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ABSTRACT
Wet spun carbon nanotube fibers were characterized using both field emission and electron energy distribution measurements. Fowler-
Nordheim analysis of the field emission results showed that the carbon fibers demonstrated a large effective emission area, 2 x 10-12 m2, which
resulted in a reduced brightness of 1.84 x 1010 A/m2/sr/V. By considering the emission and number of carbon nanotube emitters it can be
shown that the brightness is consistent with previous reports for single nanotube emitters. Additionally, using the effective emission area
determined from the Fowler-Nordheim analysis an emittance value around 0.70 µm was found. These characteristics are useful metrics in
determining the applicability of using wet spun carbon nanotube fibers for field emission devices.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5098328

New cathode options are needed to produce high current at low
operating temperatures and for long time intervals. Because of their
special electron-optical properties, high efficiency, fast response
time, and resistance to radiation damage, as well as their portabil-
ity and relatively simple nature, field electron emission (FE) cath-
odes offer a competitive and/or advantageous alternative to thermal
emission cathodes for vacuum electronic applications. In particular,
FE cold cathodes have received widespread attention, for applica-
tions including electron microscopy,1 X-ray sources,2,3 electronic
devices,4,5 terahertz sources,6,7 and high-power microwave tubes.8,9

Cathodes for these applications need to generate beams with good
electron-optical properties, and to exhibit long lifetimes when sub-
ject to damaging conditions such as ion back-bombardment and
intense heating.

Cold cathodes based on carbon nanotubes (CNTs) and carbon
nanotube fibers (CNFs) have received considerable attention,10–18

largely because of the high field enhancement brought about by
their high aspect ratio and small apex radius, which facilitate emis-
sion at low applied voltages. CNTs are particularly attractive because
they have excellent thermal and electrical conductivities which could
potentially make them more robust to wide range operational con-
ditions compared to traditional field emitter materials. Recently,
wet spun carbon nanotube fiber(s)19 (ws-CNF(s)) have been

experimentally shown to be capable of relatively high current den-
sities, ∼103 A/cm2 at relatively low field strengths ∼0.1-0.2 V/µm.
These enhanced FE properties have been shown to be related to the
fairly high degree of alignment in ws-CNFs.20 The ability to oper-
ate the FE cathode at high current densities and low field strength
makes it possible to operate the cathode in wider range technolog-
ically relevant conditions. However, in order for the ws-CNFs to
reach their full potential performance metrics such as field enhance-
ment factors, current densities, brightness and emittance must be
investigated in greater detail. Brightness and emittance are partic-
ularly important for electron microscopy and accelerator sources.
Previously, most reported metrics deal with individual multi-walled
or single-walled CNT emitters21,22 The intent of this paper is to eval-
uate the field emission and electron energy distribution properties of
ws-CNFs to determine their brightness and emittance.

Electron emission experiments were performed on CNFs made
by the wet spinning technique. The wet spinning technique is
described in detail elsewhere.19 Fibers were mounted to a Mo sam-
ple holder held in place by Ag paste. The fiber was mounted in the
vertical position, normal to the Mo plate surface. The length of the
fiber from the sample holder surface to the fiber tip was 5 mm. Once
the Ag was allowed to dry the sample was transferred into a sur-
face analysis system with a prep and analysis chambers with a base
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pressure of 7 x 10-10 and 1 x 10-10 Torr, respectively. FE measure-
ments were carried out in the prep chamber. The sample was kept
at ground with a positive bias on the anode of up to 1 keV. The
anode tip consisted of stainless steel and was 3 mm in diameter. The
gap distance between the anode and cathode was set at 5 mm using
an optical camera and micrometers on the sample manipulator. FE
experiments consisted of ramping the anode voltage in 1 V incre-
ments with 1 s dwell time. Current was measured at each voltage
step with a Keithley 2600 source meter. Data acquisition was man-
aged using LabView. Once the FE experiments were complete the
sample was transferred into an analysis chamber for electron energy
distribution (EED) measurements. These measurements were made
by biasing the sample up to 500 eV with a Keithley 6487. The electron
energy distribution and work function measurements were made
with a hemispherical analyzer described elsewhere.23 Consequently,
the field strength and emission current for the FE and EED mea-
surements were the same at 0.05 V/µm and ∼70 µA, respectively.
The EED measurement consisted of measuring the kinetic energy of
field emitted electrons under these conditions by scanning near the
applied bias on the sample. These measurements were made at a pass
energy of 10 eV with 0.1 eV steps. Based on the hemispherical ana-
lyzer dimensions and gap distance we estimate the solid angle to be
1.9 x 10-6 sr.

