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ABSTRACT We have created PMMA—CNT matrices by embedding opened-tip vertically aligned multiwalled
carbon nanotubes (VA-MWCNTs) with poly(methyl methacrylate) (PMMA). These PMMA—CNT matrices are
excellent electron field emitters with an emission threshold field of 1.675 V/pm, more than 2-fold lower that

that of the as-grown sample. In addition, the emission site density from these matrices is high, merely filling up

the entire sample surface. Emission stability test at ~1.35 mA/cm? was performed continuously for 40 h with no

significant degradation. On the basis of our theoretical simulation and hypothetical modeling, we attribute these

performances to the reduced screening effect and fewer Joule heatings due to the shorter effective transport

distance of the electrons in MWCNTs.
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emission has been recognized as a

promising application of carbon
nanotubes (CNTs).' ~° This is due to the
high aspect ratios, good thermal and electri-
cal conductivity, and robust chemical and
mechanical stability of CNTs. However, reli-
able commercial electron field emitters
based on CNTs are still not available. Appar-
ently, device lifetime, long-term emission
stability, and low emission density are the
major issues for practical field emission de-
vices. Many techniques have been studied
to enhance the performance of multiwalled
carbon nanotubes (MWCNTs) for electron
field emission.® ® Some attempted to
modify the properties of CNTs by coating
with metal oxide (In,0s), wide band gap ma-
terials, polymer, MgO, and barium stron-
tium oxide.’~'® Most of these works fo-
cused on reducing the threshold electric
field for emission. However, device lifetime,
long-term emission stability, and emission
density are scarcely discussed. Poor device
lifetime due to resistive heating and me-
chanical failure at the interface of CNTs/sub-
strate has been reported.’ On the other
hand, recent work starts to evaluate the fun-

F or more than a decade, electron field
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damental factors behind stable field emis-
sion and high emission density. We found
that the graphitic order of CNTs is one of the
key factors for stable field emission.'> Re-
cently, we show that both emission stabil-
ity and density can be enhanced by self-
organized opened-tip CNT bundles.’®

We report here that PMMA—CNT mattri-
ces are excellent electron field emitters with
all the desired properties, such as low emis-
sion threshold field, prolonged emission
stability, and high emission density. We re-
fer to PMMA—CNT matrices as arrays of
opened-tip vertically aligned multiwalled
carbon nanotubes (VA-MWCNTs) embed-
ded with poly(methyl methacrylate)
(PMMA). We found that the emission
thresholds (Ey, electric field required for an
emission current density of 1 wA/cm?) of
PMMA—CNT matrices can be more than
2-fold lower than that of the as-grown
VA-MWCNTs. Furthermore, PMMA—CNT
matrices can continue to emit electrons for
40 h with negligible degradation. These
PMMA—CNT matrices also have very uni-
form and dense emission sites. Descriptions
on sample preparation and field emission
characterization are given in the Methods
(Figure 1).

RESULTS AND DISCUSSION

Figure 2 shows the scanning electron
microscope (SEM) images and the related
Raman spectroscopy for our samples. All of
these samples have VA-MWCNTs of ~4 pm
length and ~40 nm diameter (Figure 2a).
Figure 2b shows that the as-grown VA-
MWCNTs can be fully embedded in PMMA
after the dip coating and curing processes.
Magnified SEM view on the embedded
sample was obtained after coating the
sample with a thin layer (<1 nm) of Au
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film to reduce the charging effects on PMMA.

As shown, VA-MWCNTSs are embedded and not (a)
visible under SEM. Opened-tip VA-MWCNTs are
exposed on the top surface of the PMMA—CNT [ |

matrix after polishing (Figure 2c). The corre-
sponding Raman spectra for the as-grown
sample, the PMMA embedded sample, and the
PMMA —CNT matrix are shown in Figure 2d—f,
respectively. These Raman spectra were ob-
tained by a confocal Raman microscope using
a laser excitation wavelength of 632 nm. The
graphitic, G (~1580 cm™), and the disorder, D
(~1330 cm™"), peaks for VA-MWCNTs in the as-
grown sample are shown in Figure 2d. These
peaks are diminishes in the PMMA embedded
sample, and only the PMMA Raman peaks are
detected (Figure 2e)."” The G and D peaks reap-
peared in the PMMA—CNT matrix, as evident
in Figure 2f.

