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ABSTRACT

Methods of modifying surface and near-surface layers of materials and coatings by ion beams can be
applied in many fields of science and technology. To practically implement the technologies for the
targeted improvement of the performance properties of parts and products for various purposes, it is
of great interest to develop the methods of deep ion doping of near-surface layers of semiconductor
materials, as well as metals and alloys due to the enhancement of radiation-stimulated diffusion under
conditions when the irradiated sample’s deep layers are not subjected to significant temperature impact.
This work studies the features and regularities of the implementing the synergy of high-intensity
titanium ion implantation at current densities of several hundred milliamps per square centimeter with
simultaneous energy impact of a submillisecond ion beam with a power density reaching several tens
of kilowatts per square centimeter on the surface. This work is the first to show that the synergy of
high-intensity ion implantation and the energy impact of a high power density ion beam, taking the
titanium implantation into silicon as an example, provides the possibility of increasing the ion doping
depth from fractions of a micron to 6 microns by increasing the irradiation time from 0.5 to 60 min.
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AHHOTAIINA

Metoasl MOAM(UKALMK TOBEPXHOCTHBIX M NPHUIIOBEPXHOCTHBIX CJIOEB MAaTEpHaOB M MOKPHITUH
MOHHBIMHU ITyYKaMU HAaXO/SAT IPUMEHEHNE BO MHOTHX 001acTAX HAYKH M TEXHUKH. Pa3BuTre MeTo 0B
[TyOOKOrO MOHHOTO JIETUPOBAHUS MPHUIIOBEPXHOCTHBIX CJIOEB MOJYIPOBOJAHUKOBBIX MaTepHaloB,
a TaKXKe METaJUIOB U CIUIaBOB Oyarojiaps YCWJICHHUIO pajualliOHHO-CTUMYIMPOBAHHOU Iuddy3un
B YCIIOBHSIX, KOI/Ia ITyOOKHE CJIOM 00JyyaeMoro odpasla He MOJABEPraloTcs 3HAYUTEIbHOMY TEM-
IIepaTypHOMY BO3AECHUCTBUIO, IPEACTABISAET 3HAUNTENbHBINA UHTEPEC ISl IPAKTUYECKON pean3alu
TEXHOJIOTUH HAIIPABJIEHHOTO YIyUlIEHHsI 3KCILTyaTallUOHHBIX CBOMCTB A€TaJICH U U3JEIINN Pa3IudHO-
ro HazHayeHus. Hactosmas pabora mocssiieHa UCCIeI0BaHUI0 0COOCHHOCTEH M 3aKOHOMEPHOCTEN
peanu3anuy CUHEPTMU BBHICOKOMHTEHCHBHON MMIUIAHTALMM MOHOB THTAaHA IPH IUIOTHOCTIX TOKa
B HECKOJIBKO COTE€H MWJUIMAMIIEP HAa KBAJAPATHBIA CAHTUMETP C OJHOBPEMEHHBIM DHEPreTHUUYECKUM
BO3/ICHCTBHEM Ha MOBEPXHOCTh Iy4YKa MOHOB CYOMMIITMCEKYHJHOM NIMTEIbHOCTH C IIOTHOCTBIO
MOIIIHOCTH, JOCTUIAIOIIEH HECKOJIBKMX JIECATKOB KMJIOBATT HA KBAaJApaTHbIM caHTHMMETp. BriepBeie
II0OKa3aHO, YTO CHHEPIHsl BHICOKOMHTEHCUBHON MMIUIAHTALlMM MOHOB M SHEPreTHYECKOIO BO3/EH-
CTBUS IIyYKa MIOHOB BBICOKOM INIOTHOCTH MOIIHOCTH, HA IIPUMEPE UMILJIaHTALIUM TUTaHA B KPEMHHUH,
o0ecrneyrBaeT BO3MOXKHOCTh POCTA INTyOMHBI HOHHOTO JISTUPOBAHMS OT J10JIeH MKM 710 6 MKM 3a CUeT
yBenu4eHus: BpeMeHu oomydenus ot 0,5 1o 60 MuH.

KIJIFOYEBBIE CJIOBA

HNoHHasg wWMILIaHTalKs; DSHEPreTHYECKOE BO3JCHCTBHE;, JHMHAMHMKA TEMIEPATYPHBIX IOJEH;
paaualOHHO-CTUMYJIUPOBaHHAA AUPQy3usi; MIyOOKOe HOHHOE JIETUPOBAHUE; CUHEPIHs; HOHBI
TUTaHA; KPEMHUIT; MOIM(UKALIKS TOBEPXHOCTH; BaKyyMHasl 1yra; UHPPAKpaCHbIM MUPOMETP.

