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PROTON BEAM WRITING DEVICE BASED ON
ELECTROSTATIC ACCELERATOR FOR 3D MICRO-
AND NANO-STRUCTURE FABRICATION

Introduction. Surface micro- and nanostructures have been being used in various physical applications such as X-ray
optics, photonics, microelectromechanical systems, metamaterials, etc.

Problem Statement. The existing methods for fabricating such structures either are expensive or do not meet certain
requirements (the aspect ratio and the quality of side wall surface).

Purpose. To create a device for proton beam writing, which enables fabricating surface micro- and nanostructures with
required parameters.

Materials and Methods. One of alternative methods for fabricating the mentioned surface structures is proton beam
writing. Silicon substrates coated with a positive resistive polymethyl methacrylate layer are used as samples for fabricating
the surface structures.

Results. A proton-beam lithography device based on an electrostatic accelerator has been developed, the configuration
and specifications have been presented. The main parameters (demagnifications, proton beam current, and minimum
probe dimensions) have been specified. Advantages of using quadrupole optics in fabricating micro-diffraction gratings
have been shown. The first experiments on fabrication of source grating in X-ray phase-contrast tomographs with a
characteristic line width of about 20 um have been carried out.

Conclusions. A new probe-forming system based on a separated magnetic quadrupole lense pentuplet has been used
in the proposed device. The use of an electrostatic scanning system ensures a high accuracy of positioning the focused
beam in a closed scanning cycle. The scanning process is controlled using a multifunctional reconfigurable input-output
module with programmable logic.

Keywords: proton beam writing, electrostatic accelerator, and magnetic quadrupole lens.

Proton beam writing (PBW) is a high-resolu- | of several MeV in material slightly deviate from
tion lithographic technology that can be used to | straight lines when interacting with the electrons
fabricate 3D micro- and nanostructures of va- | of the sample atoms because of a large differen-
rious applications [1, 2]. The main characteristic | ce in mass between proton and electron. Similar-
of the technology is the ability to quickly rep- | ly, the energy of the secondary electrons is low,
roduce any structure in a polymer with a high | which causes a small effect of proximity. This
degree of accuracy. The fabricated structures can | enables to create structures with almost vertical
have a high aspect ratio (> 50) and an extremely | side walls. The smoothness of the side walls of
small roughness of the sidewall surface (2—3 nm), | the microstructures is a specific feature of the
since the trajectories of the protons with energies | PBW, which is crucial for reducing the scattering

losses in optical components, such as waveguides
© PONOMAREY, A.G,, REBROV, VA, : : : :
and KOLINKO, S.V. . 2019 and X-ray diffraction gratings [3]. The basic com-
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Fig. 1. General scheme of the micro-probe (@) and PBW device (b): 1 — objective collimator; 2 — aperture collimator; 3, 4 —

doublet of magnetic quadrupole lenses; 5 — ferromagnetic scanner; 6 — chamber with samples of the micro-probe; 7 —

granite girder; 8 — electrostatic scanner; 9 — triplet of magnetic quadrupole lenses; 70 — chamber with PBW samples;
11 — ion beam line with vacuum pumps

ponent for PBW devices is a nuclear scanning
microprobe that uses protons accelerated to ener-
gies of several MeV and focused into a probe les-
ser than 100 nm. Due to vector electrostatic scan-
ning, the proton probe moves across the resist
sample surface changing the physicochemical pro-
perties of the irradiated area. Proper processing
of this area enables obtaining almost any structure.

The nuclear scanning microprobe hardware
complex at the Institute of Applied Physics of the
NAS of Ukraine was commissioned in 2008, on
the basis of a small-sized electrostatic accelerator
with a maximum voltage of 2 MV at a high-vol-
tage terminal and a minimum probe size of 2 um
with a proton beam current of about 100 pA [4, 5].
The probe-forming system of the microprobe has
asmall demagnificatoin (28) due to the ferromag-
netic scanning system located behind the last
magnetic quadrupole lens. Therefore, such a fo-
cusing system with a total length of about 4 m has
a large working distance of 22 cm. Over the past

decade, the microprobes have been used in vari-
ous applications for microanalysis [6—8]. The
motivation behind the development of a proton
beam writing device is the need to reduce the
probe size, which can be obtained at higher de-
magnificatoins. The requirements for high accu-
racy of the scanning process necessitates the de-
velopment of a new proton beam control system
based on an electrostatic scanner.

