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a  b  s  t  r  a  c  t

A  novel-structured  field  emitter  was  fabricated  by vacuum-filtrating  in  sequence  an  aqueous  suspension
of  thin,  highly  crystalline  multiwalled  carbon  nanotubes  (MWCNTs)  and  an aqueous  suspension  of thick,
defective  MWCNTs  through  a metal  mesh  placed  on  a polymer  membrane.  We  could  form  a mechanically
strong  CNT  film  by weaving  carbon  nanotubes  (CNTs)  through  the metal  mesh  residing  inside  the  film.
On  drying  at 70 ◦C,  the  polymer  membrane  was  spontaneously  separated  from  the  CNT-mesh  hybrid
structure  due  to  a large  difference  between  their  thermal  expansion  coefficients,  producing  vertically
aligned  bushes  of  thin  CNTs  on the  CNT  film.  On  top  of the  bushes,  sharp  CNT  tips  were  well  developed
arbon nanotubes
acuum filtration
etal mesh

mission life span

and  worked  excellently  as  field  emitters.  This  structure  was  designed  in  such  a  way  that  the  thin  CNTs
worked  as  field  emitters  while  the  thick  CNTs  supported  the  emitter  CNTs.  Our  CNT  emitters  showed
a high  emission  current  density  of  220  mA/cm2 at 4.3  V/�m,  and  its  emission  life  span,  measured  at
40  mA/cm2 in  a DC  bias  mode,  was  ∼171  h. We  expect  that  the  CNT emitters  with  a  novel  structure
are  promising  for  the  applications  to field  emission  sources  requiring  small  area  but  high current,  for
example,  X-ray  generators,  microwave  amplifiers,  etc.
. Introduction

Carbon nanotubes (CNTs) have drawn much attention as one of
he superior materials for field emitters due to their high aspect
atios and nanometer scale in radii of curvature at tip and excel-
ent electrical, mechanical, thermal, and chemical properties [1–3].
NT emitters have been extensively explored not only for large
rea applications such as backlight units (BLUs) of liquid crystal
isplays (LCD) [4,5] and field emission lamps (FELs) [6,7] but also
or small area but high current applications such as X-ray tubes
8–11] and microwave amplifiers [12,13]. For the latter applica-
ions, in particular, emission of high current from the small area
NT emitters may  cause failure to them in a short period of time
ainly due to Joule heating [14], field evaporation [15], or electro-

tatic interaction [16]. In order to solve such failure problems owing
o high current field emission, CNT emitters should satisfy the
equirements such as low electrical resistance, high crystallinity,
ptimum aspect ratio and distribution density, height uniformity,

ow outgassing rate, strong adhesion on substrates, etc. CNT emit-
ers have been usually fabricated by vertical growth on substrates
sing chemical vapor deposition (CVD)[17],  screen printing [18],

∗ Corresponding author. Tel.: +82 2 3408 3786; fax: +82 2 3408 4342.
E-mail address: nslee@sejong.ac.kr (N.S. Lee).
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spray coating [19], vacuum filtration [20], electrophoresis [21], and
so on. Over the other methods, the vacuum filtration is of advan-
tage since, in this method, we  can choose CNTs having excellent
electrical properties and crystallinity to prepare the CNT suspen-
sion and use a filtration membrane with a controlled pore size and
morphology to optimize the aspect ratios, distribution density, and
height uniformity of CNT emitters. This method, based on the solu-
tion processes, is simple and low cost. Furthermore, the filtration
method is characteristic of low outgassing in vacuum during field
emission because surfactants and solvent involved in the CNT sus-
pension can be completely removed on annealing the filtrated CNT
film.

