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ABSTRACT

Barium strontium oxide-coated carbon nanotubes (CNTs) were implemented as a work function lowering and field enhancing functional
coating on a coiled tungsten filament to create a new thermionic cathode. This cathode resembles conventional oxide cathodes in structure.
It has the same coiled tungsten filament as a conventional oxide cathode but uses barium strontium oxide-coated CNTs instead of the tradi-
tional barium strontium calcium oxide powder mixture as an emissive coating. The cathode produces a strong thermionic emission. At
1395 K and 2.5 V/μm, the thermionic emission current of 0.87 A or current density of 2.9 A/cm2 was obtained from this oxide-coated CNT
cathode. This level of emission is about three times as large as a conventional oxide cathode operating at similar temperature and field
strength. Strong thermionic emissions from the cathode also lead to a large thermionic cooling effect. Temperature reduction as large as 90°
was observed from the cathode surface when it was emitting electrons. Strong thermionic emission and a large cooling effect obtained are
the result of the combination of the low work function of barium strontium oxide (1.6 eV) and the large field effect induced by the CNTs.
Plasma enhanced chemical vapor deposition was used to grow CNTs, and magnetron sputtering deposition was used to deposit the barium
strontium oxide functional coating; details of the cathode fabrication are presented to illustrate both the versatility of the processing techni-
ques and the adaptability of barium strontium oxide-coated CNTs as a functional coating. Measurements on thermionic emission and ther-
mionic cooling of the cathode are also presented.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001467

I. INTRODUCTION

Carbon nanotubes (CNTs) are an interesting material that has
many unique electrical, mechanical, thermal, and chemical proper-
ties. CNTs are also excellent electron emitters due to their unique
geometry and high aspect ratio, which induces a high field
enhancement factor around their tips. Because of this large field
enhancement effect, most studies of electron emission from CNTs
focus on field emission.1–5 However, they have not been explored
as extensively as thermionic emitters, even though a large field
effect is also highly beneficial in thermionic emission.6–10

Thermionic emission is described by the Richardson equation
as follows:11,12

Js ¼ AeffT
2e�11605w/Te4:4

ffiffi
E

p
/T , (1)

where Js is the saturation current density, T is the temperature of
the emission surface in Kelvin, w is the work function of the emis-
sion surface in electron volts, E is the electric field on the emission
surface in V/cm, and Aeff is the effective Richardson’s constant,
with the theoretical value of 120 A/K2 cm2 for metals. The first part
of the equation is also referred to as the zero-field emission current
density J0, which is the amount of emission produced without the
presence of an electric field,

J0 ¼ AeffT
2e�11605w/T : (2)

The last exponential term, e4:4
ffiffi
E

p
/T , in Eq. (1) is the field effect in

thermionic emission known as the Schottky effect. Apparently, a
large field effect can have a direct and significant impact on ther-
mionic emissions. CNTs have a large field effect that can help
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boost thermionic emission, but the problem with CNTs being ther-
mionic emitters is that they have a large work function.7,10 As can
be seen from the Richardson equation, a large work function
hinders thermionic emission and makes CNTs weak thermionic
emitters.6–10

Fortunately, it is possible to modify the CNTs surface with a
functional coating. CNT surfaces have been altered and their prop-
erties enhanced with various functional coatings by many research-
ers for different applications.13–16 Previously, we have also shown
that the work function of the CNT surface can be significantly
lowered by depositing a low work function barium strontium oxide
thin film on top of it. The reduction of work function coupled with
the large field enhancement effect induced by the CNTs results in
strong thermionic emissions from these functionalized CNTs.17,18

However, in our earlier work, barium strontium oxide-coated
CNTs were grown and deposited on a flat surface. While their ther-
mionic emission properties have been characterized and studied in
detail; they have not been implemented in practical thermionic
devices.17,18 Real thermionic devices often have more complex
structures and the ability of an emissive coating to be incorporated
into such structures is important. In this study, we show the imple-
mentation of barium strontium oxide-coated CNTs on a rather
complex filament structure and present a practical thermionic
cathode based on this material. Thermionic cathodes are widely
used in many applications such as x-ray machines in the medical
field, microwave (and millimeter wave) traveling wave tubes
(TWTs) for space communications, linear accelerators in high-
energy physics, and florescent lamps and other gas electronics
devices.12,19–21 They are an integral part of the devices that provide
strong and stable electron supplies. Thermionic cathodes come in
various forms, and there are three major types of thermionic cath-
odes: metal cathodes, oxide cathodes, and dispense cathodes.19

