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Conceptual Insight

Carbon nanotubes, and the wider class of graphitic nanocarbons, have a proven potential as efficient field electron
emission sources though the enhancement of their emission characteristics upon adlayer inclusion is little
understood to date. Here we demonstrate a simple adlayer scheme capable of enhancing the native field emission
properties of as-grown chemical vapour deposited carbon nanotubes through simultaneous geometric and
electronic enhancement using a new class of nanotube-vacuum interface adlayer; anionic zwitterionic conjugated
polyelectrolytes (ZCPEs). Adlayers preserve the beneficial geometries and high aspect ratios of these nanoscale
one-dimensional structures whilst concurrently enhancing the emission performance. Though a wide set of adlayer
materials have been considered elsewhere, of which almost all have exclusively focused on low work function
metal over-coatings, here we report on the use of engineered polar conjugated polyelectrolyte adlayers. We find
that our ZCPE adlayer mediates a fourfold decrease in free carrier concentration at the upper most emission
surface which reduced the deleterious effects of nearest neighbour shielding common to highly-packed carbon
nanotube based emitters. The dominant space charge limiting mechanism, and subsequent observed barrier
transmission, was found to be consistent with Lampert-Rose, with potential specific deviation attributed to
depopulation of local, optically active, trap states. The surface dipole, the magnitude of which relates intimately to
the choice of side chain, effectively reduces the emitter-vacuum barrier increasing the transmission efficiency at
lower electric fields. Whereas cationic ZCPEs, such as those with nitrogen side groups, will likely increase the turn-
on field our evidence suggests that anionic polymers favour reduced turn-on fields, with our results highlighting a
clear strategy for the use of engineered polar molecules, coupled to the wider family of novel nanocarbon
allotropes, as a means to realise inexpensive and readily adopted high current density electron sources for use in
high resolution microscopy and advanced metrology, next generation free electron lasers, desktop scale particle

accelerators, along with high bandwidth travelling wave tubes and pulsed X-ray sources.
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ABSTRACT

Here we report on a straightforward and rapid means of enhancing the field electron emission performance of
nascent vertically aligned multi-walled carbon nanotubes by introducing a polar zwitterionic conjugated
polyelectrolyte adlayer at the vacuum-emitter interface. We attribute the observed 66% decrease in turn-on electric
field to the augmented emitter micro-morphology and shifted surface band structure. The composite emitters can be
optically modulated by exploiting the absorption cross-section of the solution cast adlayer, which increases the local
carrier concentration which broadens the effective electrostatic shape of the emitter during optical excitation.
Assessment via scanning anode field emission microscopy reveals a 25% improvement in DC time stability, a
significant reduction in long-term hysteresis shift, and a threefold increase in bandwidth during pulsed mode
operation.

KEYWORDS: field electron emission, carbon nanotubes, conjugated polyelectrolyte, ad-layer, chemical vapour
deposition
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INTRODUCTION

Electron emission technologies are ubiquitous; from X-ray sources' and electron microscopesz, to travelling wave
tubes®, microwave amplifiers4, high dynamic range displayss’ ® and free electron lasers’. Nevertheless, many such
applications employ electron emitters based on arrays of conventionally micro-fabricated Spindt-like, refractory
metal tips. However, the recent emergence of controlled bottom-up synthesis of various one- and two-dimensional
nanomaterials brings to the fore the potential for new emitter morphologies and enhanced functionalities, coupled
with cheap and highly parallelised fabrication en masse. In this respect, carbon nanotubes (CNTs), and the many
graphitic variants thereof, have emerged as one such leading candidate class of materials for the realisation of
advanced electron sources®’. Nevertheless, for technologically relevant high currents such devices must be
operated at electric fields nearing their breakdown limits. This adversely affects their lifetime. Reduction in the
driving voltages is critical. The addition of various adlayers are one possible strategy towards achieving high
current density emission with low turn-on fields. Various exotic adlayers have been considered to date".
However, little has been reported on the use of conjugated polyelectrolytes (CPEs) which are strong contenders for
electron emission applications due to their potential for efficient electron injection and unique transport
characteristics®'. Here we report on the use of zwitterionic conjugated polyelectrolytes as a new class of field
emission adlayer.

