
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
/1

1/
20

26
 1

1:
36

:1
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Coulomb explos
aDepartment of Systems Design Engineering

Ave. West, Waterloo, Ontario, Canada, N2L
bPrincess Margaret Cancer Centre, 610 Uni

2M9

† Electronic supplementary informa
10.1039/c7ra07474c

Cite this: RSC Adv., 2017, 7, 40470

Received 7th July 2017
Accepted 11th August 2017

DOI: 10.1039/c7ra07474c

rsc.li/rsc-advances

40470 | RSC Adv., 2017, 7, 40470–404
ion of vertically aligned carbon
nanofibre induced by field electron emission†

Yunhan Li,a Yonghai Sun,b David A. Jaffrayb and John T. W. Yeow *a

Carbon nanofibre (CNF) field emitter failure is often encountered but there is a lack of understanding of its

degradation behaviour and mechanism. This study, starting with a direct observation of a light emission

followed by an Coulomb explosion, presents a systematic characterization of CNF emitter failure using

a PMMA (poly(methyl methacrylate)) thin film based field emission microscopy (FEM) method. This

unique CNF emitter failure behaviour is due to a combined effect of Joule heating and excessive

charging at high FE current, ranging from 1.95 mA to 41.82 mA. Joule heating converts FE to extended

Schottky emission and heats CNFs almost instantaneously. With the aid of Joule heating, Coulomb

explosions disintegrate CNFs and generate annular craters of 60–70 mm on the PMMA thin film, melted

areas of 10–20 mm on the substrate, and a sputter of PMMA around the emission sites in a range of

100–120 mm. This study successfully explains the behaviour and mechanism of CNF absence after FE,

which is often simply attributed to uprooting or burnout of the CNFs. The detailed study of Coulomb

explosion of CNF induced by FE allows the systematic design and optimization of CNF FE devices for

long-lasting operation.
1. Introduction

There has been a keen interest in the application of vertically
aligned carbon nanobres (CNF) as eld electron sources in
various applications such as eld emission display, microwave
amplier, parallel electron beam lithography, and multi-beam
X-ray sources.1–6 Beneting from the well-controlled geometry
and a large number of exposed tips, CNF eld emitters have
a higher eld emission (FE) efficiency and performance
compared with single-walled carbon nanotubes (SWNT) and
multi-walled carbon nanotubes (MWNT).2,7–10 Vertically aligned
CNF is fabricated by plasma-enhanced chemical vapor deposi-
tion (PECVD) with acetylene and ammonia at 700 �C at precisely
positioned nickel (Ni) catalyst dots.11–14 Each site has a single
vertically aligned CNF emitter with stacked curved graphite
layers that form a tubular conical structure.15,16 One of the
limitations for CNF FE is the irreversible damage of dominating
CNF emitters at high FE current leading to unstable and non-
uniform FE performance. However, the behaviour and mecha-
nism of vertically aligned CNF eld emitter failure induced by
FE is still insufficiently studied, which is oen simply attributed
to uprooting or burnout of CNF emitters.4,17,18 Most investiga-
tion reported previously are the failure of SWNTs and MWNTs
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such as peeling or splitting of the outer shells of MWNTs and
removal of cap of SWNTs and MWNTs.19–23 These studies are
performed using techniques such as eld emission microscopy
(FEM) based on uorescent effect, in situ scanning electron
microscopy (SEM), in situ transmission electron microscopy
(TEM) to study structure change aer certain FE condi-
tions.19,22–25 In contrast to this structure change induced by FE,
abrupt failure of the emitter is difficult to capture and observe.
Thus, further characterization of the abrupt nanotube
destruction and understanding of the mechanism are limited.

These issues can be resolved by our previously proposed FEM
method based on poly(methyl methacrylate) (PMMA) thin lm
with a microscopic camera.26 The high sensitivity to low energy
electrons of PMMA thin lm is able to record the FE perfor-
mance of each CNF emitter from a CNF eld emitter arrays
(FEA). The transparency of PMMA thin lm allows direct
observation of the process and history of CNF emitter failure
induced by FE. Using this method, we are able to observe CNF
emitter failure process, which exhibits a light emission followed
by an explosion.26 However, the mechanism behind this
phenomenon demands further characterization and
understanding.

