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ue to their high aspect ratio, small

tip radius, excellent chemical stabil-

ity, high thermal conductivity, and
mechanical strength; carbon nanotubes
(CNT)—one-dimensional carbon allotropes—
have attracted much attention as field emis-
sion (FE) electron sources in flat panel
displays," environmental lighting,® parallel
electron-beam  lithography  equipment,*
X-ray sources>® and vacuum microwave
amplifiers.”® However, high emission cur-
rents, high uniformity, high stability, low driv-
ing field, and long lifetimes have yet to be
demonstrated convincingly.

The emission current, given by the Fowler—
Nordheim (FN) equation,” is strongly depen-
dent on the field enhancement factor,
which is a function of the local geometry
of the emitting tip. The local electric field
distribution can be detrimentally modified
by nearby conducting structures.'®'" If the
emission current exceeds a well-defined
maximum value (typically ~20 /4A),12 which
depends on the specific nanotube geo-
metry, then irreversible structural modi-
fications can occur, results in a runaway
degradation process where increasingly
large currents are emitted, which even-
tually destroys the tip.'*'* To attain large
emission currents, it is necessary to
combine the currents from multiple
(=10000) vertically aligned individual nano-
tubes in engineered arrays."'® Such arrays
must be bound to conducting substrates to
minimize the substrate—nanotube interfacial
resistance and to allow emitter biasing. Detri-
mental effects, such as electric field augmen-
tation, are mitigated by employing high
aspect ratio emitters,'” while nearest neigh-
bor electrostatic shielding,'? induced by other
nanotubes in the array, can be efficiently
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ABSTRACT

(a)

500 nm

We present electronically controlled field emission characteristics of arrays of individually
ballasted carbon nanotubes synthesized by plasma-enhanced chemical vapor deposition on
silicon-on-insulator substrates. By adjusting the source—drain potential we have demon-
strated the ability to controllable limit the emission current density by more than 1 order of
magnitude. Dynamic control over both the turn-on electric field and field enhancement factor
have been noted. A hot electron model is presented. The ballasted nanotubes are populated
with hot electrons due to the highly crystalline Si channel and the high local electric field at
the nanotube base. This positively shifts the Fermi level and results in a broad energy
distribution about this mean, compared to the narrow spread, lower energy thermalized
electron population in standard metallic emitters. The proposed vertically aligned carbon
nanotube field-emitting electron source offers a viable platform for X-ray emitters and displays
applications that require accurate and highly stable control over the emission characteristics.

KEYWORDS: carbon nanotubes - field emission - transistor - ballasted -
hot electrons

minimized by spacing the tips approxi-
mately twice their height from one an-
other in regular patterns.'® However, even
small variations in the tip radii or emitter height
result in considerable variation in the local
electric field enhancement between tips.
Consequently, in common cathode arrange-
ments, each tip offers an unequal current
contribution to the total emission current,
causing the destruction of those dominat-
ing tips offering the largest current contri-
butions. As a result, arrays of nanotube-
based field emitters have been seldom
employed as practical electron sources.
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Figure 1. (a) Schematic of a single SOI-ballasted nanotube electron emitter showing the W circumferential source electrode
surrounding the nanotube-drain electrode. (b) SEM micrographs of a fabricated triode ballasted nanotube electron emitter
array consisting of 10* emitters each with an individual ballast. (c) High-magnification SEM micrograph of a few ballasted
emitters. (d) Ab initio simulations of the local electric field as a function of the gate bias (V). Enhanced tip electric fields for (left

to right) V4 = -5, —10, —15, and —20 V.

Although some of the reported emitters have achieved
very high emission currents,'® 2" their lifetimes are
often poor. The integration of a ballast resistance in
series with each nanotube emitter redistributes the
individual current contributions by reducing the local
electric field in proportion to the emission. Indeed, our
previous work,>*> and others,>** showed that ZnO
NWs directly deposited onto nanotube arrays per-
formed as efficient integrated ballast resistors.

In order to have a significant effect, the value of the
ballast resistance must be comparable to the gradient
of the |-V characteristic estimated from prior studies
on field emission from nanotube arrays.?> Large
resistances are difficult to realize using metallic thin
films, and the individual resistances require a varia-
tion proportional to the emitter aspect ratio.?®?’
Nevertheless, a ballast transistor architecture
integrated with each nanotube can facilitate very
large resistances where the channel characteristics
can be controlled in proportion to the emission
current, provided a suitable feedback signal is
accessible.

