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Carbon Nanotubes for Cold Electron
Sources**

By Pierangelo Gréning,* Pascal Ruffieux, Louis Schlapbach,
and Oliver Gréning

Technological advances in the field of microelectronic fabrication techniques have triggered a great
interest in vacuum microelectronics. In contrast to solid-state microelectronics, which entails scatter-
ing-dominated electron transport in semiconducting solids, vacuum microelectronics relies on the scat-
tering-free, ballistic motion of electrons in vacuum. Since the first international conference on vacuum
microelectronics substantial progress in this field has been made. The first technological devices using
micrometer-sized electron emitting structures are currently being commercialized. Field-emission flat-
panel displays (FED) seem to be an especially promising competitor to LCD displays. Today there is
only one mature technology for producing micro-gated field-emission arrays: the Spindt metal-tip pro-
cess. The drawbacks of this technology are expensive production, critical lifetime in vacuum, and high
operating voltage. Carbon nanotubes (CNT) can be regarded as the potential second-generation tech-
nology to the Spindt metal micro-tip. In this review we show that the field emission (FE) behavior of
CNT can be accurately described by Fowler—Nordheim tunneling and that the field-enhancement fac-
tor B is the most prominent factor. Therefore the FE properties of a CNT thin film can be understood
in terms of local field enhancement B(x,y), which can be determined with scanning anode field emis-
sion microscopy (SAFEM). To characterize the FE properties of an ensemble of electron emitters we
used a statistical approach (as for thin film emitters), where f(B)df gives the number of emitters on a
unit area with field-enhancement factors within the interval [, + dB]. We show that the field-en-
hancement distribution function f(B) gives an almost complete characterization of the FE properties.

1. Introduction fields are present at a surface. Under this condition the
potential step at the surface confining the electrons to the sol-
id, becomes a potential barrier, which is to a first approxima-
tion triangular in shape. The height of the potential barrier is

Several electronic devices are based on electron sources.
Some familiar examples are cathode ray tubes in television
sets, X-ray generators, and microwave amplifiers. In general
the electron sources in these devices are thermionic emitters
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given by the work function ¢ and is typically about 5 eV for
ordinary metals. When the width of this barrier gets smaller
than 2 nm the electrons close to the Fermi energy e have a
finite probability of tunneling through the barrier and escap-
ing, as shown in Figure 1.

In 1928 Fowler and Nordheim®' delivered the first gener-
ally accepted explanation of FE in terms of the newly devel-
oped theory of quantum mechanics. According to the Fow-
ler-Nordheim theory the FE current density j is a function of
the electric field E and the emitter work function ¢ according
to the following equation
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The large electric fields of about 3000 Vum™" required for
FE are difficult to generate at flat surfaces, but can be gener-
ated by the field-enhancing properties of tip-like structures.
The field enhancement at the apex of a needle of height 1 and
radius r is, to a first approximation, equal to the aspect ratio
h/r™ A carbon nanotube (CNT) with a diameter of 10 nm
and a length of 2 um exhibits therefore a field-enhancement
factor B up to 400. So the required electric field of 3000 Vum™
for FE can be generated at the nanotube apex by a very low
applied electric field of 7.5 Vum™.

The development of FE electron sources has been ham-
pered for half a century by the fact that field-enhancing tip-
like structures are needed to create locally the high electric
fields for FE to take place. Usually the higher the field-en-
hancement factor j3, the smaller the effective emission area
of the tip becomes, as the radius of curvature decreases.
Although the FE current density can easily exceed
10000 Acm™, the total emission current per single tip
remains small because the emitting area, being the apex of
the tip, is small. The current per single tip rarely exceeds
0.1 mA. As a result field emitters are only used where high
brightness rather than high currents are required, as in the
case of a high-resolution scanning electron microscope
(SEM).

The key for reaching field emitters of high current density
approaching 1 Acm™ resides in the integration of a large
number of field emitters. Depending on the required emis-
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Fig. 1. Schematic illustration of the surface potential barrier under the action of an
external electric field.

sion current density, the density of the emitting tips has to be

up to 10° cm™. This limits their size to micrometer or even

submicrometer dimensions. Today there is only one mature
technology for producing micro-gated field-emission arrays:
the Spindt metal-tip process (Fig. 2). The drawbacks of this
technology are expensive production, critical lifetime in vacu-
um, and high operating voltage. CNT can be regarded as the
potential second-generation technology to the Spindt metal
micro-tip. The use of CNT as field-enhancing structures in
cold electron sources can bring advantages such as longer
lifetime and operation in poor vacuum due to the high chemi-
cal inertness as well as low operation voltages and, perhaps
most important, very low-cost production techniques.

