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Abstract. Methods of local formation of nanoscale structures based on the application of focused
ion beam open up new possibilities in terms of providing the necessary geometric parameters and
ensuring the reproducibility of micro- and nanostructures, which contributes to the development of
devices with previously unattainable characteristics. This paper presents the technological modes of
formation of nanostructures with a height of 1 um and diameters from 100 to 500 nm by the FIB
method. The structures were formed by ion-induced deposition of carbon and tungsten, as well as
electron-induced deposition of tungsten. A method for measuring the electrical parameters of high-
aspect ratio structures based on an atomic force microscope (AFM) was proposed. The current
value of 25 nA was obtained at 50 V. Threshold voltages for various nanostructures ranged from 7
to 32 V. The stability of structures to the electric field at voltages up to 50 V was investigated. _
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AnHoTamusa. MeTonpl  JIOKaJTbHOTO  (DOPMMPOBAHMSI ~ HAHOPa3MEPHBIX  CTPYKTYD,
OCHOBAHHBIE Ha MTpUMeHEeHUU (POKycrupoBaHHOTO MOHHOTO Tryuka (PUII), oTKphIBaIOT HOBBIE
BO3MOXKHOCTH C TOYKM 3pEHMSI 00ecIiedyeHUs] HEOOXOAMMbBIX F€OMETPUYECKUX ITapaMeTPOB U
obecIieyeHUs1 BOCIIPOUM3BOAMMOCT MMKDPO- M HAaHOCTPYKTYp, YTO CIIOCOOCTBYET pa3paboTKe
YCTPOMCTB C HEIOCTMKMMBIMU paHee XapaKTepUCTUKaMu. B maHHOII paboTe mIpencTaBiIeHbI
TEXHOJIOTUYECKHE PEXUMBbI (DOPMHUPOBAHMSI HAHOCTPYKTYP IIyTeM MOHHO-CTUMYJIUPOBAHHOTO
ocaxeHusl yriepoaa M Bojibdpama, a TakXkKe 3JIeKTPOHHO-CTUMYJIMPOBAHHOTO OCAXKIEHMS
Bosib(pama. [IpennokeH MeToa M3MEPEHUs JIEKTPUIECKUX TTapaMeTPOB CTPYKTYP C BHICOKUM
COOTHOIIIEHWEM CTOPOH, OCHOBAaHHBII Ha aTOMHO-CWIOBOM MuKpockonuu (ACM). Ilpu
npuioxeHuu cmeuieHus1 50 B nocturayro 3HaueHue Toka 25 HA. 11 pa3IMyHbIX HAHOCTPYKTYP
IMOPOTOBbIC 3HAYCHUS HATIPSDKEHUSI BapbupoBaiuch ot 7 10 32 B. MccnenoBaHa ycTOMYMBOCTh
CTPYKTYpP K BO3IEUCTBUIO 3JIEKTPUUYECKOrO MOJs1 Mpy HampskeHusax 10 50 B.
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Introduction

The development of elements of nanoelectronics requires new nanostructuring methods that
ensure the achievement of the specified geometric parameters and electrical characteristics of the
created devices. One of the promising methods for creating nanoscale structures on the surface
of solids is the technology of local processing of materials with a focused ion beam (FIB). The
FIB method allows one to perform operations of local milling and local ion-induced deposition
of materials based on various gases. Despite the insufficiently high productivity of the process, the
FIB method is effectively used to solve specialized problems in the creation of electronics and
micromechanics elements, e.g. for the formation of the tips of atomic force microscopy (AFM)
probes [1] and scanning near-field microscopy probes [2], for the formation of micromechanics
structures and nanoscale conductors [3]. In a number of studies, the FIB method was used for the
manufacturing of field emission cathodes with nanoscale interelectrode gaps [4—6]. An important
advantage of the FIB method is its compatibility with the technological processes of traditional
microelectronics, which makes it possible to significantly expand the scope of its application.
When forming structures for micro- and nanoelectronics, it is often critically important not only
to ensure the specified sizes of structures, but also provide their electrical parameters that deter-
mine the characteristics of the created devices.

Experimental details

In this paper, experimental studies were carried out on the formation of nanoscale structures
with specified parameters for elements of nanoelectronics by the FIB method.

