN model.

Nanotube tips just below the surface of the epoxy not o
redistribute the local fields, but may be field emitters as w
Field emission has been observed for conducting parti
belowthe surface of a nonconductive matrix.20,21In the pres-
ence of very large electric fields, the electronic bands of
insulating matrix may be significantly modified, even to t
point of dielectric breakdown and transport through the
sulator. In our nanotube matrix samples, nanotube tips
do not protrude from the surface, but are close to it, co
cause such effects. In that case the emission is not simp
matter of tunneling into the vacuum from a nanotube t
rather, the tip induces a large enough field to cause dielec
breakdown and emission from the insulator into the vacuu

This unique mode of field emission has been theoretic
modeled by Latham and Wilson.22 In the model of Latham
and Wilson, the electronic properties of the insulating lay
as opposed to the emitters themselves, dominate theI -V
characteristics of the emission. Three aspects of the mod
Latham and Wilson suggest that, at least in the low-fi
regime belowVknee, it may apply to the nanotube-matri
samples better than the FN model. First, the Latham mo
predicts a very sharp turn-on event as we have observed
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the onset of field emission from metallic tips, some electro
must tunnel through the insulator to reach vacuum. This t
nel current within the epoxy can lead to a local dielect
breakdown and a current avalanche. Second, the mode
Latham and Wilson provides for electron emission at low
applied fields than the standard FN model. This effect is
to a concentration of field by the high dielectric constante of
the insulating material. The barely submerged nanotube
surrounded by a largee will experience a larger local field
than the nearby tip protruding into the vacuum space. Die
tric breakdown may also excite holes in the insulator, wh
will diffuse toward the emitting tip and produce an ‘‘in
verse’’ space charge that further increases the local ele
field. Both effects increase the local field at an emitting
and would account for the strong emission currents meas
from the nanotubes at relatively small local fields. The th
attractive feature of the model of Latham and Wilson is
formulation, which results in the same functional form as
FN equation@Eq. ~3!#. Therefore the linearity of the nano
tube data, when plotted as in Fig. 4, merely confirms t
either the model of Fowler Nordheim or Latham and Wilso
applies to these emitters. For the model of Latham and W
son, the slope of the FN plot is given22 by

S521.5ex~d/D!, ~4!

wherex is the work function of the insulator-vacuum inte
face measured in eV,d is the sample-to-grid separation, an
D is the thickness of the insulating layer. For typical valu
of e'10 andx'7 eV for an insulator, the observed low
voltage slopeSLV523000 from Fig. 3 suggests an insulatin
layer thicknessD50.5 mm. Though difficult to experimen-
tally confirm, this reasonable value forD indicates that Eq.
~4! may qualitatively describe the observed emission cha
teristic. However, Eq.~4! predicts a proportional relationshi
between the slopeS and the sample-grid separationd. As
described in Sec. III A, we do not observe any marked
pendence on the sample-grid separation. It is unclear whe
the isolated hemisphere model for the nanotube tips, as
scribed in Sec. III A, could be incorporated into the surfa
sensitive model of Latham and Wilson.

Presumably, field emission may be measured
nanotube-matrix samples in which no nanotubes actu
protrude beyond the epoxy surface. Although this is not
case for our samples, it indicates one way that the field em
sion can be far more complicated than the conventional
model. An accurate model of the field emission for the
nanotube-matrix samples would likely incorporate four int
dependent elements:~1! the emission from the extended
bare nanotube tips,~2! the insulator-assisted emission
nanotube tips just below the epoxy surface,~3! a self-
consistent distribution of electric fields concentrated by e
nanotube tip, and~4! the dynamic effects of current flow b
which emitting tips may interfere or cooperate with ea
other. All four aspects are subordinate to the self-selectio
the sharpest nanotube tips already described. Among t
tips, however, there is a possibility for correlations due to
electric fields and currents. Further theoretical analysis m
be required to illuminate which process dominates the em
sion characteristics of the carbon nanotube matrices.