Field emission is a surface sensitive process; the merits of adlayers on electron emission from carbon nanotubes
have been highlighted elsewhere?’. In the past decade, conjugated polymers have come become recognised as an
important class of organic semiconductor that has yet to be employed to enhance field electron emission. Using
degenerately doped silicon, Musa et al., coated a 5 um thin film of conjugated polymer electrolyte, regioregular
poly(3-octylthiophene) (P30T), showing ultra-low threshold field of 0.2 V/um. At this time the work was not
extended to the coating of nanostructures with beneficially high aspect ratios, nor were non-neutral polymer layers
considered. In the present report we coat vertically aligned, high aspect ratio carbon nanotubes with a polar
zwitterionic conjugated polyelectrolyte (ZCPE); the ZCPE has a conjugated polyfluorene backbone with sulfonate
zwitterionic side chains on an alternative fluorene unit. ZCPEs are known interfacial modifiers in polymer light-
emitting diodes® and in organic photovoltai0523. They have been used to improve the electron transfer process at
various interfaces and when coupled to carbon nanotubes as existing high aspect ratio nano-scaffolds, they may
prove to be an exciting platform for enhanced emission. Here we show the first detailed studies on the use of polar
conjugated polymer electrolytes as adlayers to enhance the native field emission from carbon nanotubes.

RESULTS & DISCUSSION

Multi-walled carbon nanotube synthesis was conducted on 10x10 mm degenerately n-doped <111> Si that was DC
magnetron sputtered with a bilayer catalyst of 10 nm Al and 2 nm Fe. These catalyst samples were then loaded
into a commercially available thermal chemical vapour deposition reactor (Black Magic, Aixtron Ltd.) and heated to
700°C (5°C/s) at 25 mbar under an atmosphere of 192 (+ 3) sccm NHs: 8 (x 1) sccm C,H, to initiate MWCNT
growth. Following growth, the etched Si backside was diamond scribed to remove the backside thermal oxide and
subsequently painted with a colloidal Ag paste, diluted in MIBK, to ensure good connectivity with the ground plate
during the field emission measurements. The as-synthesised MWCNT forests have a typical packing density of
3.0x10" cm™ as-synthesised (Figures 1(b)), with individual MWCNTs 7.7 (+ 2.3) nm in diameter, 3.45 (+ 0.35) um
in length, formed from an average of 5 (+ 2) graphitic side walls (Figures 1(c)). HR-TEM images were acquired
using an FEI Philips Tecnai operated at 100 keV. Raman spectroscopy (515 nm) showed an <Ip/lg> of 1.05 (£
0.05). ZCPE, F(NSO3), synthesis is described in detail elsewhere®. In brief; a standard Suzuki condensation
polymerization of 2,7-bis(1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene with 2,7-dibromo-9,9-bis((N, N-
dimethylamino)ethanyl)fluorine, in the presence of Pd was used. The quaternisation of the neutral polymer, by 1,4-
butane results in sulfobetaine zwitterionic F(NSO3),. F(NSO3), was dissolved in methanol to prepare a 2 mg/ml
solution. The as-prepared ZCPE was drop cast (ca. 10 mL) onto the MWCNT samples and allowed to dry at STP
for 10 min. By stylus profilometry (Dektak 11A) the ZCPE adlayer was measured to be approximately 290 (+ 60) nm
thick (when equivalently deposited on Si control samples), with the ZCPE crystallising primarily on the uppermost
surface of the MWCNT forest. Electron microscopy revealed that the ZCPE adlayer is thinner in-situ than this
upper-bound estimate would suggest. Scanning electron micrographs were acquired using a Carl Zeiss Gemini and
FEI Philips XL30 sFEG, both operated at 20 keV. Optical microscope images were acquired using a Nikon eclipse
MEGOOL fitted with a x50 aperture. Images were analysed using the Diameterd ImageJ plugin.

