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The features of defect formation in the surface and near-surface silicon layers under the influence of
irradiation with beams of high-energy ions of gases of various masses are investigated and the prospects of
using such ion beams are shown for the technology of radiation doping of semiconductors. It has been es-
tablished that the degree of Si damage both in the ion path region and in the braking region of ions rises
and becomes more complex with an increase in the energy and mass of the ions. The greatest structural
damages were observed in the ion braking region, where the concentration of defects was maximal. It was
revealed that the structure of the path range after irradiation with protons did not change significantly, in
contrast to the heavily damaged structure after irradiation with alpha particles. More orderly and narrow-
er lines of stress associated with defects were observed in Si irradiated with protons, and their number and
location relative to the braking line depended on the ion beam intensity. It was established for Si irradiat-
ed with alpha particles that the area of their braking consists of the voids with various sizes and shapes
etched as a continuous layer and in the form of individual clusters, accompanied by dislocation loops that
were formed. It was found that complex structure of the deuteron braking band in Si is due to the presence
of dislocations in the initial Si, their movement and interaction with radiation defects at irradiation. The
definitive picture of the formation and ordering of defects is determined by the interaction of growth and
radiation defects and temperature at irradiation. Changes in the width of the etched braking band in the
range from 20 to 200 pm, depending on the mass of ions, are revealed. The minimal width of the braking
band for all types of radiation was obtained at the edge of irradiated area, where the sample temperature

was lower due to cooling, and the maximal one was obtained in the center of irradiated area.
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1. INTRODUCTION

In the modern conditions the modification (the di-
rected change) of the properties of semiconductor mate-
rials by the ion beams is one of the most promising
physico-technological methods [1, 2]. The electrophysi-
cal characteristics of semiconductors can be varied over
a wide range, using controlled introduction of radiation
defects and performing the necessary heat treatments.

The use of ion implantation as a method of precision
local doping of solids provided, in fact, the realization of
the advantages of planar technology in microelectronics
[3, 4]. The rapid development of microelectronics in
recent decades is largely associated with ion implanta-
tion [5]. The process of ion doping is associated with
minimal degradation of such electrophysical parame-
ters of the initial single crystals as carrier lifetime and
conductivity, on which the characteristics of semicon-
ductor devices significantly depend.

It is believed that the ion fluence of 1016 cm -2 is the
threshold fluence to form gas-vacancy complexes in
silicon. A more accurate value of the fluence is deter-
mined by the temperature of implantation, energy and
mass of ions. Nanopores, which are the controllably
incorporated into the crystal matrix during the implan-
tation of gas ions, are able to extract undesirable impu-
rities from the volume and serve as centers of stress
relaxation in the surrounding lattice [6]. Upon anneal-
ing of irradiated silicon at 800 °C, the restore of disin-
tegrated amorphous structure occurs through epitaxial
recrystallization on both sides of the amorphous layer
[7]. The process begins at the boundary between the
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amorphous layer and Si matrix. Recrystallization pro-
motes acceleration of the gas segregation, the restora-
tion of the defect structure (amorphous layer) and for-
mation of a polycrystalline layer with stacking faults
and dislocations [8]. For this reason, to avoid amor-
phization step implantation is carried out at elevated
temperatures. High-energy ion irradiation provides
such defect structuring, i.e., formation of enriched or
depleted defect regions by varying the beam current
(irradiation intensity). It should be noted that the
mechanisms of amorphization and recrystallization
under ion irradiation of silicon are still under discus-
sion. Because of the lack of reliable data on the nature
and parameters of the altered layers, it is impossible to
determine the precise threshold fluence of irradiation,
period and size of these superstructures. In addition, in
the case of the large ion fluence, the formation of or-
dered quasi-periodic structures is observed in the irra-
diated materials [9].

Modern radiation doping of semiconductors with ion
beams is characterized by the formation of layers with
properties that differ from the matrix properties, due to
the controlled introduction of impurities and defects.
This method allows to obtain hidden layers with a differ-
ent type of conductivity, the formation of p—n-junctions,
the passivation of stresses and defects, and the produc-
tion of new electrical and photovoltaic characteristics.