The ideal cold electron source in a micrometer device has
to meet several important requirements.!’

e The electron source must be capable of being fabricated to
submicrometer tolerances so that the emitting area is pre-
cisely defined and is geometrically and chemically stable
during its operation lifetime.

e The emission current should be voltage controllable, pre-
ferably with a drive voltage in the range obtained from
,,off the shelf” integrated circuits (< 100 V).

® The source must be capable of emitting very high current
densities so that the total current emitted from the small
available area is sufficient for device operation. Since a
current of even 1 @A from 1 um’ area requires a current
density of 100 Acm™, a current density of 10 Acm™ is a
lower limit for a source to reach wide applications in vac-
uum microelectronic devices.

® The energy spread of the emitted electrons should be
comparable to conventional thermionic cathodes (.e.,
< 0.5 eV), or within tolerable limits for the device.

® The emission characteristic should be reproducible from
one source to another and should be stable over very long
periods of time (10000 h) for acceptable device lifetimes.

2 um

Fig. 2. Field emitter array of evaporated metal tips: Spindt tips [5].
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® The cathode must be resistant to unwanted occurrences in
the vacuum environment: ion bombardment, reactions
with residual gas, temperature extremes, and arcing.
e Cathode manufacturing should be inexpensive, without
critical processes, and adaptable for various applications.
Cold electron sources designed as a large number of paral-
lel-operating micrometer-sized electron sources open the
door to a large number of interesting technological applica-
tions, such as high-power radio frequency amplifiers, flat
panel displays, electron guns for klystroms or travelling wave
tubes, parallel e-beam lithography, or data storage devices.”!

2. Experimental

CNT thin films were grown by chemical vapor deposition
(CVD) of a C,H,/N, gas mixture at substrate temperatures
around 750 °C on low-resistance p-type Si wafers or by plas-
ma-enhanced CVD (PECVD) of a CH4/N, gas mixture at
temperatures of 800-1000 °C. The growth catalyst was either
deposited on the substrate by as a thin Ni film (5-10 nm) by
sputtering or using a solution of 40 mM Fe(NO3); in ethanol,
which was sprayed onto the silicon substrate. Using the CVD
process we produced dense CNT films with a mean tube
diameter of 30 nm and a preferential orientation normal to
the substrate surface.®”! The orientation of the individual
nanotubes in the film is forced by the tube density. Above a

Fig. 3. Carbon nanotube thin films grown by: a) chemical vapor deposition (CVD);
b) plasma enhanced chemical vapor deposition (PECVD).

critical density the direction of the growing nanotube is con-
fined by the surrounding growing tubes. Using the PECVD
process well-aligned CNT films with controlled length and
site density can be produced."®'" The mean tube diameter in
these films is about 80 nm. Figure 3 shows SEM images of
CNT films grown by CVD and PECVD.

The advantage of the PECVD process compared with the
CVD process is that the alignment of the nanotubes is not due
to steric repulsion. This allows the growth of well-aligned CNT
arrays with controlled site densities, as shown in Figure 4.

Energy-resolved FE measurements were carried out in
an OMICRON surface analysis system (base pressure
< 107" mbar) equipped with high energy resolution electron
analyzer EA 125 HR.""™® The measurements were carried out
in the constant analyzer energy (CAE) mode with a pass en-
ergy of 5 eV. With the pass energy of 5 eV and the entrance
and exit slits set to minimum, the energy resolution of the an-
alyzer is 35 meV at 100-1000 eV kinetic energy. The high
voltage was set to the sample by a Keithley 237 instrument.
The ripple on the voltage was always below 5 mV. For field
emission spectroscopy (FES) measurements the sample could
be tilted and rotated to any polar and azimuthal angle with
respect to the electron analyzer axis. This allowed us to set
the sample-detector orientation for maximum count rates.
The FE spectra were measured between 1 pA and 1 nA total
emission current, with count rates of 100 to 10° cps.

