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Abstract

Objectives. The work set out to systematically analyze and optimize the overall design and technological
characteristics of microminiature electron-optical systems for achieving maximum performance indicators. The
study paid special attention to establishing relationships between the geometric parameters of the system and its
functional characteristics.

Methods. The research is based on comprehensive mathematical modeling of electron dynamics in a complex
five-electrode scheme that accurately reproduces the actual design of a compact electron-beam microcolumn.
This approach was used to establish the quantitative dependencies of resolution and electron beam intensity
critical system performance indicators on fundamental geometric parameters: interelectrode distances, diaphragm
aperture configurations, and output angular size. The main efforts focused on determining the optimal parameter
values while ensuring minimal focal spot size and simultaneously maximizing beam energy.

Results. The computer modeling revealed the determining influence of each component of the five-element
electron-optical structure on the formation of qualitative electron flow characteristics. A pronounced minimum in
electron beam diameter was established at a specific combination of geometric and electrical system parameters.
The thus-obtained optimum was used to develop a new methodology for designing and calibrating compact
electron-beam devices that ensures maximum resolution and high sensitivity with minimal power consumption.
Detailed analysis demonstrated that the optimal electrode configuration reduces spherical aberration by 25%
compared to traditional solutions.

Conclusions. The developed design approach for microcolumn electron-optical systems significantly enhances
performance while expanding the functional capabilities of electron microscopes and related analytical instruments.
The practical significance of the work is confirmed by the possibility of creating devices with record resolution
indicators in compact sizes. An important achievement is the establishment of quantitative optimization criteria for
enabling targeted improvement of electron-beam system characteristics.
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Pe3iome

Llenu. Llenb paboTbl — CUCTEMATUYECKNIA aHANU3 U ONTUMU3AUUS OCHOBHbIX KOHCTPYKLIMOHHO-TEXHONOMMYECKMX
XapakKTePUCTUK MUKPOMMUHUATIOPHBIX 3/IEKTPOHHO-0MTUYECKUX CUCTEM AJ151 AOCTUKEHUS MaKCUMaslbHbIX MoKasaTte-
nemn nx paborocnocobHocTn. B xoae nccnenosaHms 0cob0e BHUMaHWE yaensnoCb YCTAHOBIEHNIO B3AVMIMOCBSA3EN
MeXAy reOMEeTPUYECKUMI NapaMeTpamMm CUCTEMbI U ee PYHKLMOHANbHLIMU XapakTePUCTUKAMMN.

MeTopabl. B 0CHOBE MCCNeaoBaHWs NEXUT KOMIMJIEKCHOE MaTeEMaTUYECKOEe MOAENNPOBAHNE OMHAMUKN 3N1EKTPOHOB
B CJTIOXKHOW NATU3NEKTPOOHOW CXeMe, LOCTOBEPHO BOCMPOM3BOASLLEN PeasbHYI0 KOHCTPYKLMIO KOMMAAKTHOM aek-
TPOHHO-JTy4EBON MUKPOKOJIOHHBI. JJaHHbIN NOAX0A NO3BOU YCTAHOBUTbL KOJIMYECTBEHHbIE 3aBMCUMOCTUN KpUTUYE-
CKMX nokasaTtenen Nponu3BOANTENIbHOCTU CUCTEMbI — pa3peLuatoLLeri CNoOCOOHOCTU U MIHTEHCUBHOCTU 9NIEKTPOHHOIO
nyyka — oT GyHAAMEHTaNIbHbIX FEOMETPUYECKMX MaPaMeTPOB: MEXINEKTPOAHbIX PACCTOAHWUNI, KOHDUrypaumm anep-
Typ aAnadparm 1 yrioBoro pasamepa BbIXogHOro otBepctms. OCHOBHbIE yCuns OblIM COCPeaoTOYEHbl Ha onpeaene-
HUM ONTUMasbHbIX 3HAYEHUI YKa3aHHbIX MapaMeTpoB, 06ecneyrBaloLLnX MUHUMASbHbIV pasMmep GoKanbHOro NaTHa
npv OAHOBPEMEHHOM MaKCUMU3ALMN 3HEPTUM NMYYKa.