In the proposed structure, each emitter is connected
in series to a single field effect transistor (FET) fabri-
cated in silicon-on-insulator (SOI). As the emission
current increases, in response to an increasing ano-
de—cathode potential difference, the potential drop
across the channel of the transistor also increases,
tending to limit the rise in emission current by
reducing the tip-to-anode potential difference.
A schematic diagram of a single nanotube tip with an
integrated ballast transistor is shown in Figure 1a.
Electron micrographs of a typical fabricated device
are given in Figure 1b, c. The channel resistance
depends critically on the operating conditions of the
transistor. The FET is formed from an undoped

28,29
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channel and a 200 nm thick thermally oxidized SiO,
gate dielectric with asymmetric source and drain con-
tacts. The source contact is a square metal mesh in
direct contact with the Si, functioning as an abundant
source of electrons when connected to the negatively
biased power supply. The drain contact is formed at the
nanotube/catalyst junction and has a contact area of
<10~ " m? This drain contact receives electrons and
cannot source them in response to transport
through the channel. As the electron current in-
creases, the potential at the drain contact becomes
positive and the gate—drain potential difference
becomes increasingly negative, leading to a “pinch-
off’-type current saturation in the field emission
characteristics.

To better understand the function of the gate
potential, ab initio simulations were performed on
single transistor ballasted nanotubes, with dimensions
as defined above, using COMSOL Multiphysics (v. 3.5a).
The salient features of the simulation are shown in
Figure 1d. The cathode was grounded, and the anode
biased to 10V, giving a global electric field of 2 V/um.
The gate electrode was set to —5, —10, —15, or —20 V
to monitor the spatially evolving electric field. Equipo-
tential energy contours around the nanotube tip are
plotted in Figure 1d, showing the high degree of
sensitivity of the emission on the gate bias. Simulations
suggested that increasing the gate voltage to approxi-
mately 10 V effectively modified the local electric field
by more than 50 times, thereby modulating the emis-
sion current driven by the anode—cathode potential
difference.

The as-grown nanotubes had a mean length and
diameter of 1.25 um and 80 nm. The emitters
were highly uniform, with a minor, £4.9% variation in
length. Energy-dispersive X-ray measurements and
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Figure 2. Emitter composition and crystallography. Bright field (a) and dark field (b) STEM micrographs (scale bar 20 nm) of a
PE-CVD CNT electron emitter. (c—f) EDX maps showing (c) C, (d) Ni, (e) O, and (f) Si. Inset: Electron micrograph of the area under
investigation (scale bar 50 nm). (g) TEM micrograph of a tip. Part of the lacey carbon support is seen in the background. Inset:
HR-TEM micrograph showing the periodic graphitic lattice with an inter-shell spacing of 3.5 A. (h) HR-TEM micrograph of the
catalyst—sidewall interface. (i) 633, 514, and 457 nm Raman spectra of a typical emitter. The arrows depict (left to right) the D-,
G-, and G'-peaks. (j) 16 x 20 um (A, = 300 nm) intensity maps of the (j) G-peak and (k) D-peak (532 nm, 2 mW), illustrating the

highly uniform graphitization of a 6 um pitch CNT array.

high-resolution transmission electron microscopy
(HR-TEM) showed that the Ni catalyst resides at the
emitter apex (Figure 2a—f) and that the tubes are
bamboo-like in structure (Figure 2g, h). Figure 2i shows
the 457, 514, and 633 nm Raman signatures of the
emitters, showing characteristic features of plasma-
enhanced chemical vapor deposition (PE-CVD) synthe-
sized nanotubes.*® Spatially resolved Raman maps of
the defect-induced D-peak, defined as the C—C breath-
ing modes of the 6-fold rings from K-point phonons of
Ag symmetry,®’ and the G-peak, the first-order scatter-
ing of the E,4 phonon at the Brillouin zone center,>?
illustrate the extremely high uniformity of the emitters,
as presented in Figure 2j, k.