The objective of this study was to evaluate the effect of the technological parameters of the
ion beam on the parameters of structures formed by ion-induced deposition of carbon (i-C) and
tungsten (i-W). To increase the objectivity when comparing the characteristics of nanostructures
made by the FIB method from various materials, it is necessary to minimize the influence of
dimensional factors. In accordance with this, one of the tasks of this experiment was to form
structures of identical height and width. The process parameters were selected in order to form 5
structures with a height of 1 um and diameters of 100, 200, 300, 400 and 500 nm. With ion-in-
duced deposition from the gas phase, the composition of the deposited material will include not
only the initial components of the gas, but also gallium atoms from the ion beam [7]. To assess
the effect of implanted gallium ions on the electrical properties and durability of the cathode,
an additional electron-induced (e-W) deposition of tungsten was carried out, thus excluding the
presence of gallium atoms in the deposited material.

The test structures were formed using an electron microscope with the Nova NanoLab 600
FIB system equipped with a gallium ion source. To implement ion-induced deposition of mate-
rials, carrier gases of the deposited material, WCO, and CH ,, were locally supplied into the
microscope chamber. The formed structures were studied using Ntegra AFM. After the measure-
ments, the structures were examined by scanning electron microscopy (SEM).

© KoroconoBa A.B., Komnomuiinies A.C., Co6oneBa O.U., 2023. Wznmatenb: Cankr-IleTepOyprckuii moJUTEXHUUECKUI
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Ion-induced deposition of tungsten and carbon. During the preliminary stage of experimental
studies, characteristic irregularities were found on the surface of the i-W structures. Similar irreg-
ularities, but much less pronounced, were also present on the i-C structures. It was found that
reducing the exposure time at the point and increasing the value of the “Refresh time” param-
eter makes it possible to reduce this effect. However, just selecting the optimal exposure time at
the point and ‘Refresh time’ is not enough to obtain a smooth surface of the i-W structure. The
appearance of this effect may also be conditioned by other factors, for example, the defocusing
of the beam at different heights, the influence of residual vacuum level or the scanning trajectory
of the beam during the deposition process.

The control i-W and i-C structures (Fig. 1) were formed by ion-induced deposition of tungsten
and carbon at the beam energy of 30 keV and a beam current of 10 pA on a Ti/SiO,/Si structure
with a titanium film thickness of 50 nm. The formation of structures with a minimum diameter
was carried out by deposition at one point with a single exposure time of 5 ps, the number of
passes and ‘Refresh time’ were 1.4x106 and 15 ps for the i-C structure and 1.8x106 and 150 ps
for the i-W. The final diameters were 156 nm for the i-C and 115 nm for the i-W structure.
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Fig. 1. SEM images of high-aspect ratio nanoscale (a) i-W and (b) i-C structures formed
by the FIB-induced deposition. The figures indicate the value of the structures diameter

For diameter values in the range from 200 to 500 nm, the exposure time at the point was 1
us. When tungsten was deposited by an ion beam, the ‘Refresh time’ value for each structure
increased proportionally with increasing diameter (600 ps for 200 nm, 900 ps for 300, etc.). The
number of points that the beam passes through in one pass depends on the diameter value, which
means that the total scanning time increases with increasing diameter, hence it takes more time
to replenish the number of gas molecules in the area of interaction with the ion beam. During
the carbon deposition, the ‘Refresh time’ for each structure was equal to 15 ps; this parameter
value was optimal for a structure with a diameter of 500 nm, and it was impractical to reduce it
for structures with a smaller diameter due to the fact that the total deposition time would change
by only a few seconds.

Electron-induced deposition of tungsten. The electron-induced deposition of structures was
complicated by the presence of electron beam drift, which is manifested in the appearance of a
deviation of the structure from the normal with an increase in its height. To eliminate this effect,
it is necessary to reduce the total deposition time, which was done by increasing the beam cur-
rent. e-W structures with a diameter of 200 to 500 nm were formed at an electron beam current
of 2.1 nA, the accelerating voltage was 10 keV, the beam exposure time at a point was 1 ps. The
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electron beam has a higher resolution compared to the ion beam (due to the nature of electrons,
whose diameter is orders of magnitude smaller than those of ions), however, the beam drift pres-
ent during the experiments did not allow to achieve the best values of the diameter of the struc-
tures, and at a current of 2.1 nA the minimum obtained diameter was 200 nm. Based on this, in
order to form a structure with a diameter of 100 nm, the current was reduced to 0.54 nA. The
resulting array of e-W structures is shown in Fig. 2.