PesynbTaTthl. [IpOBEAEHHOE KOMIMbLIOTEPHOE MOOENNPOBAHNE BbIIBUIO ONPEAensiolee BAUSHUE KaXOoro KoM-
NMOHEHTA NATUBSIEMEHTHOWN 3NEKTPOHHO-ONTUYECKOM CTPYKTYPbl HA GOPMUPOBaAHNE KAa4eCTBEHHbIX XapakTepUCTUK
3NEKTPOHHOI0 NOTOKA. YCTAHOBJIEHO HANMYNE BbIPAKEHHOrO0 MUHUMYMa AMaMeTpa S1IEKTPOHHOIO nyyka npuv onpe-
LEeNeHHOM KOMBVHALMN FreOMETPUYECKMX U SNIEKTPUYECKMX MapaMeTpPoB cUCcTeMbl. OBHaPYXXEHHbIM ONTUMYM MO3BO-
nmn pa3paboTaTb HOBYIO METOAMKY NPOEKTUPOBAHUS U KANIMOPOBKM KOMMAKTHbIX 3/IEKTPOHHO-Ty4EBbIX MPUOOPOB,
obecrneynBaloLLy0 JOCTUXKEHNE MaKCMMaJIbHOro pa3peLleHnss 1 BbICOKOW YyBCTBUTENIbHOCTU NPY MUHUMAJTbHOM
aHepronoTpebneHnn. leTanbHblli aHanM3 NPOAEMOHCTPUPOBAJ, HTO ONTUMasIbHAs KOHDUIrypawums anekTpoa0B Nno-
3BONSET CHM3UTb chepunyeckyio abeppaumio Ha 25% No CpaBHEHWUIO C TPAAMLUMOHHBIMU PELLEHUAMMN.

BbiBOAbI. Pa3paboTaHHbI NOAX04 K NPOEKTUPOBAHMIO 3NIEKTPOHHO-0OMTUYECKUX CUCTEM MUKPOKOJIOHH CYLLLECTBEH-
HO MOBbLILLAET NPON3BOAMTENBHOCTb U PacLUMPSeT GYHKLMOHANbHbIE BO3MOXHOCTU SN1EKTPOHHBIX MUKPOCKOMOB U
POACTBEHHbIX aHANNMTUYECKMX NMPMOOoPOoB. lMpakTnyeckas 3HAYMMOCTb PaboTbl MOATBEPXAAETCH BO3MOXHOCTbLIO
CO30aHNs YCTPONCTB C PEKOPAHBbIMU MOKa3aTensaMm pa3peLleHns npy KOMMNakTHbIX pa3Mepax. BaxHbiM goctmxe-
HUEM AIBNIAETCS YCTAHOBJIEHNE KONIMYECTBEHHbIX KDUTEPMER ONTUMM3ALMM, MO3BOMSIOLMX LIeIeHaNpPaBieHHO Yyy-
LIaTb XapakTEPUCTUKN 3NEKTPOHHO-JTy4EBbIX CUCTEM.
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Mpo3spavyHocTb hUHAHCOBOW AeATENIbHOCTU: ABTOPbI HE UMEIOT GMHAHCOBOWM 3aMHTEPECOBAHHOCTM B NPEACTaB/IEH-

HbIX MaTepunanax nin MmetTogax.

ABTOPbI 3a5BASIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

INTRODUCTION

The introduction of microtechnologies into
electronic optics has led to a qualitative leap in the
characteristics and utility of electron beam devices
and equipment. The creation of electronic sources,
lenses, and deflectors having dimensions reduced by an
order of magnitude or more compared to conventional
ones [1-4] has given impetus to the development of
microcolumns for miniature electron microscopes [5, 6]
and multi-beam lithography systems [7-9] offering
new technical and economic capabilities. The
transition to smaller scales has expanded the prospects
for the application of electron beam systems in areas
related to the storage, processing, and display of
information [10—16], where they have been supplanted
by semiconductor devices and devices based on liquid
crystals, as well as other materials having pronounced
sensory and electroluminescent properties.

