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Analysis of field emission projector patterns and issues of correct
determination of local current characteristics of a multi-tip cathode
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A method for analyzing the structure of light responses in the glow patterns of a field projector has been
developed. An algorithm for identifying areas corresponding to individual emission sites has been proposed. A
theory of the occurrence of the halo effect, associated with the elastic rebound of electrons from the surface of the

phosphor, has been confirmed.
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A field emission projector with a flat fluorescent screen
is often used to analyze the properties of multi-tip field
cathodes [1]. This system is occasionally referred to as
IMLS (integral measurement system with the luminescent
screen). It consists of a flat luminescent anode located
close to a field cathode with the typical vacuum gap
width measuring several hundred micrometers. FElectron
fluxes from individual emission sites form the so-called
glow patterns on the screen, which are recorded by digital
cameras. These patterns allow one to observe changes in the
emission activity of individual sites, distribute the current
load between them, and even calculate local emission
characteristics suitable for theoretical analysis. The use
of IMLS for evaluation of the uniformity of current load
distribution and study of the characteristics of individual
emitters within an array of other tips allows for targeted
technological optimization of multi-tip field cathodes.

The blurring of emitter images in the glow pattern
makes it impossible to determine unambiguously the areas
corresponding to these emitters in order to, e.g., trace
the operating characteristics of each emitter during field
emission. The areas corresponding to individual emitters
may be identified by setting a threshold brightness level [2];
the sizes of such areas necessarily increase with an increase
in applied voltage, since the entire glow pattern becomes
brighter in the process [3]. The relative size of these
regions also allows one to estimate the fraction of emitters
remaining stable over time and the proportion of emerging
and deactivated emitters [4]. In particular, the overexposure
effect (a natural limit on the brightness level in the digital
camera sensor that records glow patterns) may be used to
specify such a region. Horizontal plateaus will then be
observed in the digitized profile of a glow pattern. The area
of these platcaus may be taken as the emission area [5].
However, the relation between the area of the regions
discussed above and the formal emission area, which is
specified by theorists as the ratio of the total emitter current
to the current density at its top, is ambiguous, as is the
relation between the brightness profile of designated regions
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and the local current characteristics of individual emitters.
The issue is that the structure of light responses is affected
by various parasitic effects [6].

The most natural of these effects is the dispersion
of electrons in different directions along the cathode-
anode path. The flux of electrons from the top of a
carbon nanotube to the surface of a luminescent anode
was simulated in [7]. It was demonstrated that the spot
brightness profile has the form of a rounded peak with a
near-parabolic shape.

Another effect often found in the glow patterns of quite
different types of field cathodes is the emergence of a
luminous halo around the central spot. The halo circles
occasionally become discontinuous, assuming the shape of
a ring. The observed halo effect was attributed in [§] to
the rebound of a fraction of electrons from the site where
they hit the anode (absolutely elastic reflection from the
phosphor surface charged by electrons and return to the
anode away from the initial site). Calculations have revealed
that electron rebound distance Z may be written as

€s
Z—2dsepeU, (1)
where dsep is the electrode separation, e is the energy of an
electron rebounding from the surface, and U is the voltage
between the cathode and the anode. Thus, the maximum
rebound distance achieved at es = €U is Znax = 2dsep.

The dependence of halo radius on the electrode separa-
tion was demonstrated experimentally in the same study [8]:
the radius increased linearly with separation. Notably, the
halo size did not depend on the current strength (electron
flux density).

We have already developed a method for analysis of glow
patterns allowing one to determine the position of individual
emitters and collect data on their emission properties under
glow pattern flickering (real-time video processing) [9].

The aim of the present study is to analyze the structure of
light responses in the glow pattern and develop a technique
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for suppression of the influence of response overlap on the
assessment of local properties of emitters.

