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Optical Performance of Carbon-Nanotube Electron Sources
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The figure of merit for the electron optical performance of carbon-nanotube (CNT) electron sources is
presented. This figure is given by the relation between the reduced brightness and the energy spread in the
region of stable emission. It is shown experimentally that a CNT electron source exhibits a highly stable
emission process that follows the Fowler-Nordheim theory for field emission, fixing the relationship
among the energy spread, the current, and the radius. The performance of the CNT emitter under realistic
operating conditions is compared with state-of-the-art electron point sources. It is demonstrated that the
reduced brightness is a function of the tunneling parameter, a measure of the energy spread at low
temperatures, only, independent of the geometry of the emitter.
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Individual carbon nanotubes (CNTs) can be used as
point sources of electrons with extremely high brightness
[1]. The energy spread of the emitted electron beam is
typically on the order of 0.3 eV [2—4] for low currents and
temperatures. Furthermore, when the emitting tip of the
CNT is closed, the emission current can be highly stable
[5,6]. The present status of the research on CNT electron
sources was recently summarized [7]. But despite many
reports, the figure of merit for the electron optical perform-
ance of CNT electron point sources has not yet been
determined. This figure is the relation between the bright-
ness and the energy spread for the current region of stable
emission. The measurement of just one of these two pa-
rameters has a limited use as high brightness is usually
obtained at the expense of an increased energy spread,
adversely affecting the performance of the source in an
electron optical system. In this Letter we present the figure
of merit of the CNT electron source, derive a new model
for this figure, and discuss its general applicability.

A series of measurements is presented on several multi-
walled CNTs obtained from two different growth tech-
niques, namely, arc discharge [8] and chemical vapor
deposition (CVD) [9]. For precise characterization indi-
vidual CNTs were mounted on tungsten support tips using
a nanomanipulator system in a scanning electron micro-
scope (SEM). Closed end caps were obtained for small
diameter CNTs [6]. As the final step in the preparation the
CNT electron source was cleaned by heating in an ultra-
high vacuum system (10~'* Torr). Each CNT was verified
as having a closed cap and being cleaned by recording its
field emission pattern [6,10]. The samples were heated to a
temperature of at least 600 K during the emission experi-
ments to remove volatile species continuously and to main-
tain a clean emission surface.

The stability of the emitted current of a carbon-nanotube
electron source was tested by operating it at a constant
voltage provided by a high-stability power supply and
measuring the probe current /, in a Faraday cup.
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Figure 1(a) shows that I, has a maximal drift of 0.5%
over 1 h. Fast Fourier transformation of the root mean
square (rms) of 1, was performed with a spectrum analyzer
to obtain the normalized spectral density S,(f) =
ALZ/IZAf; see Fig. 1(b). A fit showed that S, « f~! up
to 25 Hz. It is expected that the signal will be limited at
higher frequencies by shot noise S, o (f) =2e/I, =
1.3 X 10719 Hz!. Integration leads to the rms noise per-
centage np = (AI2)'/2/I, = 0.02%, a measure for the
inverse signal-to-noise ratio. This value is extremely low
for a cold field emitter, having typically 2%—-3% fluctua-
tions of 1, without a feedback system [11,12]. It is even
smaller than the value of 0.2% for the Schottky emitter
[12,13]. Table I shows small values of np for three other
nanotubes as well. These findings demonstrate that an
individual CNT with a closed cap and a cleaned surface
behaves as a highly stable electron source, as expected on
the basis of its rigid structure [7].
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FIG. 1. Emission stability of electron source CNT 1. (a) The

probe current /,, was measured as a function of time for a total
emitted current of 200 nA, an extraction voltage of 270 V, and a
temperature of 600 K. (b) The normalized spectral density as a
function of the frequency f. The spectrum was corrected for the
noise background of the measuring system. The dashed line is a
fit with the function y = a/x%%".
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TABLE I. Measurements of I — U curves of CNT electron
emitters, np measured at 100 nA in the range 0.1-25 Hz, S8
and R derived from the FN plot, and 7/ at 100 nA. CNT 2 was
obtained by arc discharge, the others by CVD.