Explosions found in various types of charged clusters
exploding into smaller fragments are called Coulomb explo-
sion.27–33 Apart from some Coulomb explosions induced by
chemical reaction,33 X-ray,34 and electron beam irradiation,30

most Coulomb explosions reported are induced by laser pulse
excitation.27–29 Herein, we report a comprehensive investigation
of the unique phenomenon of light emission and Coulomb
This journal is © The Royal Society of Chemistry 2017
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explosion of vertically aligned CNF induced by FE for the rst
time. In the study, starting with the direct observation of the
unique behaviour by a microscopic video camera, a systematic
characterization of the CNF emitter failure process using the
PMMA thin lm based FEM method combined with various
techniques is performed. Finite element analysis and theoret-
ical study are carried out to explore the effect of Joule heating on
the FE and the CNF explosion. The Coulomb explosion of CNF,
a combined effect of Joule heating and excessive charging, is
characterized by the size and shape of the explosion impacts on
the PMMA thin lm, sputtered PMMA by charged fragments,
and the melted area in the explosion centres. This study
represents the entire process of the light emission and Coulomb
explosion of CNF induced by FE and provides a deep under-
standing of its mechanism.
2. Experimental
2.1 Vertically aligned CNF FEA synthesis

Two aspects are considered to design the CNF FEA for this study:
inter-emitter distance must be large enough to avoid neighbour-
ing emitter explosion interaction and the number of CNF eld
emitter in an array should be large enough to show the generality.
The designed vertically aligned CNF FEA is an 11 � 11 array with
an inter-emitter distance of 100 mm in a square of 1 mm2. The
CNF FEA is patterned on a titanium nitride (TiN) layer (70 nm) on
a silicon substrate. The CNF is synthesized in a PECVD system
(Black Magic, Aixtron, Germany) at 700 �C and 5.5 mbar for
10 minutes in acetylene (C2H2, 50 sccm) and ammonia (NH3,
200 sccm) gases atmosphere. The CNF emitters has an average
height of 5.12 mm and a standard deviation of 0.55 mm, corre-
sponding to 10.7% of the average (ESI†). This data is in good
agreement with that reported in the previous study (6.3%).13
2.2 Emitter failure experiment

In the experiment, a PMMA 950K A3 thin lm layer is spin
coated on a piece of indium tin oxide (ITO) coated glass at
a spinning speed of 2000 rpm for 45 s to have a thickness of
about 210 nm. The transparent ITO glass as the anode allows
direct observation of light emission and Coulomb explosion by
a video camera with a microscopic lens and a light source. The
gap between the anode and the CNF FEA is 25 mm. A picoam-
meter is used to apply a voltage bias for FE and measure the
corresponding FE current from the CNF FEA. The FE experi-
ment is performed at a base pressure of 2 � 10�8 Torr. In the
experiment, the video camera focuses on the PMMA thin lm
surface. FE current is recorded every 0.5 s by the picoammeter. A
bias voltage is applied from 300 V and increased by 50 V to nd
anything that is recorded by the video camera. Video camera
recorded 8 explosions at a voltage of 400 V. Then the voltage is
increased to 450 V to observer more explosions. Optical
microscopic imaging is used to characterize the FEM patterns
and explosion impacts on the PMMA thin lm. Scanning elec-
tron microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDS), and atomic force microscopy (AFM) are used to charac-
terize the CNF emitters and explosions.
This journal is © The Royal Society of Chemistry 2017
3. Results
3.1 Direct observation of the light emission and Coulomb
explosion of CNF emitters

The direct observation by the microscopic video camera shows
that CNF emitter explosion occurs independently in the CNF
FEA. Video recording of the light emission and Coulomb
explosion are available from ESI videos.† To address any CNF
emitter in the array, we number the CNF emitters. The row is
numbered alphabetically from bottom to top and the column is
numbered numerically from le to right. Fig. 1 shows video
recording of the entire process of the light emission and the
Coulomb explosion at site A-2 in chronological sequence. First,
a small FE exposed spot on the PMMA thin lm is seen
(Fig. 1(a)). Then, a bright light emission occurs (Fig. 1(b)).
Finally, an explosion occurs in the next 27 seconds creating
a “rework-like” pattern on the PMMA thin lm surface
(Fig. 1(c)).