RESULTS AND DISCUSSION

Figure 3a shows the measured field-emitted cur-
rent—electric field (/I—E) curves at different gate vol-
tages (0 to —20 V at —5 V increments). Figure 3b
shows the corresponding FN plot where the data has
been fitted to the Fowler—Nordheim equation, as
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defined by333*

* _p3/2
| = V2B (2(;) exp (Bgvé> (1.1)

where ¢ is the anode—cathode separation, A and B are
the First and Second Fowler—Nordheim Constants, A* is
the effective emission area, ® is the work function
(4.8 eV) of the emitter, and f is the field enhancement
factor which is proportional to the aspect ratio of the
electron emitter. There are three particular regions of
interest Figure 3a. The 0—6 V//um shows the noise current
prior to the application of the turn-on field, the 6—11 V/um
shows the pure field emission current (FN regime), and
the >11 V/um shows the transistor-limited emission
current. In the FN regime, the [—E curves clearly
evidence that the driving field is reduced when the
gate voltage becomes increasingly negative. The nega-
tive gate voltage enhances the local electric field at the
nanotube tips, as predicted by the earlier simulations.
The [—E curves show saturation attributed to the
integrated transistor. At a fixed gate voltage (—20 V)
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Figure 3. (a) Measured /—V curves at different gate voltage
(Vg) and (b) the corresponding FN plot. (c) Gate potential
dependence of the turn-on potential (defined as the field
required to emit 1 «A) and the field enhancement factor. (d)
Experimental triode setup.

the emission current saturated at 10 mA at an anode
voltage of 3.5 kV (14 V/um), corresponding to a current
density of 10 A/cm?® Assuming each nanotube tip
operates at nominal emission, the emission current

LI ET AL.

from a single tip was ~690 nA per emitter. According to
our previous results,'>3> a maximum emission current
of approximately 20 «A can be obtained from PE-CVD
synthesized nanotubes of this type. Evidently the
estimated emission current is well within the safe
tolerances and would suggest that the reported arrays
can emit in excess of 100 mA.

The integrated intensity images (ZnO:Zn phosphor),
measured at an extraction field of 1 V/um and gate
potentials of —5, —10, —15, and —20 V, are given in
Figure 4. The full-width at half-maximum in each case is
approximately 900 um and is largely independent of
the gate potential, suggesting that electrically ballast-
ing the device does not degrade the focusability of the
emitting array to any great degree.

The temporal emission characteristics are given in
Figure 5. Figure 5a shows an accelerated lifetime test.
The stability of the ballasted structure was greatly
improved compared to previous works,>**” showing
an extremely low emission current fluctuation of
only +0.68%, which is, to the best of the authors'
knowledge, one of the lowest ever reported values.
We attribute this to (i) the ballast structures redistribut-
ing the emission current from individual nanotube tips
and protecting nanotubes from burning out and (ii) hot
electrons in short channel semiconductor devices en-
hancing the field emission. We herein discuss the latter
in more detail below. The transient response is shown
in Figure 5b. Extremely fast on/off leading and trailing
edges of <50 us are noted.

Electrons accumulating at the drain become “hot”
due to the large potential drop along the channel, as
previously identified in a-C3® and GaAs.3® Hot electrons
propagate through the nanotube and are readily
emitted relative to their thermalized counterparts. In
a conventional field emission system, the electron
energy distribution is characterized by ambient tem-
perature and defects along the length of the nanotube
scatter the electrons being transmitted toward the tip,
thereby ensuring their thermalization. Field emission is
determined by the transmission probability of elec-
trons from the Fermi sea in the tip through the
triangular potential barrier into the vacuum.>*® The
injection of hot electrons from the ballast transistor
modifies the transport through the nanotube. These
electrons are scattered much less effectively and arrive
at the tip with sufficient excess momentum to signifi-
cantly enhance the transmission.

