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ABSTRACT Novel PMMASTOCNT matrices were created by

opened-tip vertically aligned multiwalled carbon nanotubes (VAMWCNTs) with conformal coatings of strontium titanate (STO) and
poly(methyl methacrylate) (PMMA). Emission threshold of 0.8 V/μm
was demonstrated, about 5-fold lower than that of the as-grown VAMWCNTs. This was obtained after considering the related band
structures under the perspective of work functions and tunneling
width as a function of the STO thickness. We showed that there is an optimum thickness of STO coatings to eﬀectively reduce the work function of CNTs and
yet minimize the tunneling width for electron emissions. Furthermore, simulation and modeling suggest that PMMASTOCNT matrices have suppressed
screening eﬀects and Coulombs' repulsion forces between electrons in adjacent CNTs, leading to low emission threshold, high emission density, and
prolonged emission stability. These ﬁndings are important for practical application of VA-MWCNTs in ﬁeld emission devices, X-ray generation, and wave
ampliﬁcation.
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T

remendous eﬀorts have been invested to understand electron ﬁeld emission from carbon nanotubes (CNTs)
for more than one decade.17 Most investigations were conducted by demonstrating
the low emission threshold ﬁeld (Eth) of
CNTs,13 electric ﬁeld shielding eﬀects of
CNT ﬁlms,4 device architectures,5 and mechanical failure of CNTs after excessive current emission.6,7 However, some of the issues
that hindered the realization of reliable
applications have not been suﬃciently emphasized, including the issue of long-term
emission stability.
We have started to understand the basic
science behind stable emission current.
First, we found that ﬁeld emission should
not be treated by solely considering the
quantum tunneling process.8 Other classical
factors such as defect scattering on CNTs
and the resulting Joule heating should be
considered for stable electron emission.
More recently, we showed that opened-tip
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CNT bundles can improve both the emission
stability and emission density.9 On the basis
of theoretical simulation, we explained our
experimental results by the reduced electric
ﬁeld shielding eﬀect between the CNT bundles. The reduced screening eﬀect has enabled more CNTs to share the workload of
emitting electrons and thus reduce the
mechanical stress that was generated by
Joule heating. These have contributed to
better emission stability and higher emission density. Although the emission stability
has been improved, the emission threshold,
Eth, is still high (>2 V/μm). By considering
these prior understandings, we have designed a novel STOPMMACNT matrix
as the stable electron ﬁeld emitters with
low Eth, durable emission stability, and high
emission site density.
The PMMASTOCNT matrices are referred
to as vertically aligned multiwalled CNTs (VAMWCNTs) that are coated with strontium
titanate (SrTiO3 or STO) and poly(methyl
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Figure 1. Fabrication scheme of our PMMASTOCNT matrices. (a) As-grown VA-MWCNTs with residual Ni catalyst particles
at the tips. (b) VA-MWCNTs coated with STO (STOCNTs), (c) STOCNTs fully embedded with PMMA, (d) PMMASTOCNT
matrices with opened STOCNT tips.

methacrylate) (PMMA). The strategies behind the design of our PMMASTOCNT matrices are that STO
can reduce both the work function of CNTs and screening eﬀect between CNTs. CNTs are known for their high
work function (ΦCNT ∼ 5 eV).10 Although the sharp tips
and high aspect ratios of CNTs could reduce Eth, the
screening eﬀects from adjacent CNTs will compensate
these advantages. Thus, it is important to reduce the
work function and screening eﬀects of the as-grown
CNT ﬁlms simultaneously. We think that coating CNTs
with SrTiO3 could reduce the work function (ΦSTO ∼ 2.6
eV)11 and suppress the screening eﬀect between CNTs
due to the high dielectric constant of STO (k ∼ as high
as 475).12 Although reduced Eth of CNTs was reported
for various wide band gap materials,1316 the improvement was explained by the lower work function of the
coatings. There was no evaluation on the eﬀect of high
dielectric constant of these coatings and the long-term
emission stability of the emitters as well as the tunneling barriers created by the insulating dielectric.
RESULTS AND DISCUSSION
Here we show that the controlled coating of SrTiO3
can simultaneously reduce the Eth of our VA-MWCNTs
and enhance the emission density and stability. Furthermore, we can locally open the SrTiO3-coated CNT tips
after embedding/masking the STO-coated CNTs by
PMMA. These PMMASTOCNT matrices were shown
to have Eth of 0.8 V/μm and enhanced emission density.
We further detected continuous electron emission for
40 h from the PMMASTOCNT matrices without
degradation. Our results clarify that the function of
SrTiO3 coating is not just reducing the work function of
CNTs. Instead, the high dielectric constant of SrTiO3
coating could have minimized the screening eﬀects
between adjacent CNTs without the need of lithograph-based patterned growth. These results were
discussed by theoretical simulation and hypothetical
modeling. The fabrication scheme of our PMMA
STOCNT matrices is summarized in Figure 1.
Figure 2a shows the SEM image of the as-grown VAMWCNTs. The diameters of these CNTs are 3050 nm,
and their lengths are ∼4 μm. The appearance of the
CNTs in the STOCNT sample, as shown in Figure 2b, is
blurred and larger in diameter, indicating successful
PANDEY ET AL.