Figure 1 shows SEM and Raman spectra from the ws-CNF. The
morphology of the CNFs in the image is consistent with previously

FIG. 1. Raman spectroscopy of CNT fiber. Spectra acquired along the length of
the fiber yielding G/D ratio ranging 7-10. Scale bar is 10 µm.

reported results of ws-CNFs.20 The Raman spectra were acquired on
the sidewall and tip of the fiber. There was no apparent difference
between the tip and sidewall. A G/D ratio in the range of 7-10 was
obtained from 5 different locations on the fiber. The G, D and 2D
bands in the fiber were located at 1593.9, 1347.0 and 2681.6 cm-1,
respectively. Although higher G/D ratios have been obtained with
ws-CNTs we note that the quality of the fibers were sufficient for
FE experiments. We also note that the CNFs were not annealed or
cleaned with solvent before FE experiments.

Figure 2 shows the results from the FE experiment. The ws-
CNFs showed relatively smooth emission up to a 1000V. The
maximum current shown in Figure 2 is well below the current
levels where space charge and self-heating effects24,25 become dom-
inant. Consequently, we neglect any of these effects in the follow-
ing analysis. The FE data was fit using the Fowler-Nordheim (FN)
equation:

I(Amps) = aβ2
eff E2

exte
−

b
βeff Eext (A/m2), (1)

where a = Aeff
1.54x10−6

φ
, b = 6.83 x 109φ

3
2 , Aeff is the effective emis-

sion area, � is the CNF work function, and βeff is the effective field
enhancement factor. The FN fit shows slight underestimate of cur-
rent around 600-900 V. We attribute this to adsorbate enhanced
emission.26 The inset in Figure 2 shows the FE current plotted in
FN coordinates. A linear fit of the FN coordinates yielded a βeff of
5.57 x 106. From the FN fit Aeff was calculated to be 2.024 x 10-12 m2.
Tang et al. showed that using FN analysis to determine the emission
area is a more accurate than using the physical dimensions of the
emitter.27 The effective emission area for the ws-CNFs are six orders
of magnitude higher than what has been reported for a carbon fibers
of the same dimension.27 This is likely due to the geometry of the
individual CNTs combined with the high degree of alignment within
the fiber structure,20 which results in a high density of emission
sites.

FIG. 2. Field emission results from carbon nanotube fibers. Inset shows field
emission current plotted in FN coordinates. A linear fit to the FN coordinate data
confirms field emission, R2=0.99.
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FIG. 3. Electron energy distribution of field emitted electrons. Fitted data (red)
yielded a FWHM of 0.44 eV. Inset shows secondary emission onset caused by
scattering of field emitted electrons from the fiber surface. The secondary emission
onset was used to experimentally determine the work function of the CNT fiber,
Φ = 4.65 eV. A brightness value of 4.47 x 107 and a transverse energy of 0.25 eV
was determined from the EED curve.

Once the FE experiments were completed, the sample was
moved to the analysis chamber for EED measurements. Figure 3
shows the results of the EED measurement. The x-axis represents
kinetic energy scale adjusted for the bias on the sample. All kinetic
energies are referenced with respect to the Fermi level. The EED
curve at zero binding energy is the result of field emitted electrons
from the ws-CNFs. The field strength on the sample was set to match
that of the FE experiment. The current measured on the sample
under these conditions was ∼70 µA identical to the FE experiment.
The EED distribution can be approximated as follows28

J(E) = N
exp( E

d )
1 + exp( E

kT )
, (2)

where N is a normalization constant and d is the mean transverse
energy of the electron beam (eV). To accurately fit the distribu-
tion an additional instrumental Gaussian broadening term must be
included in the form29

GI =
1

σ
√

2π
exp[−1

2
(E
σ
)

2
], (3)

where σ is the analyzer resolution. Results of the fit are shown in
Figure 3. The FWHM of the distribution was determined to be
0.44 eV with a mean transverse energy (d) of 0.25 eV, where the d
is the energy spread on the low kinetic energy side of the EED curve
measured from the Fermi level at half maximum. Once d is known,
the reduced brightness Br can be determined by the relationship21

Br =
I′

πr2
v U

, (4)

where rv is the radius of the virtual source (m) and I′ is the reduced
emission current (A/sr). We assume that due to such a small solid
angle, 1.9 x 10-6 sr, that rv ≅ rp, where rp is the physical source size. rp
is assumed to be equal to the effective emission area extracted from
the Fowler Nordheim equation. Consequently, we use the effective
emission area, 2.024 x 10-12 m2, as the physical source area.