To mediate ZCPE deposition, a methanol solvent was used. The solvent augments the morphology of the nascent
MWCNT forests, as shown in Figures 1(d, e), resulting in the formation of a densified micro-morphology24’ 5 Such
methodology leads to zones of reduced areal packing density, in turn leading to reduced nearest neighbour
electrostatic shielding, and a corresponding reduction in turn-on field (E,,, defined as the electric field required to
stimulate the emission of 1 nA). ZCPE treatment densifies the nascent MWCNT forest by around 30%, increasing
the local packing density in the densified regions to 4x10" cm™ We stress that the liquid phase densification did
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not reduce the degree of electrical interconnection within the forest; samples consistently showed effective
macroscale porosities lower than that required to maintain a percolative network. Indeed, two-terminal stylus
contact macroscale sheet resistance measurements showed similarly conductive thin films following the ZCPE
treatment. Densification increased the edge density, manifestly increasing the number of electron emission sites.
The adlayer results in the formation of vein-like gaps, with the |nterven|ng ZCPE mesas be|ng of a uniform height.
The veins had a width of 1.9 (+ 0.6) ym with, on average, and 4. 6x107 |ntersect|ons/pm Orientation analysis of
the veins showed that the liquid-phase densification did not result in any preferential alignment. The mean crack
width, g, (absence of MWCNTSs) was 1.13 (£ 0.43) ym, which we find is of a comparable magnitude to h, where h is
the height of the MWCNTSs (h = 3.45 (£ 0.35) um).

To further probe the enhancement, in order to decouple the geometry from the evident surface adjustment,
electrostatic simulations were conducted. Simulations we assumed a simplified FowIer-Nordhelm like emission
profile fitted to emplrlcal data from fully covered nascent MWCNT I-E data. A form, J = AE? exp(-B/E), was fitted
giving A=1. 12x10° A/V?, and B=6.53x10" V/m (R = 0.594). We stress such f|tt|ng values give a good fit in the
specific turn-on window of interest. The experimental emission area was 0.39 cm and the measured beam current
density is termed Jy in this full- coverage case. The effect of the MWCNT forest densification on the emission
performance was simulated using CST®. To give a tractable computation time, a square emission area of 10 ym x
10 ym was adopted for all simulations, with current densities calculated thereon. To obtain E,, as a function of the
variation in mark/space ratio, simulating the effects of the vein-like structures observed in experimentation, the
emission area was divided into 16 sections, with each section simplified to a square emission site. Each emission
site has sides of length g. The distance between emission sites is G. E,, is minimised when the crack: height ratio,
p ~ 3. For p > 3 we find a deleterious increase in E,, (and reduction in J), and for p < 3 E,, near-linearly decreases.
In the present case, where p = 0.33, though we remain some way off the maximally reduced E,,, it does
nevertheless remain improved relative to the nascent MWCNT forest (g = 0) case. Although the emission area is
decreased in our various side length simulations, the emission current of each section is increased and the beam
current density maintained. Indeed, when g = 0.7 ym and G = 2.4 ym; our models suggest an E,, = 1.52 V/um,
consistent with our empirical findings from the densified samples. This highlights the critical role that the
densification process, and more generally the need for optimised emission morphologies, plays on reducing the
turn-on field.