Metal cathodes are made of refractory metals such as tungsten (W)
that are designed to operate at very high temperatures. Oxide cath-
odes consist of a heating element and an oxide coating (typically,
in the form of a BaO, SrO, and CaO powder mixture) on it as elec-
tron emitters. Dispense cathodes are made of a disk formed by a
matrix of tungsten and oxide powders compressed together. The
cathode presented in this study resembles oxide cathodes widely
used in fluorescent lamps these days.22–29 It has a coiled tungsten
filament as the base cathode structure, the same as in the conven-
tional oxide cathodes but uses barium strontium oxide-coated
CNTs as an emissive coating instead of the BaO, SrO, and CaO
powder mixture in conventional oxide cathodes. Details of the fab-
rication of the cathode and its thermionic emission characteristics
are reported in Secs. II–III.

The ability for barium strontium oxide-coated CNTs to be
incorporated into a complex structure implies that they can poten-
tially be implemented as a work function lowering and field
enhancing functional coating in other devices and applications as
well. One of these possible applications is thermionic cooling. With
the ever-increasing power densities of electronic devices these days,
cooling of power electronics becomes a major issue.30–32 Many
cooling schemes are being explored to meet this challenge; ther-
mionic cooling is one of them.33–38 Thermionic cooling occurs
when hot electrons are ejected from the surface carrying energy
away. The key to achieve a large thermionic cooling effect is to have

a strong thermionic emission from the surface. A large thermionic
cooling effect on a flat tungsten surface with a barium strontium
oxide-coated CNTs on it has been observed and reported previ-
ously.37,38 Here in this paper, we report a thermionic cooling effect
that occurred on a more complex coiled filament cathode surface.
It serves as another example of the adaptability and versatility of
barium strontium oxide-coated CNTs as a functional coating for
potential thermionic cooling devices and applications.

II. EXPERIMENT

A. Fabrication of thermionic cathodes

Triple coiled tungsten filaments were used as the base cathode
structures for the thermionic cathodes fabricated in this study.
These filaments are made of thin tungsten wires, which are
designed to hold emissive oxide powders and be heated up directly
when an electric current is flown through. The tungsten filaments
used in this study were supplied by GE Company, and they are the
same filaments used in some of the commercial compact fluores-
cent lamp products. CNTs were grown directly on these tungsten
filaments using plasma enhanced chemical vapor deposition
(PECVD). The tungsten filaments were thoroughly cleaned in
dilute acids and solvents before the growth of CNTs. A thin cata-
lytic film of nickel, about 100 nm, was first sputter deposited on
the surface of the tungsten filament using magnetron sputtering
deposition, after which, the filament was transferred to a PECVD
chamber to be annealed and etched in NH3 plasma at 650 °C for
about 15 min to form nickel islands on its surface. These catalytic
nickel islands serve as seeds for the CNT growth. C2H2 and NH3

gases, at 1:2 ratio, were then flown to the PECVD chamber to start
the CNT growth. The growth temperature was maintained at 650 °
C, while the plasma power supplied by an Advanced Energy MDX
500 power supply was set at 50W throughout the growth process.
The length of the CNTs was controlled by the growth time, which
was set at 15 min in this study to yield CNTs about 10–20 μm in
length. The growth of CNTs on the surface of the tungsten filament
was confirmed with scanning electron microscopy (SEM) and
transmission electron microscopy (TEM).

The tungsten filament was transferred back to the sputtering
chamber after the CNT growth. Barium strontium oxide thin film
was deposited onto the CNT surface using magnetron sputtering
deposition. Two pure barium and pure strontium sputtering targets
mounted on two independent sputtering guns were cosputtered in
an Ar/O2 (at 5:1 ratio) ambient. The base pressure of the sputtering
system was approximately 5 × 10−7 Torr. The pressure of the sput-
tering chamber was at about 1 mTorr during the deposition. Two
Dressler CESAR 136 RF power supplies were used to supply power
to the barium and strontium targets at 75W and 50W, respectively,
which resulted in a thin film with a chemical composition of
approximately 70% BaO and 30% SrO in molecular weight. The
thickness of the barium strontium oxide thin film was monitored
with a quartz crystal thin-film thickness monitor, the deposition
time was approximately 30 min, which produced an oxide coating
about 50 nm thick. The tungsten filament was placed on a heated
rotating stage during the deposition. The growth temperature was
set at 700 oC and the substrate stage rotated at 20 rpm during the
deposition. The formation of a barium strontium oxide thin film
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on CNTs’ surface was examined and confirmed with SEM, TEM,
and energy dispersive x-ray spectroscopy (EDS).