Whereas a single field electron emitter can be said to be
completely characterized in terms of its work function ¢ at
the emission site, the field-enhancement factor 3, and the
resistance R, the description of the overall emission behavior
from a thin film emitter with a large number of emission sites
requires a statistical approach." The number of degrees of
freedom with regard to geometrical alignment, orientation,
length, diameter, and inter-emitter distances within the thin
film emitter ensemble is much larger than for a single emitter.
It can also be expected that ¢ and R exhibit some variation.
Electrostatic screening has to be taken into account for thin
film emitters, sine the presence of a large number of emitters
may affect the local electric field E at the emission sites. The
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Fig. 4. SEM image (40 um x 25 um) of deterministically grown carbon nanotubes
(nanofibers) using PECVD showing the name CANVAD a project of the 5th EU
Framework Program. (In collaboration with K.Teo and W. Mine from the University of
Cambridge).
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emission properties can therefore vary considerably from one
position to another within the thin film emitter. Therefore the
FE behavior of CNT thin films was investigated by means of
a home-made vacuum scanning anode FE microscope
(SAFEM), operating at a typical base pressure of 107 mbar."
In this set-up the sample is mounted on a computer-con-
trolled piezo-driven x/y translation stage and a tip of radius
1 um is approached to the sample in steps of 100 nm, and
thereafter held at a constant height d. The tip—sample distance
d is chosen larger than the surface roughness of the sample
under investigation, typically 5-10 um. The tip-sample dis-
tance can be changed without hysteresis. The FE current
I(x,y) at constant applied voltage or the extraction voltage
V(x,y) at constant emission current is mapped as a function of
the lateral tip position with the Keithley 237 source-measure
unit. We call these two measurement modes the constant
voltage mode (CVM) and the constant current mode (CCM).
The I(x,y) map obtained in the CVM is analogous to the elec-
tron emission on a phosphorous screen, albeit with higher
resolution. Sample areas from several square micrometers up
to 800 um x 800 um can be scanned with submicrometer reso-
lution depending on the tip-sample distance.

The advantage of the SAFEM is that we are not only able
to determine the emission site density (ESD) with higher reso-
lution and at higher electric fields, but moreover the dynamic
range of the detected emission current is larger than a phos-
phorous screen. Keep in mind the I-E characteristic of FE
described by the Fowler-Nordheim relation, Equation 1,
small variations in the local electric field or the local field
enhancement, are likely to destroy emission sites with high
field-enhancement factors  due to elevated current levels.
Consequently, emitter degradation can occur during scan-
ning in CVM. To avoid emitter degradation, SAFEM investi-
gations where performed in the CCM. In CCM the emission
current is kept constant and the extraction voltage V is mea-
sured as a function of tip position. In this case we obtain a
V(x,y) map without current saturation effects or emitter deg-
radation. This is experimentally and conceptually neat since
the V(x,y) map is actually an inverted image of the field-en-
hancement landscape f(x,y), as shown below.

3. Results and Discussion

Figure 5 shows the electron emission of a CVD-grown
CNT film monitored on a phosphorous screen. For an applied

9mm

Ep=3.1 Vum'!

field of 2.5 V/um the emission site density is approximately
10° cm™ and increases to its maximum at roughly 3 V/um
when the whole screen is illuminated, making it impossible
to determine an emission site density. These electric fields E
are extremely low compared with those required for Spindt-
type metallic tips, of the order of 100 V/um. With this inte-
gral FE measurement, using a simple diode configuration, it
is possible to determine the threshold field Ey, for electron
emission, the current-voltage (I-V) characteristic, and with
some restrictions also the emission site density. These values
are of technological importance but are far from a physically
relevant and complete characterization of the electron emis-
sion properties of a thin film. The complete and physically
relevant characterization of the electron emission properties
of a thin film emitter includes the following.

o The determination of the work function ¢ at the emission

sites.
e The distribution f(f) of the field-enhancement factors f.

3.1. Field Emission Spectroscopy (FES)

As suggested above, current-voltage (I-V) measurements
are usually used to characterize the electron emission behav-
ior according to the Fowler-Nordheim relation. From these
measurements it is not possible to determine the work func-
tion ¢ as the relevant parameter for FE. The reason for this is
that experimentally one does not measure current-field (I-E)
characteristics but I-V characteristics, where one relates the
applied voltage to some applied field, for example, by divid-
ing the applied voltage by the anode—cathode distance. The
problem is that this applied field may not correspond to the
local field present at the emission site due to field-enhance-
ment effects. Assuming that E, (E = Ey- 8) denotes the applied
electric field in FE experiments, the Fowler-Nordheim rela-
tion will change to

1.5
j= &3 E%ﬁzeXp <_ 4./2m,¢ ) @
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The total energy distribution P(e) of the field emitted elec-
trons near the Fermi energy er can be written as

P(e) = f(e, &, T)B(E, ¢)exp {Cv % (e — SF):| 3)