Figure 3a,b shows the emission current den-
sity (J) versus the applied electric field (E) for the
as-grown sample and the PMMA—CNT matrix.
The threshold electric field, E;,, for the as-grown
sample was found to be 3.898 V/um (Figure 3a).
This threshold was reduced to 1.675 V/um for the
PMMA—CNT matrix (Figure 3b). Similar trend has
been detected from six sets of samples. Ey, for the
as-grown samples can be as high as 4.4 V/pm
and can be as low as 1.0 V/um for the matrices.
The corresponding Fowler—Nordheim (F—N) plots for
these samples can be seen in Figure 3c,d. The linearity of
these F—N plots confirms the phenomena of field emis-
sion. The effective enhancement factors estimated from
these plots are 1172 and 4045 for the as-grown sample
and the PMMA—CNT matrix, respectively. The emission
site densities as collected from the fluorescence on the
ITO electrode are shown in Figure 3e/f for the as-grown
and the PMMA—CNT matrix, respectively. As shown, the
emission site density is much higher for the PMMA—CNT
matrix. Due to the relatively large anode—cathode dis-
tance (1 mm), the detected emission images are actually
magnified ~1.5 times due to the divergence of the emit-
ted electron beams (diverging angle ~23.5°). The emis-
sion density will appear to be more uniform at smaller
gaps. In addition, the density near the edges of the
growth area is relatively lower due to lower CNT density
affected by the catalyst film thickness variation near the
edges of the shadow mask. The circular shapes of the
emission sites show that the electron field emission was
occurring only from the areas where VA-MWCNTSs were
grown.

We attempt to understand the reduced Ey, and en-
hance emission density from the PMMA—CNT matrix.
Both Ey, and emission density depend on the aspect ra-
tio of the CNTs and their intertube spacing (screening ef-
fects). Since both the as-grown sample and the
PMMA—CNT matrix have VA-MWCNTs with identical as-
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Figure 1. Schematic for the fabrication of PMMA—CNT matrices. (a) As-grown VA-
MWCNTSs on a Si substrate with Ni nanoparticles at their tips. (b) VA-MWCNTs embed-
ded with PMMA. (c) PMMA —CNT matrix with opened-tip VA-MWCNTs after mechanical
polishing. (d) Schematic of the field emission setup. Appearances of the (e) as-grown
sample and the (f) PMMA —CNT matrix. The darker circular regions at the centers are as-
grown VA-MWCNTs (e) and VA-MWCNTs embedded in PMMA after polishing (f).

pect ratios and intertube spacing, the lower Ey, and the
enhanced emission density detected from the
PMMA—CNT matrix are related to the PMMA filling be-
cause opened-tip geometry alone did not significantly im-
prove the emission properties.'® A possible explanation
is that the dielectric properties of PMMA have helped to
reduce the screening effect between the CNTs. In order to
verify this argument, we have simulated the screening ef-
fect of CNTs using the COMSOL Multiphysics software.
The simulation parameters are as follows: diameter of
CNTs, Dcnts = 40 nm; length of CNTSs, Leyrs = 4 um; edge
to edge spacing between CNTs, S = 40 nm; applied elec-
tric field between top and bottom boundaries, E,pp = 5
V/pum. Simulation for an array of as-grown VA-MWCNTSs
(Figure 3g) shows that the CNT at the center has the low-
est local electric field due to the screening effects from
the neighboring CNTs (~9.89 X 10°V/m at point 1, ~6.21
X 10° V/m at point 2, and ~9.42 X 10° V/m at point 3).
The enhancement factors are thus ~2 due to the screen-
ing effect of surrounding CNTs. The enhancement factors
estimated from the actual F—N plots are higher since
not all nanotubes in the samples contributed to the col-
lected currents. Next, we simulate for the case of the
PMMA—CNT matrix. The spaces between VA-MWCNTs
are now simulated to have a dielectric constant, k = 3.4.'®
As shown in Figure 3h, the local field at the center of the
PMMA—CNT matrix is ~45% higher as compared with
those of as-grown VA-MWCNTSs (point 2: ~7.76 X 10°
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Figure 2. SEM images of (a) the as-grown sample, (b) sample embedded in PMMA, and (c) PMMA —CNT matrix with exposed

CNT tips. (d—f) Corresponding Raman spectra.