Similar phenomena are observed from other FE sites. The
difference is that the light emission duration and intensity
varies from emitter to emitter. Fig. 2 presents the entire process
of a light emission followed by an explosion from the CNF
emitter at site F-5 in chronological sequence captured from
video recording. A light emission from the CNF emitter at site
F-5 occurs (Fig. 2(b)) and then fades away. A dot is le on the
PMMA thin lm due to FE exposure (Fig. 2(c)). Aer
217 seconds, the light emission re-occurs (Fig. 2(d)). In the next
5 seconds, an explosion is observed (Fig. 2(e)).

Fig. 3 shows the entire process of the light emission and
Coulomb explosion at site G-9. The light emission from the CNF
emitter increases from nothing (Fig. 3(a)) to a maximum
intensity (Fig. 3(b) and (c)). Then an explosion of the CNF
emitter occurs within the next 2 seconds (Fig. 3(d)).
3.2 Characterization of the light emission and Coulomb
explosion of CNF emitters

Another FE test is performed using a 10 � 10 CNF FEA under
the same conditions except for no PMMA thin lm on the ITO
coated glass. This experiment conrms that it is the CNF
emitters rather than PMMA thin lm or other particles that
explode. (Detailed experimental validation is available in the
ESI†). SEM is used to locate the CNF emitters at site A-2
(Fig. 4(a)), F-5 (Fig. 4(b)), and G-9 (Fig. 4(c)). However, in the
place of the emitters, melted substrate and explosion debris are
found at the each corresponding site. The melted area in the
explosion site has a diameter of 10–20 mm. Fig. 4(d) shows the
magnied SEM image of the burnt area in the explosion site at
site A-2. The thin TiN layer and silicon substrate are damage
showing a history of substrate melt. Silicon is exposed accord-
ing to EDS analysis (ESI†). The explosion debris points outward
in the radial direction from the explosion centre. The debris,
considering the experiment set-up and EDS analysis, is believed
to be PMMA. The PMMA thin lm is blasted away from the
anode surface by the CNF emitter explosion. Fig. 4(e) shows four
neighbouring emission sites aer the experiment: B-6, B-7, C-6,
and C-7 from the lower le to the upper right. CNF emitters at
RSC Adv., 2017, 7, 40470–40479 | 40471
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Fig. 1 The entire process of the light emission and the Coulomb explosion at the site A-2: (a) a FE spot generated; (b) a light emission occurs; (c)
an explosion occurs.
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site B-7 and C-7 exploded during the emitter failure test while
CNF emitters at site B-6 and B-7 remain intact. Fig. 4(f) shows
the site A-10, A-11, B-10, and B-11 from the lower le to the
upper right. An explosion crater is found at site A-10 and three
CNF emitters are at the other three sites. According to Fig. 4(e)
and (f), the explosion range on the substrate is about 100–
120 mm in diameter, which does not affect its neighbouring
emitters.