Introduction and hundreds of micrometers. The high current
density in the ion beam and significant heating
of the irradiated materials contribute to the
implanted atoms’ diffusion to depths many times
greater than the ion projective range. At the same
time, in many cases, heating irradiated samples
to high temperatures during ion implantation
causes a negative change in the microstructure
both in the doped layer and in the entire volume
of the material.

The study [20] considers the possibility of

Methods of modifying the surface of metals,
alloys, and semiconductor materials by ion
beams [1-18] are of considerable interest for
directed change in physical, mechanical, and
electrophysical properties in many fields of
science and technology. An increase in the
thickness of ion-modified layers expands the
possibilities of practical application of ion
implantation both in semiconductor materials

and in metals and alloys. The method of
high-intensity low-energy ion implantation
proposed in [19] demonstrated the possibility
of increasing the ion-doped layer depth due to
radiation-stimulated diffusion to several tens
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modifying the near-surface layer by a high-
intensity repetitively-pulsed beam without a
significant change in the microstructure and
properties of the irradiated material outside the
doped layer. The method assumes the synergy



of high-intensity ion implantation and energy
impact on the surface of ion beams with a
high-pulsed power density. At that, the mean
temperature of the irradiated target can be
limited to values at which its microstructure
does not deteriorate.

This work studies the features and regularities
of implementing the synergy of high-intensity
titanium ion implantation at current densities
of several hundred mA/cm? with simultaneous
energy impact of a submillisecond ion beam with
a power density reaching several tens of kW/cm?
on the surface. This work is the first to show that
the synergy of high-intensity ion implantation
and the energy impact of a high power density
ion beam, taking titanium implantation into
silicon as an example, increase the ion doping
depth from fractions of a micron to 6 microns
due to increasing the irradiation time from 0.5
to 60 min.

1. Experimental setup
and research methods

The experimental study was carried out
on a complex installation equipped with a
modified ion source Raduga-5, described
in [18]. A vacuum-arc evaporator generated
titanium plasma in a continuous mode at a
discharge current of 130 A. For ion extraction
a single grid electrode in the form of a part of
a sphere with a radius of 130 mm, a grid cell
size of 1x1 mm? and a transparency of 64% was
used. As in work [18], a disk electrode located
along the ion source axis was used to cut off
the deposition of the microdroplet fraction of
the vacuum arc discharge during the titanium
plasma generation on the irradiated surface. The
beam was generated in a repetitively-pulsed
mode using a pulsed voltage generator with a
pulse duration of 500 us and a bias potential
amplitude of 30 kV. Silicon wafers with sizes of
40x10 mm? and thickness of 380 pm were used
as samples. The samples had a polished surface
with low roughness, which made it possible to
obtain good depth resolution in pulsed diffusion
studies.
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For pulse measurement of the sample surface
temperature a high-speed infrared pyrometer
KLEIBER KGA 740-LO was used.

Ultra-high-dose implantation of titanium
ions under conditions of partial heating of the
entire sample by an ion beam and significant
pulsed heating of the surface provided diffusion
doping of silicon with titanium depending on
the time and irradiation fluence.

The concentration and spatial distribution
of implanted titanium were studied using the
methods of RBS (Rutherford Back Scattering)
of alpha-particles and transmission electron
microscopy.

To analyze the implanted structures by the
Rutherford backscattering (RBS) method, an
accelerator based on a high-voltage electrostatic
generator of the Van de Graaff type was used.
Helium ions with an energy of 1.5 MeV were
used as a probing beam, the angle between the
beam and the normal to the sample was 5°, the
scattering angle was 160°.

The distribution of titanium and silicon over
the irradiated target depth was studied using a
transmission electron microscope JEM-2100F.

2. Experimental results
and discussion

At the first stage, the studies were carried out
on the titanium coating deposition on the silicon
sample surface using a disk electrode located
along the ion source axis. The disk electrode
prevented the direct passage and deposition of
both macroparticles and titanium plasma on the
sample. The presence of thermal energy in the
ions expanded the plasma and its deposition
in the region of the ion beam focusing. The
experimentally measured rate of titanium film
deposition on a silicon substrate at the center of
the target was about 2.7 A/s.

The patterns of changes in the spatial
distribution of titanium in silicon at the
synergy of repetitively-pulsed high-intensity
implantation and simultaneous energy impact
of an ion beam on the surface were studied at a
high-voltage bias pulse frequency of up to four
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pulses per second, depending on the irradiation
time from 0.5 to 15 min and a bias potential
amplitude of 30 kV.