V/m). The local fields at the edges of the matrix (point 1:
~1.04 X 107 V/m, point 3: ~1.06 X 107 V/m) are also
slightly increased (~4.9 and ~11.3%, respectively). Ap-
parently, PMMA filling can reduce the screening effects
especially for areas where MWCNTSs are closely packed.
This may also contribute to the higher emission site den-
sity from the PMMA—CNT matrix. However, since these
enhancements are moderate, we think that the reduced
screening effect is not the only reason for enhanced emis-
sion properties described so far.

In fact, a reduced Ey, was also detected by Watts et
al., but the mechanism behind was not explained."’
On the other hand, Tanaka et al. studied the effect of
an insulator barrier (amorphous carbon) on individual
CNTs." They found that the barrier layer increases the
work function and the Eq,. Apparently, the reduced Ey,
detected from our PMMA—CNT matrix is a different
case. Thus we propose the following model to explain

W) VOL. 4 = NO.11 = PANDEY ET AL.

our results. Consider two MWCNTSs a distance r apart
from each other. The electric field imposed by an elec-
tron located in a nanotube on another electron located
at a neighboring nanotube is given by

e=(—14 1
(431:80)’2) @

where g is the permittivity of vacuum and g is the
charge of electrons. When the spacing between these
MWCNTSs is filled by PMMA with a dielectric constant k
= 3.4, the electric field E will become E’

€= (ﬁ) - (4nsqokr2) @

where & = gok. Hence the electric field between two
electrons in two neighboring nanotubes is reduced by
the factor of k = 3.4 for the case of the PMMA—CNT
matrix.
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Figure 3. Emission current density (J) as a function of the applied electric field (E) for (a) the as-grown sample and (b) the
PMMA—CNT matrix. The corresponding F—N plots for (c) as-grown sample and (d) the PMMA—CNT matrix. Images of the
emission sites for (e) as-grown sample and (f) the PMMA—CNT matrix. The simulated potential maps for (g) the as-grown
sample and (h) the PMMA—CNT matrix with exposed CNT tips.

Figure 4a,b indicates the schematic drawing of elec-
tron flows during electron field emission from the as-
grown sample and the PMMA—CNT matrix, respec-
tively. In this model, we consider that electron flows
are driven by the electric forces (Fg) generated by the
applied electric field between the anode and the cath-

Www.acsnano.org

ode. In addition, we also consider that electric field im-
posed by electrons in the neighboring MWCNTSs will
produce coulombic repulsion forces, F. (=gE, E = elec-
tric field in eq 1), in directions perpendicular to the driv-
ing force Fg. This means that electron flows in indi-
vidual MWCNTSs will not simply go from the cathode to
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Figure 4. Schematic of electron flows in (a) the as-grown sample and (b) the PMMA—CNT matrix. Effective electron
paths along (c) an isolated CNT, (d) an as-grown CNT with neighboring nanotubes, and (e) nanotubes in the
PMMA—CNT matrix. Emission current as a function of time for (f) the as-grown sample and (g) the PMMA—CNT ma-

trix at various initial current densities.

the anode (upward), but will be drifted left and right
along the graphene sheets of the nanotubes due to the
surrounding coulombic forces. For the case of the
PMMA—CNT matrix, the drifting will be smaller due to
the smaller F.' (=eE, E = electric field in eq 2).