PARAMETERS OF PROTON BEAM
WRITING DEVICE

Taking into account the peculiarities of the
equipment arrangement in the experimental
room, the PBW device was designed as a contin-
uation of the operating microprobe (Fig. 1, a, b).
Therefore, the device has a common optical axis
with the microprobe and uses its object and aper-
ture collimators (7, 2) together with one of the
doublets of the magnetic quadrupole lenses (4).
The first doublet (3) and the ferromagnetic scan-

ISSN 2409-9066. Sci. innov., 2019, 15(4)



Proton Beam Writing Device Based on Electrostatic Accelerator for 3D Micro- and Nano-Structure Fabrication

Fig. 2. General view of PBW device: 1 — electrostatic scan-
ner; 2 — triplet of magnetic quadrupole lenses in rigid frame;
3 — chamber with samples

ner (5) are not used in the operation of the PBW
device.

The granite girder (7) placed on anti-vibration
supports is located behind the chamber with the
studied microprobe samples (6). On this beam,
there is mounted the PBW device components:
the ion beam line with pumps (77), the electrosta-
tic scanner (8), the triplet of magnetic quadru-
pole lenses (9), and the new rectangular chamber
with samples (70), which is equipped with an op-
tical microscope, a secondary electron detector, a
charged particle detector, and a mechanism for
positioning of the samples. The triplet lenses of
magnetic quadrupole lenses are placed in a rigid
frame, each having an error of misalignment with
the common triplet axis of <0.3 mrad and <10 um
for angular and transverse displacements, respec-
tively. The method that enables the triplet to be
adjusted with such accuracy has been described
in [9]. The triplet is mounted on the positioning
table with five degrees of freedom and is adjusted
as single whole with respect to the beam axis. The
doublet of magnetic quadrupole lenses (4) is an
integrated device, the yoke of which is made of a
solid piece of magnetic soft iron using the electri-
cal discharge machining method [10]. This en-
sures the positioning accuracy of each lens rela-
tive to the common axis of the doublet: a slope of
<0.2 mrad and a transverse shift of <10 pm [11].
All misalignment errors take into account hyste-
resis. A general view of the electrostatic scanner,
the triplet of quadrupole lenses in a rigid frame,
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and the new sample chamber of the PBW device
is given in Fig. 2.

The ion optics of the device is based on the fi-
ve-lens probe-forming system (integrated doublet
and triplet of magnetic quadrupole lenses) with
four independent power supply sources of lenses.
The first and the second triplet lenses are con-
nected to one source, while all other lenses have
independent power supply sources. This probe-
forming system enables to vary the demagnifica-
toins within 10—400. The proton beam current
can vary from 102 A to 10-® A, due to varying
dimensions of the collimators. The probe mini-
mum size is 100 nm, and the current density in
the probe ranges within 100—350 pA/um?

The electrostatic scanner has three pairs of pa-
rallel plates with a gap of 8 mm. The first and the
last pairs of plates are connected in opposite po-
larity. The length of the plates is chosen to com-
pensate for the negative effect of the triplet lenses
in the xOz plane. All plates are powered by a high-
speed dual bipolar high-voltage amplifier (HVA).
The beam scanning process is controlled with the
use of a multifunctional reconfigurable /0 mo-
dule NI 852R that positions the focused beam on
the sample according to the specified scan profi-
le. This profile is a one-dimensional array of data,
the sequence of coordinates (x;y,), that define the
scan pattern. Exposure time can be set both com-
mon to all points and individually for each point
(t). In addition, the exposure time of each point
(pixel) can be normalized by fluence (radiation do-
se). The signal from the beam current integrator
(for the conducting samples) or from the charged
particle detector (for the non-conducting samp-
les) is used as a signal proportional to fluence. In
this mode, the beam “stays” in the current pixel
until the preset number of pulses from the cur-
rent converter or the detector is accumulated. In
the module, the independent internal-clock-ba-
sed process consistently transmits the current beam
coordinates (x;y,) to the built-in digital-to-ana-
log converters (DAC). Analog voltages propor-
tional to the beam coordinates are supplied from
the DAC outputs to the HVA inputs. The ampli-
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Fig. 3. Images of a micro-diffraction grating pattern on a silicon substrate coated with a 5 pm thick layer of PMMA: a —
general view; b — enlarged image of a stroke
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Fig. 4. Micro-diffraction grating pattern on a silicon substrate coated with a thin layer of copper and a 5 um thick layer of
PMMA after electroplating: a — general view; b — enlarged image of a stroke

fied signals from the HVA outputs are fed to the
deflection plates of the respective channels X and
Y of the electrostatic scanner.