Qian et al. [22] have reported that the CNT emitters prepared
by vacuum filtration showed better field emission properties than
those by screen printing for large area LCD-BLU applications.
Although vacuum filtration is more appropriate for fabricating
small area CNT emitters, there have been few studies on the appli-
cation of vacuum filtration to fabrication of small area but high
current CNT emitters. Thus, we  investigate the fabrication of the
CNT emitters by using vacuum filtration and their field emission
characteristics for small area, high current applications. In this

work, CNTs were filtrated through a metal mesh placed on a poly-
mer  membrane. A mechanically strong CNT film was designed to be
formed by weaving CNTs through the metal mesh residing inside
the film. Two  types of CNT suspensions were filtrated in sequence:

dx.doi.org/10.1016/j.jallcom.2012.01.074
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:nslee@sejong.ac.kr
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ig. 1. SEM and TEM images of (a–c) thin and (d–f) thick CNTs used for emission an

ulti-walled CNTs (MWCNTs) with small diameters, short length,
nd high crystallinity and MWCNTs with large diameters, long
ength and low crystallinity. The former and latter CNTs were called
s thin and thick CNTs, respectively. The thin CNTs formed an emis-
ion layer on the surface of the CNT film while the thick CNTs were
trongly entangled with the metal mesh, forming a supporting layer
f the emission layer. When the CNT film was separated by itself

rom the membrane during drying, the vertical CNT bushes were
utomatically developed with sharp tips on the film surface without
urther surface activation. In this report, we were able to fabri-
ate small area but high current field emitters by incorporating
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Fig. 2. Raman spectra and thermogravimetric analysis (TGA) and derivative
porting layers, respectively. (c) and (f) are TEM images, and others are SEM images.

the metal mesh, combining the two  different types of CNTs, and
optimizing the pore size of membrane.

2. Experimental

This study used thin and thick MWCNTs (Hanwha Nanotech Inc., Korea) as
shown in Fig. 1. The CNTs were characterized by using Raman spectroscopy, thermo-
gravimetric analysis (TGA), scanning electron microscopy (SEM), and transmission

electron microscopy (TEM). CNTs featured the G peak at ∼1582 cm−1 and the D
peak at ∼1350 cm−1, which were attributed to stretching C-C bond and struc-
tural defects or impurities such as amorphous carbon, respectively [23]. In most
cases, the crystallinity of CNTs is evaluated by the intensity ratio of G peak to D
peak. In other way, the crystallinity of CNTs may  be assessed by their oxidation
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emperatures, peak temperatures in their differential thermogravimetric (DTG)
urves. Non-carbonaceous impurities in pristine CNTs can be quantified by mea-
uring a weight of residues remaining after burning up to 900 ◦C in TGA. The thin
WCNTs were of quite straight shape and excellent dispersibility in water. As seen

n  Fig. 1, the thin CNTs were 2–9 nm in diameter and 10–20 �m in length, measured
y  TEM and SEM, respectively. As given in Fig. 2, they were characteristic of the IG/ID
atio of 5.5, the oxidation temperature of 652.9 ◦C, and the non-carbonaceous impu-
ities of 18.8 wt.%. The thick MWCNTs were entangled to form lumps. The thick CNTs
ere 12–17 nm in diameter, ∼200 �m in length, 1.1 in IG/ID ratio, 570.1 ◦C in oxida-

ion  temperature, 6.9 wt.% in non-carbonaceous impurities. Comparing the thin and
hick CNTs, the thin CNTs showed smaller diameters and shorter length, but higher
rystallinity and thermal stability, known from their larger IG/ID ratio and higher
xidation temperature.

For each of the thin and thick CNTs, 100 mg  CNTs were dispersed in 100 ml
f  distilled water containing 1 g of sodium dodecyl sulfate (SDS) with a horn-type
onicator (300 W)  for 30 min. After centrifuging at 10,000 g for 15 min, the top 80%
f  the solution was obtained by using a pipette, producing the CNT dispersion with
etal impurities and non-dispersed lumps removed. The yields of the thin and thick

NTs in the suspensions were measured to be ∼56% and ∼72%, respectively, assessed
ith optical absorptions at the wavelength of 700 nm.