Fig. 5 shows the optical microscopy images of the explosion
impact patterns on the PMMA thin lm from site A-2, F-5, and
G-9. It can be seen from Fig. 5 that CNF explosions damage the
PMMA thin lm at the corresponding sites. Each damaged area
has an annular pattern, whether continuous or disconnected,
with a diameter of 60–70 mm. PMMA pieces everted on the edge
of the annular patterns can be clearly identied. Around the
damaged centre, there is a circumferential light area at each site
indicating the history of FE exposure. Fig. 5(a) labels the FE
exposure area around the explosion impact. The upper le
Fig. 2 The entire process of a light emission followed by an explosion at t
dot is generated; (d) the light emission re-occurs; (e) CNF emitter explo

40472 | RSC Adv., 2017, 7, 40470–40479
corner of the explosion area on the PMMA thin lm at site F-5,
which is highlighted in Fig. 5(b), is further studied by atomic
force microscopy (AFM). Fig. 5(c) highlights the annular pattern
of the explosion impact at site G-9. Fig. 5(d) shows the AFM
scanned area which is a 30 mm square containing a quarter of
the annular pattern, PMMA pieces on the edge of the annular
pattern and PMMA outside the annular pattern. The vertical
distance between the intact PMMA thin lm surface and the
annular pattern marked by two red triangles is about 240 nm.
This distance is consistent with the thickness of the PMMA thin
lm spin coated on the ITO glass. This result indicates that the
annular patterns are impact craters created by the disintegrated
CNF emitters. The PMMA pieces are shattered by the explosion
impact. According to the annular craters that have a diameter of
60–70 mm, we believe that the repulsive force disintegrates the
tubular cone shell of CNFs.

In this CNF array, as many as 28 CNF emitters exploded
according to the video recording (ESI videos†) and the explosion
he site F-5: (a) nothing; (b) a bright light emission occurs; (c) FE exposed
sion.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The entire process of the light emission and the Coulomb explosion at the site G-9: (a) nothing; (b) a light emission occurs; (c) a maximum
light emission; (d) an explosion occurs.
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patterns on the PMMA thin lm on the anode surface. Fig. 6(a)
shows the optical microscope image of the FEM patterns and
the explosion patterns. A current drop right aer the explosions
is recorded. By considering the 28 exploded CNF emitters, the
current drops of the rst eight CNF emitters is missing due to
Fig. 4 SEM images of CNF emitter explosion impact on the substrate
experiment. No CNF emitter but a melted area in the centre and debris is f
C-7 from the lower left to the upper right; (f) site A-10, A-11, B-10, and B-1
found at site B-7, C-7, and A-10. While intact CNF emitters are at site B
about 100–120 mm in diameter and the melted area has a diameter of 1

This journal is © The Royal Society of Chemistry 2017
the previous tentative experiment to nd a proper voltage to
cause the emitter failure. The current drops of the other 20 CNF
emitters are illustrated in Fig. 6(b).

The current drop varies from emitter to emitter, ranging
from a minimum 1.95 mA to a maximum 41.82 mA. The average
at different sites: (a) site A-2, (b) site F-5, and (c) site G-9 after the
ound at each site. (d) Melted substrate at site A-2. (e) B-6, B-7, C-6, and
1 from the lower left to the upper right. Explosion debris and craters are
-6, C-6, A-11, B-10, and B-11. The explosion range on the substrate is
0–20 mm. The SEM images are taken at a tilted angle of 45�.

RSC Adv., 2017, 7, 40470–40479 | 40473
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Fig. 5 Optical microscope images of the explosion patterns on the PMMA thin film: (a) site A-2, (b) site F-5, and (c) site G-9. Each explosion
damaged area has an annular pattern with a diameter of 60–70 mm. PMMA pieces can be clearly identified on the edge of the annular pattern.
Around the damaged centre, there is a circumferential light area at each site indicating the history of FE exposure. (d) AFM analysis of explosion
impact on the PMMA thin film at sit F-5, which shows that annular is about 240 nm lower than the intact PMMA thin film surface.

Fig. 6 (a) The optical microscope image of the FEM patterns and 28 explosion patterns of the 11 � 11 freestanding CNF array on the PMMA thin
film during the FE failure test. The FEM patterns left by the CNF emitter explosion are highlighted. The other FEM patterns are left by the FE
electron exposure. (b) FE current drops right after explosions of CNF emitters of 20 sites. (c) An overall FE current drop of 16.76 mA is recorded
right after the CNF emitter explosion at the site F-5. (d) An overall FE current drop of 9.14 mA is recorded right after the CNF emitter explosion at
the site G-9. The impact of explosions of three other sites on the overall FE emission current is also shown.