Field emission studies were conducted in a custom built ultra-high vacuum, turbo molecular pumped chamber at a
base pressure of 5x107 mbar. All samples were grounded and an ITO/glass anode was positively biased using a
computer controlled variable high voltage supply (0-5 kV). In the parallel plate configuration, the inter-electrode
vacuum gap was fixed at 500 um with a fixed circular emission area of 0.39 cm?, defined by a laser machined mica
restrainer. All samples were 10 x 10 mm. Measurements were conducted in dlode mode with voltage increments,
AV, of between 20-100V. Each current measurement was averaged from three separate measurements, following
a measurement settling time of 3s. The emission current was measured using a HP 34401A digital ammeter with
GPIB interface and 6.5-digit precision, which was independently confirmed using an array of, otherwise isolated,
conventional galvanometric ammeters. All measurements were conducted at room temperature. All samples were
loaded simultaneously onto a computer controlled rotation platen. For consistency the vacuum cavity was not
broken between measurements. No sample conditioning was employed. The vacuum chamber was baked at
180°C for 24 hours prior to measurement. Throughout we define the maximum current (l,a,) as the maximum
current emitted at the maximum bias. All errors bars are 10. For the parallel plate measurements, I,,.x was defined
at a bias of 2.5 kV and for the scanning anode measurements |,.x was defined at a bias of 1.1 kV. In all case, the
turn-on conditions were defined as the bias necessary to stlmulate an emission current of 1 nA. The ZCPE-coated
cathodes showed a maximum current density of 3.65 Alcm? compared to 0.23 A/cm? for the nascent MWCNTSs. As
shown in Figure 2(b), for the MWCNTS, the trap state at 3.9 V/um is passivated in the methanol and ZCPE treated
cathodes. The Si substrate and the ZCPE coated Si (Si/ZCPE) showed no appreciable emission in the bias window
considered. We surmise that the observed ultra-low turn-on field emission (E., < 1 V/um) is attributed solely to the
interplay between the MWCNTs and the ZCPE adlayer. As controls, to better assess the merits of our ZCPE
adlayer we studied the field electron emission from MWCNTs coated with methanol. The methanol treated
densified MWCNTs (denoted MWCNT?*) showed an increase in maximum current, from 8.3 to 67.4 pA, and a
significant reduction in turn-on field, from 3.13 V/um to 1.52 V/um (Figure 2(b)). We attribute this enhancement to a
morphology adjustment of the MWCNT forest. Indeed, such forest denS|f|cat|on has been shown elsewhere to
enhance the emission performance of MWCNTs and other nanomaterials®. This enhancement is purely geometric
in origin. The methanol treated MWCNT forests compact into tepee-like structures at their tips, effectively reducing
nearest neighbour-electrostatic shielding. Compaction-methodologies such as this, although effective, are
challenging to control with any accuracy. However; morphology densification alone does not wholly account for the
observed enhancement.
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The ZCPE adlayer locally planarises the MWCNT surface whilst stimulating the formation of cracks within the
MWCNT forests. The ZCPE also locally reduces the surface roughness of the exposed surfaces from 323 nm
(MWCNT) to 134 nm (MWCNT/ZCPE), though we stress that this is only in the densified zones. High effective field
enhancement factor, B is congruent with high surface RMS roughness. Thus, local planarization would suggest that
B in these zones is reduced. Local smoothing is at the expense of crack formation within the MWCNT forest
causing the global perturbation to increase. 8 will similarly increase given the significant perturbation in the emitter
morpholo%/ ggllowing densification and global crack formatiorg. Indeed, if we coarsely ascrib4e Fowler-Nordheim-like
tunnelling ™ “*, we find that the <B>pwent = 351(1027)X10 , <B>mwent = 410(1057)X10 , and <B>wwenTizere =
3.99(+0.29)x10*. The MWCNT* densified samples have a comparable field enhancement factor to the ZCPE
coated devices, suggesting that crack formation in the adlayer has an analogous effect to the morphology changes
in the MWCNT?*. If the field enhancement factor was the sole contributor to the observed improvement, there would
be negligible further difference between the ZCPE samples and the MWCNT* samples. This is not the case.
Evidently the ZCPE plays a significant role in further reducing the turn-on field. It appears that the band structure at
the emitter-vacuum interface plays a critical role in the observed enhancement; there is an evident inter-play
between densification and the augmented band structure of the nanocomposite which results in the observed ultra-
low turn-on fields.

The work function (WF) of the MWCNTs was 5.0 eV, whilst the WF of the ZCPE coated MWCNTs was 3.61 (+
0.23) eV. Work functions were measured using a Brueker Dimension Icon atomic force microscope operated in
peak force Kelvin probe mode and equipped with a PFQNE-AL tip. All scan areas were 20 pum x 20 pm, with all
means extracted for n = 256. Measured WFs were corroborated by room temperature photoemission spectroscopy,
conducted in standard emission geometry. UPS measurements were conducted using He Il radiation (hv = 40.8
eV) emitted from a conventional helium discharge lamp, with an overall energy resolution of ~ 0.2 eV. The apparent
WF reduction upon ZCPE coating could, at least in part, explain the observed enhanced field emission. The WF of
the Si substrate was 4.32 (x 0.01) eV, whilst the ZCPE-coated Si WF was 3.77 (£ 0.03) eV. A reduction of 1.39 eV
in the WF of the cathode would, when taking into consideration the inferred B, suggests an increase in the FE
current of between one and two orders of magnitude, which is broadly consistent with our empirical evidence. The
I-E curves, shown in Figure 2(c), fit with Fowler-Nordheim emission (MWCNT; R? = 0.89, MWCNT/ZCPE; R? =
0.81), however; it is likely that a more complex tunnelling model is required in order to fully explain the observed
electron emission due to the questionable applicability of Fowler Nordheim for non-classical materials. There is,
nonetheless, a possible dependence of the emission current on the surface work function, which, at least in part,
goes some way towards capturing mechanisms underpinning the observed electron emission. A number of
transmission models have been proposed to date; emission based on friple junctions, in the case of the
diamond/metal/vacuum interface, has been proposed elsewhere®, with some speculating that such a model may
succinctly describe emission from the surface of a polymer void.?" It is also possible that the intrinsic potential drop
across the polar ZCPE stimulates band bending resulting in shiffed MWCNT-ZCPE and ZCPE-Vacuum barriers,
thereby augmenting the transmission probability. This intrinsic field may well stimulate a hot electron population,
which creates a high transmission probability at the ZCPE/vacuum interface. We propose that the surface dipole
effectively reduces the emitter-vacuum barrier thereby increasing the transmission efficiency at lower electric fields,
as experimentally evidenced herein. Evidently the choice of ZCPE is critical in reducing the turn-on field. The polar
side chains are important in forming a beneficial interfacial dipole. Indeed, our anionic polymer favours reduced
turn-on fields, whereas a cationic ZCPE, such as those with nitrogen side groups, will likely increase the turn-on
field. Data on which will be reported elsewhere.