B. Measurements of thermionic emission

Thermionic emissions of the cathodes at various temperatures
and field strengths were measured in a custom ultrahigh vacuum
system with the base vacuum less than 5 × 10–8 Torr. The emission
data collected were used to extract the work functions of cathodes.
Figure 1 shows the schematic of the ultrahigh vacuum system. In
this measurement system, the cathode being measured was mounted
on the opposite side of the anode in a simple diode arrangement.
The position of the cathode was fixed, while the anode, which also
serves as the heatsink, was attached to movable electric feedthrough
that controls the spacing between the cathode and anode. In this
study, the spacing between the cathode and anode was fixed at 0.1
cm for every measurement. An electric field across the cathode and
anode was established by supplying a voltage across the cathode and
anode using a Glassman PS/LQ05P2 high voltage power supply; the
electric field strength can be calculated by dividing the electric
potential across and the spacing between the cathode and anode, in
doing so, we assume the space-charge effect is minimum in our
experimental setting. The electron emission from the cathode was
measured using a Keithley 2700 multimeter; An Agilent E3631A
source-measurement unit was used to heat the cathode to an ele-
vated temperature by flowing a current through it. A Pyro
MicroTherm optical pyrometer, sold by the Pyrometer Instrument
Co. of Trenton, New Jersey, was used to measure the temperature of
the cathode through the viewing window from outside of the ultra-
high vacuum system. The Glassman high voltage power supply, the
Keithley Multimeter, and the Agilent source-measurement unit
were connected to a computer and the data collections were con-
trolled by a LABVIEW program.

Thermionic emissions of the cathodes were characterized in
terms of their thermionic emission current at various temperatures
and electric field strengths. For each cathode tested, emissions at
seven different thermionic emission temperature levels were mea-
sured. For each set of measurements at a particular temperature, an
electric current was flown through the cathode using the Agilent
source-measurement unit to raise the temperature of the cathode to
a predetermined target level. The LABVIEW program controls and
adjusts the electric current level based on the relative change of the
resistance of the hot cathode until the targeted temperature was
reached. The more exact cathode temperature was then determined
using the Pyro optical pyrometer. Once the cathode temperature
was set, the Glassman high voltage power supply was then used to
raise the electric potential across the cathode and anode, and the
electron emission currents at various electric potentials measured.
Five current measurements were taken with the Keithley multime-
ter at each bias voltage, and the average current was recorded. Each
set of measurements produced an emission current versus electric
potential (I-V) curve at that particular cathode temperature. For
each cathode tested, thermionic emission measurements were per-
formed at seven different temperatures, so a set of seven I-V curves
at seven different cathode temperatures was obtained for each
cathode. Work functions of the cathodes were extracted from these
I-V curves using the Richardson line method.11,12

C. Measurements of thermionic cooling effect

The cooling of the cathode surface due to thermionic emis-
sion was measured in the same ultrahigh vacuum system shown in
Fig. 1. The temperature of the cathode was raised by flowing an
electric current through it using the Agilent source-measurement
unit. The temperature of the cathode when it was not emitting
electrons was measured first. The electrical potential across the
cathode and anode supplied by the Glassman high voltage power
supply was then turned on (for this study, the applied voltage was
at a fixed value of 2500 V), and the temperature of the cathode was
measured again when it was emitting electrons. The first tempera-
ture measured is referred to as the temperature of the cathode
when emission is off, and the second temperature measured is the
temperature of the cathode when emission is on. The difference of
these two temperatures is the cooling effect caused by thermionic
emission from the cathode surface. The Pyro optical pyrometer
was used to measure cathode temperature precisely. Inside the
optical pyrometer, there is a fine reference filament. By overlap-
ping the reference filament with the center of the cathode being
measured through the build-in telescope and adjusting the temper-
ature of the reference filament to match that of the cathode, the
temperature of the cathode can be determined. Five temperature
readings were taken and averaged for every temperature measure-
ment. The measurements are fairly consistent with only a few
degrees of variation between readings once eyes are trained and
adjusted in the dark environment. More details of the measure-
ment techniques and procedures are also available in Refs. 37 and
38. In this study, cooling of the cathodes at seven temperature
levels was assessed.