For design, technological, and electronic-
optical reasons, microcolumns are made completely
electrostatic. The first such column, having a total
length of about 3.5 mm, consisted of a thermoelectric
electron source with a two-clectrode cathode lens, an
aperture diaphragm, an octupole deflector, and a three-
electrode focusing lens [17, 18]. The lenses were
comprised of stacks of silicon crystals separated by
insulating spacers made of Pyrex glass, with membrane
windows for the electrodes. Traditional electron beam
lithography and reactive ion etching microelectronics
technologies were used to form holes in the electrodes,
while multilayer anodic welding was used to connect
the silicon components. The microcolumn [17], which
demonstrated very high performance in low-voltage
mode (resolution of about 10 nm at an accelerating
voltage of 1 kV and a beam current of ~1 nA), served
as the prototype for all subsequent modifications,
representing a kind of reference standard. Ongoing
research aimed at expanding microcolumn functionality
and simplifying their manufacture concerns the
structure (composition and mutual arrangement)
and operating parameters of functional elements.
One noteworthy experimental variant consists in an
integrated electron-optical system (microlens) having

dimensions of 1 X 1 x 0.05 cm, which performs electron
extraction, focusing, and beam deflection [19-21]. The
positioning of the cathode at 1-2 mm away from the
microlens reduces the requirements for its installation
accuracy and makes it possible to use any type of
source: cold field, thermionic, or thermofield (Schottky
emitter). Another promising modification is a dual-
lens microcolumn [22, 23], which, while maintaining
optimal aperture conditions in the objective lens,
ensuring minimum aberrations and sufficient
resolution for sub-100-nm technologies (no worse
than 20-50 nm per 1 kV), significantly increases the
solid angle of reception and, accordingly, the beam
current (up to 50 nA at a source angular brightness
of 100 pA/cm?), albeit at the expense of a slight
increase in the size of the system (~7 mm).

PROBLEM STATEMENT

The task of optimal design consists in determining
the optimal parameters of the geometry and mode of
the microlens to ensure the minimum diameter of the
probe (focused beam in the object plane) for given source
characteristics, focusing distance (working distance),
accelerating voltage (determining the final energy
of electrons), as well as physical and technological
limitations. Unlike [2, 15], the optimization problem was
solved with fewer variable geometric parameters (the
diameters of the holes and the interelectrode distances
were selected to be the same), but with a larger number
of electrodes and corresponding variable potentials.

Regardless of the optimization criterion (maximum
resolution, i.e., the smallest possible size of the probe
formed, the minimum size of the probe at a given
current, or the minimum of individual aberrations),
the optimal parameters are determined for a narrow
range of electron energies, working distances, and
source characteristics. For other conditions, the
obtained parameters are nonoptimal. Therefore,
lenses that are optimized to a greater extent by the
selection of potentials rather than by geometry,
which cannot be changed, appear to be more flexible
in terms of utility. This, as well as the focus on
simplifying the technology, which also includes the
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adjustment function, determines the formulation of
the optimization problem with a minimum number
of variable geometric parameters. To evaluate the
electron-optical advantages and select the preferred
option, the maximum calculated resolutions of
optimized lenses consisting of three, four, and five
identical silicon membrane electrodes were compared
with each other and with those obtained under the
same conditions by a three-electrode lens optimized
for all geometric parameters [2].