Space charge cannot strictly be negated at the high current densities associated with high aspect ratio nano-tips.
The gradient of the logl-logE form of the data in Figure 2(b), provides a proxy for the dominant space charge-
limiting current (SCLC) injection mechanism 2 In the high field regime (defined as the field necessary to stimulate
an emission current > 5 pA) we note a typical gradient of 9.97 for the MWCNTSs, 2.23 for the MWCNT*, and 2.41 for
the MWCNT/ZCPE. Conventionally, in a vacuum, Langmuir—Child # SCLC is characterised by a gradient of 1.5,
whereas Lampert-Rose, for bulk transport, suggested a gradient of at least 2.0.*° A gradient of 1.75 has been
reported for nitrogenated diamond®". Certainly, when considering our measured gradients for the MWCNT* and the
MWCNT/ZCPE, there is a striking similarity to that of the Lampert-Rose model, though it is likely that this assertion
only partly explains the observed barrier transmission, and depopulation of local trap states which themselves are
expected to be optically active.

To further probe the transport mechanisms underpinning the observed reduction in E,, we have studied the
emission performance as a function of optical excitation. DC optical exposure field emission measurements were
acquired using six narrow band optical sources centred at (full-width at half maximum, FWHM); 208 nm (1.0 nm),
401.3 nm (4.8 nm), 442.6 nm (8.7 nm), 515.7 nm (38.5 nm), 655.0 nm (3.5 nm), 665.6 nm (13.9 nm), and 980.2 nm
(5.6 nm). A broadband tungsten optical source was also employed, with a centre (FWHM) wavelength of 597 nm
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(255.6 nm). All optical sources had <5 mW incident power and were mounted exterior to the vacuum chamber. The
chamber was optically isolated from ambient with the laser light passing through a quartz window. Spectra were
acquired using an in-situ mounted ASEQ Instruments LR1 spectrophotometer with a 1 nm resolution. Sample
imagery was acquired using a long working distance microscope equipped with a x200 objective. Sample
temperature was monitored using a K-type bimetallic thermocouple during all measurements. No sample heating
was observed throughout. Typically, cathode materials show a reduced E,, when exposed to low wavelength
excitation, especially most metals. This is not the case for the MWCNT/ZCPE bilayer. The dependence of the
maximum current (lh.x) and turn-on field (E,,) on optical excitation wavelength (A), for the MWCNT and
MWCNT/ZCPE, is illustrated Figures 3(a) and 3(b), respectively. For the MWCNTSs, E,, and l,.x appear largely
invariant with optical excitation, as one would expect for the quasi-metallic MWCNTs. The E,, for the
MWCNT/ZCPE samples tends to increase with decreasing wavelength, with a notable peak at A ~ 400 nm,
spectrally consistent with the measured UV-Vis absorption peak (Figure 3(c)), with I,.x showing a corresponding
reduction. Optical transmission spectra were acquired on quartz supports using a Thermo Fisher UV-vis
spectrometer operated from 190 — 1100 nm. While this appears counter intuitive, one possible explanation for this
could relate to the change in effective electrostatic diameter of the MWCNT/ZCPE with optical excitation. Optical
excitation centred on the absorption peak stimulates a dramatic increase in the local free carrier concentration in
the ZCPE adlayer. This manifestly increases the effective electrostatic diameter of the emitter, thereby reducing the
emitters effective aspect ratio and, as a result, deleteriously increasing E,,. The polyfluorene backbone in ZCPE is
known to absorb photons in the visible range, resulting in the formation of surface excitons which dramatically
interact with the local field*, suggesting that the photoactive response of the MWCNT-(F(NSO,),) interface plays a
critical role in understanding the emission. For the MWCNT/ZCPE, at 400 nm, exciton formation in the ZPCE
adlayer induces significant local charge transfer to the MWCNT scaffold which likely contributes to the observed
deleterious increase in E,,. Evidently the interplay between the scaffold and the adlayer is significant in promoting
field enhancement. The reduction in |, between the optically excited and unexcited MWCNT/ZCPE samples,
defined as the emission current at 1.1 kV in this instance, is a direct consequence of the increase in E,,.