CNT emitters were fabricated as schematically demonstrated in Fig. 3. First, a
etal mesh was placed just on a polymer membrane. Second, the thin CNT suspen-

ion  was vacuum-filtrated through the assembly of a metal mesh and a polymer
embrane, third, followed by filtration of the thick CNT suspension. We used a

olyvinylidene difluoride (PVDF) membrane with pores of 0.45 �m and mixed cellu-
ose  ester (MCE) membranes with pores of 1, 3, and 5 �m.  The #500 metal (stainless
04) mesh had the opening area of 28 �m × 28 �m and the thickness of 60 �m. After
ltrating each of the thin and thick CNT suspensions, we rinsed sufficiently the CNT

lm  with plenty of distilled water to eliminate excessive SDS. Fourth, the CNT film
as  dried for 6 h at 70 ◦C. During the drying process, the polymer membrane would
ndergo large thermal expansion while the metal mesh would do little. Specifically,
he thermal expansion coefficient of PVDF is about two orders of magnitude higher
han that of SUS 304 [24,25]. The CNT film, interwoven with the metal mesh, would

ig. 3. Schematic of the fabrication procedures of CNT emitters: (a) preparation for filtr
WCNT suspension and (c) thick MWCNT suspension through the assembly of a metal 

olymer membrane during drying.
ompounds 521 (2012) 126– 133

follow the behavior of the metal mesh on drying. A large difference in their thermal
expansions between the metal mesh and the polymer membrane made the CNT-
mesh hybrid structure delaminated from the membrane, causing sharp CNT emitter
tips on the CNT film surface. The CNT film was fired in air at 350 ◦C to completely burn
out  residual SDS (our TGA experiment confirmed that SDS was completely removed
at 300 ◦C in air). On the other hand, when the metal mesh was  not engaged, the CNT
film followed the thermal expansion of the membrane and thus was not separated
during drying. In this case, the polymer membrane was removed by acetone, and the
remaining CNT film was fired at 350 ◦C. Thereafter, CNT emitter tips were formed
by  surface activation with an adhesive tape [26] for the case where a metal mesh
was  not involved.

The CNT film was glued onto a stainless steel plate by using an Ag paste for
field  emission measurement. A tungsten anode plate was kept apart from a cathode
plate with a 340 �m-thick alumina sheet spacer inserted in-between. An emission
area of the cathode was  0.5 cm × 0.5 cm,  and a vacuum level was maintained to be
∼5  × 10−7 Torr. A dc voltage (HCN1400-12500, Fug) was  biased to the anode while
grounding the cathode. Field emission current (HP34401A, Agilent) was measured
between the cathode and the ground. A life span of the CNT emitter sample was
evaluated by measuring a length of time during which an initial current density of
40  mA/cm2 was decreased to its half value.

3. Results and discussion

3.1. Metal mesh engaged inside CNT films

Fig. 4 shows SEM images of CNT films fabricated without and

with a metal mesh engaged inside. Both CNT films were produced
by filtrating in sequence 10 ml  of the thin CNT suspension and 10 ml
of the thick CNT suspension. With the same amounts of the CNT
suspensions filtrated, two films show quite different thicknesses,

ation by placing a metal mesh on a polymer membrane, filtration of (b) the thin
mesh and a membrane, and (d) spontaneous separation of the CNT film from the
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Fig. 4. (a, d) Cross-sectional, (b, e) planar, and (c, f) 60◦-tilted (from the plane) SEM images of CNT films fabricated (a–c) without and (d–f) with a metal mesh, (g) their field
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mission current density–electric field curves, and (h) their corresponding Fowler–
ape  activation.

ccording to the incorporation of the mesh. Without a mesh, a dense
NT film occurred with the thickness of 60 �m due to strong con-
raction by firing, as given in Fig. 4(a). On incorporating a mesh,
owever, the thickness of the CNT film increased to 95 �m because
he 60 �m-thick metal mesh was inserted in the middle of the CNT
lm. The CNT films showed different surface morphologies depend-

ng on whether a metal mesh was placed or not. Without a mesh,
racks occurred on the CNT film surface probably due to contrac-
ion during firing, indicating that the CNT film was quite fragile, as
hown in Fig. 4(b). An inset shows a high-magnification SEM image
n the surface crack formed in the designated area of the CNT film
ithout a mesh. In contrast, the CNT-mesh hybrid film, where a
esh was embedded inside, showed rigid mechanical integrity and

hus was not accompanied with occurrence of cracks on the surface.
he CNT film without a mesh exhibited a flat surface because it was
f uniform contraction along a thickness direction on firing. On the
ther hand, the CNT film with a mesh showed a surface which was
orrugated in a zigzag fashion following the wire frame structure
f the underlying mesh, as presented in Fig. 4(e), because the film
as contracted more in the openings than in the wires of the mesh.