FABRICATION OF X-RAY OPTICS
MICRODIFFRACTION GRATINGS

Microdiffraction gratings are used to obtain
phase contrast images as a result of interference
of incoherent radiation of a conventional X-ray
tube. In most researches on the use of proton lit-
hography, the beam is focused into spots of equal
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dimensions along the transverse coordinates. This
is explained by sophisticated shape of the pat-
tern. However, if the pattern consists of parallel
strokes, the most optimal is to obtain a focused
beam in the form of a thin line. This can be done
using quadrupole ion optics. In this case, the size
of one spot is measured in micrometers, while
that of the other spot is counted in millimeters.
This method of focusing can significantly acce-
lerate the irradiation of resistive material to ob-
tain micrometric gratings.
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For the first experiments, the dimensions of
the source grating of a phase contrast interferom-
eter with a characteristic stroke width of about
20 um were taken. To focus the beam of MeV pro-
tons in a line with the given dimensions, an app-
roach that enables to calculate the optimal sizes
of collimators and excitation currents of magnetic
quadrupole lenses has been proposed [12]. The in-
put parameters are the distribution of beam brigh-
tness in the phase space in the object collimator
plane and the ion-optical characteristics of the pro-
be-forming system. The samples are prepared in the
form of silicon plates coated with a 5 pm thick lay-
erof resistive poly(methyl methacrylate) (PMMA).
The samples are irradiated with a beam of protons
focused into a line and, after a 0.5 s exposure,
scanned by a beam in the direction perpendicu-
lar to the larger line dimension. Having treated
the irradiated areas, patterns with dimensions of
23.4 x 2060 pum?that are measured using a scan-
ning electron microscope are obtained (Fig. 3).
Fig. 4 shows similar patterns filled with bismuth
as a result of electroplating process when a thin
layer of copper is pre-applied to a silicon substrate.

CONCLUSIONS

The physical parameters of the interaction of
protons accelerated to several MeV energies are

the decisive factor for creating 3D small-sized
structures that have a high aspect ratio (> 50)
and almost vertical sidewalls with a surface roug-
hness of no more than a few nanometers. This ex-
plains the use of the proton beam writing method
for the fabrication of optical components, as it is
crucial for reducing the scattering losses in wave-
guides and X-ray diffraction gratings.

The PBW device is an upgrade of the existing
nuclear scanning microprobe. The motivation
for its development was the need to reduce the
probe size to 100 nm and to create a new scan-
ning control system based on an electrostatic
scanner, which makes it possible to avoid inac-
curate positioning of the focused beam due to
hysteresis, in the case of using a ferromagnetic
scanner of the microprobe. The use of new elect-
ronic vector position control system enables the
creation of almost any spatial structure. The most
effective technique for fabricating microdiffrac-
tion gratings is to use focusing the proton beam
into line, which significantly reduces the expo-
sure time. Therefore, a method for specific focus-
ing with the given probe sizes has been devel-
oped, and the first experiments on the fabrica-
tion of microdiffraction source gratings for
X-ray phase contrast interferometer have been
carried out.
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YCTAHOBKA IPOTOHHO-JIYUEBOM JINTOIPAOUU
HA BA3E 9JIEKTPOCTATUYECKOI'O YCKOPUTEJIA
JUIA GABPUKAILVMIN 3D MUKPO- 1 HAHOCTPYKTYP

Beenenue. I[loBepxHOCTHBIE MUKDPO- M HAHOCTPYKTYPBI HAXO/AT CBOE IIPUMEHEHNE B PA3JINYHBIX (DUBNIECKUX MTPH-
JIOXKEHUSIX, TAKMX KAaK PEHTTeHOBCKAsI ONTHKA, (DOTOHNKA, MUKPOAJIEKTPOMEXaHNYECKIe CUCTEMBI, MeTaMaTEePHAIIBI U JIP.