coating of the insulating SrTiO3 that caused the charging eﬀect in SEM. Figure 2c shows the typical morphology at the top surface of PMMASTOCNT matrices. Despite the charging eﬀect on PMMA under
SEM, the opened tips of CNTs can still be detected.
Figure 2df shows the Raman spectra of as-grown,
STOCNT, and PMMASTOCNT samples, respectively.
For all samples, the graphitic (G) and defective (D)
Raman bands are detected, indicating that the laserinduced Raman scattering of CNTs occurred on all samples. The G and D bands represent the zone center
phonons of E2g symmetry and the K-point phonons of
A1g symmetry of the VA-MWCNTs, respectively.17 The
intensity ratio (IG/ID) for all samples (∼0.70 ( 0.1 to
0.88 ( 0.1) and their peak positions (G ∼ 1586 (
0.1 cm1 and D ∼ 1330 ( 0.2 cm1) are within the measurement deviation between samples, indicating
similar structural properties of the VA-MWCNTs. The
physical appearances of these samples are shown in
Figure 2gi.
XPS spectra of the as-grown sample (Figure 3a)
showing the presence of the C1s signal. Figure 3b
shows the XPS spectra of the STOCNT samples. The
presence of SrTiO3 is conﬁrmed by the composition Sr/
Ti/O ∼ 1.0:1.0:3.0. Figure 3c,d shows the TEM images of
the as-grown and STOCNT samples. As shown, the
overall thickness of the SrTiO3-coated MWCNT is larger
than the typical diameters of our as-grown VA-MWCNTs,
consistent with the SEM images in Figure 2a,b.
We ﬁrst examined the eﬀect of STO coatings on our
MWCNTs. A series of STOCNT samples were prepared
with various thicknesses of STO coatings and then
tested for their ﬁeld emission characteristics by measuring their current density (J) as a function of applied
electric ﬁeld (E). The threshold electric ﬁeld, Eth (applied
electric ﬁeld for generating a current density of 1 μA/cm2),
for each sample was then determined and summarized
in Figure 4. As shown, Eth reached a minimum when the
STO ﬁlm thickness was ∼3040 nm (as measured from
our in situ thickness sensor during deposition). Such
an observation is interesting and has also been reported by Chakrabarti et al. with diﬀerent explanation.18
In fact, Eth for the as-grown sample without STO coating is ∼3.8 V/μm. The Eth for the STOCNT sample
coated with 10 nm of SrTiO3 remained unchanged but
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Figure 2. SEM images of the (a) as-grown VA-MWCNTs, (b) STOCNT sample, and (c) PMMASTOCNT matrix. Raman
spectra of the (d) as-grown VA-MWCNTs, (e) STOCNT sample, and (f) PMMASTOCNT matrix. Photographs of the (g) asgrown VA-MWCNTs, (h) STOCNT sample, and (i) PMMASTOCNT matrix.

Figure 3. XPS spectra and TEM images of the as-grown (a,c) and SrTiO3-coated (b,d) MWCNTs.

started to reduce only when the thicknesses of SrTiO3
increased to 2040 nm.
PANDEY ET AL.