Direct measurement of the wavelength dependent carrier concentration in the present morphology is challenging.
However, a good estimate for the carrier concentration in degenerate, quasi-metallic systems can be extracted
from the modified Drude-Lorentz model, and resulting Mie Theory33. In comparing the emission properties of the
MWCNTSs to the MWCNT/ZCPEs, if we consider the plasma frequencies in each case, approximated as the leading
absorption edge for the MWCNTSs and the absorption peak for the MWCNT/ZCPEs, we find that the ratio of plasma
frequencies between the coated and uncoated samples is approximately equivalent to the square root of the ratio
of the free carrier concentrations™. Compared to the uncoated MWCNTSs, we estimate a fourfold decrease in free
carrier concentration at the upper most emission surface, following coating of the ZCPE adlayer when irradiated at
400 nm. This increases the effective electrostatic aspect ratio of the emitter by a factor of two (via a reduction in
nearest neighbour shielding), assuming a purely radial augmentation in the effective emitter diameter. For a linear
relationship between the field enhancement factor and the measured aspect ratio, of the form 8 = (h/r), where h is
the MWCNT height and r the MWCNT radius®> *, one would expect that a halving of the effective emitter radius
would approximately double B. An increase in 3 decreases E,,. Assuming a Fowler-Nordheim like emission profile,
and a subsequent square-dependence on {3, we would expect to note a reduction of at least a factor of four in E,,
for the ZCPE-coated samples compared to the uncoated MWCNTs. Comparing this coarse estimate to our
empirical data we do indeed find such a shift in E,,, at the observed absorption peak.

Figure 4(a) shows the DC time stability of the emission current, acquired at 4.00 V/um over 24 hours, with a 10s
bias stabilising time for each measurement, under dark ambient, with each current averaged over 8 measurements.
The MWCNT scaffold shows a typical variation, defined here as the relative standard deviation, in emission current
of +27%, consistent with the emission temporal stability from other graphitic nano-carbon aIIotropes37’ % In
contrast, the MWCNT/ZCPEs show a typical variation in current density of £2%, which is, to the best of the authors’
knowledge, one of the lowest reported DC stability measurements to date. The MWCNT/ZCPE shows a broadly
similar variation in temporal stability to the MWCNTSs, despite the considerably higher mean emission current,
indicating that the mechanism is largely independent of the emission level — this clearly has substantial potential
benefits. In-situ residual gas analysis (RGA) highlighted the formation of higher order hydro carbon species (C«H,)
during emission from the MWCNT/ZCPE samples, with this chemisorption process being largely invariant with
optical excitation. Certainly our RGA findings suggest that the emitting surfaces of the MWCNTs and the
MWCNT/ZCPE are vacuum stable via the absence of enhanced C peaks when comparisons are drawn between
the spectra prior to, and during electron emission (Supplementary Material, Figure S1). In-situ RGA was
conducted using a computer controlled SRS Residual Gas Analyser (RGA 300), with 1 amu resolution operated
from 1 to 100 amu.
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While the MWCNTSs provide the high-aspect ratio scaffold for the ZCPE adlayer the multiple peaks in the DC
temporal stability histogram for the MWCNT/ZCPE samples may possibly be associated with the MWCNT support
rather than the ZCPE adlayer directly. To probe the source of such instabilities, spatially resolved scanning anode
field emission measurements (SAFEM) studies were conducted. SAFEM measurements were conducted in a
custom built ultra-high vacuum, ion pumped chamber operated at 10"® mbar baked to 120°C for 24 hours. Samples
were measured in diode mode, with the sample grounded and a KOH etched, W tip with a 100 nm diameter, held at
a controlled distance adjacent to the sample. The tip was scanned in the z-direction using a UHV compatible piezo
stage (Physik Instrumente P-601.4S piezo motor, equipped with a strain gauge sensor and with a maximum range
of 400 um and a resolution of 0.2 nm, controlled with an E-609 module). The sample was raster scanned in the x-y
plane using two UHV compatible piezo stages with a minimum step size of 40 nm (Physik Instrumente LPS-45,
fitted with integrated linear encoders, with a maximum range of £13 mm and a minimum step of 40 nm, each
controlled with an E-871.1A1 module). The tip was controllably positively biased from 0 to 1.1 kV using a source
measure unit (Keithley 237) with the current monitored by the SMU and a redundant picoammeter (Keithley 485).
Full diode I-V sweeps were acquired at each (X, y, z) coordinate. A sample-to-tip separation of 5 um was used
throughout. In excess of 110,000 data points were collected during the measurement of each SAFEM map, with
more than 41,500 full I-V sweeps acquired throughout this study.

