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Abstract. The paper presents an original approach to the numerical analysis of emission patterns
of the flat field emission projector. A system for testing and numerical characterization of the
emission properties of field cathodes was developed. A sample of the multi-tip large area field
emitter based on non-oriented carbon nanotubes grown on a tungsten substrate was studied by
the emission glow pattern analysis.

1. Introduction

The development of manufacturing technologies for conducting nanoscale structures (carbon nanotubes,
graphene plates, nano-diamonds, etc.) made it possible to use such structures as field sources of free
electrons for the needs of vacuum micro- and nanoelectronics. Multi-tip emitters based on carbon
nanotubes (CNT) have proven themselves in the best way. This is due to the high aspect ratio of CNTs,
their high thermal conductivity and the ability to withstand high current densities (up to 107 A/cm?).

Today, prototypes of devices using CNT-based emitters exist: vacuum electrodynamic tethers [1],
compact mass spectrometers [2], vacuum sensors [3], medical tomographs [4] and etc. However, a
number of related factors affecting emissions limit the stability and the lifetime of this type of field
emitters. The distribution of the current loading over the set of individual nanoscale emission sites
increases their individual stability, however, the stochasticity of the geometric parameters and the
mutual position of the sites leads to the occurrence of explosive emission.

Investigation of the instability of the total emission current and its fluctuations of multi-tip field
emitters requires observation of the state and evolution of their surface.

The main methods for obtaining information about the surface of a nanostructured emitter are
scanning electron microscopy (SEM) [5], field emission scanning electron microscopy (FE-SEM) [6],
field emission microscope with a scanning anode (SAFEM) [7]. However, the most accessible in terms
of ease of data analysis and technical implementation is the method of direct observation of emission
sites on the emitter surface — field emission projector (FEP) [8]. Computer processing of the glow
patterns registered with the FEP, together with the registration and online processing of the field emitter
current-voltage characteristics (IVC), opens up broad possibilities for obtaining information on the
emission ability and the interaction of individual emission sites.

For example, in [9], digitized FEP luminescence patterns were used to calculate the field emission
area of individual emission sites. In [10], instead of the luminescent coating on the anode, resistive
PMMA thin film was used, which is sensitive to the flux of electrons emitting from the surface of the
field cathode. Using this original technique, histograms of the distribution of microscopic emission sites
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by heights were constructed. At the same time, SEM pictures were used for surface analysis and the [IVC
of the sample were recorded.

In [11], the YAG: Ce (yttrium aluminum garnet doped with cerium) coated with a Mo film was used
as a fluorescent anode in FEP. Using FEP field emission properties of nanodiamond films were studied.
Image analysis of individual emission sites made it possible to determine the nonlinear dependence of
the effective emission area on the applied electric field. The effect of saturation of the emission current
with increasing voltage for semiconductor emission structures was also demonstrated.

In [12], a computerized characterization system for multi-tip field emitters using FEP in conjunction
with recording voltage and emission current levels is presented. It is proposed to use the total brightness
of pixels corresponding to individual emission sites in the glow pattern as weighting factors when
evaluating their individual emission current. The histograms of the pixel spread of individual emission
sites over the current level were plotted.

In [13], ZnO nanowire circle pad arrays and coplanar-gate circle pad arrays were studied. From the
luminescence patterns, the uniform distribution of the geometric characteristics of ZnO nanowires was
determined. The macroscopic IVC in the Fowler-Nordheim coordinates made it possible to estimate the
average field enhancement factor (FEF) of nanoscaled electron sources. A numerical estimate of the
temporal stability of the emission current level was also made. The receipt of SEM pictures of the
surfaces studied accompanied all measurements.

The purpose of this work was to study the emission properties of a multi-tip field emitter based on
non-oriented CNTs using a computerized FEP.

2. Experimental

To study the emission properties of multi-tip field emitters, a unique experimental technique [14] was
used. It is based on multichannel registration and online processing of field emission data. IVCs were
recorded in the "fast" mode (one IVC for 20 ms) in two configurations: emitter with a metal anode
(diode) and an anode coated with a conductive ITO layer on the glass and a layer of luminescent
substance SVETOSOSTAV K-49. The latter configuration is equipped with a long-focus USB
microscope mounted outside the vacuum chamber on a vacuum window and is called the FEP. The
microscope records the glow patterns that appear on the luminescent coating and reflect the distribution
of emission sites over the cathode surface. In fig. 1 schematically shows the device of the cathode
systems of the measuring setup.

Figure 1. Scheme of experimental setup: (a) diode configuration and (b) FEP. 1 — Base,
2 — cathode holder, 3 — emitter on the substrate surface, 4 — guarding diaphragm, 5 — glass
covered with ITO and luminescent powder, 6 — isolation stands, 7— tantalic anode.