The measurement setup was a vacuum system with a
plane-parallel arrangement of electrodes in the measurement
chamber fitted with a high-voltage source (high-voltage
transformer) and a multi-channel computerized system for
collecting, recording, and analyzing (in real time and
in the signal emulation mode) data on field emission.
The program for detection, recording, and processing of
signals was written in the LabVIEW graphical programming
language. A detailed description was provided in [9]. The
vacuum level was no worse than 107 Torr. The electrode
separation (from the cathode substrate to the anode) was
da—c = 570um. The emission current level was 45 uA.
The glow patterns had a resolution of 1280 x 960 with
20 um per pixel. A special program was written to analyze
the structure of light responses in the glow pattern. This
programs performs three key operations: conversion of the
glow pattern into a grayscale image with brightness level L;
of a single pixel varying from 0 to 255, smoothing with a
Fourier filter, and search for brightness peaks.

The test sample was an array of 20 silicon emitters in the
form of octahedral pyramids with height H ~ 200 um and
base width W ~ 170 um located at distance D ~ 1000 um
from each other. The sample was fabricated at the National
Research University of Electronic Technology by ultraviolet
lithography as part of the project for development of X-ray
facilities [10].

Light reflections observed in the glow patterns of pointed
emitters may be divided into three groups: (1) luminous
point; (2) luminous point with a round halo of an almost
constant brightness; and (3) luminous point with an
irregular-shaped halo.

Let’s analyze the structure of light responses. The
glow pattern analysis algorithm includes the following
steps: (1) determination of the coordinates of brightness
maxima (the position of emission sites in the glow pattern);
(2) determination of the distance to the nearest neighbor
for each site (Rsitetosite); 3) partitioning of the glow
pattern around each site into concentric circles (with circle
radius increment AR = 1 px and the limit being Rsitetosite);
4) calculation of total brightness of all pixels in these circles
Lc = D ircie L1s (5) calculation of total brightness of pixels
in the corresponding rings Lr = >, L1; (6) calculation
of average brightness of pixels in a ring Lra = Lr/A, where
A s the area of a ring with radius R measured in pixels (note
that A ~ R, since the ring width is 1 px); and (7) reiteration
of these calculations at different current levels |.

Figure 1,a presents the obtained dependences of Lc and
Lr on radius R for the light response with a round halo
(the plot is limited to a radius of 50 px where the brightness
drops to zero).

The Lr(R) dependence has a characteristic peak at the
start of the range (denoted with an arrow in Fig. 1, a), which
indicates the onset of reduction in brightness of the light
response.

The circle with radius Ry corresponding to the onset of
reduction of the total brightness in the ring may be regarded
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as a projection of the emission surface of an individual
emitter on the glow pattern, and its area may be called
the ,area of light response of the emitting surface* The
next significant peak in this dependence corresponds to the
onset of reduction in brightness of the halo (R; from 25
to 35 px).

Figure 1, shows the Lg(R) dependences for 19 emission
sites in the multi-tip cathode. It turned out that all of them
had the same emission region radius Ry = 6 px, which is
indicative of a similarity in shape (radius of curvature) of
their tips. Moreover, the radii of halos (sites with halos —
red, brown, and black curves) also turned out to be close to
each other: Ry ~ 30 px.

Figure 2,a shows the brightness profile of the response
with a halo (see the inset in Fig. 1,a): the dependence of
average brightness in the ring Lra(R). The profile of the
same site obtained by recording brightness Lp of individual
pixels along horizontal and vertical lines passing through
the maximum is presented in the inset. It is evident that the
dependences presented in Fig. 2,a and its inset are of the
same nature; however, the analysis with brightness averaging
in the rings yields a smoother dependence (as a ratio of two
plots Lr(R) and A(R); see the lower inset in Fig. 1,a).

The shape of the peak in Fig. 2,a corresponds to the
one obtained in [7] and is close to a parabolic dependence.
Its distinguishing feature is the presence of a halo in
the form of a horizontal shoulder with almost uniform
brightness and radius Rpaio ~ 45px. If we subtract the
radius of the central spot from the halo radius, the maximum
rebound is obtained: Zp,x = Rnalo — Ro = 39 px = 780 um.
The separation between the emitter tips and the an-
ode is dsep =da—c —H =~ 370 um. Thus, distance
2dsep = 740 um is indeed close to maximum rebound
distance.