FIG. 1. Schematic of the experimental setup for thermionic emission and ther-
mionic cooling measurement. The source-measurement unit is connected to the
cathode and used to resistively heat it to high temperature by sending a current
through the cathode. The Glassman high voltage power supply provides the
bias voltage between the cathode and anode, and the Keithley multimeter mea-
sures the emission current from the cathode to anode. Cathode temperature is
measured using the Pyro optical pyrometer pointed at the cathode from outside
of the system.
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III. RESULTS AND DISCUSSIONS

A. Triple coiled tungsten filament CNT cathodes

The structure of the coiled tungsten filaments used to fabricate
the cathodes is shown in Fig. 2(a). As described in Sec. II, these
tungsten filaments are used for the CNT growth and subsequent
barium strontium oxide deposition. So, Fig. 2(a) also shows the
overall structure of all the cathodes fabricated in this study. Such a
coiled tungsten filament is widely used as the base structure for
oxide cathodes, the fine tungsten coils are designed for holding
emissive materials and allowing effective resistive heating of the
cathode to thermionic emission temperatures.22–24 The tungsten fil-
aments used in this study were supplied by GE Company. Multiple
cathodes were fabricated. Figure 2(b) is a SEM image of a segment
of a cathode with barium strontium oxide-coated CNTs on it, the
CNTs shown in the SEM micrograph are functionalized with
barium strontium oxide coating. As can be seen from the image,
the cathode surface is fully covered with the oxide-coated CNTs.
Figure 2(c) shows an SEM image of a magnified segment of the
cathode that provides a closer look at the CNTs grown on the

cathode surface. The CNTs shown in this SEM micrograph are
uncoated, as they were first grown on the tungsten filament surface
using PECVD and before the subsequent functionalization with the
barium strontium oxide coating. Figure 2(d) is another SEM image
of a magnified segment of the cathode with barium strontium
oxide-coated CNTs on its surface. These oxide-coated CNTs are
about 200–300 nm in diameter and around 10–20 μm in length.
The thickness of the barium strontium coating on the CNTs is
around 50 nm.

The thickness of the barium strontium oxide coating was
controlled by the deposition time and the thin-film thickness
monitor. Figure 3(a) is a TEM image of an individual barium
strontium oxide-coated CNT, the oxide coating on the CNT
surface can be clearly seen in the image. Figure 3(b) shows the
EDS of the cathode, all the chemical elements, Ba, Sr, C, O, and
W, can be identified in the spectrum, which further confirms the
formation of barium strontium oxide-coated CNTs on the
cathode surface.

This cathode resembles a typical oxide cathode in the struc-
ture. They both use coiled tungsten filaments as the base structure,

FIG. 2. (a) SEM image of a coiled tungsten filament used as the base structure for the cathode. (b) A segment of a barium strontium oxide-coated CNTs filament
cathode. In the image, oxide-coated CNTs can be seen on the surface of the filament. CNTs were grown directly onto the surface and subsequently coated with barium
strontium oxide using magnetron sputtering deposition. (c) An enlarged segment of the cathode with CNTs on the filament surface. The CNTs in the image are uncoated.
(d) An enlarged segment of a barium strontium CNTs filament cathode that provides a close look at the oxide-coated CNTs on the cathode surface, the CNTs are about
10–20 μm in length.
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meaning that this cathode can be heated up to thermionic emission
temperatures similarly as a conventional cathode in typical operat-
ing conditions, which makes it easier for adoption as an alternative
to a conventional oxide cathode. The difference between this
cathode and a conventional oxide cathode is in the emissive materi-
als coatings. A conventional oxide cathode uses oxide powder
mixture as the emissive materials coating22–24,29 versus in this
cathode, it uses barium strontium oxide-coated CNTs as the emis-
sive materials coating.