The effective path length traveled by electrons be-
fore they reached the tips of nanotubes is explained
here. For an isolated nanotube, electrons are driven
only by the upward electric forces (Fg) between the an-
ode and the cathode, as shown in Figure 4c. In this
case, the total distance traveled by the electrons be-
fore field emission is equal to the length of the nano-
tube. For nanotube films in our case, neighboring
nanotubes are separated by tens of nanometers. In
these cases, electric field E imposed by electrons in the

f\K) VOL. 4 = NO.11 = PANDEY ET AL.

neighboring MWCNTSs will produce a coulombic force,
F., in directions perpendicular to the driving force, as
shown in Figure 4d,e. For the as-grown sample, elec-
trons flowing in a nanotube will drift following the
dashed trajectory (/) in Figure 4d if there are electrons
flowing in the neighboring nanotubes located on the
right side. In this case, the actual distance traveled by
the electrons before they reached the tip of the nano-
tube will be longer than the length of the nanotube. For
the PMMA—CNT matrix, electric field E' (|E| < |E|) will
be imposed by electrons in the neighboring nanotubes
and produce a coulombic force, F., as shown in Figure
4e. Since |F.| < |Fe|, electrons in this nanotube will
travel in a trajectory path shorter (') than that in the
case of the as-grown sample illustrated in Figure 4d.
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Figure 5. Emission current as a function of time for a PMMA—CNT matrix (a) before conditioning and after conditioning for (b)

4 h and (c) 48 h.

In reality, all MWCNTSs are not defect-free. This means
electron flows along MWCNTSs will be scattered by de-
fects and generate Joule heating. Thus the longer the
electron drifting distance in nanotubes, the more Joule
heating will be generated. Due to the smaller drifting
and shorter effective travel distances, electrons in the
PMMA—CNT matrix will generate less Joule heating. As
previously reported, the emission stability depends on
the electron scattering process along the nanotubes.'”
For the present study, since electron scattering is re-
duced for the PMMA—CNT matrices, better field emis-
sion stability is expected.

In order to verify this hypothesis, we have evalu-
ated the emission stability of our samples. Figure 4f
shows the emission stability curves measured from the
as-grown sample at different initial current densities
(~860, ~1140, ~1350 pwA/cm?). As shown, the emis-
sion current densities are degraded with time. Figure
4g shows the typical emission stability curves for the
PMMA—CNT matrix. As shown, PMMA—CNT matrices
are stable electron emitters as negligible degradation
is detected within the 40 h continuous test. Similar
trend has been detected from six sets of samples (see
the data for another sample in Supporting Information).
We think that the improvement in the emission stabil-
ity of the PMMA —CNT matrix is due to both the reduc-
tion in screening effect and electron scattering (Joule
heating). As the screening effect from surrounding
CNTs is reduced, CNTs in the PMMA —CNT matrix can of-
fer more emission sites and thus contribute to higher
emission current and lower emission threshold field.
The reduced Joule heating means reduced defect scat-
tering along MWCNTSs and thus enhances the current
stability. It is noted that the stability data at ~900 pA/
cm? in Figure 4g were obtained after conditioning as
described hereafter.

As shown in Figure 5a, the emitted current is noisy
when the matrix is tested at a current density below
~900 wA/cm? However, the overall current is stabi-
lized at the initial value after the 40 h test. The noise is
due to the presence of adsorbates,?’ which could be
thermally desorbed when operating during electron
emission. Our stability tests are started from low cur-
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rent density (following the sequence of ~860, ~1140,
~1350 wA/cm?). Desorption rate of adsorbates is lower
for the test at 860 wA/cm? due to lower Joule heating.
It is possible that the desorption rate is comparable to
the readsorption rate of adsorbates and leads to the
noisy signals. Desorption rate is higher when the ma-
trix is operated at higher emission currents (1140
and ~1350 wA/cm?) and thus leads to lower noise,
as shown in Figure 4g. This discussion is supported
as follows. We have first conditioned the
PMMA—CNT matrix by emitting current at ~1140
pwA/cm? for 5 h and then redo the stability test at
~860 wA/cm?. Figure 5b shows that the noise level
is reduced. Then, we condition the sample again at
~1140 wA/cm? for 48 h. The stability test at ~860
pA/cm? is low in noise thereafter (Figure 5¢). As dis-
cussed so far, all of the data in Figures 4 and 5 are
collected from the same PMMA —CNT matrix. The cu-
mulative stability test hour for the sample is more
than 500 h so far and shows no sign of performance
degradation. To further support our discussion, we
have fabricated another PMMA—CNT matrix and
conditioned the sample at ~1140 pA/cm? for 48 h.
Then, stability tests at three different current levels
(low to high) were completed. Results show that our
PMMA—CNT matrices are stable electron emitters
with reproducible stability (Supporting Information).