The use of a pulse pyrometer KLEIBER
740-LO with a lower limit of the measured
temperature of 300 °C predetermined the
experimental conditions. The samples were
irradiated with their integral heating to a

temperature near the pyrometer’s lower
sensitivity limit.
The first sample was irradiated

for 0.5 min at an accelerating potential of
30 kV. The ion irradiation fluence, taking
into account the pulse repetition rate and ion
current density, slightly exceeded 2x10' at./cm?.
Fig. 1, a, curve 1, shows the RBS spectrum of the
irradiated sample. Fig. 1, b, curve Ti_1, shows
the distribution profile of implanted titanium
in silicon reconstructed from the spectrum
data. The shape of the titanium distribution
profile indicates a high-dose mode of ion
implantation, when the concentration maximum
appears on the irradiated target surface due to
ion sputtering. Measurement of the surface
temperature with a pulse pyrometer showed that
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by the end of irradiation, the maximum surface
temperature in the pulse reached 348 °C. The
RBS spectrum and distribution profile indicate
no significant titanium diffusion in silicon under
these conditions.

An increase in the irradiation time
to 5 min with a corresponding increase in the
ion implantation fluence, while maintaining
the remaining beam parameters, significantly
changed the implanted titanium distribution
in silicon. Fig. 1, a, curve 2, shows the RBS
spectrum with a significant increase in the
number of channels detecting titanium and a
characteristic change in the channels detecting
silicon. Fig. 1, b, curves Ti_2 and Si_2, shows
the distribution profiles of titanium and silicon
reconstructed using the SIMNRA program
(version 7.03). These distributions indicate
high-intensity —implantation with titanium
diffusion to a depth of more than 0.3 um. The
titanium concentration is quite uniform over the
implanted layer depth, it is about 32 at.% and
approximately coincides with the concentration
level that was achieved during implantation for
0.5 min.
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Fig. 1. Rutherford backscattering spectra (a), titanium dopant distribution over the silicon sample depth (b).
1 -0.5min, 2 -5 min, 3 - 15 min

Puc. 1. Criextpsl oOparHOro pesepdopmoBckoro paccesius (a), pacrpeaeieHie IpUMecH TUTaHa
o riryoune odpasua kpemuus (b). 1 — 0,5 mun, 2 — 5 mun, 3 — 15 MuH
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A further increase in the irradiation time to
15 min significantly increased the ion-doped
layer thickness. Irradiation was carried out
under conditions of varying the pulse frequency
of the accelerating potential. At the beginning
of irradiation, the pulse frequency was 4 p.p.s.
After the sample temperature reached 450 °C,
its further stabilization was maintained by
changing the pulse frequency. Fig. 1, a, curve 3,
shows the RBS spectrum for the given irradiation
mode. The spectrum of complex shape indicates
a very wide titanium layer. Fig. 1, b, curves
Ti 3 and Si 3, shows the spatial distributions
of titanium and silicon corresponding to this
spectrum. It is obvious that titanium diffuses
to a depth of more than 0.7 pm, which exceeds
by several orders of magnitude the projective
range of implanted titanium ions, having an
average energy of about 60 keV in silicon,
taking into account the charge composition
of the ions. It is characteristic that the ratio of
titanium and silicon concentrations remains
constant throughout the entire ion-doped layer
thickness.

A further increase in the high-intensity ion
implantation time with simultaneous energy
impact of the ion beam on the silicon surface
to 30 and 60 min formed the ion-doped layers
with a thickness significantly exceeding one
micrometer. Using alpha particles to analyze
ion-doped layers by the RBS method limited
the analyzed layer depth within one micrometer.
The data obtained by the RBS method during
implantation for 30 min showed that the titanium
concentration in the doped layer with a thickness
of more than one micron is 32 at.%. With an
increase in the implantation time to 60 min, the
titanium concentration slightly increased and
reached 39 at.%.

A silicon sample irradiated with titanium
ions for 60 min was studied by transmission
electron microscopy.

Fig. 2 shows the data of transmission electron
spectroscopy of a silicon sample irradiated
with titanium ions for 60 min, over depth.
The data show a doped layer with a thickness
of 6 um.
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Fig. 2. Image obtained using a transmission electron
microscope, indicating the recording of spectra

Puc. 2. Uzo0pakeHne, MOTydeHHOE C TOMOIIHIO
IIPOCBEUNBAIOIIETO IEKTPOHHOTO MHKPOCKOTIA,
C YKa3aHHEM PETUCTPAIUU CIIEKTPOB

Conclusion

Thus, this work is the first to show the
possibility of realizing the synergy of high-
intensity titanium ion implantation at current
densities within 0.5 A/cm? with simultaneous
energy impact of a submillisecond ion beam
with a power density reaching 50 kW/cm?
on the surface. Ultra-high-dose titanium
ion implantation under conditions of partial
heating of the entire sample by an ion beam
and significant pulsed heating of the surface
provided diffusion doping of silicon with
titanium depending on the irradiation time
(fluence) from fractions of a micron to 6 um. The
obtained results are of interest for developing
the techniques and technologies of the deep ion
doping of semiconductor materials’ near-surface
layers, as well as metals and alloys due to the
enhancement of radiation-stimulated diffusion
under conditions when the irradiated sample’s
deep layers are not subjected to significant
temperature impact.
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