We propose an explanation by referring to the
energy band diagram of STOCNTs. Figure 5 explains
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Figure 4. Threshold electric ﬁeld, Eth, for ﬁeld emission from
STOCNTs as a function of ﬁlm thickness of the SrTiO3
coatings.

at the SrTiO3 and vacuum interface. This process
eﬀectively lowers the work function by ∼2 eV and
results in reduced threshold voltage. As interpreted
from our results in Figure 4, a minimum thickness of
SrTiO3 coating (∼1520 nm) is needed to fully establish ΦSrTiO3. The reduction of Eth will occur only when
ΦSrTiO3 is established, probably after a full surface
coverage of SrTiO3 on MWCNTs. There seems to be
an optimum thickness when Eth reaches a minimum.
Because of the large dielectric constant, further thickness increase of the SrTiO3 coating will lead to smaller
ﬁeld penetration through the dielectric and reduce the
eﬀective electric ﬁeld between the cathode (CNTs)
and the anode, as well as the potential drop (ΔV0 )
(Figure 5b) across the coating. This will lead to a lower
degree of band bending and wider tunneling width
(W0 ) and thus reduce the emission current under a
same applied electric ﬁeld. The overall eﬀect is the
increase of Eth at excessive thickness of SrTiO3 coating.
Figure 6ac shows the relations of current density
(J) versus electric ﬁeld (E) of as-grown, STOCNT, and
PMMASTOCNT samples, respectively. The Fowler
Nordheim (FN) equation,22 J = Aβ2E2exp(BΦ3/2/βE),
is often used to describe electron ﬁeld emission,
where A and B are constants, E is the applied electric
ﬁeld in V cm1, Φ is the work function of the emitters
in eV, and β is the ﬁeld enhancement factor. Insets of
these ﬁgures show the corresponding linear FN
plots, which veriﬁed that the detected currents are
due to quantum tunneling. For this particular set of
samples, Eth is 3.8, 2.0, and 0.8 V/μm for as-grown,
STOCNT, and PMMASTOCNT samples, respectively. This means STO coating (∼20 nm thick) can
reduce Eth of the as-grown VA-MWCNTs as we have
discussed in Figures 4 and 5. Furthermore, the combination of conformal PMMA coating of STOCNT
and local removal of the SrTiO3 at the tips of VAMWCNTs has further reduced the Eth of the PMMA
STOCNT sample.
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the possible ﬁeld emission mechanism at the SrTiO3/
CNTs interface for the improvement of the ﬁeld emission from the low work function material coated CNTs.
A similar model for the ﬁeld emission mechanism has
been proposed by Schlesser et al. for molybdenum
emitters coated with diamond.19 The dependence of
Eth on the thicknesses of SrTiO3 can be explained by
considering work function (ΦSrTiO3) and band bending
of SrTiO3. MWCNTs are semimetallic with a work function (ΦCNT) of ∼5 eV, and SrTiO3 is a dielectric with a
band gap of ∼3.2 eV.20 When high external electric
ﬁeld is applied, a potential drop of ΔV occurs across
SrTiO3 coating, as shown in Figure 5a. Such a band
bending eﬀect will lower the vacuum level, valence
band maximum, conduction band minimum, and
Fermi level across SrTiO3 coating. The mechanism of
electron emission can be explained by considering
the two-barrier mechanism proposed by Givargizov
et al.21 In the ﬁrst step, electrons are injected from the
Fermi level of CNTs to the conduction band of SrTiO3
through a tunneling width W. The injected electron
thermalizes to the conduction band minimum of
SrTiO3. Finally, the electron is emitted by ﬁeld emission

Figure 5. Possible ﬁeld emission mechanism for STOCNTs with (a) optimum and (b) excessive thicknesses. As shown, φ is the
work function of CNTs, VL is the vacuum level, EF is the Fermi level, CB and VB are the conduction band and valence band,
respectively, while W is the tunneling width of the STO coating. As shown, the band structures of SrTiO3 are bent by the
applied electric ﬁeld and created voltage drops (ΔV and ΔV0 ) across the SrTiO3 layer.
PANDEY ET AL.

