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A cost-effective method was used to fabricate large area (e.g. 2.5x 2.5 cm? for a pitch of
0.5 pym) nanometer scale pyramid arrays with precise and controllable location, spacing
and size by interference lithography. Using this method a large-area of vertically-aligned
carbon nanofibers (VACNFs) with different interfiber-distance-to-fiber-height ratios and

fiber aspect ratios were synthesised. Very sharp tipped VACNFs were obtained and their
field emission properties were measured and are compared to results in the literature.
We find that the field emission performance of VACNF arrays is optimized when the inter-

fiber-distance-to-fiber-height ratio is equal to 1, in line with some experimental findings

but different from some predictions.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) are considered to be promising can-
didates for field emission display applications, due to their
good electrical and thermal properties [1], mechanical
strength [2] and large height-to-radius ratio. Of the various
chemical vapor deposition techniques used for the synthesis
of CNTs, the plasma enhanced chemical vapor deposition
(PECVD) technique is most widely used to grow large area ver-
tically-aligned carbon nanotubes (VACNTs). It should be
noted, however, that the CNTs synthesized by this method
are generally defective, and these tubes are therefore some-
times referred to as carbon nanofibers (CNFs) [3].

There are quite a few experimental reports on the char-
acterization of field emission properties of CNTs and CNFs.

In these studies, CNTs or CNFs with relatively good control
of tube or fiber geometry, location, and density were
achieved using different catalyst patterning methods. These
catalyst patterning techniques include: electron beam
lithography (EBL) [4], nano sphere lithography (NSL) [5],
nano imprinting lithography (NIL) [6] and the use of porous
anodized aluminum oxide templates (AAO) [7,8]. Among
these techniques, some provide very good control of cata-
lyst geometry and location, but are costly and produce
small area of device coverage (e.g. EBL). Others provide rel-
atively large areas of device coverage area but suffer from
restrictions on the catalyst geometry and location (e.g.
NSL, AAO) or the need for fairly complicated processes to
change geometry parameters (e.g. new masks for different
spacings in the case of NIL).
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On the theoretical side, Nilsson et al. [9] have reported on
the influence of the distance between adjacent CNTs predicts
that the “screening effect” can significantly deteriorate field
emission characteristics of CNT arrays. This study had been
widely cited by researchers working in this field. Nilsson
et al’s theoretical study was based on a two-dimensional sim-
ulation of thin (2 nm in radius) CNTs, and arrived at a conclu-
sion that the optimum field emission performance could be
achieved at a ratio of intertube distance (D) to tube length (l)
equal to two. These conclusions were found to be at variance
with experimental studies [7,8], probably due to (i) the predic-
tion was based on a two-dimensional electrostatic simulation
of CNT/CNF arrays (a line of emitters) while experimental re-
sults were obtained from three-dimensional arrays, (ii) pat-
terned CNTs or CNFs in practice possess a tip radius much
larger than 2 nm. Recently, a three-dimensional simulation
study on field emission from CNTs found that the best field
emission enhancement require a ratio of D/l equal to three
[10].

To resolve all these discrepancies, we made use of a novel
templating technique to control the size of Ni catalysts with a
fixed separation and controlled the length of CNFs such that a
systematic study on the influences of (a) interfiber-distance-
to-fiber-height ratio (D/I), (I'), and (b) the fiber aspect ratio
(tube length over tube radius, I/r), (x), on the field emission
characteristics of CNFs could be carried out.

2. Experimental
2.1.  Ni catalyst patterning

To pattern the catalyst, we used a technique reported earlier
that combines top-down and bottom-up approaches to pro-
vide precise in situ production and placement of metallic
nanoparticles on silicon surface [11]. The top-down compo-
nent of this method uses interference lithography (IL) [12],
while the bottom-up process involves agglomeration (dewett-
ing) of solid metallic thin films (AF) [13]. This method, de-
noted here as IL-AF, can position metal nanoparticles at
predetermined locations on the silicon surface and, further,
can accurately control the size of the nanoparticles. In the
present work, we adopted this idea with slight improvements.
Using this method, we prepared CNFs with different I and «
values in order to investigate the screening effect and the fiber
aspect ratio on the field emission performance of CNFs.