Fig. 5. Electron FE pattern from a CVD-grown CNT film monitored by a
phosphorous screen. The images are taken at 2.5 and 3.1 V/um applied
electric fields. The size of the image is 1.1 cmx 0.7 cm.
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where ¢ denotes the electron energy and f(e e T) stands for
the Fermi-Dirac distribution at temperature T and B(E,¢) is
an energy-independent intensity factor. FES is ideally suited
to checking the validity of the Fowler-Nordheim theory for
CNT emitters. Figure 6 shows a series of FE spectra measured
from a sample of multiwall carbon nanotubes (MWCNT)
recorded at room temperature at different applied voltages
and therefore different applied fields, E,. For all spectra the
applied voltage was subtracted from the kinetic energy scale
giving the energy of the emitted electrons relative to the Fer-
mi energy er. The solid lines are the best fit to the data using
Equation 3. By integrating the spectra over the energy we
obtain a value that is proportional to the emission current.
According to the Fowler-Nordheim theory the plot of In(j/
E?) against 1/E or more generally In(I/V?) against 1/V should
yield a straight line with negative slope. As can be observed
from the inset in Figure 6, the [-V characteristic of the
MWCNT emitter obeys the Fowler-Nordheim law. These re-
sults of the FES investigation on MWCNT therefore show that
the Fowler-Nordheim theory describes perfectly the emission
behavior at room temperature with regard to the I-V (or I-E)
characteristic as well as with regard to the energy distribution
of the field emitted electrons. A more detailed analysis of the
FE spectra allows the determination of the emitter work func-
tion, ¢, which (together with the emitting area) is the main
parameter describing the I-V characteristic. In the case of
MWCNT we can consistently determine a work function ¢ =
4.9 0.3 eV.'® To summarize the results from FES investiga-
tions one can state that the FE behavior at room temperature
of MWCNT is analogous to a metallic tip with a 4.9 eV work
function. Therefore also in the case of MWCNT emitters the
local electric fields present at the nanotube apexes must be of
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Fig. 6. Series of field emitted total energy distribution from a single MWCNT at differ-
ent applied voltages and therefore at different applied electric fields. The spectrum mea-
sured at 700 V exhibits the largest intensity. The solid lines are the best fits to the
experimental data using Equation 3. The inset displays the Fowler—Nordheim plot of
the integrated spectral intensity yielding a straight line as expected from theory.

the order of 4000 Vum™ in order to achieve technologically
relevant emission currents of 100 nA per single emitter.

3.2. Environmental Stability

The term environmental stability is used to describe the
interaction of electron emitters with the gaseous environment
in which they are operated. Such interactions typically lead to
emission current fluctuations on a time scale of seconds to
minutes. If the current fluctuations are large they may nega-
tively affect device performance. In addition, the long-term
stability is dependent on emitter interactions with the envi-
ronment, so investigations on environmental stability are
important. Such investigations have been done in the past on
etched metal tips using FE microscopy. The FE microscope
(FEM) invented by Miiller"”! in 1937 has for a long time been
the state of the art for investigating adsorption and diffusion
phenomena at surfaces, with almost atomic resolution.

Figure 7 shows FEM patterns commonly observed from
SWCNT and MWCNT. These emission patterns are not stable
in time but switch from one configuration to an other. The
switching frequency increases with increasing currents and is
of the order of 1 Hz. Associated with this instability of the
emission spot are fluctuations in the emission current, as indi-
cated by the different intensities of the emission patterns in
Figure 7b. Each emission pattern has a well-defined emission
current for a given applied voltage. Therefore, the emission
current fluctuates between different current levels associated
with different emission patterns. The difference between the

Fig. 7. a) Schematic illustration of CNT with the lobed FEM pattern of a MWCNT at
300 K. b) Some examples of a large variety of FEM pattern commonly observed from
singlewall CNT (SWCNT) and MWCNT [13].
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highest and lowest current level can be up to a factor of ten.
Such random telegraphic noise was observed by different
groups."®!®! It is recognized that the FEM patterns on the
screen reflect the electronic structure, the anisotropy of the
work function, local variation of the microscopic field, and
electron transmission probability of a CNT cap. This means
that atomically sized areas on the CNT cap, where the work
function is lower or the local electric field is higher than the
surrounding regions, are reproduced with higher intensity on
the phosphor screen. Therefore the different emission pat-
terns of CNT can be understood in terms of switching
between different states with relatively small energy differ-
ence in levels close to the Fermi energy. It seems plausible to
think that energy levels of the CNT at the apex are modified
through adsorbed molecules coming from the gas phase
during FE. Sometimes adsorption is very firm and may result
in a resonant tunneling state, which can lead to increased
tunneling probability and anisotropy in the FE current."” We
observed that the FE fluctuations are not sensitive to H, and
H,0, the two main components of residual gases in vacuum
systems, up to 10~ mbar gas pressure. Increased partial pres-
sure of O, causes degradation of FE due to reactive ion etch-
ing. The suggestion of Rinzler et al."® that the emission fluc-
tuations are due to individual desorption processes induced
by ion bombardment seems very convincing.