The reduced brightness of the ws-CNT sample was found to be
1.84 x 1010 (A/m2/sr/V). This value is roughly an order of magni-
tude higher than the reduced brightness reported for a single CNT
emitter,21 which is in the range of 1.3-2.5 x 109 A/m2/sr/V.

The work function of the CNF can be extracted from the EED
curves. The inset in Fig. 3 inset shows a blown up region of the EED
spectrum where the secondary emission onset occurred for the ws-
CNF sample. The secondary emission onset was fit with an error
function30 resulting in a work function Φ of 4.65 eV. This is pos-
sible due to nanoscale roughness of the fiber surface and the fact
that emission is not limited to the fiber tip.20,24 Consequently, elec-
trons going out into vacuum are inelastically scattered on the fiber
surface causing secondary emission. A value of 4.65 eV is in rea-
sonable agreement with tip emission reported elsewhere.31–34 Being
able to measure the work function experimentally eliminates some of
the ambiguity linked with the extraction of the work function from
Fowler Nordheim analysis.

An important measure of an electron beam quality is its emit-
tance.35–37 Emittance represents the volume occupied by the beam in
phase space. An electron beam with a large degree of spreading will
result in higher emittance. Consequently, characterizing the emit-
tance of the beam extracted from a ws-CNF–based cathode is an
important step in determining its usefulness for any desired applica-
tion space. A commonly used form of emittance is normalized rms
emittance, εn ,rms. The εn ,rms can be determined from the simple rela-
tionship ρc

√
d, where ρc is the square root of the effective emission

area.38 The εn ,rms of ws-CNFs was calculated to be 0.70 µm. This
value is similar to what has been found for photocathode sources
used XFEL.38

Figure 4 shows a fit to the EED experimental data indicating
a FWHM of 0.44 eV. The simulated spectrum was calculated by
integrating the product of the transmission and supply functions
described by39,40

J(F, T) = q
2πh̵ ∫

∞

0
D(E)f (E)dE,

where D(E) denotes the transmission probability and f (E) denotes
the electron supply function. This equation was evaluated numeri-
cally with work function, field strength and temperature as inputs.
The work function and field strengths were set equal to 4.65 eV and
0.05 V/µm, respectively. In order to obtain a good fit with exper-
imental data the temperature in the simulated current had to be
adjusted to 778K (505 ○C). This result suggests that, even at relatively
low current densities, substantial Joule heating occurs through the
emitting CNTs at the ws-CNF tip. In their model of resistive heating
of a single CNT during FE, Purcell et al41 calculated that the temper-
ature at the tip of a 40 µm long CNT with a 10nm radius and with
a thermal conductivity κ of 100W/mK can reach a value as high as
1900K at an emission current of 2 µA.

The temperature of 778K needed to fit the EED curve in Fig. 4 is
an effective temperature which reflects the contribution from many
CNTs emitting at the tip of the fiber. The CNTs with the largest
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FIG. 4. Simulated field emission data (red) compared with experimental EED
curve.

aspect ratio will predominantly determine the overall shape of the
EED spectrum. Based on Purcell et al. calculations, a CNT tip tem-
perature of 778 K is expected from a CNT with an emitting current
of about 0.7µA. Therefore, our measurements indicate that about
100 CNTs actively participate in the FE process and contribute to
the EED spectrum shown in Fig. 4.

In summary, the reduced brightness and emittance of ws-CNFs
have been determined to be 1.84 x 1010 and 0.70 µm, respectively.
The ws-CNFs have been shown to have an order of magnitude
higher reduced brightness than previously reported. Electron energy
distribution measurements suggested that the ws-CNFs had roughly
100 CNTs contributing to the total current. The emission charac-
teristics of the ws-CNFs demonstrate improved performance over
single nanotube emitters and offer a more robust solution to the
environmental requirements of traditional FE emitters.

This material is based upon work supported by the Air
Force Office of Scientific Research under award number FA9550-
17RXCOR428.
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