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To obtain micrometric gratings with a high aspect ratio by lithographic technique, it is proposed to use a proton
beam focused in a line and electromagnetic scanning in the transverse direction to irradiate the resistive material.
Numerical modeling is carried out to optimize the parameters of the probe forming system for this task. The calcula-
tions were confirmed during the experimental implementation of the proposed technique. A grating from the

23.4x2060 pum lines was made.
PACS: 42.82.Cr; 85.40.Hp; 81.16.Nd

INTRODUCTION

Micro diffraction gratings are used to obtain a phase
contrast image using interference from incoherent radia-
tion from a conventional X-ray tube [1 - 3]. Another
trend of micro gratings application is generators using
diffraction radiation from moving electrons. Such gen-
erators are promising in the submillimeter wavelength
range. One of the most complex parts of a submillimeter
diffraction radiation generator is a reflective diffraction
grating [4]. The grating period for submillimeter wave-
length diapason should be <100 um and, as the wave-
length decreases, the grating period should also de-
crease. An important requirement in both cases is the
three-dimensional nature of grating with a high aspect
ratio, and when the ratio of the planar dimensions of the
lamellas and their height should be in a certain propor-
tion. At present, there are several methods for obtaining
micro diffraction gratings using X-ray photolithographic
methods that require precise photomasks. In this paper
an alternative method of irradiating a resistive layer
using a focused beam of protons of Megaelectronvolt
energies is used. This method of exposure is straight-
forward and does not require photomasks. The process
of focusing a proton beam accelerated by means of an
electrostatic accelerator to energy of several Megaelec-
tronvolt is carried out with precision magnetic quadru-
pole lenses (MQL). With the electromagnetic deflection
system, the beam is scanned over the surface of a ho-
mogeneous layer of resistive material in accordance
with a given digital pattern [4 - 6]. This lithographic
process is called Proton Beam Writing (PBW).

In most works on the application of PBW, the beam
is focused into a spot with similar dimensions along
transverse coordinates. This is due to the complexity of
the pattern form. In the case where the pattern consists
of parallel lines, it is most optimal to obtain a focused
beam in the form of a thin elongated line. In this case,
one spot size has micrometric dimensions, and the other
is measured in millimeters. This makes it possible to
significantly accelerate the irradiation of the resistive
material to produce micrometric gratings, which later
on, when the electroplating process is developed, is
formed into diffraction gratings. In the present work,
numerical simulation of beam focusing to a line with
given dimensions and maximum current density in the
irradiated region is considered. The experimental part
shows the beam focusing procedure, the determination
of real micrometric dimensions, and the result of pro-
ducing of a micro diffraction grating pattern.
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1. SIMULATION OF PROTON BEAM
FOCUSING

Quadrupole optics is used to focus the charged parti-
cle beam into the line, which is related to the physical
principles of the quadrupole lens, which has a focusing
effect in one transverse direction to the beam and defo-
cuses the beam in the other transverse direction. How-
ever, it is not effective to use one quadrupole lens in the
process of beam formation into a line. This is due to the
fact that it is possible to obtain a specific beam size in
the micrometric direction by appropriately selecting the
collimator size in this direction at a known quadrupole
lens demagnification factor. You can also obtain a dif-
ferent size by choosing the size of the collimator that
will increase in the target plane. From these considera-
tions we can conclude that in this case we will have a
low current density in the region of irradiation of the
resistive material, which is due to the inability to control
the focusing process in the millimeter range. Therefore,
in a focusing system there must be at least two quadru-
pole lenses, with two free excitation parameters of each
lens. Usually, the focusing system is calculated from the
condition of stigmatic focusing of the beam. In this
case, it is necessary to select the power of the lenses in
such a way that the required beam size on the target is
provided in the micrometric direction, in accordance
with the stigmatization of the focusing system in this
direction. And in the millimeter direction, the lens pow-
er is selected to provide the desired beam size with the
maximum resulting beam current density.

To simulate this focusing process a probe-forming
system of a nuclear scanning microprobe of the Analyti-
cal Accelerator Complex of the Institute of Applied
Physics of the NAS of Ukraine [7] was chosen. Only
one doublet of MQL of the final focusing was used,
which is located near the target camera. The geometric
parameters of the focusing system: The length of the
system (from the object collimator to the target)
I = 3553 mm; working distance (from the output of the
effective field of the last lens to the target) g = 236 mm;
effective field lengths MQL L;=50.67 mm, L,=
71.41 mm; the distance between the boundaries of the
effective field of the lens is a; =39.4 mm. The ion-
optical characteristics of the focusing system: demagni-
fication factors DxxDy = (-22.3)x(-5.7); chromatic aber-
rations Cy, = 76, C,,=82 pm/mrad%; spherical aberra-
tions <x/x®> = 17 pm/mrad®,  <x/Xy'?>=
-11 pm/mrad®, <yly®> = -7 pm/mrad®, <y/xAy'> =
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44 ymymrad®. During the formation of a 1 MeV proton
beam, the measured beam brightness distribution in the
plane of the object collimator [8] was used on the target,
which is the Gaussian distribution in the form