The field enhancement factors decrease monotoni-
cally for increasingly negative gate potentials, while
the turn-on field (defined as the field necessary to emit
1 uA) increases linearly with increasingly negative gate
potentials, as shown in Figure 3c. Low gate potentials
decrease the channel resistance and increase the en-
ergy of the transported electrons. This results in a
corresponding increase in the injection depth across
the Si/nanotube interface, resulting in reduced turn-on
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Figure 4. Integrated intensity maps (approximately 6 x 6 mm) at V; = —5V (a), =10 V (b), —15 V (c), and —20 V (d) for an

extraction field of 1 V/um.
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Figure 5. (a) Accelerated lifetime measurement (5 x 107
mbar) over 1.3 x 10* min showing an extremely small and
stable +0.68% variation at V= 0 V. (b) Transient response
for fixed V4 = 0, —5, —10, —15, and —20 V and a 10% duty
cycle with a 1 ms pulse width and an extraction field of
12 V/um (top panel). Inset: Detail of a typical trailing edge.

fields as these hot electrons propagate further into the
nanotube before thermalizing, and therefore a higher

LI ET AL.

local electric field is observed. The enhanced transmis-
sion leads to an increase in the emission current
compared to unballasted devices and possibly induces
a deviation from conventional Fowler—Nordheim be-
havior. The increased transmission is most effective in
the low-field (<6 V/um) range, where the tip transmis-
sion is very low in conventional arrays. As the electric
field increases, the tip transmission is correspondingly
increased, such that the enhancement owing to the
hot electrons is diminished.

Tip failure at high emission currents is due to heating
of the emitter material, which induces increased atom-
ic mobility and eventual sublimation.*' Prior to sub-
limation, surface tension effects decrease the radius of
curvature of the tip, thereby increasing the field en-
hancement factor. Heating may result from ohmic (/°R)
losses;'? however this is unlikely in metallic or carbon-
based emitters due to their comparatively low resistiv-
ity. Heating in field emission systems can also result
from the Nottingham effect.*? Electrons from well
below the Fermi energy (cold electrons) contribute to
the total emission, causing an increase in temperature.
If a significant number of hot electrons are present,
then this process is reversed and the tip is cooled.

CONCLUSIONS

We have demonstrated the fabrication and emission
characteristics of individually integrated ballast tran-
sistors with carbon nanotube field emitters, which
increase the current contribution of all the nanotube
tips while preventing overemission and tip burn off,
within regular nanotube arrays, particularly in the low-
field region, due to hot electron effects. Simultaneous
limiting of current in the high-field region, due to the
intrinsic resistance of the channel, is also shown in
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addition to electronic control over the emission
current and field enhancement factor. The unifor-
mity of the field emission current showed an extre-
mely low fluctuation of only +0.68%, which is one

METHODS

Fabrication of the Ballasted Carbon Nanotube Arrays. Ballasted
arrays were fabricated by casting poly(methylmethacrylate)
(PMMA) onto a silicon-on-insulator substrate. A dot array was
patterned by electron beam lithography (EBL). Ni (7 nm) catalyst
and an ITO (20 nm) diffusion barrier were then deposited by
magnetron sputtering, and residual PMMA and other organics
were removed in repeated acetone baths. The W source
electrodes were similarly defined and deposited by EBL and
magnetron sputtering. The nanotubes were grown in a com-
mercially available Black Magic PE-CVD system, the details of
which are reported elsewhere.”** Scanning electron micro-
graphs of an as-fabricated ballasted emitter are given in
Figure 1b, c. The W grids have a 2.5 um x 2.5 um pitch and a
width of 0.5 um. A single nanotube is located at the center of
each square. The total emission area was 0.3 mm x 0.3 mm,
formed from arrays containing 14400 nanotubes.

Carbon Nanotube Analysis. Electron micrographs were gener-
ated using a Zeiss scanning electron microscope (SEM), a
Hitachi S-5500 scanning transmission electron microscope
(STEM) fitted with an Oxford Instruments mapping energy-
dispersive X-ray (EDX) spectrometer, and a JEOL 400EX high-
resolution transmission electron microscope (HR-TEM). Raman
spectroscopic measurements were performed using a Re-
nishaw InVia spectrometer operated at 457, 514, 532, and
633 nm with an incident power of 10 mW.

Field Emission Characterization. Ballasted arrays were loaded
into a custom-built, ultrahigh-vacuum chamber evacuated to a
base pressure of <10~° mbar. Samples were heated to 200 °C for
24 h to eliminate water vapor and possible adsorbates. The
experimental setup for the field emission measurements is
shown in Figure 3d. An interelectrode distance of 250 um was
defined using ceramic spacers. The metal grid (top electrode)
was grounded. The anode was positively biased using a variable
dc voltage supply (V,). The emission current was measured
using a Keithley 485 picoammeter. The gate voltage (V) was
controlled by a secondary power supply.
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