MATHEMATICAL MODEL
OF AN ELECTRONIC LENS

Studies [24-32] present the results of various
numerical experiments aimed at structural and
parametric optimization to evaluate the limiting
focusing properties of micro-miniature diaphragm
systems in a given range of geometric parameters. In
this case, optimization is understood as a search—
under conditions of sequential increase in the number
of electrodes, hole diameters, distances between
electrodes, and potentials applied to them—for the
linear increase, accelerating voltage, and working
segment that provide minimum axial aberration
coefficients when varied within specified limits. In each
of the cases presented, a direct optimization method is
used with original algorithms that enable tracking and
correction of the axial distribution of the potential. The
electrostatic field is typically defined analytically as
a superposition of the fields of individual diaphragms.

The practical optimization methods used, which
provide the initial data for designing high-quality optics,
are therefore entirely adequate for the task at hand.
Moreover, the same programs can be used to obtain an
approximate solution to the optimization problem, which
is presented as a linear combination of a sufficiently large
number of functions of the appropriate type [9]. This
allows us to estimate how close we can get to the limiting
values of aberration coefficients under given conditions.
A similar approach was tested in the problem of optimal
synthesis of magnetic focusing fields when compared with
the solution obtained by the optimal control method [10].

With  optimal design of the electrostatic
microminiature optics of electron beams shown in Fig. 1,
the following data becomes available for processing. The
variable parameters will be the voltage U, interelectrode
distances [, diaphragm diameters d;, and angular
aperture . The initial data for optimization are the
working length (/= I mm) and source parameters (source
radius r,= 2 nm and angular brightness 10 pA/cr, voltage
variation range AU, = 0.2 V, distance from the source to
the first electrode /. = 50-250 um).

The objective of optimization
a minimum beam diameter equal to:

is to achieve

d=\(Mdy)? +d3, +d% +d3e =min, (1)

where M is the linear magnification of the lens; Md,, is
the diameter of the probe in the cross-sectional plane;

d, is the diameter of the chromatic aberration spot;

d_,is the diameter of the spherical aberration spot; d, is

the diameter of the electron beam cross-section formed
as a result of diffraction,

Up=U; U, Uz ... U; Uy U, =Upge
I Iy l; I
T [ — hl
Isrc / IO

Fig. 1. Initial model of an electronic lens.
U, is the voltage at the starting point A of the lens,
U, is the accelerating voltage

Given the existing limitations on electric
field strength (E < 10* V/mm) and geometric
parameters (/;, = 100-500 pm, d, = 20-200 pm,
hole diameter 4, = 1-3 pm) the following technical
characteristics are expected: accelerating voltage of
about 1-3 kV; beam current greater than 1 nA; probe
diameter about 10 nm; column height about 5 mm.

According to the selected mathematical model, we
obtain the following characteristics:

e minimizable beam radius:

2 2 2
— 2
r= g+ <) G @)
where 5 = Mr is the radius of the Gaussian image,

0.75M
Iyif =— = 1is the radius of the diffraction blur,
oco./UO

Y =MCSfOL8 is the radius of the spherical aberration

AU,
discs, 7y, =MCChr0LOU—0 is the radius of the
0
chromatic aberration discs;
e axial distribution of potential:

2(z-z;)

E(z)= gzn:El arctg(z(zh_ “i) i ,(3)

+
T i J 1+(2(z—zl.)J2

h.

1

Russian Technological Journal. 2026;14(3):106-114

109



Optimal electrode design
for microminiature electronic optics

Pavel S. Kuznetsov,
Anton O. Sinelnikov

where E=—t "l p -1 "B o1,

E,=E, = 0; z is the axial position of the source, z, is the
axial coordinate of the ith electrode.
e spherical and chromatic aberration coefficients:

1 ¢ U 4
s =35 U—V x
V0
(U/jzl: ’ 5 Uy:|2 3 Un U/ I"’ (U,jz
= | —+=— - —t———| = +
U r 6 U 200 U r U
(U’ﬂw 5 U']Z (4)
+H = | === +
U r 6 U

Zz; 2
3 4 UO U!
CChr :g I "7}”2 (U] dz. (5)

RESULTS AND DISCUSSION

The results of modeling and optimization of the five-
electrode lens are shown in Figs. 2—4. Figure 2 shows
the dependence of the minimum radius of the electron
lens on the angular aperture, which has a characteristic
minimum at o, = 4 mrad. It can be seen that at first the
lens radius decreases rapidly with increasing aperture
to reach its minimum value, after which it begins to
increase gradually with further growth of the angular
aperture.