The irradiation method of semiconductors by intrin-
sic and impurity ions of keV energies for many years
has been the basis of microchip technology. The use of
heavy ions with energies of hundreds of MeV has be-
come relevant in connection with the creation of power-
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ful accelerators. At present, the ion energy range with-
in tens of MeV remains the least studied.

The aim of the work was: to reveal the features of
the distribution of structural defects in silicon close to
the proton braking region and beyond its limits by the
methods of X-ray topography and selective etching; to
establish the modification peculiarities of defect struc-
ture in the near-surface silicon layers when irradiated
with ions of gases of various masses with energies of
tens of MeV; and also to summarize the obtained exper-
imental results.

2. RESEARCH METHODS

The structural properties of irradiated silicon samples
were studied using a number of techniques such as X-ray
topography, selective etching, metallography.

* X-ray topography is a non-destructive method for
studying the structural defects in crystals, based on the
interaction of incident X-rays with a crystal lattice. X-ray
diffraction and absorption are affected by various lattice
defects. This method allows obtaining the information
about point defects, dislocations, stacking faults, grain
boundaries, precipitates (particles of a new phase), pores,
and their distribution in the crystal bulk [10].

* Selective etching is based on the chemical etching of
silicon and fixes the difference in oxidation in the defec-
tive and defect-free regions of the crystal. The chemical
etching is an important procedure when working with
silicon. The action of chemical etchant includes polishing
effect and selective etching. In the experiments, the etch-
ant of such composition 2HNOs + HF + CHsCOOH was
used. The first component (nitric acid) oxidizes the sam-
ple surface, the second (hydrofluoric acid) makes it solu-
ble, and the third component (acetic acid) serves as a
buffer that controls the reaction rate.

When etching the defect-free surface of the semicon-
ductor, it remains plane and clean. Areas with defects are
etched differently, forming "pits" or "knobs". The stacking
faults, some "inclusions", small dislocation loops are
etched in the form of flat pits. Dislocations are etched in
the form of dimples with top, which deepen with an in-
crease in the duration of etching without changing their
shape and morphology. If the dislocation is not perpen-
dicular to the surface, the shape of the dimple will be
incorrect. In general, at the beginning of etching, the lin-
ear and localized defects may have the same morphology,
but with an increase in the duration of etching, the for-
mer remains of their shape and the localized defects man-
ifest their flat bottom. Some defects of the crystal appear
during etching as "knobs". This, as a rule, may be small
insoluble oxidized particles or a precipitate that falls out
from the etchant.

The result of etching the sample surface depends on
its crystallographic orientation. The densely packed
planes are usually easier to etch. For single silicon crys-
tal, these are the (111) and (110) types of planes. The
shape of etching patterns is also determined by the type
of crystallographic plane. Etching pits associated with
dislocations, when re-etching the crystal, appear in the
same places as previously found. In this way the disloca-
tions that intersect the sample surface are detected. The
dislocation loops that intersect the sample surface appear
as two coupled etch pits.
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* Metallography makes it possible to detect the inner
structure of defects (porosity, inclusion of different phas-
es, structural defects) and analyze the structure of the
surface layer.

3. EXPERIMENT

Single crystals of n-Si (o= 3-4 kOhm-cm) grown by
the Czochralski method, dislocation-free and with a dis-
location density of ~ 103 cm~2 are investigated. Irradia-
tion of silicon crystals by protons (H*) with an energy of
6.8 MeV, by 13.6 MeV deuterons (2H*) and 27.2 MeV
alpha particles (He?") by fluences @>10%cm~-2 with
varying the ion beam current density from 0.25 to
3 pA/em? was carried out at cyclotrons U-120 of the In-
stitute for Nuclear Research of the NAS of Ukraine. The
dislocation-free crystals were irradiated with protons
and alpha particles, and crystals containing dislocations
were irradiated with deuterons. Samples were cooled
with running water during irradiation. Meanwhile the
temperature of the samples did not exceed 100 °C. To
study the topographic image of the defective silicon mi-
crostructure, the irradiated samples were cut along the
direction of irradiation into plates (which made it possi-
ble to study the properties of silicon in the ion path re-
gion, braking and behind the braking area), the mechan-
ical (grinding) and chemical (polishing) surface treat-
ments were carried out. To study the layer-by-layer dis-
tribution of structural defects in silicon irradiated with
protons, the samples were thinned by gradual etching
(with the step of 30 um) from the side of the irradiated
surface. In silicon, the projection (calculated) path length
of protons and alpha particles of utilized energies is ap-
proximately the same and is about R, ~ 360 um, and in
the case of deuterons it is 780 um.