40474 | RSC Adv., 2017, 7, 40470–40479 This journal is © The Royal Society of Chemistry 2017
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current drop of the 20 disintegrated CNF emitters is 11.82 mA.
Majority of current drops is around the average. Since CNF
emitters at site B-8 and G-6 explode at almost the same moment,
only one current drop of 7.59 mA is found. The same situation is
found for the emitters at site G-5 and J-5, which have a current
drop of 15.60 mA. We believe these current drops are the critical
currents that cause the light emission and explosion of the cor-
responding CNF emitters. Due to the individual difference of CNF
emitters in the array, the critical current that CNF emitters can
withstand varies. An average emission current of 11.82 mA that
causes CNF emitter failure agrees well with the maximum emis-
sion current of 10–20 mA from individual CNF that was investi-
gated previously.35 Fig. 6(c) and (d) show the overall FE current
drop right aer the explosion of CNT emitter at the site F-5 and
the site G-9, respectively. The overall FE current slightly increased
before the explosion at the site F-5 occurs and then decreases by
16.76 mA right aer the explosion. The explosion at the site G-9
occurs at an early stage of the FE test. The overall FE current
shows a tendency of increase due to warm-up of the FEA. The FE
current increased drastically before the explosion occurs at the
site G-9 and then decreases by 9.14 mA aer the explosion. We
believe that the abrupt current increase and drop cause the CNF
emitter at the site G-9 failure. Since the FEA is working at
a constant voltage continuously, aer the explosions the overall
FE current tends to increase as the Joule heat accumulates.
4. Discussions
4.1 Coulomb explosion of CNF emitters induced by FE

Based on the above study, we attribute the disintegration of CNF
emitters and the blasting of PMMA to Coulomb explosion.36 It is
dened classically by Rayleigh instability limit, above which an
excessively charged cluster becomes unstable and explodes into
smaller fragments.37,38 In this case, wemodel the CNF emitter as
a cylinder with a height of 5 mm and a diameter of 100 nm. The
quantity of charges that a CNF emitter can hold is given by the
Rayleigh limit.37,38

QR
2 ¼ 6p230gl

2r (1)

In the eqn (1), 30 ¼ 8.85 � 10�12 F m�1 is the vacuum
permittivity; g ¼ 40.3 mN m�1 is the surface tension coefficient
of CNF;39 r ¼ 50 nm is the radius of the CNF; l ¼ 5 mm is the
height of the CNF. The charges to overcome the Rayleigh limit
are calculated to be 5.14 � 10�15 C. The charge on a CNF
emitters during FE can be calculated from the relationship
between the current and the charge:

I ¼ nAve (2)

In the eqn (2), I is the current; n is number of charged
particles per unit volume; A is the cross-sectional area of the
CNF emitter; v is the dri velocity; e is the charge on each
particle. The dri velocity is a function of electron mobility, m,
and electric eld, E.

v ¼ mE (3)
This journal is © The Royal Society of Chemistry 2017
Since CNF is composed of stacked curved graphene layers, CNF
has the similar properties as graphite.15 We choose the electron
mobility of multi-layer graphene, which is 3000 cm2 V�1 s�1.40

Using eqn (2), the total charges on the CNF is 3.13� 10�15 C. The
linear charge density of is 6.25 � 10�10 C m�1, corresponding to
4.04e nm�1, which is comparable with that overcomes the van der
Waals force among SWNT bundles.41 The charge on the CNF
emitter is just the same order of magnitude as that of the Rayleigh
limit. However, considering the size of annular crater on the
PMMA thin lm and the size of sputtered PMMA on the substrate,
Coulomb energy not only overcomes the surface energy of CNF
but also provides kinetic energy for the CNF fragments. Heating
and chemical reaction is able to aid the Coulomb explosion.42,43 In
this case, only Joule heating helps break the carbon chains at
a lower electric eld at the CNF surface. Besides, we also nd that
Joule heating alone cannot disintegrate CNF emitters. At site A-1,
site J-7, and site B-10, there is only light emission observed at each
site during the test. However, no damage is found in the SEM
images of each CNF emitter at the three sites. Therefore, it is the
Coulomb force of excessive charging with the aid of Joule heating
that disintegrates the CNF. Fig. 7 presents the SEM images of the
CNF emitters at the three sites aer the FE test together with the
video recording of light emission at each site.