b(x,x"y,y)=hoby(x.x)by(y,»), 1)
2 ’ ”2
bT = exp {—ﬁ[r—z— 2k1 L*—%J}
-k o 6.0, G

=(X,Y);

bo=7 pA/um’® mrad;

06,=621 um, 0,=0,088 mrad, k,=-0.41;

6,=667 um, ¢,,=0,098 mrad, k,=-0.89.

The dimensions of the collimators were chosen from
the condition for obtaining a focused beam with dimen-
sions of 25x2000 pm. Taking into account the ion-
optical characteristics, the sizes of the object collimator
were chosen equal to 2rx = 550 pm. In the y direction,
the object collimator was completely opened 2yr =
4000 pm. The dimensions of the angular collimator in
the x direction were chosen to exclude the influence of
chromatic and spherical aberrations 2Rx = 720 pm. In
the y direction, the angular collimator was completely
opened 2Ry = 4000 um. The process of focusing the
beam with a nonuniform distribution in the phase space
in the form (1) with allowance for its clipping by object
and angular collimators with rectangular windows was
performed using the procedure described in detail in
[9, 10]. Under the condition of stigmatic focusing, the
beam dimensions on the target at the half-height of the
current density distribution were diewim X dyose, =
25x280 pm. To obtain the required dimensions, it was
necessary to change the lenses excitation to preserve the
x dimension and to reach the needed y dimension.
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Fig. 1. The contours of the dependence of the beam size
change on the target on the currents in the MQL coils:
a) in the x direction at the half-height of the current
density distribution; b) in the y direction at the 25%
of the distribution maximum

In Fig. 1 shows the contours of the dependence of
the beam dimensions when the supply currents of the
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exciting coils of the lenses change. In Fig. 1,b, the con-
tours of the beam size change at the half-height of the
current density distribution in the x direction dyrwhm
shown in Fig. 1,a are superimposed with the size change
contours in the direction at 25% of the maximum of this
distribution. From Fig. 1,b there are two solutions for
powering the lenses that provide focusing to a spot with
dimensions dXFWHM X dy25% = 25x2000 pm. A variant
with smaller values of the lens current was chosen for
the experiment.

2. EXPERIMENTAL PROCEDURE

The calculated values of the MQL excitation cur-
rents, which ensure the beam focusing in a line with the
specified dimensions, were determined on the basis of
the experimental dependence of the magnetic induction
on the poles of the lenses on the currents in the coils
given in [11]. Due to the hysteresis it was necessary to
carry out additional focusing on the visual image of the
beam on the quartz screen to minimize the beam size in
the x direction. In the y direction the size was deter-
mined from the visual image.

The width of the line is dyewim OF the focused beam
was determined as a result of a standard procedure for
scanning a vertically located 75 um diameter copper
wire and detecting the yield of secondary electron emis-
sion (SEE) during the interaction of protons with a wire.
Since the direction of the wire does not coincide with
the beam line, in order to reduce the error of determin-
ing the beam dimensions, the vertical slits of the object
and angular collimators were reduced to 200 um. As a
result, the shape of the focused beam was about the
square. In Fig. 2,a shows a secondary electrons wire
image in a scan 500x500 pm.

X, um

300+ " = experiment

fitting

2004

Count

100 4

T T T T !
200 210 220 230 240
X, um b

Fig. 2. The secondary electrons image of a copper wire
(a) and the distribution profile of the current density (b)
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The processing of the raster consisted of the selec-
tion of a series of linear profiles of the yield of second-
ary electrons when the beam moved horizontally. The
rectangular profile selection area is shown in Fig. 2,a.
The method for determining the beam dimensions at a
half-height of the current density distribution is given in
[12] on the basis of an analysis of the rise front of the
yield of secondary electrons. This allows us to deter-
mine the distribution profile of the current density of the
focused beam, and hence the fool width at the maximum
height of the distribution in the cross section. The pro-
cessing of a sample of the SEE output profiles from 20
series (see the region shown in Fig. 2,a) is performed. In
Fig. 2,b shows one of the profiles of the SEE output and
an adjustable curve that allows determining the line
width dyrwhm. As a result of processing a series of out-
put profiles of the SEE, the size of the focused beam in
the line dypwim = 22 + 5 um was obtained. The meas-
urement error is about 20% and is caused by instability
in time of the beam current from the electrostatic accel-
erator. The measured beam current was = 8 nA. Thus,
the rate of exposure dose was ~180 nC/mm?-s. Based on
the data given in [13], the required dose for the selected
PMMA resist in the production of three-dimensional
structures should be> 90 nC/mm? for a proton beam of
MeV energies. Silicon substrates with a layer of PMMA
of thickness ~5 um were chosen as the samples. The
process of exposure of the resistive surface of the sam-
ple to obtain a periodic structure was carried out by the
focused beam in a line for 1 s.
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Fig. 3. The secondary electrons image of the irradiated
and developed region of the resistive layer on a silicon
substrate for different magnitudes of the scanning
electron microscope magnification