VOL. 7

’

NO. 1

’

117–125

’

120

2013
www.acsnano.org

ARTICLE
Figure 6. Electron ﬁeld emission properties (ac) and the simulated potential maps (df) of the as-grown (a,d), STOCNT
(b,e), and PMMASTOCNT (c,f) samples.

To further investigate our observation, we have
examined the emission site densities as obtained from
the ﬂuorescence on the ITO electrode due to electron
irradiation. This was performed under a same applied
electric ﬁeld (3.5 V/μm) for all cases. As shown, the
emission density for the as-grown sample is poor (inset
of Figure 6a). This is due to a screen eﬀect from
adjacent CNTs in the CNT forest, consistent with our
previous observation.9 Emission density from the
STOCNT sample (inset of Figure 6b) is higher. This
cannot be solely explained by the reduced work function as this will mainly increase the current density
from each emitter and not increase the number of
emitters in the STOCNT sample. This means that the
SrTiO3 coating has also reduced the screening eﬀect of
PANDEY ET AL.

the CNT forest. Now, let us examine the eﬀect of removing the SrTiO3 coating from the CNT tips. This was done
after coating STOCNT with PMMA. As shown in the
inset of Figure 6c, the emission density of the PMMA
STOCNT matrix is even higher than that of the STO
CNT. This means that the conformal coating of STOCNT
with PMMA followed by the exposure of the CNT tips has
increased the number of emitters. In short, the PMMA
STOCNT matrix oﬀers the lowest Eth and the highest
emission density. Finally, the actual density would appear
to be higher at a distance closer to the sample surface, as
the images shown here were collected at an anode
cathode distance of ∼1 mm. From the sizes of the
sample and the overall ﬂuorescence image, the divergence angle of the emission was estimated as 23.5°.
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smaller than that of SrTiO3, while their thicknesses on
the PMMASTOCNT sample are similar. In fact, there
is one factor which was not considered in the simulation, that is, the eﬀect of work function (Φ) on the
tunneling process. Coatings of wide band gap materials were in the past claimed to reduce the work
function of CNTs and allow easier electron ﬁeld
emission.1316 However, Tanaka et al. proposed that
an insulator (amorphous carbon ﬁlm) can form an
insulating barrier on individual CNTs and increase the
Φ and the Eth.23 If this is true, the removal of PMMA and
SrTiO3 coatings from the tips of CNTs in our PMMA
STO NT matrices will remove the insulating barrier
while reducing the screening eﬀects by coating PMMA
and SrTiO3 at spaces between CNTs. This means that
SrTiO3 coatings on our STOCNT sample improve the
performance of CNTs by reducing the screening eﬀect
more than the retarding eﬀect of forming an insulating
barrier. The exposure of the CNT tips thereafter retains
the reduced screening eﬀect and removes the barrier
layer. This interpretation is consistent with our simulation that the screening eﬀects (and local ﬁelds) at
points 2 in both the STOCNT sample and PMMA
STOCNT matrix are quite similar. The actual enhancement factor of the matrix is the removal of the insulating
barrier. Of course, we cannot totally rule out the possibility that very thin SrTiO3 coatings may still remain at the
CNT tips. Since such coating is thin, the added potential
barrier is thin and still allows eﬀective band bending and
tunneling process.
Thus, we have seemingly explained all of the experimental results. However, we think that the simulated
local ﬁeld enhancement is moderate and there may be
other factors behind the experimental observation. We
have further interpreted our results with the following
model. In this model, we are considering a MWCNT
with distances ri from adjacent nanotubes (i = 1, 2, 3,...).
The electric ﬁeld imposed on an electron located in this
nanotube by other electrons located at adjacent
MWCNTs is given by
!