Figures 4(b, c) shows a typical spatially resolved turn-on voltage, V., (defined as the bias needed to stimulate an
emission current of 1 nA), and Figures 4(d, e) the typical spatially resolved maximum current, |,.« (measured at a
bias of 1.1 kV), for the MWCNT and MWCNT/ZCPE samples, respectively. Al MWCNT and MWCNT/ZCPE
samples showed comparable absolute variation in V., and |.,.,, however; V., was some 10% lower for the ZCPE
coated samples, with a corresponding near-three-fold increase in |, Figure 4(f) depicts histograms of the
nominal temporal (At) and spatial (Ax) variations in |y for the MWCNT and MWCNT/ZCPE samples. The
MWCNTs showed a bimodal Gaussian distribution, centred at 3.67 yA and 1.52 pA. Such bimodal line shapes
suggest the possible dominance of two emission sites, a likely consequence of local heating and micro-plasma
formation, as suggested in our in-situ RGA studies. There is a similarity between the bimodal Gaussian line shape
in both the At and Ax distributions, possibly supporting our notion that the observed temporal variations are
correlated to the time-varied activation of new emission sites.

Figures 5(a) and 5(b) show the variation in hysteresis behaviour of |,.x as a function of cycle number for the
MWCNT and the MWCNT/ZCPE emitters, respectively. Clear conditioning is evident for the MWCNT, with a near-
linear (R®=0.80) shift in Iyax of 0.18 (+0.02) uA/cycle. Though broader, the shift in Ia is extremely stable with cycle
number for the MWCNT/ZCPE samples, suggesting that the entire emitter population is uniformly emitting with
each cycle, whereas the MWCNTs show a clear positive-going shift in l.x with cycle number. Though arguably
beneficial in the short-term, such evident conditioning will likely reduce the MWCNT emitters total lifetime relative to
the MWCNT/ZCPE. To extend the emitter lifetime, pulsed-mode operation is widely employed. Pulsed field
emission measurements were acquired using a half-bridge, push-pull high-voltage solid-state switch (Behlke HTS
61-03-GSM), rated at 6 kV with a maximum 90% turn-on time of 8 nS, driven by an 80 MHz Agilent 33250A
function generator. The emission current was monitored using a 300 MHz Agilent DSO5032A oscilloscope. All
pulsed measurements were conducted with a 50% duty-cycle with the measured currents representing an
integrated current accumulated over 60s. Pulsed emission experiments were conducted at 2 kV (inter-electrode
separation, Az = 500 pm) under dark ambient, at a 50% duty cycle (See Methods and Materials). The
MWCNT/ZCPE samples allow for a bandwidth some 210% larger than the uncoated MWCNTSs. As shown in Figure
5(c), The high-frequency components of the transients leading edge evidently allow for an increase in the emission
current density by a factor of up to 4.5 in the MWCNT/ZCPE case, and 10 for the MWCNTSs, as similarly observed
elsewhere®. As shown in Figure 5(d), at 5 kHz, the modulation depth (lyax-lmin) Of the MWCNT/ZCPE cathodes
was 27.0 (£0.2) pA, whilst the MWCNT emitters was 0.22 (+0.01) nA. The modulation depth of the MWCNT/ZCPE
is significant, although the measurement parameters do not allow for a direct comparison between samples, as a
result constant current pulsed measurements are under further investigation. The on-transient is likely a
manifestation of the RC time delay associated with the measurement setup, rather than a fundamental limit
associated with the transport. Nevertheless, though fundamentally cavity-limited, for the equivalent cathode
geometry considered it is evident that the uncoated MWCNT emitters, compared to the ZCPE coated emitters,
experience significantly more leading-edge ringing along with a reduced bandwidth of around half that for the ZCPE
coated emitters.