B R ¢ Iy I{
CNT np (m™1) (nm) (V) (nm) (nA/srV)
1 0.02% 2.3 X107 098 5.1 s 34
2 0.1% 1.7 X107  0.59 5.1 s 2.1
3 8.1 X 10° 4.6 5.1 2.1
4 0.2% 2.0x 107 081 5.1 s 1.9
5 s 1.2x107 1.5 54 s 1.4
6 7.4x10° 3.0 s 1.8 53
7 1.6 X107 1.7 1.6 2.5
8 0.2% 2.1x107 1.7 s 1.7 4.0

The electron emission of a cleaned CNT with a closed
cap is caused by field emission with a work function of
5.1 0.1 eV [3,14]. The current density J follows the
Fowler-Nordheim (FN) theory [15], which can be ex-
pressed as [3,14-16]

F? 1 3/2
J = Cq b%—¢ exp{azczq ﬁ} exp{—alcz T} (1)

with work function ¢ and electric field F. The constants
are defined as a; = 0.958, a, = 1.05, b; = 1.05, ¢; =
e3/8ah with the electron charge e and Planck’s constant
h, ¢, = 87\/2m/3he with electron mass m, and c; =
e’ /4me, with the permittivity of free space €. The total
current is given by

I =27R2J, 2)

assuming a hemispherical emitting surface with a radius of
curvature R. The local field at the apex of a sharp electri-
cally conducting tip equals the product of the extraction
voltage U and the field enhancement factor 3, which can
be computed numerically knowing the geometry of the
emitter. A graph of logl/U? versus 1/U, the FN plot, is
thus a linear curve.

The current-voltage characteristics were recorded for
eight CNTs. All FN plots were linear, indicating that field
emission was occurring for all CNTs. Values of 8 were
obtained from the slopes of the FN plots, and values of R
were derived from the point at which 1/U was zero. The
results are shown in Table 1. Transmission electron micros-
copy (TEM) images of the CNT batch sample and of
several mounted CNTs revealed that most CNTs had a
few walls and a radius between 1 and 3 nm, consistent
with the values obtained from the FN plots. A TEM image
of CNT 1 taken after the emission measurements con-
firmed a radius of 1.1 nm. The values of the field enhance-
ment factor are as expected on the basis of numerical
calculations [14].

The current density as a function of the energy E is
approximately proportional to [16]

exp(E/d)

J(B) = 1 + exp(E/kgT)’

3)
where kg is the Boltzmann constant, 7 is the temperature,
and d is the tunneling parameter, given by
C 4F
d= “)
biv/é
with ¢, = eh/47\/2m. The total energy spread of the
emitted electron beam is often expressed by the full width
at half maximum of the energy spectrum AE. The width of
the low-energy side of the energy spectrum is determined
by d, while T sets the width of the high-energy side. AE
can be approximated in the parameter range 100 <7 <
1000 K and 0.2 < d < 0.5 eV as

AE =3.1X1074T + 0.72d. 5)

Energy spectra were recorded with a hemispherical en-
ergy analyzer for five CNTs at different currents (10—
500 nA) and temperatures (500—900 K). A typical energy
spectrum is shown in Fig. 2(a). These spectra were fitted to
Eq. (3) to obtain values for d and T. Several spectra
measured in the higher current regime contained signifi-
cant shoulders at the low-energy side of the main peak.
From these spectra values of d and T could still be deter-
mined in most cases, but values of AE were not extracted
from these spectra. The values of AE were corrected for
the resolution of the spectrometer.

The plot of d versus I of two CNTs with respective
diameters of 0.6 and 4.6 nm is shown in Fig. 2(b).
Numerically calculated curves [using Egs. (1), (2), and
(4)] of d versus I for both radii overlap well with the
measurements showing that the data are consistent with
the FN model. We can thus express d as a function of R and
I only. Note that the value of d increases with decreasing R
for a given 1.

The data of the FN plot and the energy spectrum can

be combined, in order to determine ¢, using
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FIG. 2. (a) Energy spectrum of CNT 2 and fit with the FN
theory (dashed line). (b) Tunneling parameter d as a function of /
for two CNTs, compared with numerically calculated curves.
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¢ = —1.64bd/U, with b the slope of the FN plot and U
the extraction voltage at which the energy spectrum was
measured [3,14]. The obtained values are indicated in
Table I alongside each CNT and are consistent with the
expected value of 5.0 eV.

The most important parameter of an electron source is its
brightness. Usually the brightness is normalized on U, the
electron energy at which the brightness is measured, thus
obtaining the reduced brightness B, [16]:

(6)

with the reduced angular current density /.. and the radius
of the virtual source r,. For a focusing system with ideal
lenses the reduced brightness indicates the amount of
current, which can be focused into a spot of certain size
and electron beam energy. Both 7. and r, were measured
with, respectively, a Faraday cup and a point projection
microscope, for several CNTs to obtain B,. The method
was described elsewhere [1,17]. I was obtained for eight
CNTs. The average value was 2.8 nA/srV at I = 100 nA
(see Table I). Measurements at other current levels re-
vealed approximately a linear relationship between I.
and 1. As can be seen from Fig. 3, I}/I} 1gy,a = 0.25 +
0.0073 X I/nA. Within a factor of 2 accuracy I’ can now
be expressed by

I =0.0073 X 2.8 X I/stV=0.02X1/stV. (7)

The virtual source sizes of three CNTs were measured; two
were found to be almost equal to R and one was a factor of
1.7 smaller; see Table 1. Thus, for CNTs with small radii,

r, =R. (8)

This observation is consistent with previous conclusions
[17].