4. RESULTS AND DISCUSSION

As a result of the carried out researches the number
of features of the behavior of radiation defects under
conditions of their high concentration and non-uniform
distribution were elucidated. According to the data of
X-ray topography and selective etching, it was found
that the greatest structural damages (disordering) for
all types of radiation were observed in the braking re-
gion of ions, where the concentration of defects was
maximal (bands 1 in Fig. 1). The dependence of the
damage degree of the defect silicon structure on the
mass of the irradiating particles was established: the
structure of the path range after irradiation with pro-
tons did not change significantly (Fig. 1a), in contrast
to the heavily damaged structure (possibly, polycrystal-
line) after irradiation with alpha particles (Fig. 1c).
More ordered stress lines associated with defects were
observed in silicon irradiated with protons.

The significant changes in the width of the etched
braking band for light ions of different masses were
found in the direction from the edge to the center of the
irradiation region: 30-90 um (for H¥), 20-130 um (for 2H"),
140-200 um (for He2*). The minimal bandwidth for all
types of irradiation was obtained at the edge of the ir-
radiation area, where the sample temperature was
lower due to cooling.

In the center of the irradiation region of the sample
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at the beam current density of protons < 0.45 pA/cm? at
the distance from the surface, equal to double path
length of the ions (2 Rp), the second etched line of stress
was observed parallel to the braking line 1 (long-range
effect) (Fig. 1a, line 2). The dependence of the propaga-
tion of defects behind the braking line of hydrogen ions
on the value of the ion beam current density, that is, on
the intensity of irradiation, is revealed. When the cur-
rent density increased to 1 pA/cm?, the stress line 2 in
Si was not observed behind the braking line 1.

Fig. 1 — Micrographs of selective etching (in the center of the
irradiation region) after irradiation of n-Si with: a — protons;
b — deuterons; ¢ — alpha particles. The fluence of irradiation is
1017 cm -2, The arrows show the direction of irradiation; 1 is
the ion braking region; 2(a) is the stress line associated with
defects beyond the braking area of H* at the distance of the
double ion path (about 720 um) (long-range effect); 2(b) is the
stress band associated with defects within path region of 2H*
at a distance of about 130 um from the braking band 1. The
insets show segments of the braking bands 1 of ions in ex-
panded scale

At the beam current density 3 pA/cm? under similar
cooling conditions (the sample was cooled only with
running water), the part of silicon, whose thickness cor-
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responded to the path depth of ~ 360 um, at the passage
of ions was peeled off from the main crystal volume dur-
ing irradiation (Fig. 2). This fact indicated that the tem-
perature of silicon in the braking region reached a value
sufficient to release hydrogen from Si-H bonds and to
fill the vacancy complexes in the process of irradiation.
According to [11], hydrogen released from Si-H bonds at
the temperature near 600 °C formed bubbles that grew
and burst to create the voids (pores), sizes and density
of which were determined by the energy of protons and
the irradiation intensity. At low beam current density of
0.25-0.45 pA/cm?, the irradiated part of silicon peeled off
only after the annealing of irradiated silicon at 600 °C,
that is, the effect was determined by the sample anneal-
ing temperature.