Fig. 1 outlines the procedure for synthesis of large areas of
isolated VACNF arrays on Si substrates using the PECVD
method with Ni catalysts. First, an n-type Si (1 00) substrate
was cleaned thoroughly using “Radio Corporation of Amer-
ica” (RCA) I and II procedures. This was followed by a subse-
quent 10% HF dip for 30 s to remove the native oxide. After
the HF dip, a layer of 200 nm photoresist (Ultra-i 123) was
quickly spin-coated on the Si wafer. Next, the wafer was
baked at 90 °C for 90s. The photoresist was then patterned
using a Lloyd’s mirror type IL set-up with a He-Cd laser source
(4=325nm). The creation of periodic square patterns in the
photoresist was achieved by two perpendicular exposures of
200 s each. The unexposed photoresist was etched away using
the Shipley Microposit MF CD-26 developer and a circular-

shape photoresist dot array on the Si wafer surface was left
behind, as shown schematically in Fig. 2A. The samples were
then subjected to an oxygen plasma etching process (power of
30 W, oxygen pressure of 0.5 mbar, and etching time of 30-
120s) to (i) remove the residual unexposed photoresist at
the Si surface, and (ii) to trim the size of the photoresist dots.
The second step controls the catalyst diameter and thus the
CNF diameters.

Next, a 20 nm thick Cr was evaporated on the entire sam-
ple using an e-beam evaporator. The Cr layer on top of the
photoresist was removed by lifting-off the photoresist. The
photoresist lift-off and KOH anisotropic etching of the Si were
achieved simultaneously by dipping the sample in 30% (by
weight) KOH solution at 50 °C for around 300 s. Underneath
the Cr holes which served as an etching hard mask, 4-fold
symmetric arrays of inverted pyramids were produced, as
seen in Fig. 2B. We then made use of the Cr holes as a depo-
sition mask to evaporate a 10 nm silicon oxide layer and a
30 nm Ni film (at a base pressure of 10~ Torr) onto the pat-
terned sample to achieve, within the pyramids, an oxide layer
that was sandwiched between the silicon substrate and the Ni
film. The oxide layer is essential as a diffusion barrier to pre-
vent silicidation between Ni and the Si substrate during the
growth of CNFs. Finally, the Cr, the oxide and Ni layers above
were lifted-off using the Chromium Cermet Etchant to reveal
nano Ni pyramids sitting in the center of the silicon inverted
pyramid arrays (Fig. 2C). The period for the inverted pyramid
pattern was 500 nm and the “Ni pyramid” was around 200 nm
in size. Note that with our patterning technique, the Ni cata-
lysts are different from the usual spherical-shape catalysts
commonly reported in the literature.

2.2.  VACNFs growth

The Ni pyramid samples were then used for the growth of
large area arrays of isolated VACNF, as shown in Fig. 2D, syn-
thesized using the PECVD technique. The CNFs growth was
performed at 700 °C at a pressure of 7.5 mbar in a 5:1 mixture
of NH3 and C,H, (NHs: 50 sccm and C,H,: 10 sccm). We con-
trolled the CNFs length by varying the supply duration of
the NH; and C,H, in the PECVD system. Note that in the inset
of Fig. 2D, the contour of the original pyramid has become
rounded. This is a consequence of the etching of silicon by
the gas mixture and the deposition a layer of amorphous car-
bon (confirmed using energy dispersive X-ray spectroscopy
(EDX)) on the Si substrate during the CNFs growth. The amor-
phous carbon layer links the CNFs with the substrate and
facilitates current flow for the field emission testing. The Ni
pyramid enables us to grow mostly single CNF from a catalyst
size up to 200 nm.

It is necessary to point out here that the unique shape of
the Ni pyramid catalyst gives rise to the intriguing observa-
tion of a separation of top and bottom Ni catalysts in our CNFs
growth, which is crucial in obtaining the very sharp-tipped
CNFs, as shown in Fig. 2E. We have carried out EDX experi-
ments on the CNFs and found a strong signal for Ni at the bot-
tom of the CNFs, indicating the presence of bottom Ni
catalysts. We have also demonstrated in HRTEM experiments
(see Fig. 2F) the existence of Ni particles at the top of the
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Fig. 1 - Process flow to synthesize arrays of isolated vertically-aligned carbon nanofibers (VACNFs) using Ni nanoparticles as

catalysts.

CNFs. The HRTEM results also showed that our CNFs were
amorphous in nature.

The ultra sharp tips are synthesized by purposely keeping
the heater and DC plasma on for another 10 min after shut-
ting off the C,H, supply. We will be reporting, in a future pub-
lication, a systemic study of the creation of top and bottom Ni
catalysts unique with our present method, and the influence
of the PECVD growth conditions on the production of CNFs
with very sharp tips.