The developed procedure for characterization of emitters is carried out in several stages:

1. Determination of the voltage of the emission current occurrence (above a given level, in our case
itis 100 nA).

2. IVC registration with a maximum emission current at level of 10 pA or 100 pA, or 1 mA.
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3. Recording the time dependence of the current and voltage levels during the so-called sample
training (activation and aging of the emitter surface under the influence of a high electric field in diode
configuration with a metal anode). Estimating of the maximum emission current achievable at sample
training,.

4. Determination of the voltage of the emission current occurrence of the trained sample.

5. IVC registration at stable level of the pulse amplitude of the emission current of 10 pA or 100 pA,
or 1 mA.

6. Evaluation of the temporal stability of the emitter at current level of 1 mA.

7. Determination of the effective parameters of the sample - the emission area (4.5) and the field
enhancement factor (f.;) with a stable current level of 1 mA, the construction of histograms of
fluctuations of these parameters.

8. Characterization of the change in the emissivity of the sample with a sequential increase and
decrease in the voltage level: registration of the change in the shape of the IVC with a smooth change
in U and registration of the kinetics of a change in the current level / with a step change in U.

9. Replacing the metal anode with an anode with luminescent layer (FEP) and registering the pattern
of emission site distribution over the cathode surface.

10. Determining the number and location of emission sites, their maximum emissivity and
construction a histogram of the distribution of brightness sites.

11. The calculation of the local FEFs of the found sites and plotting corresponding histogram.

12. Construction of histograms of emission sites distribution over the cathode surface, numerical
evaluation of its uniformity.

The studied sample of a multi-tip field cathode consisted of non-oriented CNTs. Tungsten was used
as a substrate, on the surface of which thin metallic layers of Ti (10 nm thick) and Ni (2 nm thick) were
deposited. These layers served as a catalyst for the synthesis of CNT by the PECVD method. The
synthesis took place at the following parameters: temperature 680 °C, pressure 2 Torr, synthesis time
10 min. A mixture of Ar, H», Co:H,, NH3 was fed into the chamber. The diameter of the grown CNTs
was 10-20 nm, the length was up to 3 um. Figure 2 shows SEM images of a slice of the substrate with
CNTs grown on it.

SEl 20kV WD10mmSS30
SMC TC

Figure 2. SEM image of the emitter surface at 45° angle.

3. Results

Before measuring the main emission characteristics of an as-prepared emitter, a high-voltage training
procedure was required to activate and clean the surface of emission sites, as well as to shorten the
highest and most unstable emission sites with a vacuum discharge. For this, a diode configuration with
a flat metal anode and an interelectrode distance of 650 pm was used (taking into account the thickness
of the metal diaphragm pressing the sample).
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The change in the state of the emitter as a result of training is characterized by a change in the voltage
value corresponding to the appearance of the emission current against the background of the noise of
the measurement setup, as well as the [IVC with a current amplitude of 1 mA (see Fig. 3a). The voltage
of the emission of the as-prepared sample was Uyp = 350 V for current in /., ~ 100 nA, and for the
trained sample - Upo =900 V.
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Figure 3. Emitter characteristics change due to high voltage training procedure: a) IVC of the
emitter before and after training, b) changes in the amplitude of voltage pulses and corresponding
emission current pulses during sample training, c¢), d) temporal stability of the emitter current at
1 mA before and after training.

Fig. 3b shows the process of training of the sample (the dependence of the current level on time).
The maximum current reached during training was 11.5 mA. Above this level, discharges observed in
the form of flashes in the interelectrode space steadily appeared, and the system could not maintain
emission at a given current level.

Fig. 3 c, d represents the time dependences of the current and voltage levels recorded before and after
training the sample at a current level of 1 mA. Sharp current level surges correspond to short-term
vacuum discharges, because of which the highest emission sites were destroyed. The threshold voltage
of the sample increases because of this, the total current decreases, but the probability of a vacuum
discharge is reduced and the temporal stability of electron emission increases.

After activation of the emitter surface, the stability of its emission current over time was estimated
(see Fig. 3d). Stability was assessed using the formula:

S = Imax - Imin .100%
Iorig
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where 4 and Iyi» are the maximum and minimum levels during the observation of current stability,
respectively, and 1, is the initial current level.

At amplitude of current pulses of 1 mA in 10 minutes, the stability S=14% was obtained.

The effective parameters of the emitter were estimated at stable current level from IVC in the
Fowler — Nordheim coordinates (IVC-FN), [15]. Figure 4 presents the statistics of fluctuations of the
effective enhancement factor f.;, which indirectly characterizes the spread of emission characteristics
over the sample surface [16]. As the voltage level increases, the S 5 values shift towards to lower values,
which is explained by the inclusion of lower emission sites in the emission process.
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Figure 4. Histogram of fluctuations of the effective field
enhancement factor of a CNT emitter at 200 pA current level.

The mean values of the parameters were as follows: for a current level of 1 mA: Sy~ 5.0-10* nm?
and By~ 1520, and for a current level of 200 pA: Sey~ 4.8-10* nm? and S5~ 1650.