As can be seen from the graphs shown in Fig. 3,
the maximum focus and corresponding beam aperture
decrease almost linearly with increasing length of the
five-electrode lens under consideration.

The dependencies of the minimum radius of
the electron lens on the aperture diameter (Fig. 4)
at values of a;, equal to 4 and 6 mrad, is distinctly
nonlinear and is graphically described by a U-shaped
curve with a local minimum. This means that as the
aperture diameter increases, the minimum radius value
first decreases smoothly, passing through the point of
extremum (minimum value). After passing the minimum
point, a further increase in the aperture diameter causes
a gradual increase in the radius.

Thus, there is an optimal aperture diameter at which
the minimum focus radius of the electron beam is
achieved. At the minimum point, the electron lens has
the following parameters:

20

15

. nm

2 3 4 5 6 7
0o, mrad

Fig. 2. Dependence of the minimum radius

on the angular aperture

9.5
9.0

8.5

r,nm

8.0

7.5
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1.25 1.50 1.75 2.00
[, nm

(a)

4.0
3.5

Qos mrad

3.0
2.5

2.0

1.00

1.25 1.50 1.75 2.00
I, nm

(b)

Fig. 3. Maximum focus (a) and corresponding optimal
beam aperture (b) depending on the length

10.0

of the five-electrode lens, d;= 1/4

9.5

9.0
8.5

nm

8.0

7.5

N2

7.0
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d;, um

Fig. 4. Dependence of the minimum radius
of the electron lens on the diameter of the diaphragm:

(1) ag =4 mrad, (2) a, = 6 mrad;
lp=0.25,1,.=1,Uy=1kV

src
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1. Electro-optical characteristics: C. = 1.65 mm,
Cy = 5142 mm, M = 134, r5; = 2.64 nm,
Fope = 1.76 nm, 7= 4.33 nm, ;= 7.83 nm.

2. Mode parameters: U; = 0.62 kV, U, = 1.17 kV,
Uy =35kV, U, = U, =1kV,I[, =250 pum,
;=250 um, d; = 50 pm, /, = 1 mm.

Based on the beam current value / = 1 nA
and the angular aperture o, = 6 mrad, we
obtain the following values for the minimum
beam diameter: d_;, = 26 nm (at AU, = 0.2 V),
d.i,=54nm (atAU,=2V).

Based on the results of the study, it can be concluded
that the most appropriate configuration is a five-electrode
electronic lens having evenly spaced electrodes, which
reduces aberrations by approximately 10% by increasing
the number of electrodes and varying the inter-electrode
distances while maintaining the overall length. Maximum
efficiency is achieved with an increased lens length,
which is associated with an increase in the number of
potential focusing areas and improved interaction of
voltage fields with electrons. In addition, the optimal
ratio between lens length, beam diameter, and aperture
diameter was determined to minimize energy losses and
scattering effects.

CONCLUSIONS

The methods of numerical, analytical modeling and
software-support tools for optimizing computational
experiments developed over the course of the research
were aimed at finding optimal configurations and operating
modes of low-voltage electrostatic optics for electron
beam microcolumns in accordance with the formulated
criteria. A detailed study of the electron-optical properties
of microminiature diaphragm lenses implemented on the
basis of microtechnologies was carried out.

The obtained estimates of the minimum probe size
formed by an optimized five-electrode lens under different
source parameters and aperture conditions showed that
thermoemissive cathodes can be used to produce optimized
five-electrode lenses having a length of 2.5 mm, which can
form a probe having a diameter of 4 to 10 nm at distances
of ~1 mm depending on the angular aperture (and,
accordingly, the current in the probe). Such distances are
sufficient for manipulating the object and placing special
miniaturized secondary radiation detectors.
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