IIpo6aematuka. CyiecTByione MeTobl GabpUKAIUK TAKUX CTPYKTYP SBJSIIOTCS MO0 TOPOTOCTOSIIIUMH, JTHO0 He
YIOBJIETBOPSIIOT ONpPe/IeIeHHBIM TPeGOBaHUSIM (BEJMYMHA ACIEKTHOTO OTHOIIEHHsSI 1 KA4€CTBO MOBEPXHOCTH MX HOKOBbIX
CTEHOK).

ITens. Co3nanne ycTaHOBKY JIJIst IPOTOHHO-JIy4eBOi TUTOrpaduy, TO3BOJISTIONIEl CO3/1aBaTh ITOBEPXHOCTHBIE MUKPO- 1
HAHOCTPYKTYPbI ¢ TPeGYyEeMBIMHU ITapaMeTPaMIL.

Marepuasst 1 MeTobl. OJIHIM 3 aTbTePHATHBHBIX METO0B (haGPUKAIK BBIIIEYTOMSIHY THIX TIOBEPXHOCTHBIX CTPYK-
TYp SIBJISIETCSI [TPOTOHHO-JTy4eBasi jurorpacdust. B kauectBe 06pasioB st (habpUKAINK MOBEPXHOCTHBIX CTPYKTYP TIPH-
MEHSTIOTCS TIO/ITIOKKH U3 KPEMHUST ¢ HAHECEHHBIM CJI0EM TIO3UTHBHOTO PE3UCTHBHOTO MaTepuasla MoJMMeTHIMeTaKpUIaTa.

Pesyabrarbl. Pa3paGorana ycTaHOBKa POTOHHO-TY4eBOil JmTorpadun Ha 6aze IEKTPOCTATHYECKOrO YCKOPHUTEJIsI,
PACCMOTPEHBI e KOMIIOHOBKA U 0COGEHHOCTH KOHCTPYKIHU. [IpUBeIcHBI OCHOBHbIE TAPAMETPhI YCTAaHOBKI: KOA(h(DUITHEHTBI
YMEHBIIIEHWsI, TOK IIPOTOHHOTO MYyYKa, MUHUMAJbHBIE Pa3Mepsbl 30H/a. [lokasanbl IpenMyIecTBa NpUMEeHEHNs KBAJPY-
HOJIBHON ONTHKK P (habprKaIuu MUKPOANGDPAKIIMOHHBIX perieToK. [IpoBe/ieHbl iepBbie SKCIEPUMEHTDI 10 (habprKaImn
PEIIETKU-NCTOYHNKA B PEHTTEHOBCKIX (ha30KOHTPACTHBIX TOMOTrpadax ¢ XapaKTepHOI MUPUHON JUHUN 0K0JI0 20 MKM.

BoiBoapl. B mpesiaraeMoii ycTaHOBKe TIPHMEHsIETCST HOBast 30H10(hOPMUPYIONIas CUCTeMa, OCHOBAHHASI HAa pacrpe-
JIeJICHHOM TIEHTYTIJIeTe MAarHUTHBIX KBAJPYIIOJBHBIX JINH3. [IprMeHeHMe aIeKTPOCTaTHYeCKOIl CKaHUPYIOIeil CUCTeMBbI
obecreyrBaeT BHICOKYIO TOYHOCTH TMO3UIIMOHUPOBAHUS CHOKYCHPOBAHHOTO TYYKa B 3aMKHYTOM IMKJIE CKAHUPOBAHVSL
VipaBJieHre mporeccoM CKaHUPOBaHUs 00€CIeYMBACTCST 32 CUET TPUMEHEHHsT MHOTO(DYHKI[HOHAIBHOTO PEKOHMUTYPUPYe-
MOTO MOJLYJIsl BBOJIA-BBIBO/IA C IPOIPAMMUPY€EMOIT JIOTHKOI.

Knwuesvie cnosa: TIPOTOHHO-JIyYeBasa JII/ITOFpa(bI/IH, 3]ICKTpOCTaTPI‘ICCKI/Iﬁ YCKOPHUTEIDb, MATHUTHAA KBAJAPYIIOJb-
Has JIMH3a.
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YCTATKYBAHHS IPOTOHHO-ITPOMEHEBOT
JIITOTPADIT HA BA3I ETEKTPOCTATUYHOTO MPUCKOPIOBAYA
JUJIST ®ABPUKAIIIT 3D MIKPO- I HAHOCTPYKTYP

Beryn. [ToBepxHeBi Mikpo- i HAHOCTPYKTYPU BUKOPUCTOBYIOTH B Pi3HUX (Di3UUHUX J0ZIATKAX, TAKUX SIK PEHTTEHIBChKa
ONTHKA, (DOTOHIKA, MIKPOEJIEKTPOMEXaHiYHi CUCTEMH, MeTaMaTePian TOIIO.