3. Results and discussion

In field emission studies of CNTs, the field emission enhance-
ment factor (f) is generally used to characterize the field emit-
ter efficiency. From a simple electrostatic model, the
enhancement factor for a single CNF or CNT, fsinge, can be
estimated from the geometry [14] of the emitters:

ﬁsingle = ﬁtip X (1)

where fy;, is the extra localized field enhancement from
the upper tip of the CNF, and will be quite different for differ-
ent tip shapes (open tip [15,16], sharper tip [17] or cone-
shaped tip [18]), and a.

When considering the screening effects of CNTs, I is often
used. Hence, B will be:

B single
B

~ screening effect Pip > ax I @)

In the present study, to investigate the influence of I' and «
on B, two sets of samples were synthesized with D fixed at
1.1 ym but with r = 100 and 200 nm, as shown in Fig. 3. In each
set of samples, by controlling the growth time, CNFs of differ-
ent | of ~0.55, 1.1 and 2.2 ym were obtained, and thus pro-
vided sets of samples with I'=2, 1 and 0.5. The values of «
for samples in Set I (r = 200 nm) was half of that of the sam-
ples in the same row in Set II (r = 100 nm) in Fig. 3. The field
emission tests were carried out using two parallel electrode
plates setup in an ultrahigh vacuum chamber at a pressure
of 1.1 x 107° Torr. The emission current (I) versus the applied
voltage (V) for the two sets of VACNF samples are shown in
Fig. 4A and B. The curves are relatively smooth and reproduc-
ible. The turn-on voltage was defined when I=1.0 x 108 A (or
at a current density of 5 x 10~* mA/cm?). The Fowler-Nord-
heim model was used to analyze the -V characteristics of
the two sample sets by re-plotting the I-V data as In(I/V?) ver-
sus 1/V, as shown in Fig. 4C and D. From the slopes of each
curve, and assuming a CNF work function of 5eV [4], f was
computed for each curve (f=-— @, ¢=5¢eV, b=6.83x
10° VeV¥? m1, d is the spacer thickness between CNF sample
and anode, k is the slope from the fitting of the Fowler-Nord-
heim plots).

Firstly, we consider the influence of I" on the value of . For
CNFs with a fixed radius r, when fibers are short, the screen-
ing of the electric field among CNFs will be negligible. As I in-
creases, the field suppression among CNFs increases and thus
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Fig. 2 - Scanning-electron-micrographs (SEM) of: (A) 200 nm diameter photoresist dots arrayed with a period of 450 nm. (B)
Anisotropically etched Si (1 0 0) inverted pyramids undercutting the Cr holes with the inset showing a magnified view of a Cr
hole. (C) Ni nano pyramids at the center of Si inverted pyramids after lift-off of Cr with the inset showing a magnified view of
a Ni pyramid. (D) A large area of ordered VACNF arrays. The diameter of each CNF was ~200 nm, the length was ~1 pm, and
the interfiber distance was 1.1 pm (45° Tilt). The inset is a magnified view of VACNF array with a scale bar of 500 nm. (E) One
CNF with a diameter of 100 nm and 1.1 pm in length (45° Tilt). (F) High resolution transmission electron micrograph (HRTEM)
of a CNF sharp tip (size less than 8 nm). The black dot on top is a Ni catalyst. The dimension of insets in (B) and (C) were 250 by

250 nm.

reduces the f value. Secondly, for fixed |, when r reduced, the
value of D slightly increased. Thus, the field suppression
among CNFs slightly reduced and f values increased. Hence,
the screening effect is inversely proportional to I', and reduc-
ing I or r will reduce the screening effect and increase the va-

lue of B. Next we consider the role of o on the § value. Firstly,
with r fixed, when fibers are short, the CNFs do not protrude
from the surface significantly and therefore do not enhance
the electric field effectively. As | increased, field emission is
substantially enhanced through the CNFs, and the value of
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SET I Thick VACNF

SET II Thin VACNF

e

Fig. 3 - SEM images of patterned Ni catalyst arrays (A) and (E) and VACNF arrays (B-D, F-H) presenting (left) Set I (200 nm Ni
catalysts) and (right) Set II (100 nm Ni catalysts). The period of the array is 1.1 pm. The CNFs lengths are of 0.55, 1.1 and 2.2 pm
going from the top to bottom of the figure. Note that the VACNF arrays were viewed at a 45° tilted in the SEM. The scale bar in

all pictures is 500 nm.

p increased significantly. Further increasing 1 would yield a
diminishing increase of f value. Nevertheless, the f value is
always proportional to 1. Secondly, with fixed 1, when r re-
duced, further electric field enhancement through the emitter
and increased f value was found. Hence, we find that the  va-
lue is inversely proportional to r. Since o =1/r, § is directly
proportional to a.