q
1 1 1
E
þ þ þ ::::
(1)
4πε0
r12 r22 r32
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We have then simulated and compared the local
electric ﬁeld strength at the tips of CNTs for all samples
by the COMSOL Multiphysics software. This will allow
us to understand the eﬀect of conformal SrTiO3 coating
on the whole surface of VA-MWCNTs, as well as the
local removal of these SrTiO3 coatings at the tips of the
nanotubes. The simulation parameters are as follows:
diameter of CNTs, DCNTs = 40 nm; length of CNTs,
LCNTs = 4 μm; edge to edge spacing between CNTs,
S = 60 nm; applied electric ﬁeld between top and bottom
boundaries, Eappl = 5 V/μm. The simulated potential
map for an array of as-grown VA-MWCNTs is shown in
Figure 6d. As shown, the CNT located at the center of
the array (point 2) experienced the highest screening
eﬀect from the surrounding nanotubes and thus possesses the lowest electric ﬁeld (∼9.898  106 V/m at
point 1, ∼5.326  106 V/m at point 2, and ∼9.97  106
V/m at point 3). The eﬀect of SrTiO3 coatings was
simulated by setting the spaces next to the surfaces
of each CNT (20 nm thickness) with a dielectric constant k ∼ 475 (instead of vacuum k ∼ 1). The potential
surfaces for the simulated STOCNT sample are illustrated in Figure 6e. Again, the CNT at the center (point
2) experienced the largest screening eﬀect and lowest
local ﬁeld (∼8.878  106 V/m at point 2). This local ﬁeld
is increased by ∼66.7% as compared to that in the asgrown sample. The local ﬁelds at the tips of CNTs
located at the edges of the array are also increased
(as high as ∼1.559  107 V/m at point 1 and point 3).
These are due to the reduced screening eﬀect as the
“vacuum” surrounding the CNTs is now partially replaced by “SrTiO3 coatings” that have a much higher
dielectric constant. Simulation for the PMMASTOCNT
matrices was conducted by setting the remaining
vacuum spacing between the STOCNT with PMMA
coatings (dielectric constant, k = 3.4).12 In this case,
only the sides of the CNTs are simulated with the SrTiO3
and PMMA coatings but not at the top surface of the
nanotube tips. This is consistent with the opened-tip
conﬁguration of the matrices. As shown in Figure 6f,
the local ﬁeld at the center of the PMMASTOCNT
matrix (∼9.366  106 V/m at point 2) is now ∼75.9%
higher than that in the as-grown sample due to the
additional PMMA ﬁlling. The local ﬁelds at the edges of
the matrix are as high as ∼1.298  107 V/m at point 1
and point 3.
From these simulations, it is obvious that SrTiO3
coating can reduce the screening eﬀects and enhance
the local ﬁeld by ∼66.7% at areas where MWCNTs are
closely packed (points 2). Consequently, the reduced
screening eﬀect has the contribution toward lower Eth
and higher emission site density of the STOCNT
sample detected here. However, the additional ﬁlling
of PMMA did not further enhance the local ﬁeld by
much (∼75.9% instead of ∼66.7%) for the fully ﬁlled
PMMASTOCNT matrices. This is expected since the
dielectric constant of PMMA is 2 orders of magnitude

where ε0 is the permittivity of vacuum and q is the
charge of electrons. When the spacing between these
MWCNTs is ﬁlled by materials with a dielectric constant
k, the electric ﬁeld E will become E0
!


q
1 1 1
0
E 
þ
þ
þ
::::
(2)
4πε0 k
r12 r22 r32
Hence the electric ﬁeld imposed on this particular
electron is reduced by the factor of k. In principle, if
we ﬁll up the spaces between VA-MWCNTs by SrTiO3,
Coulomb repulsion forces between electrons located
at adjacent CNTs in such a STOCNT sample will be
reduced by a factor as high as 475-fold.
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Figure 7. Schematic of electron ﬂows in (a) as-grown sample and (b) fully ﬁlled STOCNT sample.