hus, depressions occurred in the openings while and protrusions
ook place in the wires of the mesh. Since the surface was  flat for
he film without a mesh, the surface was activated by peeling off its

pidermal layer with an adhesive tape so that CNTs could be ver-
ically erected on the surface and could work as field emitters. As
een in Fig. 4(c), however, the tape activation could not easily make
NTs stand up on the surface because the CNT film was too tightly
eim plots. All samples are subjected to firing, and images (a–c) are observed after

consolidated. For the CNT film with a metal mesh, on the contrary,
many CNTs were erected upward without tape activation. The CNT
film was  separated by itself from the polymer membrane due to a
large difference in thermal expansions between the polymer and
the CNT-mesh hybrid structure during drying at 70 ◦C. CNTs were
sucked into the membrane pores during filtration, and the epider-
mal  CNT layer stuck onto the membrane was  torn off from the main
CNT-mesh hybrid film during drying. On separation, CNT bushes
were developed on the CNT-mesh hybrid film. Closely looking at
the bushes, CNTs were vertically aligned without additional acti-
vation and were expected to work as excellent field emitters, as
shown in Fig. 4(f).

Field emission current density (J) versus electric field (E) curves,
measured from the CNT film without and with a metal mesh,
are given in Fig. 4(g). For the CNT film without a mesh, the J–E
curves were measured before and after surface activation with
a tape. The CNT film without a mesh showed turn-on electric
fields (Eto) of 1.76, and 0.71 before and after activation, respec-
tively. Eto is defined as an E where an emission current of 1 �A
is recorded. With a mesh inserted, Eto was  lowered 0.59 V/�m.
At an E of 4 V/�m,  the CNT film without a mesh exhibited J of
18.5 and 148.6 mA/cm2 before and after activation, respectively,
while the CNT film with a mesh showed a much higher J of

190.9 mA/cm2 at the same E. Such excellent field emission char-
acteristics of the CNT film with a mesh seemed to be attributed
to the development of CNT bushes with vertically aligned CNT
tips.
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ig. 5. 45◦-tilted SEM images of the CNT films fabricated (a–c) only with thin CNTs
–E  curves, and (k) their corresponding Fowler–Nordheim plots.

Fig. 4(h) shows Fowler–Nordheim (F–N) plots, obtained from
he corresponding J–E curves by using the F–N equation [27],

n
(

I

V2

)
= ln

(
A˛�−1 ˇ2

d2

)
− B�3/2d

ˇ

(
1
V

)

Here, an emission current I can be related to an applied voltage
, depending on an effective emission area ˛, a field enhancement

actor ˇ, a work function of an emitter Ø, and a cathode-to-
node distance d. A and B are constant, 1.54 × 10−6 A eV V−2 and
.83 × 107 eV−3/2 V cm−1, respectively. The F–N plots show a linear

nverse relationship between a logarithmic value of I/V2 and 1/V.
ssuming Ø, of 4.61 eV for CNTs [28], the  ̌ values of the CNT film
ithout a mesh before and after activation were computed to be
638 and 10,306, respectively. The tape activation greatly improved
eld emission characteristics of the CNT film without a mesh. An

ntroduction of a mesh into a CNT film enhanced further the  ̌ value
o 12,351. The  ̌ value is governed only by a geometrical shape of an
) only with thick CNTs, (g–i) with both thin and thick CNTs, (j) their field emission

emitter for a given Ø, indicating how many times an applied exter-
nal E (V/d) is enhanced locally at an emitter tip. The longer the CNT
emitters (assuming their diameters to be constant) are, the larger
the  ̌ values are. These results are well consistent with our SEM
observations of Fig. 4(c) and (f).