Using the relations (7) and (8) and recognizing that d is a
function of F and ¢, the brightness can be rewritten within
a factor of 3 accuracy as
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FIG. 3. Reduced angular current density /. normalized on I/ at
100 nA for 8 CNT electron sources and a linear fit (dashed line).

0.021
B, = 5
7R

— 0.04J(F, ) = 0.04J(d, ).  (9)

Since ¢ is constant for a certain material, Eq. (9) shows
that B, is a function of d only. Figure 4 shows the data
obtained for five CNTs and a plot of Eq. (9). The data
correspond well with the theory. An important aspect of
Eq. (9) is that it is independent of the actual shape of the
CNT, expressed in R, its length /, and other geometrical
factors, such as the geometry of the surrounding electrodes.
This can be explained as follows. A thin CNT results in a
relatively large value of d (as shown in Fig. 2) but, on the
other hand, has a small value of r, and a corresponding
large brightness and vice versa for a thicker CNT.

Our systematic study shows that it is now possible to
select the optimal CNT electron point source from CNTs
with a range of diameters and lengths, as the relation
between B, and d, determining the optical performance
of the source, does not depend on these parameters. We
expect that our result of Eq. (9) is more generally appli-
cable to field emitters of nanometer size, for example,
nanometer-sized tungsten tips and metallic nanowires.
The upper and lower limits are set by the minimal current
required for sufficient signal to noise in the application
(e.g., imaging) and the maximum current at which the
emitter can still operate properly. A further restriction is
that the vibration amplitude of the CNT, expressed as the
ratio R*/I3, should be kept sufficiently small [18]. It is
important to notice that the determination of the bright-
ness, which is often a complicated experimental procedure,
is reduced to recording a FN plot and measuring 7.

In the 1960s, an expression was derived for the maxi-
mum theoretical brightness of a field emitter [19]:

B, =Je/md. (10)

This equation predicts dependence on d and ¢ as well, but
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FIG. 4. Reduced brightness B, as a function of the tunneling
parameter d measured for 5 CNTs and compared with the
calculated curve using B, = 0.04 X J(d, ¢ = 5.0 eV) (dashed
line).
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FIG. 5. B, as a function of AE measured for several CNTs at
currents of 10-500 nA and temperatures of 600-700 K.
Calculated curve (dashed line). The data of the Schottky emitter
and the CFEG are also included.

its value is typically a factor of 15 to 30 larger than Eq. (9).
This difference is explained as follows. Typical field emit-
ters consisting of a metal tip with a hemispherical emitting
surface with R > 50 nm have a much smaller value of r,
than R [16]. For CNTs, on the contrary, r, = R [17].
Others found r, = 0.5R for nanometer-sized tungsten
electron sources [20]. Thus, r, approaches R when the
emitting surface is reduced towards a few nanometers
and deviates in shape from hemispherical. Furthermore,
the broadening effect of Coulomb interactions [21] was not
accounted for in Eq. (10).

At room temperature and at low currents d is almost
equal to AE, and therefore Fig. 4 presents the figure of
merit of the CNT electron source. However, some heating
to 500-800 K was required to obtain stable emission,
which broadens the energy spectrum. A secondary effect
is that Joule heating at larger currents also leads to a broad-
ening of the energy spectrum [22]. The figure of merit of
electron sources under realistic conditions, B, versus AE,
is presented in Fig. 5. The curve was calculated using
Egs. (1), (2), (4), and (5). For comparison, data of state-
of-the-art electron sources, the tungsten cold field emission
gun (CFEG) [11], and the Schottky emitter [13] are in-
cluded. Being cold field emitters, the CNT and the CFEG
have an almost identical AE. However, the CFEG often
lacks emission stability [11], which the CNT clearly has, as
shown in Fig. 1. Note also that the CNT has a much higher
B, than the CFEG at high currents. Our values imply a
significant improvement with respect to the Schottky emit-
ter, either a lower AE at similar B, or a much higher B, at
similar AE. Future research might aim to find nanomate-
rials with similar strength as CNTs, but with an intrinsi-
cally lower ¢, which directly leads to an improvement of
the figure of merit. Possibly, CNTs with larger radii than
used in this experiment and with hemispherical cap shapes
may improve the figure of merit as well.

In conclusion, CNT electron sources exhibit a highly
stable emission that follows the Fowler-Nordheim theory
of field emission, thus predicting the energy spread for a
given current, radius, and temperature. The optical per-
formance of the CNT under realistic conditions is a clear
improvement with respect to state-of-the-art electron point
sources. Its reduced brightness can be expressed as func-
tion of the tunneling parameter only, and hence the result-
ant figure of merit is independent of the geometry of the
emitter.
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