force FE. This means that electrons will not simply
transport from the cathode to the anode (upward)
but will be drifted left and right on the graphene sheets
of the nanotubes due to the surrounding Coulombic
forces (Figure 7a). In the case of a fully ﬁlled STOCNT
sample, the drifting will be smaller due to the smaller
repulsion forces Fe0 (=eE0 , E0 = electric ﬁeld in eq 2).
Let us consider the eﬀective path length traveled by
electrons under diﬀerent Coulomb repulsion forces.
Practically, CNTs on the same sample will have diﬀerent
lengths, diameters, and thus resistance. The eﬀective
applied ﬁeld on each CNT will be diﬀerent and lead to
diﬀerent electron ﬂow rates and electron densities. Let
us consider a model with three adjacent electrons (e1,
e2, and e3) on three CNTs with slightly diﬀerent lengths,
as shown in Figure 7a. Due to diﬀerent electron ﬂow
rates, these three electrons will be located at diﬀerent
distances from the cathode at this particular instant.
The second electron (e2) will be aﬀected by Coulomb
repulsion forces F12 imposed by e1 and F32 imposed
by e3 located at r12 and r32 away, respectively. Since
r32 < r12, |F32| > |F12|, this will lead to an eﬀective
Coulomb repulsion force Fe that will drift e2 to the left.
Since the current densities in these CNTs are diﬀerent,
the locations and number of electrons surrounding e2
will be changing with time. The eﬀective Fe will also be
changing with time and continuously drifts e2 away from
the direction of FE and result in a drifting path toward the
anode as shown. For the same set of CNTs located in a fully
ﬁlled STOCNT sample (Figure 7b), all of the Coulomb
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Assuming that such a fully ﬁlled STOCNT sample
exists, electron ﬂows on CNTs during ﬁeld emission can
be represented by Figure 7a,b. In the current model,
electron ﬂows along CNTs are driven by the electric
forces (FE) generated by the applied electric ﬁeld
between the anode and the cathode. In addition, we
assume that Coulombic repulsion forces, Fe (=qE, E =
electric ﬁeld in eq 1), are generated by electrons in the
neighboring CNTs in directions diﬀerent to the driving

Figure 8. Emission current stability curves for (a) as-grown, (b) STOCNT sample, and (c) PMMASTOCNT matrix.
PANDEY ET AL.
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METHODS
Our VA-MWCNTs were prepared by a dual RF-plasma-enhanced chemical vapor deposition technique.17 In brief, Ni ﬁlms
(10 nm thick) were ﬁrst deposited on pþþ Si substrates (110
Ω 3 cm) by RF magnetron sputtering. These substrates were then
used for the growth of VA-MWCNTs at 450 °C by using pure
methane gas. Our VA-MWCNTs were grown within a circular
area (7 mm in diameter). Three identical samples can be prepared in every growth process. Each set of these samples was
used as (1) as-grown VA-MWCNTs, (2) SrTiO3-coated VA-MWCNTs
(STOCNTs), and (3) PMMASTOCNT matrices.
The STOCNT samples were prepared by coating SrTiO3
(1060 nm thick) on the as-grown VA-MWCNTs by pulsed-laser
deposition at room temperature. As shown in Figure 2b, the
coating thickness is thicker near the tips of the CNTs and thinner

PANDEY ET AL.