IIpoGaematuka. Hasgphi meroau dabpukaiii Takux cTpykTyp € abo BUCOKOBapTICHUMM, a00 He 3a[0BOJIbHAIOTh [1€B-
HUM BUMOTaM (BEJMYNHA aCTIEKTHOTO BiIHOIIEHHST Ta IKICTh MOBEPXHI IXHIX 6IYHUX CTIHOK).

Mera. Po3po6Ka ycTaHOBKH J1JIsI IPOTOHHO-IIPOMEHEBOI Jiitorpadii, sika 103B0JISIE CTBOPIOBATH [IOBEPXHEBI MiKpPO- Ta
HAHOCTPYKTYPU 3 33J[aHUMHU TTaPAMeTPaAMIL.

Marepiamm it metoau. OHIM 3 aTbTePHATUBHUX METOAIB (habpuKailii BUIIE3raJlaHiX MOBEPXHEBUX CTPYKTYP € MPO-
TOHHO-TTPOMeHeBa JiiTorpadist. STk 3pasku st habpuKkaiiii MOBEPXHEBUX CTPYKTYP BUKOPUCTOBYIOTD TH/KIAAKK 3 KPEMHITO
3 HAHECEHWM IIAPOM TIO3UTHBHOIO PE3UCTUBHOIO MaTepiasly ImoJliMeTHIMEeTaKPUJIATY.

Pesyabratu. Po3po6ieH0 yCTaHOBKY IIPOTOHHO-IIPOMeHEBOI Jiitorpadii Ha Gasi eJeKTpoCTaTHYHOIO IIPUCKOPIOBaYa,
HaBeeHo i1 cklago0Bi Ta 0cobnuBocTi KoHCTPYKIii. HaBegeHo 0CHOBHI mapaMerpu yCTaHOBKU: KOe(IllieHTH 3MeHIIeHH ],
CTPYM IIPOTOHHOTO IyuKa, MiHiMa/IbHi po3Mipu 30HAY. [TokazaHo 1epeBaru 3acToCyBaHHs KBaAPYOJbHOI ONTUKHY 1151 (had-
puKarii Mikpoandpakiiiaux rpatok. [IpoBeseHo mepiii ekcrepuMenTH 3 habpukariii rpaTKu-/kepesia B PeHTIeHiBChKUX
(hasokoHTpacTHUX TOMOTpadax 3 XapaKTEePHOIO MUPUHOIO JiHiT 6JU3bKO 20 MKM.

BucHoBKH. Y TIPOMOHOBaHIN yCTAaHOBIII 3aCTOCOBYETHCS HOBA 30HA0(POPMYIOUa CHCTEMa, sIKa 6a3y€ThCsT Ha PO3IOJIiIe-
HOMY [EHTYIIETI MAarHITHUX KBaJPYIIOJIbHUX JiH3. 3aCTOCYBAHHSI €JIEKTPOCTATUYHOI CKAHYI0UOT CHCTeMU 3a0€3I1e4y€e BUCO-
KY TOUHICTb NO3UIIOHYBAHHS C(POKYCOBAHOTO ITyYKa B 3AMKHYTOMY IIUKJIi CKAHYBAaHHSI. YTIPABJIiHHSI IIPOIIECOM CKaHYBaHHS
3a6e3Ieuy€eThCs 32 PAXYHOK 3aCTOCYBaHHS 6araTo(yHKIIOHAIBHOTO PEKOHMIrypOBAHOTO MOYJIsI BBEJIECHHSI-BUBEIEHHS 3
ITPOTPAMOBAHOIO JIOTIKOIO.

Knwouosi crosa: mpoToHHO-TIpOMEHEBA JiTorpadis, eIeKTPOCTAaTHYHUHN TPUCKOPIOBAY, MarHiTHA KBaIPYIOIbHA JTiH3A.
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