In addition to its potential application in thermionic cathodes,
the ability to grow CNTs on a complex coiled filament structure
and further functionalize them with a barium strontium oxide
coating illustrates the versatility of the growth and fabrication tech-
niques for producing this material, as well as the adaptability of
barium strontium oxide as a functional coating in device applica-
tions. It is conceivable that barium strontium oxide may find

applications in other devices as a work function lowering and field
enhancing functional coating.

B. Thermionic emissions of the cathodes

Thermionic emissions from the cathode and the work func-
tion of the cathode surface are shown in Fig. 4. Each I-V curve in
Fig. 4(a) corresponds to the thermionic emission current of the
cathode at various potentials across the cathode and anode at a
given cathode temperature. The voltages across the cathode and
anode various from 0 to 2500 V. Given that the spacing between
the cathode and anode is 0.1 cm, the electric field across the
cathode and anode can be estimated as varied from 0 to 2.5 V/μm
during the measurements. Again, in making this estimate, we
neglect the space-charge effect. Typically, thermionic emission
transitions from the space-charge limited (SCL) region at lower

FIG. 3. (a) TEM micrograph of a barium strontium oxide-coated CNT; the
barium strontium oxide thin film coating on the CNT can be seen from the
image. The CNT shown is about 200 nm in diameter, and the barium strontium
coating is about 50 nm thick. (b) An EDS spectrum showing the chemical com-
position of the cathode surface. Elements of tungsten, carbon, oxygen, barium,
and strontium are identified.

FIG. 4. (a) Thermionic emission current of the barium strontium oxide-coated
CNT cathode as a function of electric potential bias at various temperatures.
Each current data point represents the average of five measurements. (b) The
corresponding Richardson plot of the thermionic emission. The y axis of the
Richardson plot is the natural logarithm of the zero-field emission current
divided by square of temperature.
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fields to the temperature limited (TL) region as field strength
increases. The space-charge effect tends to be more significant at
the lower field strength but less so at the higher field strength in
thermionic emission.21,39 As shown in these I-V curves, thermionic
emission from the cathode surface increases with field strength and
temperature. The initial rise of emission current is steep, and it
starts to enter the saturation region as field increases further to a
certain level, which is expected from a thermionic cathode. The
highest emission current obtained from the cathode is 0.87 A, at
1395 K and 2.5 V/μm, which is the highest temperature and field
strength applied.

This is a very strong thermionic emission, particularly, in
comparison with conventional oxide cathodes in similar operating
conditions in fluorescent lamps.22–28 Conventional oxide cathodes
widely used in fluorescent lamps these days have a similar coiled
tungsten filament cathode. The temperatures of conventional cath-
odes vary with the operating conditions, such as the lamp current
that the cathode supplies, but they are typically around 1400 K,22–26

and the electric field strengths in front of the cathode in discharge
plasma are around 2.9 V/μm.22,24 At these temperatures and field
strengths, the cathodes in fluorescent lamps typically supply a lamp
current of 0.2–0.4 A.22–27 For example, Soules et al. modeled oxide
cathode operation in fluorescent lamps in various operating condi-
tions and found that, in general, the cathode temperature rises to
keep up with the increase of lamp current; they also reported
cathode temperatures measured with a similar optical pyrometer
on cathodes operating at 0.43 A of current, the temperatures of the
hottest part of the cathodes are between 1450 and 1600 K in their
measurements.23 Warmouth et al. also measured the temperature
of a fluorescent cathode operating at 0.27 A as 1 353 K.26 Similarly,
Yamagata et al. measured the peak temperature of a cathode oper-
ating at around 0.25 A, and their result was 1 390 K.24 Warmouth
also estimated that at around 0.3 A current, the electric field in
front of a typical cathode operating in a low-pressure gas discharge
environment is around 2.9 V/μm, and the emission current density
of the cathode is typically at around 1 A/cm2.22,23 The barium
strontium oxide-coated CNT cathode, on the other hand, generates
an emission current of 0.87 A at similar operating temperature and
electric field, which is about three times of the currents from the
conventional cathodes reported by these researchers.22–26 In addi-
tion to the examples discussed above, it is also worth noting that
compact fluorescent lamps, which use the same type of small triple
coiled tungsten filaments used in this study, typically have even
lower operating current between 100 and 200 mA of current.28