Figure 2,b shows the Lga(R) dependences for emission
sites found in the glow pattern of the array of emitters. The
refinement of brightness peaks and their sorting revealed
that halos form around the most active (bright) emitters.
This may be attributed to the fact that the phosphor has a
glow limit, and insufficiently high emission current densities
may induce no visible luminescence in this region. The
brightest site has another nearby maximum that is not
resolved by the program; this makes the dependence (red
curve) in the halo area gently sloping rather than horizontal.
Owing to the overlap of two responses (orange and brown
curves), the center of the response with no halo is brighter
than the center of the response with a halo. This overlap is
also behind the fact that the brightness profile of responses
without halos does not drop to zero at high R (blue
and crimson curves). Note that the brightness profiles of
responses having no overlap with the halos of neighbors are
approximated fairly well by a Gaussian curve.

Thus, the reflection structure may be characterized by a
sum of three functions

L(R) = fgauss(R) + fraio(R) + foverlap(R)’ (2)
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Figure 1. Dependence of the total brightness in the circle and in the ring of light response on distance R to the emission site. a — Lc
and Lr values for an individual emission site with a halo. The upper inset shows the light response, while the lower one presents the
dependences of ring area A on its radius R: the ideal dependence (black dots) and the one calculated by pixels (red curve). b — Lg values

for 19 emission sites in the array with partially overlapping light responses in the glow pattern. A color version of the figure is provided
in the online version of the paper.
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Figure 2. Brightness profiles of light responses (dependences of the Lra value). @ — Response with a halo. Pixel brightness profile Lp
along horizontal (/) and vertical (2) lines is shown in the inset. » — Dependences for all 19 responses. The inset presents a glow pattern
with emission sites indicated by circles matching in color with the corresponding curve in the main part of the figure. A color version of

the figure is provided in the online version of the paper.

where function fgauss(R) has an inflection in the re- of an electron flux at the phosphor, function fpao(R)
gion of radius Ry and represents the direct response has the form of a constant addition limited by radius
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Figure 3. Variation of brightness of the glow pattern. @ — Time dependences of the emission current and voltage levels. The insets show
the glow patterns recorded at time points indicated by the arrows. » — Variation of the radius dependence of the total ring brightness
with a change in current (the curves correspond to dots in panel @, and the vertical dashed line indicates the stability of radius Ry) for a

single emission site shown in the inset.

Rhalo ~ 4dsep, and function fove”ap(R) is responsible for (parasitic illumination) and also has the form of a constant
the effect of overlap of halos of neighboring responses addition.
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Figure 3,a shows the variation of voltage applied to
the sample and the corresponding emission current (with
a step of ~ 5uA). Changes in the glow pattern induced
by an increase in current are illustrated in the insets.
At low currents, the light responses of emitters are easy
to distinguish and do not overlap. At currents above
15uA, halos start to emerge around the brightest points
and enhance the brightness of neighboring responses. The
parasitic increase in brightness of certain responses leads to
an increase in local currents distributed to them and to a
reduction in local currents received by isolated responses.

The analysis of all recorded glow patterns revealed that
the sizes of both the emission area of responses (Ry) and
the halos do not change with a reduction in voltage: the
central spot and the halo simply grow dimmer, eventually
falling completely out of the detection range.

Figure 3,5 shows the variation of the profile of a single
light response (dependence of the total brightness of pixels
in a ring on ring radius Lg(R)) with a change in current.
The vertical dashed line indicates the stability of radius Ry
(the position of the first peak). Owing to the mutual overlap
of responses, the halo profile (points with R > Ryj) assumes
a shape differing from the profile of an individual response
(Fig. 1,a) and varies profoundly with increasing current.
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