Fig. 2 — Photographs of the Si surface (in different perspec-
tives) irradiated with 6.8 MeV protons by fluence of 3-10'7 cm -2
at the beam current density of 3 pA/cm?2. The irradiation of
silicon at the elevated temperatures leads to the separation of
the irradiated part of the sample due to high stresses in the
ion braking region when the breaking of Si-H bonds occurs
with the release of hydrogen

The distributions of the structural defects near the
braking area of protons in silicon were obtained by X-ray
topography and selective etching methods after the
gradual etching of the surface of irradiated silicon
(from the irradiation side) with the step of 30 um. Sili-
con samples were pre-irradiated at 7'<100°C with
proton fluence of 1017 cm -2 and annealed for 0.5 h at a
temperature of 580 °C. Namely under these conditions
hydrogen begins to be released from the Si-H bonds.
The results obtained help to understand the behavior of
hydrogen in silicon, when the temperature of the sam-
ple during irradiation is quite high.

Fig. 3 and Fig. 4 show respectively the pictures of
X-ray topography and selective etching of the sample
taken in the irradiation plane at a depth of 315-510 um
from the irradiated surface. Taking into account that
the projection length of free path of protons with the
energy of 6.8 MeV is about 360 um, the data are ob-
tained for 45 pm (a) and 10 um (b) to the braking line,
as well as for 35 pm (c) and 150 um (d) behind it. It can
be seen that the irradiated area associated with radia-
tion defects gradually decreases under deepening into
the material and disappears completely at the depth of
about 510 um from the irradiated surface (nearly
150 pum behind the braking line). The layers of growth
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of the matrix silicon were detected at the depth of
about 395 um (Fig. 3c), that is, almost 35 um behind
the proton braking line. In our opinion, these growth
layers were decorated with hydrogen in the presence of
oxygen, carbon and other growth impurities and de-
fects. Such layers were not detected with further etch-
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ing at the depth of more than 150 um behind the brak-
ing line of the protons (Fig. 3d).

That is, in silicon, irradiated with 6.8 MeV protons
and annealed at 580 °C, the contrast associated with
growth layers appears in a narrow line behind the
braking part and does not further appear.

-

© 2mm

Fig. 3 — X-ray topograms of the structure of irradiated silicon (Eu+=6.8 MeV; ®@=107cm-2) after annealing (7'=580 °C;
t = 0.5 h) in the plane of irradiation after gradual etching at the different depths from the irradiation surface: before the braking
line (a — 45 pum; b — 10 pm) and behind it (c — 35 pm; d — 150 um). The vertical dashed line is the proton braking line

Fig. 4 — Micrographs of the surface structure of irradiated Si after selective etching at appropriate depths. Notations as in Fig. 3

For comparison, in Si irradiated with 43 MeV pro-
tons at @ =107 cm~2 and annealed for 0.5 h at 800 °C,
in the braking region of protons the gradual removal of
stresses by plastic deformation with formation of dislo-
cations along the braking line was observed [12]. After
annealing at 1000 °C, the contrast of the stresses, which
associated with the growth layers of the initial Si, was
revealed; it appeared for the protons of this energy ear-
lier behind the braking area, than in path region.

The results obtained for protons of different ener-
gies indicate that the features of the Si structure
should be determined not only by the temperature of
irradiation or annealing, but also by its distribution
over the sample during the irradiation process, since it
can affect the defective structure in all areas (ion path,
braking, behind the braking region).

Micrographs of the structure of irradiated Si after
selective etching (Fig. 4), which fix changes in the
structure near the braking line of protons at the corre-
sponding depths have shown that the proton path re-
gion remains crystalline with detected typical defects
(a, b), and behind the braking line the structure of sili-
con changes (c, d).

Unlike the proton irradiation, in the case of deuter-
on irradiation of dislocation Si, no long-range effect was
observed, however, the braking region of deuterons was
not only wider, but also had a more complex structure
(Fig. 1b). In the ion path region in Si, the additional

etched band of stresses 2 appeared near the center of
the irradiated area (at the distance of 130 pm from the
first band and closer to the irradiated surface), where
the T of the sample during irradiation was maximal.
The width of this band was about 100 um.