Defects and adsorbates are known to play an important
role in the modification of electronic states of solids, particu-
larly for 2D systems. As a model for CNT we used graphite to
study changes in the electronic structure due to point defects
and adsorbates. We used combined mode scanning tunneling
microscopy (STM) and atomic force microscopy (AFM) to
study both topographic and electronic changes on graphite in
the vicinity of defects created by atomic hydrogen.” In sum-
mary, our studies of the interaction of hydrogen ions with the
graphite surface by means of AFM/STM and photoelectron
spectroscopy reveal chemisorption of hydrogen and atomic
vacancy formation. Both modifications result in local charge
enhancement and long-range perturbations of the electronic
structure consisting of a (V3 x V3)R 30 ° superstructure in the
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Fig. 8. Recorded current image of an AFM measurement showing single point defects
on the graphite surface created by H, plasma treatment. Measurement parameters:
force setpoint, 2 nN; sample bias, 50 mV.

local density of states (LDOS). The range of the modified elec-
tronic structure induced by one chemisorbed H atom or by
one atomic vacancy is of the order of 6 nm or 20-25 lattice
constants (Fig. 8). These results show the fundamental impor-
tance of adsorbates and point defects on CNT for their FE
properties.

3.3. Characterization of Carbon Nanotube Thin Film
Emitters

Whereas a single field electron emitter can be said to be
completely characterized by its work function ¢ at the emis-
sion site, the field-enhancement factor 3, and the resistance R,
the description of the overall emission behavior from a thin
film emitter with a large number of emission sites requires a
statistical approach. The number of degrees of freedom of
geometrical alignment, orientation, length, diameter, and in-
ter-emitter distances within the thin film emitter ensemble is
much larger than for a single emitter. It can also be expected
that ¢ and R exhibit some variation. Electrostatic screening
has to be taken into account for a thin film emitter, sine the
presence of a large number of emitters may affect the local
electric field E at the emission sites. The emission properties
can therefore vary considerably from one position to another
within the thin film emitter.

Thin film electron emitters are often characterized by a
,threshold” field Ey, required to obtain a given FE current
density in a typical large anode diode type FE experiment.
Such characterization can be misleading since a cathode with
a spatial extension in the square millimeter range may con-
tain a small number (sometimes only one) of strong emitters
and thus can have a low threshold field Ey,, which obviously
will not guarantee a high emission current density, because
the emitter ensemble shows a certain distribution of the field-
enhancement factor 8 and, therefore, the emission current
density. In this picture the FE properties of a thin film must
be represented by a function f(), where the number of emit-
ters dN on a surface area A with field-enhancement factors in
the interval [8,8 + df] is given by

dN(B) = A-f(B) - dp @

Where f(f) is the field-enhancement distribution function de-
fined as

f(8) = %% [emitter/cm’] ®)

According to the definition, f(8), is proportional to the
probability of the field-enhancing structures in the interval
[8,8 + dp] per unit area. Consequently one may view f(f) as a
probability distribution. Assuming the same relation for the
emission current as a function of the local field F at the emis-
sion site for all emitters of the thin film, the FE properties are
completely determined by the FE distribution function f(j3).

In terms of the Fowler—-Nordheim relation the assumption
of a general relation for the current-field dependence of the
electron emission means that all emitters have the same emit-
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ting area and the same work function ¢. The assumption that
the work function ¢ is constant for all emitters can partially
be justified by the fact that the emitters consist of the same
material. Actually, we have found by FES that the work func-
tion at the emission site of carbon based materials is always
in the range 4.7-5.1 eV. The argument that the emission area
should be constant can for CNT be partially justified by the
fact that all the emitters are of the same dimensions.

With the field-enhancement distribution function f(f) it is
now possible to determine immediately the threshold field
Ey and the emission site density (EDS). The threshold field
En can be determined from

L= A [ F8)-1(5.E)ap
0

=A- 15107° exp (M)
¢ ¢0.5

o] 15
[ dB-f(B) -2 - B exp (—6.44 107 ‘7’—> ©)
0 ; E, B

Here A denotes the surface of the cathode under investiga-
tion. It is worth noting that the threshold field Ey, will depend
on the cathode area, which is measured, so that it is only sen-
sible to define the threshold field Ey, with regard to a given
emission current density ju,. In other words, the measured
threshold field Ey, decreases with increasing surface area
measured. The characterization of the emission properties of
a thin film emitter just by stating the threshold field Ey, is
therefore very questionable.