Similar structure damage has been reported that electrical
charging cause the outer layer of repelling from the main
nanotube of MWNT emitters.22,23 Aer the CNF disintegrated,
the fragments accelerated by the bias voltage touch the PMMA
thin lm surface. In the meantime, since the CNF has a tubular
cone structure (Fig. S4†), the charged fragments retain an
annular pattern of the CNF shell while expanding and ying
towards the anode. When the charged fragments reach the
PMMA thin lm surface, an almost immediate release of elec-
trons, from charged CNF fragments through the PMMA thin
lm to the anode, occurs and results in sputtering PMMA all
around and an annular crater with PMMA pieces on the PMMA
thin lm surface due to the almost immediate electrons
migration from CNF fragments to the PMMA thin lm. This
step is similar to the Coulomb explosion phenomenon of
a piece of alkali metal drops into water.33 Considering the size of
annular crater on the PMMA thin lm and the size of a CNF
emitter, such an impact is astonishing. The entire process is
like ring a shotgun combined with pellets exploding on the
target.
4.2 Joule heating of CNF emitters induced by FE

Joule heating is oen reported in FE studies as a potential
degradation of CNF emitters operating at large current.20,23,44

Moderate Joule heating can cause a rise in the overall FE current
on the account of temperature dependence of FE.45,46 However,
too much Joule heating causing the rise of emission current
would cause more heat generated. The phenomenon of
FE-induced light emission is previously observed when CNF
emitter temperature is above 1500 K or a FE current of 20 mA,
which increases in intensity as temperature rises.46,47 Consid-
ering the melted substrate and the light intensity variation
observed at the corresponding CNF emitter failure sites, the
RSC Adv., 2017, 7, 40470–40479 | 40475
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Fig. 7 SEM images of CNF emitters at (a) site A-1, (b) site J-7, and (c) site B-10 after the experiment. Only light emission is observed at each site
during the FE test. However no damage of each CNF emitter is found after the FE test. The insert of each SEM image is the video recording of the
light emission at each corresponding site. The SEM images are taken at a tilted angle of 45�.
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light emission is an incandescence effect due to Joule heating,
indicating that CNF emitters are working at a very high
temperature. Therefore, the effect of temperature due to Joule
heating during FE should be taken into account. Thermal
equilibrium of Joule heating on CNF emitter can be obtained by
heat dissipation. The maximum temperature of the CNF emitter
due to Joule heating is determined by several parameters such
as emission current, resistance, and size. Finite element anal-
ysis method is used to simulate this process. The transient
study of CNF Joule heating during FE is performed by COMSOL
Multiphysics soware. The PECVD synthesized CNF has
a thermal conductivity of around 80 W m�1 K�1.48 The specic
heat is reported to be 713 J kg�1 K�1 and the mass density is
around 1300 kg m�3. The resistance of PECVD CNF is reported
to be 10�6 to 10�5 U m.35,49 The model here studied is a hollow
cone structure with a base diameter of 100 nm, tip diameter of
35 nm, cone wall thickness of 20 nm, and a length of 5 mm. Heat
loss in the simulation is caused by thermal radiation. Since the
fabrication randomness that would cause the deviation of
emitter size, two different CNF base diameters are compared.
Fig. 8 presents nite element analysis of the effect of Joule
heating on maximum temperature of CNF emitters during FE
under different conditions.