During proton irradiation of silicon, the braking re-
gion is a rather narrow band (Fig. 1a), with alpha irra-
diation it consists of pores (Fig. 1c, inset), whereas dur-
ing irradiation with deuterons the braking region con-
sists of a wide band of damages, located in parallel of
the braking plane, and of "bridges" from the defects,
probably stacking faults, which crossed the damaged
region at right angle (Fig. 1b, inset). Such complex
structure is obviously due to the presence of disloca-
tions in the initial Si, their movement, interaction with
radiation defects during irradiation (in conditions of
high temperature and high concentrations of defects).

The structure of Si on the surface, in the path and
braking regions of alpha particles was the most dam-
aged (if compared with the irradiation of protons and
deuterons), which could be expected since the energy
and mass of H2* were higher.

The structure of the path after irradiation of silicon
with protons did not change significantly, in contrast to
the heavily damaged structure after irradiation with
alpha particles. As in the case of protons, the long-
range effect was observed (propagation of defects in the
form of stress lines behind the braking line) for alpha
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particles [12]. This effect depended on the ion beam
current density (intensity of irradiation), and occurred
only at ions’ current density less than < 0.45 pA/cm?2,
that is at lower irradiation temperatures.

When the beam current density was increased to
1 pA/em?, ordered linear structures were observed only
in the path of alpha particles. The number of such
structures depended on the intensity of the ion beam
(increased with increasing intensity) and, hence, on the
heating temperature of the sample during irradiation.

The results of metallographic study for the Si sample
irradiated with fluence of 107 cm -2 at the ion beam cur-
rent density close to 1 pA/cm? after the selective etching
show that the braking region of helium ions was a
strongly damaged region of silicon consisting of the voids
with various sizes and shapes, etched as a continuous
layer and in the form of individual clusters, accompanied
by dislocation loops that were formed (Fig. 1c).

The formation of voids during the implantation of
high-energy gas ions is most likely due to the high con-
centration of defects of the vacancy type [13, 14]. The
vacancies, merging into the complexes, can remove
stresses in the lattice, including those associated with
the precipitation of growth impurities (oxygen or car-
bon), and prevent the formation of dislocations.

Thus, the use of gas ions of MeV energies promotes,
on the one hand, to create in the ion braking region of
silicon a broken layer, and on the other hand, it can
contribute to the accelerated recrystallization of amor-
phous layers due to the temperature increase during
irradiation as a result of an increase in the ion energy.
This contributes to the layerwise segregation of impuri-
ties and defects in Si, that is, the change in properties
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both in the ion path and behind it. To obtain the specif-
ic values of these changes, it is important to control the
regime of irradiation (type of ions, their energy, fluence
and temperature of irradiation).

5. CONCLUSIONS

1. The results of studies of modification of the silicon
defect structure under the influence of radiation showed
that collective interaction processes under conditions of
high density of atomic collisions could stimulate inner
phase transformations, causing the formation of layers
of defects and changing the matrix parameters.

2. It was revealed that the number and width of
etched stress lines (the nature of defect formation)
when silicon is irradiated with large fluences of ions
depends on their mass and energy. This makes it pos-
sible in the depth of silicon (<780 um) to create thin
layers of different widths (20-200 pm), the properties of
which differ from those of the original matrix.

3. The ability to change the properties of silicon lay-
er by layer is important for the development of radia-
tion doping of semiconductors and to ensure the cur-
rent needs of micro- and nanoelectronics.

4. Understanding the processes of orderly accumu-
lation and distribution of defects and impurities during
ion irradiation is necessary to control their quantity
and localization.
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Moaudikanis nedekTHOI CTPYKTYPH KPEMHIIO ITi/] BINTMBOM pajiarii