The emission site density (ESD), which gives the number
of active emitters per unit area at a given applied field or volt-
age is one of the key parameters in characterizing the FE per-
formance or quality of a planar FE cathode. An active emitter
is an emitter giving an emission current larger than some
threshold current, such as 10 nA. Therefore the ESD as func-
tion of the applied electric field E, can be calculated from the
field-enhancement distribution function f(f) by

ESD(E) — |
ﬁmin :Emin/EO

f(B)dB [em™] @)

Epnin is the local field at the emission site required to produce
a minimum detectable emission current I,;,. In an experi-
mental set-up using a phosphorous screen I,,,;, corresponds
to the minimum emission site current, required to observe
the emission spot by eye.

The emission current density is calculated in a similar
manner

oo

i(Ey) = [ f(B)j(B.Ey)dB [Acm™] ®)

0

As shown, knowledge of the field-enhancement distribu-
tion function f(8) gives an almost complete characterization of

FE behavior of thin film emitters. Therefore, the experimental
characterization of thin film emitters should include the
determination of f(#). The field-enhancement distribution
function f(8) can be obtained from the spatial distribution of
field-enhancement factors 8 the so-called field-enhancement
map S(x,y). In theory S(x,y) can be calculated from the topog-
raphy of the surface h(x,y), for example, by solving the Pois-
son equation at the surface. However, in general the Poisson
equation can not be solved because it is extremely difficult to
measure h(x,y) with nanometer resolution. Therefore another
method is used to derive fS(x,y). Through Equation 2 the
emission current [ is directly related to field-enhancement
factor f3, therefore the local emission current I(x,y) for a thin
film emitter is given by

1510

I —A
(x,y) m

E2- (B(x,y))’

10.4 ;¢
exp (F) exp (—6.44 -10 m) C)

Hence, the measurement of I(x,y) could theoretically be
used to calculate S(x,y).

As already discussed, in order to derive f(x,y) and avoid
current saturation effects, not to say emitter destruction, the
scanned electron emission measurement has to be performed
in the constant current mode (CCM). In the CCM the voltage
applied to the anode is varied as a function of the anode posi-
tion over the thin film emitter, in order to maintain the same
emission current for every point. If the current is reasonably
low (about 50 nA), one will obtain a spatially resolved FE
image of the extraction voltage V(x,y), without current satura-
tion effects or emitter destruction. This is both experimentally
and conceptually beautiful since V(x,y) is actually an inverted
image of the field-enhancement landscape S(x,y), according
to

d-E
V(xy)

where d is the tip sample distance and E the local field at the
emission site required for a fixed emission current I predicted
by the Fowler-Nordheim relation, Equation 2.

Figure 9 displays a high-resolution field-enhancement
B(xy) map derived from a SAFEM voltage V(x,y) map re-
corded at a tip—sample distance of 2-3 um and 11 nA emis-
sion current, on a CVD-grown randomly oriented CNT thin
film. The blue diamonds indicate the position of the emission
sites with a field-enhancement factor larger than 130. In the

(10)

ﬁ(xvy) =

map 164 such emitters could be detected on a sample area of
2.4 x 10” cm” resulting in an ESD of 6.8 x 10° cm™. The field
enhancement was determined using the assumption that the
local electric field E present at the nanotube apex is
3800 Vum™" in order to emit 11 nA, as predicted by the Fow-
ler-Nordheim theory. A field enhancement larger than 130
therefore means that the applied electric field Ej is less than
30 V um™. So that we can conclude that for randomly orient-
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Fig. 9. High-resolution scanning anode field-enhancement map f(x,y) on a CVD-
grown MWCNT cathode. at a tip-sample distance of 2-3 mm and at a constant emis-
sion current of 11 nA. The blue diamonds indicate the position of emission sites. In the
map yellow indicates high and black low field enhancement.

ed MWCNT thin films an ESD of 5 x 10° cm™ can be achieved
at applied electric fields of the order of 30 V um™. This inves-
tigation demonstrates that relatively crude, as-deposited
CNT thin films already have the potential to achieve techno-
logically relevant emission site densities at moderate applied
electric fields. However, it is important to point out that the
high emission site density indicated above of a few million
per square centimeter is to a certain extent academic as it can-
not be exploited on larger cathode area when the electric field
is applied in parallel to the CNT emitters.