3.2. CNT films fabricated by using thin and thick CNTs

We prepared the CNT films by vacuum-filtrating the solutions
of thin and thick CNTs through the assembly of a metal mesh and
a polymer membrane. Fig. 5(a)–(c) shows the CNT film fabricated
by using only the thin CNT solution. This CNT film was  largely con-
tracted during firing, as seen in Fig. 5(a), probably because thin

CNTs were of small diameters and short length. Such a large con-
traction caused a wavy surface well developed following the wire
frame structure of the mesh underlying the CNT film and also gave
rise to cracks on some borders between depressed and protruded
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ig. 6. 45◦-tilted SEM images of the CNT films fabricated with polymer membran
mission  J–E curves, and (n) their corresponding Fowler–Nordheim plots.

egions, as indicated by dotted circles in Fig. 5(a). As thin CNTs were
eeply sucked into the membrane pores during vacuum filtration,
NT bushes seemed to be developed with high elevations on sep-
ration, as seen in Fig. 5(b) and (c). Closely looking at the tips of
hese bushes, CNTs stuck out in spikes and were expected to work
s excellent field emitters. On the other hand, the CNT film made
f thick CNTs were less contracted and thus were less corrugated
n the surface, as given in Fig. 5(d), since thick CNTs seemed to

orm strong networks in the film probably due to their thick diam-
ters, large length, and entangled character. Thick CNTs were less
ucked into the membrane pores, resulting in the development
f CNT bushes with short lengths. The film of thin CNTs showed
h different pore sizes of (a–c) 0.45, (d–f) 1, (g–i) 3, and (j–l) 5 �m, (m) their field

well-developed, tall bushes while that of thick CNTs was  flatter on
the surface. Since the film made of either thin or thick solution
showed both pros and cons, this study intended to strengthen its
strengths and make up for its weaknesses by filtrating each of the
suspensions of thin and thick CNTs in sequence through the mesh-
membrane assembly. In the double-layered CNT film involving two
types of CNTs, thin CNTs would play their roles as field emitters
by building tall, spiky CNT bushes on the surface, and thick CNTs

would work as supporters for the emission CNT layer by forming
strong networks underneath it through a metal mesh. Fig. 5(g)–(i)
shows the CNT film whose top surface and underlying layers were
made of thin and thick CNTs, respectively. As a result, its surface



1 and Compounds 521 (2012) 126– 133

c
m
d
fi

r
E
1
C
1
s
a
C
t
fi
t
f
l
d
fi
e
t
l
h
e
b

3
p

i
p
d
0
F
A
w
fi
p
o
f
e
i
t
W
w
t
l
w
w
t

p
2
5
t
s
a
a

3

l
5

180160140120100806040200
0

20

40

60

 0

5

10

15

C
u

rr
e

n
t 

(m
A

)

 C
u

rr
e
n

t 
d

e
n

s
it

y
 (

m
A

/c
m

2
)

Time (h)

171 h
32 J.S. Choi et al. / Journal of Alloys 

orrugation was formed in the middle between the above two films
ade of only either thin or thick CNTs, and cracks did not occur. The

ouble-layered CNT film showed CNT bushes similar to those of the
lm of thin CNTs in morphology.

Fig. 5(j) presents field emission J–E curves of the CNT films fab-
icated by using thin, thick, or both CNTs. Only with thick CNTs,
to was 3.06 V/�m.  By using only thin CNTs, Eto was  lowered to
.29 V/�m.  For the double-layered film using both thin and thick
NTs, Eto was further decreased to 0.59 V/�m.  Their  ̌ values were
171, 4006 and 12,351, respectively, calculated from their corre-
ponding F–N plots given in Fig. 5(k). The thin-CNT film showed

 lower Eto and higher  ̌ value than the thick-CNT film because
NT bushes were not only higher in elevation but spiky CNTs on
he bushes were also smaller in diameter. The double-layered CNT
lm was expected to exhibit field emission properties similar to
hose of the thin-CNT film as the bushes were made of thin CNTs
or both films. However, the double-layered CNT film showed a far
ower Eto and higher  ̌ value than expected probably because the
ouble-layered film had a much flatter surface than the thin-CNT
lm did, as can be compared in Fig. 5(a) and (g). In Fig. 5(a), electron
mission would occur only from the protruded regions formed on
he wire ridges of the mesh. Since the double-layered CNT film was
ess corrugated on the surface, a larger number of CNTs from wider
ill areas would participate in field emission. Improvement of field
mission characteristics of the double-layered CNT film seemed to
e attributed to a decrease of surface corrugation.