In Fig. 5 shows the IVC for the current level of 200 pA and the corresponding trend line. Note that
all registered in the fast mode IVC pass the Forbes test for compliance of the experimental data with

“pure” field emission [17].
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Figure 5. Estimation of the effective parameters from

the IVC-FN (200 pA current level).

Figure 6 demonstrates the dynamic characteristics of the change in the emissivity of the sample with
a stepwise increase and decrease in the voltage level. At the same time, there is an exponential increase
and decrease in the level of the emission current when the amplitude of impulses of applied voltage
reaches a new level. A cyclic change in the IVC shape is also observed, which is associated with a



NMPT-4 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 525 (2019) 012051 doi:10.1088/1757-899X/525/1/012051

change in the concentration of volatile products in the interelectrode space and on the cathode surface
[18].
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Figure 6. Dynamic characteristics of the change in the emissivity of
the sample with a step increase and decrease in the voltage level.

The distribution of emission sites over the cathode surface and their local emission characteristics
was studied in another diode system with a luminescent anode (FEP). Figure 7 presents the FEP emission
pattern at different current levels (130, 250, 450 and 1000 pA).

Due to the instability of the luminescent coating to electron bombardment, obtaining high emission
currents in such a configuration is impossible, moreover, at high currents, the image of emission sites

begin to overlap and cease to be distinguishable. Therefore, the current levels in the study did not exceed
5 mA.

(a) 130 pA (b) 250 pA

. "'

\ LS :
Figure 7. Glow pattern at 130 pA (a), 250 pA (B), 450
PA (c), 1000 pA (d) emission current levels.
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Collection of emission sites was made for I = 220 pA. In fig. 8 the dependence of the number of
registered emission sites on time was shown.

After the amount of registered emission sites reached a relatively stable level, we can assume that all
the main emitting sites of the cathode were found. Then, each of the site was monitored to determine its
maximum emissivity. After the output of the sum of the maximum brightness of the sites found at a
relatively stable level, we can assume that all maximum brightness and currents are found.
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Figure 8. Dependence of the number of registered
emission sites on time at current level of 220 pA.

The distribution of microscopic emission sites of the emitter is determined from these currents by
the magnitude of the FEF (see Fig. 8b). The method of online calculation of local emission currents and
FEFs of individual emission sites was described in detail in [19, 20]. It is based on the idea of the
brightness of the emission site in the luminescence pattern as the weight coefficient of the current
contribution of this site. Then, numerically solving the Fowler-Nordheim equation with respect to FEF
for a given work function (for CNTs, it is 4.6 eV) and area emission of one emission center (was chosen
equal to 200 nm? based on the ratio of the effective FEA and the number of centers found).

The values of the obtained local FEF correlate with the effective FEF (~ 1650).
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Figure 9. Histogram of the field enhancement factor distribution.

Figure 10 shows the result of the analysis of the emission site distribution over the cathode surface -
the radial distribution diagram. Since the technique is designed for samples with circular substrates, and
the sample holding diaphragm had a square hole, the analysis was performed for a circular zone
inscribed in this square.



NMPT-4 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 525 (2019) 012051 doi:10.1088/1757-899X/525/1/012051

O
~—
—
w

]

Number of sites
Number of sites

0 20 40 60 80 100 0 2 4 6

Distance from the center (pixel) Angle around the center (radian)
Figure 10. Chart of the emission site distribution along the radius (a) and angle (b).

Similarly, diagrams of the site distribution of brightness and a diagram of the distribution of total
current loading of surface segments over the whole sample were obtained. Using these diagrams, the
correlation coefficient R.,- and the covariance coefficient V.,, were calculated, which make it possible
to estimate the ideality of the site distribution [19]. For this sample, they were: Reor = 53%, Veor = 63%.
This numerical estimate allows directional optimization of the surface quality of the cathodes.

4. Conclusion

The paper presents a characterization of a sample of a multi-tip field cathode based on non-oriented
CNTs grown on a multilayer substrate by the PECVD method. The developed system for testing and
numerical characterization of the emission properties of field cathodes includes: a description of the
sample activation process by high voltage, an assessment of the temporal stability of the emission
current, as well as its dynamic characteristics when the voltage level changes, checking for compliance
of the emission signal with the pure field emission mode, plotting fluctuation histograms effective
parameters, the construction of the emission site distribution by the values of the local field enhancement
factor and, finally, the estimate uniformity of emission sites distribution over the cathode surface and
the level of their emission activity.

The constructed histograms of the distribution of microscopic emission sites by the magnitude of the
local field enhancement factor showed good agreement with the effective value of this parameter.
Despite the fact that the macroscopic effective parameters and local estimates of § are linked at the level
of estimates of macroscopic and microscopic emission areas, the method of decomposing the effective
Betr into many local B has great prospects for understanding and analyzing the fundamental laws of
operation of multi-tip field emitters.
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