Fig. 8(a) shows that temperature of a CNF emitter at higher
FE current reaches maximum temperature faster at the same
conditions. However, it takes very short time (1 ms) for FE
current to reach thermal equilibrium even at a FE current of
1 mA. Therefore, Joule heating of CNF emitters during FE at
a certain critical current is almost an instantaneous process.
Fig. 8(b) shows the maximum temperature of a CNF emitter can
reach with different FE current levels. A thicker emitter is able to
withstand higher critical FE current compared with a thinner
one. While the CNF emitter height inuences the critical FE
current negatively compared with the effect of the CNF diam-
eter. Fig. 8(c) illustrates the electrical conductivity of CNF
emitters on the temperature of CNF at a constant current of 10
mA. A CNF emitter of higher electrical conductivity reaches lower
temperature. The results also show that a FE current of 5 mA is
able to heat a CNF emitter to over 1500 K. The average current
drop of 11.82 mA can heat a CNF emitter to over 2500 K.
Considering themelting point of Si and TiN which is 1687 K and
3203 K, respectively, a temperature over 2000 K is able to melt
40476 | RSC Adv., 2017, 7, 40470–40479
the silicon beneath the contact area, which would lose the
support of CNF emitters. In practical situations, defects in CNF
reduce the melting temperature of atoms around the defects.50

Theoretical analyses of electron emission over a wide range
of temperatures and elds have been studied previously.51–53

Such thermal enhanced FE is dened as Schottky emission.
Since this type of electron emission is a combined effect of
electric eld and heat, mathematical description of Schottky
emission contains both effect of the electric eld (E in volts per
centimeter) and the temperature (T in Kelvin).51 For E# 160T,1,33

the electron emission is classied as “Schottky emission”. For
E # 1100T,1,33 the electron emission is classied as “extended
Schottky emission”. In our case, the bias voltage applied on the
CNF FEA is 450 V. The distance between the anode and the
cathode is 25 mm. Considering the our CNF emitter has an aspect
ratio of 100, an enhanced electric eld of 1.8 � 107 V cm�1 is
applied at the CNF emitter tip. Therefore, under such an electric
eld, extended Schottky emission is achieved at a temperature of
1447 K. Higher temperature causes the thermal induced electron
emission becoming prominent and converts FE into Schottky
emission regime. Therefore, the increasing electron emission
current increases the CNF emitter temperature and generates
more heat. Consequently, the high temperature weakens the CNF
carbon bonds. As a result, the excessive charging on CNF emitters
ultimately disintegrates the CNF emitters.
4.3 Mechanism of light emission and Coulomb explosion of
CNFs induced by FE

Based on above study, the entire process of CNF emitter
explosion can be represented in detail. At high FE current, Joule
heating heats the CNF emitter to a high temperature. The high
temperature increase the thermal induced electron emission
and cause more electron emitted. In the meantime, light
emission occurs and substrate begins to melt. With the aid of
high temperature, excessive charging overcomes the van der
Waals forces among graphite basal planes and CNF carbon
bonds. Since the CNF has a tubular cone structure (Fig. S4†), the
shell is broken apart by the charging on the CNF into charged
fragments at high temperature. The charged fragments retain
an annular pattern of the CNF shell while expanding and ying
towards the anode. When the charged fragments reach the
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Finite element analysis results of the effect of Joule heating on maximum temperature of CNF emitters during FE. (a) CNF emitter
temperature varies with time at different FE current. (b) Maximum temperature of CNF emitters of different base diameters and height varies with
different FE current levels. (c) Temperature varies with electrical conductivity at 10 mA FE current.

Fig. 9 Illustration of the CNF Coulomb explosion process and a normal FE process from a CNF emitter: (a) a normal FE process; (b) a Coulomb
explosion process of a CNF; (c) FEM patterns at site A-10, site A-11, site B-10, and site B-11 with a video recording of the corresponding sites
inserted. The inserted video screenshot shows an explosion at site A-10 and a light emission at site B-10, which is also clearly reflected on the
PMMA thin film. FEM patterns also indicate lighter FE performance from the site A-11 and B-11.
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PMMA thin lm surface, an almost immediate release of elec-
trons, from charged CNF fragments through the PMMA thin
lm to the anode, occurs and results in another Coulomb
explosion. The explosion blast away and sputter the PMMA
debris and leaves an annular crater with PMMA pieces on the
PMMA thin lm surface.