@ 100 nm @ 200 nm @ 300 nm @ 400 nm @ 500 nm

Fig. 2. SEM image of high-aspect ratio nanoscale e-W structures formed
by electron-induced deposition. The figures indicate the value of the structures diameter

Method of measuring electrical parameters. According to the research methodology, first, a
10 x 10 um area was scanned in a semi-contact mode, in which the structures under study were
located. The probe was brought into contact with the top of the structure, after which it was
withdrawn to a distance of 30 nm. The voltage between the probe and the substrate was manually
changed from 0 to 50 V with a small step. At the same time, two characteristics of the process
were measured — the dependence of voltage on time and the dependence of current on time. If
there was no characteristic increase in current with increasing voltage, the distance was reduced
to 10 nm. After the measurements, the obtained dependences were digitized and numerically
reconstructed into a CVC.

Results and Discussion

Fig. 3,a shows an example of the obtained CVC for the i-W structure with a diameter of
400 nm, measured at a distance probe-surface of 10 nm. The threshold voltage (the voltage at
which the current began to exceed the noise level of tens of pA) was 17 V. Fig. 3,b shows the time
dependence of the current at a constant voltage of 50 V for the same structure.
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Fig. 3. Results of measuring the electrical parameters of the 400 nm diameter i-W structure
at a distance of 10 nm: CVC (a) and time dependence (b) of the current
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The analysis of the obtained dependences showed that, for an i-W structure with a diameter
of 500 nm, with a decrease in the distance to the probe from 30 to 10 nm, the threshold volt-
age decreased from 12 to 8 V; the average value of the current at 50 V increased from 2.5 to
5.1 nA. A comparison of the characteristics of i-W and i-C structures with a diameter of 300 nm
showed that the current value on carbon structures was an order of magnitude higher than on
tungsten structures, with voltage thresholds equal to 20 and 32 V, respectively. When comparing
the parameters of i-W and e-W structures with a diameter of 500 nm, it was found that higher
current values were achieved on the e-W structure, while the threshold voltage differed slightly
(7 V for e-W and 8 V for i-W). Fluctuation of current values during measurements was observed
for all structures.

After the measurements the studied structures were re-examined by SEM. The obtained images
are shown in Fig. 4. Image analysis shows that the surfaces of i-C structures with diameters of
100 and 200 nm changed significantly during measurements. The height of the structure with a
diameter of 100 nm decreased from 1 pm to 690 nm (Fig. 4,a); that of the structure with a diam-
eter of 200 nm decreased from 1 um to 950 nm (Fig. 4,b). Small protrusions appeared on the
tops of these and the other structures. The largest number of protrusions is observed on tungsten
structures deposited by an ion beam (Fig. 4, d, e, f); for structures formed by electron-induced
deposition, the number of protrusions is minimal (Fig. 4, g, A).

The protrusions that appeared during the measurements could provoke the instability of the
current observed during the measurements: some protrusions appeared and others disappeared,
which made different contributions to the current.

a) b) ¢)
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@ 400 nm @ 500 nm @ 400 nm @ 500 nm

Fig. 4. SEM images of surfaces of (a, b, ¢) i-C, (d, e, f) i-W and (g, /) e-W structures after
measurements of electrical parameters. The diameters of the structures are given in the panels

Conclusion

Thus, high-aspect ratio nanoscale structures were formed using electron- and ion-induced
deposition of tungsten and carbon. The modes of the process were determined, allowing the
formation of structures with a diameter of 100—500 nm and a height of up to 1 um, which can
be used in the formation of various elements of nanoelectronics. The study and comparison of
electrical parameters and stability under electric field for structures of various sizes and consisting
of various materials was carried out. A strong instability of the current observed during probe
measurements was detected, which could be caused by the appearance and disappearance of small
protrusions on the surface of structures with a bias voltage of up to 50 V.
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We proposed a new method for measuring the electrical parameters using an AFM probe,
which can be used to study the electrical properties of high—aspect ratio structures, in particular,
field emission properties. When measuring the CVC of the formed structures in the range up to 50
V, the values of the measured currents reached 25 nA, the threshold voltages for various structures
ranged from 7 to 32 V.

In the course of the research, it was possible to optimize the shape of nanoscale carbon
and tungsten structures by selecting the values of the beam exposure time at the point and the
‘Refresh time’ parameter, which made it possible to increase the smoothness and uniformity of
the structures.

It was shown that the application of the method of local ion-induced deposition of carbon and
tungsten from the gas phase allowed to form structures with specified geometric and electrical
parameters with high reproducibility for solving problems of creating new components of nano-
electronics and nanosystem technology.
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