Within any proposed framework, the high field-emissi
characteristics, including theI -V breakpoint atVknee, remain
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unexplained. We first consider the possibility that, indep
dent of the process for the emission, a structural modifica
is causing the observed effect. Stress from the large ele
fields combined with Joule heating might cause a structu
or electronic rearrangement of a nanotube tip, which in t
would change features in the tip’s emission. Previous wo8

has correlated increases in nanotube field-emission curr
with laser-induced tip modification. The conclusion w
reached that nanotube emission changed after a laser-ind
structural unraveling, which resulted in an ultrasharp, sing
atom protrusion. The present work covers the same elec
field and current density regime, but no evidence of tip mo
fication is observed. For example, modification of the
should change both the slope of the FN plot and the ma
tude of the observed emission current. Although we obse
the former, we observe no discontinuities in the emiss
current nearVknee. In fact, theI -V characteristics reported
here show no hysteresis upon repeatedly increasing and
creasing the applied bias through the observed breakp
Therefore the local structure governing the emission can
most be slowly varying in our work. We rule out the poss
bility that by going to higher fields we have caused the sa
effects previously reported for laser irradiation of the nan
tube tip.

We have further tested this conclusion by completing p
allel studies of field emission from microcrystalline graphi
The electronic structure of multiwalled carbon nanotubes
predicted to be very similar to graphite.23 When observed
edge on, a graphite crystal protruding from an epoxy surf
matches a protruding nanotube in geometry and, more
portantly, in atomic structure. Given these similarities, bo
materials might be expected to unravel or form dangl
bonds under equivalent conditions. We prepared ma
samples using pure graphite rather than the nanotube
carbon soot, but otherwise made no changes to our pr
dures. We find the graphite-matrix samples to be field em
ters with onset voltages between 150 and 300 V. Althou
two to three times higher than the onset voltages obser
for nanotubes, these values suggest local fields on the s
order of magnitude as for the carbon nanotubes. Most imp
tantly, the graphiteI -V characteristics showno knee or
breakpoint up to currents 100 times higher than observed
the nanotubes.

This striking difference between graphite and carb
nanotube emitters has two important implications. First
confirms that the carbon-carbon bonding is not a source
structural instability. Second, it limits the applicability of th
model of Latham and Wilson, which is governed by intera
tion with insulating material. For a model which only weak
depends on the emitters themselves, dramatic differen
should not be found between emitters so similar both str
turally and electronically.

C. Switching and conditioning instabilities

In the preceding analysis, only time-averaged data h
been considered. In this section, we also consider the ti
dependent fluctuations of the field-emission current. The
perimental conditions were not changed except for the
moval of a post-acquisition digital filter. First, we consid
only the time dependence of the emission current at a fi
voltage bias. Then, we discuss the same time depend
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while allowing the bias to change. At the end of this sect
we describe further effects of ramping the sample bias
very high voltages.

1. Current switching versus time

Figure 5~a! shows the behavior of a pristine multiwalle
nanotube matrix emitter subjected to a constant bias vol
of 125 V, which exceedsVknee585 V. With the bias held
steady, the current was collected as a function of time. D
crete jumps are apparent in the plot, with similar charac
istics to those reported previously for an individual, sing
walled carbon nanotube8 and for other carbon emitters.24,25

Typically, this unsteady current behavior is caused
changes in the emitting tip, such as the movement of ad
bates or motion of the emitting facet itself. For example,
a single crystalline tip of a conventional field emitter, ea
crystal face has a slightly different work function. Electro
emission from one face surrounds the entire tip in a dyna
space charge which can shield and preclude the other f
from emitting. For nearly identical faces, the system is me
stable and the active emission surface will jump from face
face. As this occurs, the measured current shows small
crete steps or ‘‘switching’’ for the not quite equivale
sites.17

FIG. 5. Emission current versus time~a! and versus voltage~b!
show switching transitions between similar emission configurati
with nearly the same instantaneousI -V slope, as depicted by th
dotted lines. Some aspect of the switching process leads to
overall decrease in the average slope of theI -V curve. ~c! A con-
ditioning high voltage~HV! ramp on a pristine sample leads to tw
‘‘events’’ that remove all evidence of discrete structure in the em
sion, although the knee still occurs.
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Although this explanation describes the switching effe
seen for an individual emitter, additional phenomena m
occur for arrays of emitters. In the case of the nanotu
matrix samples discussed here, we must also consider
possibility of interaction between nanotube tips. The tips
terminated in nearly identical caps of 1 nm radius and, si
densely packed, may act as interfering emission sites in
same way that crystal faces do on a single tip conventio
emitter. The space charge of one emitting tip may preclu
other nearby tips from emitting, until some instability lea
to a reconfiguration of the active site or sites. Similar int
ference can be seen in dense arrays of lithographically
ated emission sites.26 A distinction between the two pro
cesses is that intratip switching can occur at very low curr
densities; intertip switching can only occur when the spa
extent of the charging effects becomes comparable to
separation between emission sites. The behavior in Fig.~a!
could indicate either intertip or intratip switching because
occurs in the high current density regime aboveVknee.

