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STUDY OF THE DISTRIBUTION PROFILE OF ION- IMPLANTED IN SILICON AND INFLUENCE THERMAL
ANNEALING ON THE STRUCTYRE OF IRON SILICIDES
Annotation

The paper presents the results of studies of the distribution profiles of implanted iron atoms in silicon depending on the
irradiation dose and annealing temperature by the RBS method. The obtained results confirm similar data obtained by SIMS. The
influence of thermal annealing on the distribution of iron and other impurities, in particular oxygen, has been studied. The
possibility of using the RBS method for the analysis of the concentration distribution and the interaction of impurities with each
other is presented. At the same time, the crystal structure of the surface and the electrophysical properties of ion-doped layers
were studied.
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M3YYEHUE ITPODWJIS PACHPEJIEJEHASI AOHOB, UMILIAHTUPOBAHHBIX B KPEMHMIA U BJIUSTHUS
TEPMUYECKOI'O OT)KUT' A HA CTPYKTYPY CWJIMLHUIOB KEJIE3A
AHHOTanUA

B pabote npeacTaBneHbl pe3ynbTaThl HCCIEAOBAHUS MPOQIIIeH pacnpeaereHus] IMIUIAHTHPOBAaHHBIX aTOMOB JKelle3a B KPEMHHU
B 3aBHCHMOCTH OT JI03bl OOJyYCHHS W TeMIepaTypbl omTxura meromoM RBS. IlomydeHHBIC pe3ynbTaThl MOATBEPXKIAIOT
aQHAJIOTUYHBIE JIaHHbIe, oJy4yeHHble MeTogoM BUMC. M3yueHo BIMSHHE TEPMHUECKOTO OTXKHra Ha paclpe/eleHue xee3a u
JIIPYTUX TpUMecei, B 4YacTHOCTH Kuciopoxaa. IIpencraBieHa BO3MOXKHOCTH HCIONIb30BaHUS Merona RBS s ananuza
pacnpezieneHdss KOHIIEHTPAallMU U B3aUMOJEHCTBUS mpumeced Ipyr ¢ ApyroMm. OIHOBpEMEHHO M3ydajlach KpHCTaIMdyecKas
CTPYKTypa MOBEPXHOCTHU H IEKTPOPH3HIECKUE CBOMCTBA HOHHO-JIETHPOBAHHBIX CIIOCB.

KuroueBble cjioBa: mpuMech, JKele30, KPEMHHH, TEPMUYECKUH OTXKHT, TTyOWHA JIETHPOBAHUS, PAcIpeesicHHe KOHIICHTPAIHH,
WMOHHAsI UMILIaHTAIHSI.

KREMNIYGA ION IMPLANTATSIYA QILINGAN IONLARNING TARQALISH PROFILINI O‘RGANISH VA
TERMIK TOBLANISHNI TEMIR SILITSIDLARINING TUZILISHIGA TA’SIRI
Annotatsiya

Magqolada RBS usulida nurlanish dozasi va toblanish haroratiga garab kremniyda implantatsiya gilingan temir atomlarining
tarqalish profillarini o‘rganish natijalari keltirilgan. Olingan natijalar IIMS tomonidan olingan o‘xshash ma’lumotlarni
tasdiqlaydi. Termik toblanishning temir va boshqa kirishmalarning, xususan, kislorodning tarqalishiga ta’siri o‘rganildi.
Konsentratsiyani tagsimlash va kirishmalarning bir-biri bilan o‘zaro ta’sirini tahlil gilish uchun RBS usulidan foydalanish
imkoniyati taqdim etilgan. Shu bilan birga, sirtning kristall tuzilishi va ionli qatlamlarning elektrofizik xususiyatlari o‘rganildi.
Kalit so‘zlar: kirishma, temir, kremniy, termik toblanish, legirlangan chuqurlik, konsentratsiyaning tagsimlanishi, ion
implantatsiyasi.

Introduction. Currently, ion implantation is a key stage in the technology of creating integrated circuits and many other
semiconductor devices. In a narrow sense, ion implantation is a technological method of introducing accelerated ions into a solid
target for the purpose of doping it. In a broad sense, this term means a scientific and technical direction located at the intersection
of solid state physics, radiation physics, non-equilibrium thermodynamics, physical chemistry, mathematical statistics, using the
achievements of vacuum technology and high voltage technology, the purpose of which is to control the properties of materials
using ion beams; here, the introduction of ions is an episode in a long chain of processes occurring in a solid both directly during
implantation and during its after-relaxation.

The greatest successes of ion implantation has been achieved in the field of planar technology of semiconductor devices
and integrated circuits. The rapid development of microelectronics in recent decades is related to ion implantation to a large
extent.