.3. CNT films fabricated with polymer membranes with different
ore sizes

When each of the thin and thick CNT solutions was  filtrated
n sequence through the membrane-mesh assembly, we used
olymer membranes with different pore sizes. Fig. 6 shows the
ouble-layered CNT films fabricated by varying the pore size from
.45 �m to 1, 3, and 5 �m.  Observing the first-column images of
ig. 6, the CNT film surface is less corrugated with a larger pore size.
s the pore size of the membrane increases, the vacuum filtration
ould create a greater suction force through the CNT-mesh hybrid
lm. The film, which becomes more compacted with increasing the
ore size, is less contracted upon drying and finally less corrugated
n the surface. As seen in the first-column images of Fig. 6, the sur-
ace becomes flatter with a larger pore size, resulting in a larger
mission area for the film fabricated on the membrane with an
ncreasing pore size. The second and third columns of Fig. 6 show
hat the CNT bushes are developed taller with a larger pore size.

hen the CNT film was separated by itself from the membrane
hile drying, the epidermal CNT layer with the part of it suck into

he membrane was torn off from the main CNT-mesh hybrid film. A
arger amount of CNTs would be sucked more deeply into the pores

ith a larger size during vacuum filtration. Thus, the CNT bushes,
hich were formed by tearing of the CNT film, would be developed

aller as increasing the pore size.
Field emission J–E curves and their F–N plots as a function of a

ore size are presented in Fig. 6(m)  and (n). The Eto values were
.33, 2.11, 1.17, and 0.59 V/�m,  and the  ̌ values were 1748, 1925,
457, and 12,351 for the pore sizes of 0.45, 1, 3, and 5 �m,  respec-
ively. Eto was decreased while  ̌ was increased with a larger pore
ize. Improvement of field emission characteristics with increasing

 pore size seems to be attributed to formation of taller CNT bushes
nd a larger emission area on the surface.

.4. Measurement of field emission life span of CNT emitters
Fig. 7 demonstrates a field emission life span of the double-
ayered CNT film fabricated by using the membrane pore size of

 �m and a metal mesh. Life span is defined as a period of time
Fig. 7. Field emission lifespan curve of the CNT film fabricated with the membrane
pore size of 5 �m,  measured under a constant DC voltage.

taken for J to drop to half its initial value while applying a con-
stant E. It took ∼171 h to reach from an initial current density of
40 mA/cm2 to its half value. Emission current was gradually low-
ered in a decreasing manner with time. The double-layered CNT
film prepared by using a metal mesh and a membrane with a pore
size of 5 �m shows quite a long field emission life span under a high
current emission.

4. Conclusions

To apply to field emitters with a capability of high current
emission, a CNT film was fabricated by filtrating aqueous CNT sus-
pensions through a metal mesh placed on a polymer membrane.
A metal mesh was imbedded inside the CNT film, expectedly pro-
viding a rigid CNT-mesh hybrid film. CNT bushes, standing upright
and having individual CNTs at tip, were voluntarily developed on
the film surface when the epidermal CNT layer stuck onto the mem-
brane was torn off from the CNT-mesh hybrid film by itself while
drying. The double-layered CNT film was prepared by filtrating each
of the aqueous suspensions of thin and thick CNTs in sequence,
where the thin CNTs worked as field emitters on the surface while
the thick CNTs were interwoven with a metal mesh and formed
a supporting layer underneath the emission layer. Field emission
characteristics were improved by increasing the pore sizes of the
membranes used in filtration as CNT bushes were developed taller
with larger pore sizes. The double-layered CNT film, fabricated by
using a metal mesh and a membrane of 5 �m-sized pores, exhibited
a high emission current density of 220 mA/cm2 at 4.3 V/�m,  and a
long emission life span, measured at 40 mA/cm2 in a DC  bias mode,
of ∼171 h. Our CNT films with a novel structure seem to be promis-
ing for the applications to field emitters producing high currents in
small areas.
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