The reason for this is the large spread of the field-enhance-
ment factor § that the individual emitters exhibit for non-ori-
ented CNT thin films. This has to be related to the fact that a
difference of a factor of two in the field enhancement leads to
a difference of 103-104 in the emission current at the same
applied electric field. We have shown that the emitters on
randomly oriented CNT cathodes have an exponential fre-
quency distribution of the following type
£(B) = C,exp(—C,f) an
where C; and C; are positive constants and f(5)df gives the
number of emitters per unit area having a field-enhancement
factor b in the interval [3,6 + df]. This kind of field-enhance-
ment distribution results in the situation that on a large cath-
ode area (e.g., 1 cm?) there are a few very strong emitters of
very high field enhancement, typically about 1500, which re-
sult in the low threshold field Ey, = 1-2 Vum™. However, the
ESD at the threshold field is very low, only 1-10 cm™ Upon
an increase in the applied electric field the ESD increases rap-
idly, but at the same time the emission current from the first
few emitters increases exponentially. With further increase of
the applied electric field the point is reached where the emis-
sion current of the first few strong emitters is so large that
they are destroyed. From this point on, the ESD hardly in-
creases as a situation is reached where the appearance of new
emitters is balanced by the disappearance of old emitters with
increasing applied electric field. For as-deposited MWCNT
thin films this point is reached typically at about 10 Vum™
with an ESD of about 10000 cm™ and an emission current

density of 1-10 mAcm™. It is clear that under such circum-
stances the cathode suffers irreversible degradation and that
the operation of a cathode under such conditions is highly
critical from the point of view of stability and lifetime.

It is crucial to note that emitter degradation at low applied
electric fields is the limiting factor for the FE performance of
CNT cathodes. To enhance the FE performance of such cath-
odes a detailed understanding of the degradation mechanism
and subsequently the improvement of the degradation behav-
ior is required.

Figure 10 shows the SAFEM field-enhancement map S(x,y)
of a randomly oriented MWNT thin-film emitter, with re-
gions that have suffered high emission current degradation
previously. The region from x = 0 um to x = 55 um has been
strained with 1.5 pA and the region from x = 55 uym to x =
110 wm has been strained with 2 pA emission current by the
SAFEM. The region x > 110 um has not been current strained.
After current straining a field-enhancement map f(x,y) was

200

Y [um]
Voltage [V]

100+

Il nA

250 —

200~

150~

¥ [pm]

100 —

Fleld enhancement | B]

T T T T T T
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Fig. 10. SAFEM extraction voltage map V(x,y) and corresponding field-enhancement
map B(xy). of a randomly oriented MWCNT thin film with two high emission current
strained regions on the left hand side. The measurements were performed at a tip-sam-
ple distance of 4-5 um and a constant emission current of 11 nA. Prior to the measure-
ment the regions indicated by the arrows were strained by high emission currents of
1.5and 2 uA.
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recorded at 11 nA and a tip-sample distance of 4-5 um. One
can observe that in the current-strained regions the emitters
with a high field-enhancement factor § have been removed,
whereas they are still present in the unstrained region. The
values at which the current degradation occurs can vary from
500 nA up to a few uA, which is more than 100 times lower
than for a single CNT welded on a metal tip. [-V measure-
ments on two point contacted CNTs have shown that straight
and probably defect-free CNTs, can conduct currents up to
3 mA ballistically without heat dissipation.”*"*

The emitters that are then left over with a lower field-en-
hancement factor 8 are typically very stable and robust,
which means that they can sustain emission currents well
above 1 pA even up to 100 uA for short periods of time. A
closer inspection of the regions strained by 1.5 and 2 pA
shows that the average field enhancement is higher in the
region strained with the lower current. This behavior indi-
cates that high current degradation is linked with enhance-
ment, where the critical current for degradation decreases
with increasing field enhancement and therefore increasing
aspect ratio.

Figure 11 shows the I-V characteristic of a single emitter
on MWCNT thin film cathode. The I-V characteristic shows
that an irreversible degradation occurs abruptly at 2.2 uA at
an applied voltage of 290 V (corresponding to an applied
electric field of 14.5 Vum™). The degradation manifests itself
by a current drop of almost three orders of magnitude, which
corresponds to a decrease in the field-enhancement factor
from 630 to 350. It has to be pointed out that most probably
the emission after the degradation does not originate from
the same tube as before but from a tube nearby, which was
before concealed by the original emitter.

€ | v e
10 X/"

Current [Amp]
.

12 i + High current stressing
1 ——FMN-characteristic
Resitor limited emission

'

-

[%]
e

T | | T T | |
50 100 150 200 250 300 350

Voltage @ d~20 pm [V]

Fig. 11. I-V characteristic of a single emitter on a CNT cathode showing the event of a
high current degradation. The blue crosses indicate the experimental data, the black sol-
id line the theoretical Fowler—Nordheim behavior and the green solid line the resistor-
limited I-V characteristic.