CONCLUSION

We found that PMMA—CNT matrices are excellent
electron field emitters. The emission threshold field for
1 wA/cm? was reduced to 1.675 V/um in comparison
with 3.898 V/um of the as-grown samples. The emis-
sion densities from the PMMA—CNT matrices are high,
merely filling up the entire growth surface of the
sample. We discussed the possible reasons behind this
field emission improvement and attributed these en-
hancements to (1) the reduction in the screening effect
from the neighboring CNTs due to dielectric properties
of PMMA, as suggested by our theoretical simulation,
and (2) reduced defect scattering and Joule heating due
to the shorter effective transport distance of the elec-
trons in MWCNTSs. We have demonstrated stable emis-
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sion at a level of 1350 wA/cm? continuously for 40 h. It
is evidenced here that filling the spaces between CNTs
with dielectric materials will lead to lower Ey, higher

METHODS

Synthesis of VA-MWCNTs. A dual radio frequency plasma en-
hanced chemical vapor deposition (PECVD) technique was used
to prepare our VA-MWCNT samples. Our VA-MWCNTs were
grown within a circular area of 0.385 cm? (7 mm in diameter).
Up to three identical samples can be prepared in each growth
process. For the present work, two identical samples were grown
for each set of experiments. One sample serves as the as-grown
sample and the other for the fabrication of a PMMA—CNT matrix.
For CNT growth, Ni films with a thickness of 10 nm were depos-
ited on p-type low resistance Si substrates by an RF magnetron
sputtering technique. The catalyst-deposited substrates were
loaded on a ceramic heater and inserted into the PECVD sys-
tem. The chamber was evacuated to a base pressure of 1 X 1073
mbar, and the CNTs were then grown at 450 °C for 1 h by using
methane gas. The details of the growth procedures have been
reported elsewhere.*°

Preparation of PMMA—CNT Matrices and Field Emission
Characterization. The fabrication scheme of the PMMA —CNT matri-
ces using PMMA solution is summarized in Figure 1. The PMMA
solution was prepared by diluting PMMA with the developer so-
lution (Microchem) in a volume ratio of 1:1. As-grown VA-
MWCNT samples (Figure 1a) were dipped into the solution for
15 min and followed by an annealing process at ~100 °C for 2—3
min. The cured samples (Figure 1b) were then mechanically pol-
ished by using fiber-free lapping cloth and a colloidal silica (0.02
wm in diameter) solution to expose the tips of the CNTs. The
PMMA—CNT matrices with opened-tip CNTs will finally be
formed (Figure 1c) and ready for the field emission measure-
ments. Figure 1d shows the schematic of our field emission setup
with indium tin oxide (ITO) coated on alumina silicate glasses as
the anode. For the characterization of electron field emission, all
samples were attached on the brass cathode in a planar diode
configuration by applying a thin layer of silver paste. The spac-
ing between the ITO anode and the tips of the CNTs was main-
tained at 1000 = 10 wm. Electron emission was tested at a base
vacuum pressure of ~1.5 X 1078 Torr. The appearance of the as-
grown sample and the PMMA—CNT matrix is shown in Figure
1ef, respectively.
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Figure S1. The emission current density (J) as a function of the applied electric field (E) for (a)
the as-grown sample and (b) the PMMA-CNT matrix. (c) Emission current as a function of time

for the PMMA-CNT matrix at various initial current densities.