Eq. (2) indicates that the  value depends on both I' and o.
Firstly, with r fixed, when CNFs were relatively short (i.e. in re-
gion A), the screening effect was insignificant and increasing 1
would significantly increase the § value. Hence, o is the domi-
nant factor when 1 is small. When CNFs are relatively long
(i-e. 1is large, in region B), I" will decrease and o will increase
atadiminishingrate aslincreases. This means that the screen-
ing effect gradually became more dominant and reduced the f
value. The different dominating mechanisms that are respon-

sible for the variation in fvalues in regions A and B and give rise
to amaximum fvalue atl’ = 1. Secondly, with fixed I, whenr re-
duces, the screening effect is slightly reduced and « increased,
both of which increase the f value. This is in agreement with
data shown in Fig. 5 that indicate that for a fixed I' value, the
CNFs with smaller r always have a higher § value.

We now compare our results to those published in the lit-
erature. For the samples prepared by the Teo et al. [4], the I
value of VACNTSs or VACNFs was fixed at two, which they indi-
cated was in agreement with the prediction of Nilsson et al.
[9]. However, no systematic study of the effects of o or I' on
p was carried out to validate the theoretical prediction. Suh
et al. performed field emission studies on CNTs with different
values of I" and o. They demonstrated that the maximum va-
lue of f was obtained when I" equals to one, and a higher « re-
sulted in a higher value of $ [7,8]. The first conclusion of Suh
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Fig. 4 - (A) Current-voltage (I-V) curve for the set of large-diameter VACNFs (~200 nm in diameter). (B) Current-voltage (I-V)
curve for the set of VACNFs with small diameters (~100 nm in diameter). (C) Fowler-Nordheim plots for the large-diameter
(200 nm) VACNTF set. (D) Fowler-Nordheim plots for the small-diameter (100 nm) VACNF set.

et al. contrasts with the prediction of Nilsson et al. but is in
good agreement with our present results. One possible reason
for this discrepancy might be due to the fact that the aspect
ratio in Nilsson’s work was fixed at 500 (2nm in diameter
and 1um in length), while the aspect ratios in the present
work and that of Suh et al. were much smaller (3-20). Nilsson
et al. did not simulate the field emission characteristics of
CNFs in the low-aspect-ratio regime, and therefore only con-
sidered one dominant factor, the screening effect. The second
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Fig. 5 - Plots of g versus I' of our samples used in this work.
Also shown in this figure are the results form Suh et al. [7,8]
and Teo et al. [4].

conclusion of Suh et al., that higher values of « resulted in a
higher values of f is complicated by the fact that the spacing
between their CNFs was also changed.

A notable feature of our work is that the experimental re-
sults are in good agreement with that of Suh et al., despite the
fact that very different patterning techniques and geometry
parameters were used in the fiber growth in the two studies.
This suggests that the value of f is mostly fixed by the value of
I' and o.

Henzie et al. [19] have also obtained Ni pyramids using a
method very similar to our technique. They have employed
a phase-shift technique for the patterning of the photoresist.
In principle, the technique of Henzie et al. can also be used in
the synthesis of VACNFs following our PECVD recipe. It should
be noted, however, different masks are required to change
catalyst size and period, which leads to a more costly process.

We have carried out some preliminary experiments on the
reliability of CNF samples mentioned in the previous para-
graphs. The CNF samples were placed inside the field emis-
sion chamber under ultra-high vacumm (~10~°Torr) at a
fixed electric field and tested for 24 h. Generally, all the CNFs
survived such testing conditions with a relatively stable cur-
rent density under prolonged period of testing. For example,
we have tested a set of CNFs with 200 nm in diameter at the
prescribed conditions with an electric field of 1 V/um, the cur-
rent density remained stable at 0.1 mA/cm? for 24 h.

4, Conclusions

We have developed a catalyst patterning method using IL to
produce large area VACNFs with good control of the fiber’s
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diameter, spacing, length and tip sharpness. We have system-
atically studied the influence of the I' and « on f and found
that the optimum condition occurs when I" = 1. This is consis-
tent with other experimental data in the literature, but at var-
iance with theoretical predictions.
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