The black curve in Figure 11 indicates the theoretical Fow-
ler-Nordheim law, Equation 1. One can see that in the low-
current regime the measured I-V characteristic is well
described by the Fowler-Nordheim law. However, above an
emission current of about 100 nA a pronounced deviation
from the Fowler-Nordheim behavior can be observed. The
emission behavior outside the Fowler-Nordheim regime can
be modeled using a resistor limitation approach, where it is
assumed that there is a voltage drop between the emission
site (being the CNT apex) and the electron reservoir (being
the electrical contact of the CNT on the substrate). This results
in the situation that not the full applied voltage generates the
extraction field F for the electron emission, but that this volt-
age is reduced by the product of the emission current and the
resistance in the current path. Assuming an ohmic resistor
the high voltage behavior in Figure 9 can be modeled reason-
ably well by the following relation

I=C, - (V- AV)zexp(— V—CZAV)

12)

—C (V_R.-1? S
=C, - (V-R-I) exp( V—R~I>

Cy and C; are positive constants in Equation 12, which is
equivalent to the Fowler-Nordheim law, Equation 1 taking
into account the proportionality between the voltage and the
field. Equation 12 is of course recursive and has to be evalu-
ated numerically. From the emission current and the voltage
drop one can estimate the power dissipated in the resistor. In
principle the voltage drop could be determined from the
model, it has to be stressed, however, that to do so the influ-
ence of the voltage drop on the local field at the apex of the
tube should be known. This in turn requires information on
the exact location of the voltage drop in the current path and
the amount of electrostatic shielding the emitter experiences.
Both are generally unknown. The possible origins for the
resistor-limited emission regime are either a high internal
resistance of the CNT, due to defects for example, or a high
contact resistance from the substrate to the CNT. It can be
estimated that the voltage drop in the resistor-limited regime
has to be of the order of 10 V, which gives, with an emission
current of 2 pA, a power of 20 uW dissipated. Taking into
account the small volume of the contact of 5 x-107Y ¢cm,
which is of the order of the CNT diameter to the power of
three, one can estimates a power density of about 10" Wem™
dissipated in the contact. This can easy explain the emission
degradation and the observed local substrate melting due to
high emission currents. From this consideration it becomes
obvious that operating the emitter in the current saturation
regime is always risky as the current saturation is a sign of
power dissipation and therefore of possible degradation.
From the I-V curve in Figure 9 it becomes apparent that the
voltage window where the emitter can be operated usefully
with an emission current between 10 nA and 2 uA is rather
small. This finding can be related generally to CNT emitters
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by realizing that the window of operation for an emitter cor-
responds to about twice the threshold filed. Together with
the large spread in the field-enhancement distribution func-
tion f(B), this leads to the limitation in the emission perfor-
mance of randomly oriented CNT thin film emitters. The
threshold field of macroscopic CNT thin film emitters of
1 cm?® area is generally around 2 Vum™, SAFEM investiga-
tions, however, show that an interesting emission site density
(ESD) of the order of 10° cm™ is reached only for applied
fields higher than 25 Vum™. According to the considerations
above, emitter degradation has to be expect for applied fields
around 5 Vum™. Tt is therefore not possible to reach the
required applied field for the high ESD without very severe
emitter degradation!

4. Conclusions

Significant progress in the understanding of electron emis-
sion has been achieved since the first reports on low-thresh-
old field electron emission from carbon thin film emitters in
the early nineties. It seems certain that the low threshold field
electron emission from carbon thin film electron emitters can
be accurately described by Fowler-Nordheim tunneling.
Fowler-Nordheim tunneling requires high electric fields of
the order of 3000 V/um generated by field-enhancing struc-
tures.

Contrary to a single emitter, the emission properties of a
thin film emitter requires a statistical treatment, since the
field-enhancing structures exhibit a distribution with regard
to the filed enhancement . Therefore the electron emission
properties of thin film emitter with an ensemble of field-en-
hancement structures have be characterized in terms of the
spatial field enhancement, the field-enhancement map fS(x,y).
The variation in j for different field-enhancement structures
leads to a g distribution, the field-enhancement distribution
function f(8), which can be seen as a probability function of
the field-enhancing structures. The field-enhancement distri-
bution function f(8) can be said to give an almost complete
characterization of the FE properties, contrary to the thresh-
old field Eg,, of thin film emitters. In order to obtain a FE
device with uniform brightness and high emission site den-
sity from thin films, stringent requirements must be placed
on the permitted spatial variation of the emitting sites and
therefore the variation of the field enhancement 8. Homoge-
neous electron emission from an ensemble of field emitting
structures, defined as dI/I < 50, requires a relative variation
of the field enhancement dj/f of less than 4 %. Therefore, it is
desirable to optimize the density of sites close to the highest
field enhancement of the ensemble to the limit of electrostatic

screening effect. The example of CNT based field electron
emission technology demonstrates clearly the difficult path
from Nanoscience to Nanotechnology.
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