from the PMMASTOCNT matrix is explained by
further reduction of the screening eﬀect from the
PMMA ﬁlling and the removal of the insulating barrier
at the tips of the VA-MWCNTs.
CONCLUSION
Field emission properties of the as-grown VAMWCNTs were improved due to the reduced screening
eﬀect between CNTs after the coating of SrTiO3 which
has a high dielectric constant. Such an enhancement
can be further improved by the removal of the insulating barrier at the tips of the nanotubes by forming the
opened-tip PMMASTOCNT matrices. The ﬁeld emission threshold electric ﬁeld decreased from 3.8 V/μm in
the as-grown sample to ∼0.8 V/μm for the PMMA
STOCNT samples. This improvement is also much
better than what we have reported from PMMACNT
matrices.24 We propose that the coating of dielectrics
(SrTiO3 and PMMA) could have also reduced the
Coulomb repulsion forces between electrons in neighboring CNTs. This has led to lower drifting of electron
ﬂows in CNTs and thus reduced electronphonon
scattering and Joule heating. Such a shorter eﬀective transport distance of the electrons in CNTs
helps improve the emission stability as proven later
experimentally.
Finally, we are interested in employing CNTs with
better crystallinity to form PMMASTOCNT matrices.
As we have previously demonstrated,8 better nanotube crystallinity reduced Joule heating and led to
improved stability and enhanced emission current
density. This is also consistent with recent works on
emission stability using high-quality single-walled CNT
loops,25 CNT yarns,26 CNT pillars,27 and CNT composite bundles.28 The major challenges will be to
fabricate large arrays of these CNTs on substrates,
followed by the coating of SrTiO3, and the ﬁlling of
PMMA without distorting the vertical alignment of
these highly crystalline CNTs with very high aspect
ratios. If these issues are resolved, very high performance and stable ﬁeld emission displays would be
realized in the future.
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repulsion forces will be reduced to F320 , F120 , and Fe0 .
Since |Fe0 | < |Fe|, e2 will now be drifted less and lead to a
shortened propagation path, as shown in Figure 7b.
In practice, CNTs are not defect-free. This means that
electron ﬂows along MWCNTs will be scattered by
defects and generate Joule heating. Due to the shorter
eﬀective path length traveled by electrons, Joule heating in a fully ﬁlled STOCNT sample is lower compared
to the case for an as-grown sample. As reported in our
earlier papers, electron scattering and Joule heating
are responsible for poor emission stability.8,9 In fact, we
have attempted to fully ﬁll up the spaces between
CNTs by SrTiO3 coatings. However, thicker SrTiO3 coating results in brittle and void structures and cannot be
used for our experiments. We have thus ﬁlled up the
spaces in our STOCNT sample with PMMA, which has
enabled the tip removal experiments described so far.
According to our model, the coating of SrTiO3 in the
STOCNT samples and the PMMASTOCNT matrices can reduce electron scattering and Joule heating
and thus are expected to emit electrons with high
stability.
In order to verify the above-mentioned hypothesis,
we have evaluated the emission stability of our samples. Figure 8ac shows the changes of emission current density with time for the as-grown sample, STO
CNT sample, and PMMSTOCNT matrix, respectively.
All samples were tested with two diﬀerent initial current densities (∼600 and ∼850 μA/cm2). As shown in
Figure 8a, the emitted current from the as-grown
sample was degraded with time, especially at higher
tested current density. The STOCNT sample shows
very stable emission current with time, ∼58% degradation after the continuous 2400 min testing (Figure 8b).
The PMMASTOCNT matrix shows remarkable emission stability without signiﬁcant degradation after the
continuous 40 h test (Figure 8c). Apparently, the improved emission stability from the STOCNT sample is as
expected from our model. The reduced screening eﬀects
in the sample lead to shorter electron diﬀusion length
on VA-MWCNTs and thus reduce the potential Joule
heating. Further improvement in emission stability

and more uniform on most parts of the CNT side walls. These
CNT tips are removed after PMMA ﬁlling to form the PMMA
STOCNT matrices. On the basis of limited TEM study
(Figure 3d), the actual thickness on the CNT side walls appears
to be thinner than that suggested by the thickness sensor,
probably due to the larger CNT surface area than the sensor
area. However, accurate coating thickness is diﬃcult to estimate
by limited TEM study performed so far and could not be
correlated to the thickness measured by the sensor.
The preparation of PMMASTOCNT matrices was carried
out by dip coating STOCNT samples by PMMA and followed
by mechanical polishing. The PMMA solution was prepared by
diluting PMMA with the developer liquid (Microchem) in a
volume ratio of 1:1. The STOCNT samples were dipped into
the solution for 15 min and followed by annealing (∼100 °C for
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23 min). The cured samples were then mechanically polished
by using ﬁber-free lapping cloth and a colloidal silica (0.02 μm in
diameter) solution to open the tips of the CNTs.
All samples were characterized by ﬁeld emission scanning
electron microscopy (FESEM) and Raman spectroscopy (laser
wavelength ∼632 nm, laser spot size ∼1 μm in diameter under a
confocal microscope). The STOCNT samples were also characterized by transmission electron microscopy (TEM) and X-ray
photoelectron spectroscopy (XPS). The monochromatic focused Al KR X-ray (1486.7 eV) source was used for the XPS
measurement. The ﬁeld emission measurements were conducted in a planar diode conﬁguration at a base vacuum
pressure of 108 mbar.8,9 The spacing between the anode
(indium tin oxide/ITO ﬁlm on glass) and the tips of the VAMWCNTs was maintained at 1000 ( 10 μm without using a
dielectric spacer. All measurements were reconﬁrmed by repeating measurements on the same sample as well as additional sets of samples prepared in the same growth process and
treatment.
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