2. Current switching versus time and voltage

Figure 5~b! is an I -V curve obtained in a small regio
aboveVknee for the same sample as was used in Fig. 5~a!.
The data acquisition rates of Figs. 5~a! and 5~b! are approxi-
mately equal; however in Fig. 5~b! the bias voltage is
steadily ramping. The ramping rate has been chosen so
two separate effects can be clearly seen. First, the switc
behavior forI (t) as seen in Fig. 5~a! is still quite apparent,
since at each voltage value more than one current valu
plotted. In addition, the ramping rate is fast enough that
gradual current rise can be distinguished from the switch
noise, allowing measurement of theI -V characteristic slope

The switching behavior inI (t) manifests itself as sloping
line segments in the plot ofI (V). In other words, steady
emission configurations which produce horizontal line s
ments inI (t) cause tilted line segments in the plot ofI (V)
due to the changing bias voltage. As long as the emiss
configuration is steady, theI (V) segment should display
characteristic slope as given by either Eq.~3! in the FN
model or Eq.~4! in the model of Latham and Wilson. Whe
the emission configuration rearranges, for example, by s
pressing certain sites, there is a discrete change in the cu
magnitude, but then theI -V curve again rises at the previou
rate. The constancy of line segment slopes~as indicated by
the dotted lines! in Fig. 5~b! indicates that the switching is
between nearly equivalent configurations of emitting site

Most importantly, the instantaneous slope~calculated as
for a FN plot! of any segment in Fig. 5~b! nearly matches the
low-voltage slopeSLV'3000 normally found onlybelow
Vknee. The remarkable point is that the emitter character,
quantified by this instantaneous slope, has not changed
though the voltage is aboveVknee. Rather, theinstantaneous
slope of theI -V characteristic appears to be a constant b
above and belowVknee. This constancy indicates that th
emission itself, when from a single stable emission confi
ration, does not deviate from its low-voltage behavior. Als
this constancy is further evidence of a stable emitter geo
etry.

The physical significance of the breakpoint at~I knee,
Vknee! is therefore not a change in the emission characterper
se, nor a breakdown of the emission model, but a turning
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of a current-limiting phenomenon related to the switchi
behavior. Figure 5~b! clearly depicts the effect of switchin
on the overall current rise. The voltage range of the fig
should result in nearly a 200-fold increase in current,
judged from the slope of any individual data ‘‘line se
ment;’’ from the actual measurements the total current ri
by only a factor of 5. Although the instantaneous slopes
line segments are large, each switching event contribute
the decrease of the overall average slope. If the switch
events were not causing this decrease, one would observ
switching fluctuations to be above and below a single line
constant slope.

Vknee is therefore the voltage at which a switching-relat
current degradation begins to occur. Although not resol
belowVknee, switching on a smaller scale may occur in th
regime as well. We propose that belowVknee, any switching
behavior is only intratip and the tips are noninteractin
AboveVknee, however, the charging effects at each emitti
tip begin to overlap and cause strong intertip switching
fects, with consequent modification of theI -V characteris-
tics. Such a crossover could produce the sharp breakp
feature observed in the time-averaged data of Fig. 2. It d
not, however, explain the current degradation for bia
aboveVknee. By some mechanism, the tip-to-tip switchin
degrades the emitter current so that the average current r
much less than would be obtained by a single steady emi

3. Quenching of switching behaviors

Emission current degradation via switching events in
nanotube matrix samples is an important effect that can
easily overlooked for the following reason. Convention
non-nanotube field emitters that have been exposed to a
sphere commonly require a high-voltage ‘‘conditioning
ramp before they exhibit a stable onset field and current
sponse. This is true for our nanotube matrix samples as w
but this high-voltage conditioning also destroys the swit
ing evidence displayed in Figs. 5~a! and 5~b!.

Figure 5~c! displays the behavior of a sample before a
after ramping to high voltage. AtVknee590 V, the upperI -V
curve begins to show the switching behavior describ
above. On an expanded scale as for Fig. 5~b!, a discrepancy
between average and instantaneous slope can be discern
the bias rises all the way to 170 V; at higher voltages,
current appears smooth within our experimental resolut
Heating effects due to the increasing current likely caus
gradual increase in the switching rate, resulting in a sma
and smaller switching period as the voltage is increas
Near 185 and 215 V, the tip undergoes two irreversi
changes which are most likely nanotube burn-out events.
subsequentI -V curves have higher, more reproducibleVons
andVknee but no longer show any of the structure in Fig
5~a! and 5~b!. The lower curve in Fig. 5~c! is an example of
this later, smoothed characteristic. Moreover, time averag
the current now results in reproducibleI -V characteristics as
depicted in Fig. 2. The data of Figs. 2–4 are all for con
tioned samples.