Due to the individual difference of CNF emitters in the array,
the critical current that disintegrates CNF emitters varies. Finite
element study shows that a thicker emitter is able to withstand
higher critical FE current compared with a thinner one. While
the CNF emitter height inuences the critical FE current
negatively compared with the effect of the CNF diameter. A CNF
emitter of higher electrical conductivity reaches lower temper-
ature. In practical situations, defects in CNF reduce the melting
temperature of atoms around the defects. Therefore, thinner
and taller CNF emitters with lower electrical conductivity and
more defects are more likely to explode during FE.

In order to illustrate the mechanism of the Coulomb explo-
sion of CNF induced by FE and the difference between normal
FE and Coulomb explosion, we take four neighbouring CNF FE
sites in the lower right corner of the 11 � 11 CNF FEA as an
example. The four neighbouring sites are A-10, A-11, B-10, and
This journal is © The Royal Society of Chemistry 2017
B-11. The explosion sites on the substrate of these four sites is
already shown in Fig. 4(f). Fig. 9 shows the illustration of the
CNF Coulomb explosion process and a normal FE process from
CNF emitters. These four sites contain all the FE status during
the CNF emitter failure test. From the video recording and the
FEM patterns (Fig. 9(c)) on the PMMA thin lm surface,
Coulomb explosion occurs at site A-10, a strong FE with light
emission occurs at site B-10, and weak FE occurs at site A-11 and
B-11. Explosion craters at site A-10 are clearly shown on the
PMMA thin lm. FE performance of the other three sites are
distinguishable from the FEM patterns on the PMMA thin lm.
5. Conclusions

This study represents the process of a light emission and
Coulomb explosion induced by FE and demonstrates the CNF
eld emitter failure mechanism. The Coulomb explosion of
CNF induced by FE is systematically characterized by the direct
observation of the phenomenon using a microscopic camera,
optical imaging and AFM study of the permanently damaged
patterns of the PMMA thin lm, and SEM imaging and EDS
analysis of the explosion sites. The light emission, an
RSC Adv., 2017, 7, 40470–40479 | 40477
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incandescence effect due to Joule heating, is further investi-
gated by nite element analysis and theoretical calculation. The
light emission followed by the Coulomb explosion that causes
CNF emitter failure is due to a combined effect of Joule heating
and massive charging at high FE current. The FE current levels
that disintegrate the CNF emitters range from 1.96 mA to 41.82
mA with an average of 11.82 mA. Joule heating is able to heat
a CNF emitter to over 2500 K within a very short period, melt the
contact area, and weaken the carbon bond and van der Waals
force of graphite basal planes in the CNF. With the aid of Joule
heating, extended Schottky emission is achieved at a tempera-
ture of 1447 K and excessive charging disintegrates the CNF
emitters into charge fragments. Then an instantaneous release
of electrons from CNF fragments through the PMMA thin lm
leading to the annular crater and the sputter of PMMA all
around in a range of about 100 mm. The explosion generates an
annular crater on the PMMA thin lm of about 60–70 mm
indicating a strong Coulomb energy that causes the Rayleigh
instability. Besides, nite element study shows that during FE
thinner and taller CNF emitters with lower electrical conduc-
tivity and more defects is likely to explode than others. This
study successfully explains the mechanisms behind the absence
of CNF emitters aer FE, which is oen simply attributed to
uprooting or burning out of the emitter. The detailed study of
Coulomb explosion of CNF induced by FE allows an insight of
destruction of other nanowires during electrical transport and
a systematic design of FE devices for long-lasting operation in
practical applications. In addition, although Coulomb explo-
sion destroys CNF emitters, considering such astonishing
destruction, potential application of blasting and bombard-
ment using CNF FE at micro-/nano-scale can be expected.
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