In Fig. 3 shows the images of the developed samples
obtained with the help of a scanning electron micro-
scope. It can be seen from these figures that the experi-
mental result agrees satisfactorily with the results of
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numerical simulation from the sizes of the focused lines,
which amounted to ~23.4x2060 pm. However, it should
be noted that there are fillets at the ends of the lines,
which is due to the absence of a limitation of the beam
brightness distribution in the y direction.

CONCLUSIONS

To focus the proton beam of Megaelectronvolt ener-
gies in a line with given dimensions an approach is pro-
posed that allows to calculate the optimum sizes of col-
limators and excitation currents of MQL. The input pa-
rameters are the beam brightness distribution in the
phase space in the object collimator plane and the ion-
optical characteristics of the probe-forming system. The
results of the numerical simulation are confirmed exper-
imentally. The width of the line-focused beam dyryrm =
2245 um is determined by the method of transverse
scanning of a 75 um wire and mathematical processing
of the SEE output profiles. After the exposure of silicon
substrates with a layer of resistive PMMA material ap-
plied and the development, the lines sizes were
~23.4x2060 um? as measured using a scanning electron
microscope.
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NPUMEHEHHUE ITPOTOHHO-JTYYEBOM JIUTOT PA®UH JIJISI ®PABPUKAIIAU
MHUKPOJIUPPAKIIUOHHBIX PEITETOK

A.T'. Ilonomapes, C.B. Konunvko, B.A. Peopos, B.H. Konomueu, C.H. Kpasuenko

Jnst osrydeHns: MUKpOIM(PaKINOHHBIX PEIIETOK C BBICOKUM ACTIEKTHBIM COOTHOLICHHEM METOOM JINTOTpa-
(UM IpeUTOKEHO UCTIONB30BaTh Al 00JIydeHus (OoTOpe3ncTa IMPOTOHHBIN My40K, COKYCHPOBAHHBIN B JIUHUIO, U
JJIEKTPOMArHUTHOE CKAaHHUPOBAHUE B MONEPEYHOM HampasieHUH. [IpoBeeHO YHCIEHHOE MOJAEIUPOBAHKE 110 ONTHU-
Muzarn napamerpoB 3OC mia maHHON 3amaun. PacdeTsl MOATBEPIKACHBI NMPH 3KCIEPHUMEHTAIBFHON peau3aliiy
MIPEATIOKEHHOTO METO/1a, TIoJydeHa perieTka u3 nojoc pazmepamu 23,4x2060 MKM.

BUKOPHUCTAHHS TPOTOHHO-TIPOMEHEBOI JITOI'PA®II )11 ®ABPUKAIIIL
MIKPOIUPPAKIIMTHAX T'PATOK
O.I'. llonomapwos, C.B. Koninvko, B.A. Peopoe, B.M. Konomieus, C.M. Kpasuenxo

Jnst BupoOHMITBA MIKPOAN(PAKIIHHNX TPATOK 3 BEJIMKUM ACHEKTHHM CITiBBIJHOIICHHSM METOIOM Jiitorpadii
3aIpOIIOHOBAHO 3aCTOCYBATHU ISl ONIPOMiHEHHsI (POTOPE3UCTY MPOTOHHUH ITy4YOK, COKYCOBaHHH B JIIHIIO, Ta €IEKT-
pOMarHiTHe CKaHyBaHHS B ITOTIEPEYHOMY HanpsMKy. [IpoBeseHe urcenbHe MOJIEIIIOBaHHS 3 ONTHMI3alii mapaMeTpiB
3®C ans paHoi 3ana4i. Po3paxyHku miATBEp)KEHO NP eKCIIEPUMEHTAIbHIN peaizaliii 3a1poroHOBaHOTO METO/IY,
BUTOTOBJICHO TPATKY 3i cMyramu po3mipamu 23,4%2060 MxM.
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