After a conditioning cycle, theI -V breakpoint is still
present but discrete structure is no longer resolved. Since
breakpoint is related to discrete switching events, as
scribed above, the switching must still be occurring but a
rate beyond our resolution. An increased rate of switch
e
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would also explain the smoother, more reproducible cur
we obtain, since the recorded current is now an avera
emission from many active sites. Earlier studies have s
similar switching and conditioning effects on other nonm
tallic emission sites.27

Why does the conditioning ramp lead to a higher on
voltage and a faster switching rate? A possible explanatio
that the lowest-onset field emitters burn out and are repla
by other, more stable emitters with higher-onset voltages
a pristine sample, the stable emission configurations may
dominated by the nanotubes protruding furthest from the s
face, which are the least screened and will have the low
onsets. These tips exist in small numbers and the switch
between configurations of them will occur slowly enough
be resolved, as in Fig. 5~a!. These nanotubes, though, a
also most likely to suffer damage from large local field
After conditioning, these extended nanotubes have b
burned or broken off, resulting in a more uniform stubble
tube ends equally shielded and supported by the nearby
strate. The increase in potential emission sites results
many more equivalent emission configurations, such t
switching may now occur quite rapidly. We note that t
shortened nanotubes retain the same diameter and radi
curvature at their tips, so that conditioning does not nec
sarily change the slope of theI -V characteristic.

After conditioning, the nanotubeI -V characteristics ap-
pear similar to other field-emitting systems, most nota
semiconductor field emitters and nanostructured W tips.28 In
these two systems, as in the nanotube case, electronic l
ization on the tips or in the low-dimensional region betwe
tip and base can limit the electron emission, resulting in
perimentally observable current saturation. In this pap
however, the nanotube emission current rises smoothly
exponentially for three orders of magnitude past the bre
point at Vknee. An electronic localization argument, there
fore, may not explain the behavior which we have attribu
to intertip switching. On the contrary, our comparison b
tween nanotubes and microcrystalline graphite particles s
gests the dimensionality to be critical. The differences
tween the nanotube and graphite systems lead to
reproducible breakpoint in one system but not the other. T
observed difference between the two systems may be so
determined by nanotube’s reduced dimensionality and res
ant electronic effects. Possibly the nanotubes, which con
the current to a smaller area than the graphite particles,
more susceptible to resistive heating.29 The observedI -V
characteristics could be the effect of a complicated coop
tive process in which each nanotube tip emits, heats, s
rates, turns off, cools down, and then emits again. In a
case, the breakpoint in the nanotube system but not
graphite system is indicative of an effect that depends on
particular properties of the nanotubes themselves.

IV. CONCLUSION

Cold cathode carbon-nanotube field emitters have b
shown to have very reproducible current characteristics t
though similar to some systems, are quite unique. The re
ducibility alone indicates that the active emitting nanotub
are far more uniform than the initial starting materials. W
a simple physical picture, we have argued that only a spec
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class of nanotubes is active in the emission process.
We have also demonstrated that these emitters turn on

quickly to be considered conventional, independent Fow
Nordheim emitters. In the latter portion of the paper, e
dence was found for strong intertip coupling. This coupli
causes the well-defined breakpoint in the current-volt
characteristics of the emitters and may lead to the sharp
on at low electric fields. Fine structure in the characteris
of pristine samples allows us to attribute the breakpoin
switching between different configurations of active tips,
opposed to the tip electron emission itself. We have p
posed simple physical explanations for the switching and
the disappearance of the fine structure after high-voltage
ditioning.

The unique behavior of these nanotube matrix field em
ters may be exploited by various electronic applications. T
current-voltage characteristics are very reproducible, w
easily distinguishable ‘‘on’’ and ‘‘off’’ regimes and a shor
sharp transition region. In the ‘‘on’’ regime above the brea
point, the emission current density is relatively insensitive
tt.
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the exact operating voltage and can be on the order of
per square centimeter of nanotube matrix surface. This h
current density, in addition to the cold-cathode configurati
suggests the nanotube emitters may find uses as microm
sized electron beam sources or as pixellated sources fo
panel displays. Any devices utilizing the features of the
nanoscaled tubes may benefit from their unique geom
and properties.
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