The coiled filament has a complex shape and internal struc-
ture than a flat surface so the area of its emission surface is less
well defined. By approximating the shape of the filament as a cylin-
der, we made a generous estimate of the surface area of the filament
at around 0.3 cm2. Assuming this as the area for electron emission,
0.87 A of emission current translates to an estimated current
density of 2.9 A/cm2. However, as only half of the filament facing
the anode is likely to emit electrons effectively. So, we have likely
overestimated the emission area while underestimated the current
density. The actual current density from the cathode is likely
higher than this estimated 2.9 A/cm2 value. Nevertheless, this esti-
mated result is still in line with the current density obtained from a
similar barium strontium oxide-coated CNT coating on a flat

surface, which is at 4.5 A/cm2.17,18 At 2.9 A/cm2, the emission
current density from this cathode is also about three times that of
the typical value of 1 A/cm2 for conventional oxide cathodes.22

CNTs themselves are weak thermionic emitters despite the
field effect they induce.6–10 The thermionic emission from CNTs at
the comparable temperatures of this study is basically negligi-
ble.6,9,10 This is mainly due to the high work function value of
CNTs, which is at around 4.5 eV.7–10 However, CNTs’ surface was
altered with a low work function oxide functional coating in this
study. The work function of the barium strontium oxide-coated
CNT cathode surface was extracted from the I-V plots in Fig. 4(a)
using the Richardson line method.11,12 Figure 4(b) is the
Richardson plot for the barium strontium oxide-coated CNT
cathode. The equation for the Richardson plot, as shown below,
can be easily obtained from Eq. (2),

ln
J0
T2

� �
¼ �11 605

w

T
þ lnAeff : (3)

The linear plot of ln J0/T
2 vs 1/T, the Richardson plot, has a slope

that is equal to − 11 605 w; from the value of the slope of the
Richardson plot in Fig. 4(b), the work function of the oxide-coated
CNT cathode surface was determined to be 1.6 eV. This is a
much-lowered work function value than the work function of the
uncoated CNTs, originally at about 4.5 eV. This work function
value is comparable to the work functions of typical oxide powder
emissive mixtures which are around 1.3–2.5 eV.19,20,29

It is quite clear that barium strontium oxide surface coating
greatly reduces the work function of the CNTs’ surface from about
4.5 to only 1.6 eV as illustrated in this study. It is this modified low
work function surface that transforms the thermionic emission
properties of the CNTs. The combination of the low work function
from the barium strontium oxide coating and the large field effect
from the CNTs makes barium strontium oxide-coated CNTs a very
strong thermionic emission coating. It not only produces ther-
mionic emission orders of magnitude stronger than that from
CNTs6,9,10 but also leads to an enhanced thermionic emission
much stronger than a conventional barium strontium calcium
oxide powder mixture.22–28 The benefits of low work function
barium strontium oxide surface coating and a large field effect
from the CNTs are both clear. Beyond the immediate application
in the thermionic cathode, the implementation of the oxide-coated
CNTs in a complex coiled structure is also significant as it demon-
strates the adaptability of barium strontium oxide-coated CNTs as
a work function lowering and field enhancing functional coating,
which may very well be suited for applications in other devices as
well.

C. Thermionic cooling effect from barium strontium
oxide-coated CNTs

Thermionic cooling is another potential application for
barium strontium oxide-coated CNTs. Thermionic cooling occurs
when energetic hot electrons emit from the surface and carry
energy away. The key to achieve a large thermionic cooling effect is
to have a thermionic emission surface that emits hot electrons effi-
ciently. It has been shown previously that a barium strontium
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oxide-coated CNTs coating on a flat surface produces a large ther-
mionic cooling effect.37,38 In this study, even with a complex coiled
structure, a large cooling effect is also observed on the barium
strontium oxide-coated CNT cathode surface when it emits hot
electrons. The top trace in Fig. 5(a) shows the temperature of a
cathode (measured at the center point) at various cathode heating
current. The temperature of the cathode was raised by this cathode
heating current flown through it. As described in Sec. II, this is the
temperature of the cathode when there is no voltage bias across the
cathode and anode or the temperature of the cathode when ther-
mionic emission is off. The bottom trace in Fig. 5(a) shows the