I'.Il. Ta#imap, M.B. Ilinxosceka, M.I. Crapumnk

Incmumym sdeprux docridxwcens HAH YVrpainu, np. Hayku, 47, 03028 Kuis, Yikpaina

Jocmimeno ocodmuBocTi ne)eKTOyTBOPEHHS Y IIOBEPXHEBUX 1 IIPUIIOBEPXHEBUX IIapax Si IIiJ BILIMBOM
OIPOMIHEHHSA IIyYKAaMM BHCOKOEHEPIeTUYHHUX 10HIB IadiB Pi3HMX MAac 1 IIOKA3aHO MePCIeKTUBU BUKOPHUCTAH-
HS TAKUX 10HHUX IYYKIB JJIs TEeXHOJIOTII paaialfifHOTrO JIEryBAHHS HAIMIBIIPOBIIHUKIB. BcTaHoBIeHO, 110
CTYIIIHB IIOIIKO/KEeHHS Si ik B 006s1acTl 1Ipobiry 10HIB, Tak 1 B 00J1aCTi IXHBOTO raJIbMyBaHHs 301JIBIILYETHCS 1
YCKJIAQHIOEThCS 31 30L/IbIIeHHAM eHepril 1 Macu ioHiB. Hai0libIn mopylieHHs CTPYKTYPH CIIOCTEPIraJiuca B
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obsacTi raabMyBaHHS 10HIB, e KOHIIEHTpAIllsd aedekTiB Oyia MaKCHMAJIBHOK. BHSBIIEHO, IO CTPYKTypa
obstacTi Tpobiry Iriciist OIPOMIHEHHSI ITPOTOHAMHY 1CTOTHO He 3MIHIOBAJIACs, HA BIIMIHY BiJI CHJIBHO IIOIITKO-
IPKEHOI CTPYKTYPH IICJIS OIPOMIHEHHS aJIb(a-4acTUHKAMU. BLJIBIN BHOOPAAKOBAHI Ta BY3bKl JIHII HaIpy-
JKeHb, IIOB'A3aHl 3 Jed)eKTaMH, CIIoCTepirajaucsa B Si, OIPOMIHEHOMY IIPOTOHAMH, a IXHA KLIBKICTBH 1 poa3Ta-
IIyBAHHS I0JI0 TAJIBMIBHOI JIHIT 3aJIesaIu BiJ[ IHTeHCUBHOCTI Iydka i0HiB. Beranorimeno s Si, ompomi-
HEHOro ayb(a-JyacTUHKAMH, 110 00JIacTh IXHBOI0 TaJIbMYBAHHS CKJIQJIAETHCS 3 IOPOKHEY PISHUX PO3MIpIB 1
dopmM, BUTpaBIIEHHUX SIK CYIIJIBHUH IIap Ta Y BUIJVIAIL OKPEMHX KJIACTEPIB, IO CYIIPOBOJKYIOTHCS JTUCIIOKA-
IIAHUMY TETIISIMU, K1 yTBOPMJIACA. 3'SICOBAHO, IO CKJIAJHA CTPYKTYpa CMYTU raJIbMyBaHHSI JEUTPOHIB Y
KpPeMHIl 3yMOBJIeHA HASBHICTIO JUCIOKAIIM y BUXITHOMY Si, IXHIM PYXOM 1 B3aeMOJi€n 3 pamialliiiHuMU Jie-
dexramu mpu ompominenHi. OcraTouHa kapTuHa QOPMYBAHHS 1 BIOPSAOKYBAHHS Je()EKTIB BU3HAYAETHCSI
B3a€MOJIIEI0 POCTOBHX 1 pagialiifiHuX Aed)eKTiB 1 TeMIIepaTypu IIPpYU ONPOMiHeHHI. BUsSBIeHO 3MIHM IIUPUHA
BUTPABJIEHOI CMyTH rajJlbMyBaHHs B Mexkax Bin 20 o 200 MKM 3aseskHO Bif Macu ioHIB. MiHIMaIbHY IIUpH-
HY TaJIbMIBHOI CMYTH JIJIS BCIX TUIIIB OIIPOMIHEHHS OTPUMAHO Ha KPAio OIPOMIHIOBAHOI 00J1aCTi, /Te TeMiepa-
Typa 3paska 0yJia HU/KY0I BHACIIIOK OXOJIOMKEeHHS, & MAKCUMAJIbHY — B IIEHTP1 OIPOMIHIOBAHOI 00J1aCT1.

Knrouoei cinosa: Kpemniit, Onpominenns, Omroenc, lorni nmyuru, JlederrHa crpykrypa.
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