CONCLUSIONS

Here we have shown that anionic conjugated polyelectrolytes present a unique class of field electron emission
enhancing adlayers that show particular merits when coupled to high aspect ratio nanomaterials, such as multi-
walled carbon nanotubes. The zwitterionic polyelectrolyte has here, for the first time, been shown to dramatically
reduce the turn-on electric field of nascent MWCNTSs by around 66% whilst having a potentially beneficial impact on
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the temporal and long-term cyclic stability. This notable reduction is also coupled to an order of magnitude increase

in maximum emission current suggesting that engineered polar molecules may, when coupled to novel carbon
allotropes, allow for a straightforward and readily adopted route towards high current density electron sources.
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Figure 1: (a) Scheme illustrating the diode measurement set-up and the ZCPE coated MWCNT,
alongside the F(NSO3;), chemical form of the ZCPE. (b) A scanning electron micrograph of a typical,
as-synthesised vertically aligned MWCNT sample (scale bar: 2 um) and (c) high-resolution
transmission electron micrograph of a single MWCNT (scale bar: 2 nm). (d) Optical micrograph of a
densified MWCNT/ZCPE sample (scale bar: 10 ym), and a (e) scanning electron micrograph of a
ZCPE coated MWCNT forest. (scale bar: 2 ym)
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Figure 2: (a) Optical micrographs of typical SIMWCNT (left) and SI/MWCNT/ZCPE (right) emitters.
White dashed circles denote the extent of the system-fixed emission aperture. (scale bar: 5 mm) (b)
Current (l) — Electric Field (E) plots for the nascent MWCNTs (Si/MWCNTSs), and the ZCPE coated
MWCNTs (Si/MWCNT/ZCPE). Also shown are the control |-V plots for the underlying Si and the
ZCPE coated Si (Si/ZCPE). SIMWCNT* denotes emission from methanol treated, densified MWCNT
forests. In all cases n = 3. Data points shown are the mean with the x,y error bars representing 10. (c)
Corresponding Fowler-Nordheim plot for the S’MWCNT and Si/MWCNT/ZCPE emitters.
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Figure 3: Maximum emission current (Iax) and turn-on electric field (E,,, defined as that required to
stimulate an emission current of 1 nA) as a function optical excitation wavelength for (a) MWCNT, and
(b) MWCNT/ZCPE. (c) Optical transmission spectra of the MWCNTs, ZCPE (FNSO;), and the
MWCNT/ZPCE (MWCNT_FNSO3) composite.
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Figure 4: Temporal and spatial emission uniformity. (a) DC time stability of the MWCNT and
MWCNT/ZCPE (measured at 4 V/um) showing a +1.8% and +26.7% temporal variation, respectively.
Typical spatially-resolved (b, ¢) V,, (defined as the bias needed to emit 1 nA). Values reported are the
spatial average over the area inspected. (d, e) and I.,.x (defined as the emission current at 1.1 kV) for
the MWCNT and the MWCNT/ZCPE, respectively (emitter-to-tip separation = 5 um) (Scale bars: 4
um). (f) Modal comparison of the temporal (At) and spatial (Ax) variation in |, Schemes in the top
left corners depict the measurement setup in each instance, where the red plate denotes the electron
source (MWCNT/ZCPE), and the blue plate/tip representing the extraction electrode.
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Figure 5: Emitter hysteresis and pulsed performance. Typical variation in SAFEM extracted I,
with sweep cycle number, for the (a) MWCNT and (b) MWCNT/ZCPE. (c) Example 100 Hz pulsed
emission profiles from the MWCNT and the MWCNT/ZCPE emitters, and (d) the corresponding

device bandwidth.
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Figure S1: In-situ residual gas analysis of the chamber ambient during electron emission, as a

function of optical excitation for (a) MWCNT and (b) MWCNT/ZCPE.
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