temperature of the cathode when 2 500 V of electric potential bias
was applied across the cathode and anode or the temperature of the
cathode when thermionic emission is on. Each data point on the
curves presents the average temperature of five measurements, and
the error bars are the standard deviations of the five temperature
readings of each data point on the curves. The cooling of the
cathode is apparent, and the effect is strongest when the tempera-
ture of the cathode is at its highest. As a hotter surface corresponds
to a stronger thermionic emission, so in other words, the largest
cooling effect occurs when the thermionic emission is the strongest.
The cooling of the cathode is plotted against the thermionic emis-
sion current from the cathode in Fig. 5(b). Here, the y axis is the
change of the temperature of the cathode and the x axis is the ther-
mionic emission current at which cooling occurs. At 0.91 A of
emission current, the temperature of the cathode cooled by 90°.

The amount of cooling on the cathode obtained in this study is
consistent with the cooling effect of barium strontium oxide-coated
CNTs on a flat surface reported earlier.37 Compared to other experi-
mental results on thermionic cooling in the literature, this is a rela-
tively large cooling effect, even though there is still long way to go
before, it can be implemented in practical cooling applications.30–42

The trend displayed in Fig. 5(b) is clear; the stronger the emission,
the larger the cooling effect. The relationship is almost linear in the
region of testing in this study. Although the amount of cooling
obtained is substantial, this occurs at high temperatures. However,
most cooling needs are at more modest temperatures. One possible
way to boost the electron emission at lower temperatures further is
by increasing the field strength, and this can potentially be accom-
plished with structures with a narrower gap between the cathode and
anode.43–45 However, as field strength increases, thermionic emission
becomes less dominant and eventually transitions to thermal-field
and other electron emission mechanisms.46–48 There have been theo-
retical analyses attempting to predict whether thermal-field electron
emissions of mixed hot and cold electrons will produce a cooling
effect on the surface.49–57 Some analyses indicate cooling by electron
emission can be achieved even at room temperature,52 while others
doubt the feasibility of cooling by electron emission at room temper-
ature.57 Gas breakdown in micro- and nanoscale structures also
places a limit on how large a field can be safely applied to a device of
a given geometry and operating environment.47 Another issue with
the decreasing gap distance is that as emission increases with a nar-
rower gap and larger field, it may lead to increased space-charge
effects.21,47,48,58 More experimental work seem to be needed to
answer some of these questions.

IV. SUMMARY AND CONCLUSIONS

In summary, we have succeeded in implementing barium
strontium oxide-coated CNTs as a functional coating onto a coiled
tungsten filament to create a new type of thermionic cathode, the
barium strontium oxide-coated CNT cathode. The cathode shows
strong thermionic emission. At a similar temperature and field
strength, this cathode produces a thermionic emission current
almost three times that of a typical conventional oxide cathode.
This oxide-coated CNT cathode resembles conventional oxide cath-
odes in the structure, which makes it easier to be adopted in
applications.

FIG. 5. (a) Temperature of the center point of the barium strontium oxide-coated
CNT cathode at various cathode heating current. The top trace is the tempera-
ture of the cathode when thermionic emission is off. The bottom trace is the
temperature of the cathode when the thermionic emission is on. Each tempera-
ture data point represents the average of five measurements and the error bar
is the standard deviation of the five measurements. (b) Change of temperature
due to thermionic emission from the cathode surface. The y axis is the differ-
ence of the two temperature traces above, and the x axis is the corresponding
emission current from the cathode at which cooling occurs.
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The strong thermionic emission of this cathode is the result of
the combination of the low work function of the barium strontium
oxide coating and the high field effect induced by the CNTs. Barium
strontium oxide-coated CNTs were grown and fabricated using
PECVD and magnetron sputtering deposition, two highly versatile
material processing methods. The fact that barium strontium oxide-
coated CNTs were able to be incorporated into a rather complex
coiled filament structure illustrates the adaptability of this material
as a functional coating. It is a relatively portable material that can be
deployed in other device applications where a work function lower-
ing and field enhancing functional coating is needed. Thermionic
cooling is one of these potential applications. Indeed, a relatively
large thermionic cooling was observed on the cathode surface. The
temperature of the cathode surface drops as much as 90° when the
cathode is emitting a thermionic emission current of 0.91 A.
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