Implantation of silicon with iron, cobalt and nickel ions is used to create magnetic Nano clusters and metal silicide’s [1—
4]. Composite materials based on magnetic nanoclusters are used in the development of new information storage elements [5].
Metal silicide’s are also used as materials for contacts and interconnects of integrated circuits. Thus, in silicon doped with
elements of transition groups, in particular iron, a number of physical phenomena of scientific and practical interest are observed
[5-6].

lon implantation, depending on the dose and energy of irradiation, leads to a significant change in the composition,
structures, and properties of semiconductor materials. In this regard, silicon single crystals doped with iron ions with the energy
E=20-+40 keV are of special interest because at low doses of irradiation (D<10'® cm?) of high concentrations which is impossible
to obtain by thermodiffusion method; at high doses of ions the metal silicide’s with new physical properties are formed.
However, such silicide’s are currently obtained by MBE and SPE methods. Obtaining hidden conducting films of iron silicide’s
by ion implantation and studies of their physicochemical, electrophysical properties are still under development.

The purpose of the present study was to investigate the distribution profiles of implanted iron atoms in silicon as a
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function of the irradiation dose and annealing temperature.

Experimental technique. In this paper we present a number of new original results on the properties of the effect of
annealing on the crystal structure of the surface of silicon doped with iron ions. Choice of iron as a compensating impurity is due
to the fact that in a wide temperature range, the state of impurity atoms in the silicon lattice is quite stable (100-450°C) and
respectively parameters of silicon doped with it.

Experimental studies of concentration distribution profiles of iron atoms implanted in silicon with energy of E, = 40
keV with irradiation dose variation in the range of 10%%+10% ion/cm? were carried out. KDB silicon with specific resistance
p=10 Ohm- cm was used as a starting material, the studies were carried out using the methods of secondary ion mass
spectrometry, Rutherford backscattering and electron Auger microscopy methods.

Results and its discussion

Figure 2 shows the backscattering spectra of He* ions from a Si(111) single crystal implanted with Fe* ions at a dose of

10% to 10% ions/cm?.
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Figure 1. RBS spectr of He* ions on Si single crystal doped with 40 keV Fe ions and irradiation doses of 10*>-10" ion/cm?.

Figure 2 shows that the characteristic of Fe begins to appear in the spectrum at a dose of D~10® jon/cm?. At the same
time, the crystal structure of the surface and the electrophysical properties of ion-doped layers were studied.

The results of the experiments showed that at D<10'® ion/cm?, there is still no noticeable disordering of the near-surface
layers, and the concentration of electroactive Fe atoms does not exceed ~5-10™ cm™, Increasing the dose to 5 -10*® ion/cm?
practically does not lead to an increase in the concentration of electroactive Fe atoms. In this case, the near-surface region is
partially disordered, and the backscattering peak from Fe becomes clearer and more intense. At an irradiation dose of D~10®
ion/cm?, amorphization of the near-surface layer and a significant increase in the Fe peak occur, and Fe + Si cluster phases begin
to appear in some areas of the ion-doped layer. These changes occurred up to a dose of (8+10) -10%® ions/cm?. A further increase
in the dose does not lead to a noticeable change in the relative intensity of the Si and Fe peaks. Therefore, the dose D=10"
ion/cm? can be taken as a saturation dose.

In the above case, the highest concentration of electroactive atoms reached up to 5-10™ cm™. Of interest is the nature of
the depth distribution of metal atoms in Si as a function of the irradiation dose. At medium radiation doses
(D=10%=+ 10% cm®), the distribution profile has a very complex shape with several maxima. As an example, Fig. 3 shows the
depth dependence of Fe and Si concentrations for an ion dose D~10"® ion/cm?.Figure 3 shows that the concentration of Fe on the
surface in the region of the first maximum (d=100A ) reaches up to 25+30%.

Most of the implanted atoms are located in the near-surface region up to a depth of d~300A. At d~400A the iron
concentration sharply decreases with increasing d, and at a depth of
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Figure 2. Fe distribution profiles in Si with 40 keV energy and of 10*° ion/cm? dose.

800 <850 A its value does not exceed 1+2%. At high doses of irradiation
(D > 10" ion/cm?) instead of a few one maximums one maximum appears, and iron concentration on the surface sharply
decreases. The latter can be explained by an increase in the sputtering rate of surface atoms.At D~10*" ion/cm?, the distribution
of Fe has a Gaussian form, the maximum is formed in the near-surface layers d= 400 +450A. The iron content in a maximum is
egual ~ 30+35 %. Further increase in a dose of ions leads to displacement of a maximum towards a surface its broadening.
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Figure 3. Distribution profiles of electroactive Fe atoms in Si with an implantation dose 7-10*ion/cm?: 1-room temperature; 2-
T=800°C; 3-T=1000°C.



It is connected as with intensive pulverization of surface layers, and with increase in density of near-surface layers owing
to formation of metal silicides. At the same time, the concentration of iron in the region of a wide maximum was 35+40%. In
these layers, compounds of the FeSi, type were formed predominantly [7-12]. Figure 4 shows the dependence of Cge(d)
irradiated after heating at different temperatures Si(111) doped with ions of Fe* ¢ D=10%ion/cm?.

It can be seen that after annealing at T=800 °C the concentration of electrically active iron atoms in the region of the
maximum increases by 1.3 times. Increase of temperature up to 1000 °C. led to increase of iron concentration in the maximum up
to 20 %. In case of silicon alloyed with D=10 ion/cm? ' after heating the dependence C™(d) gets the P-shaped form. At
T=1000°C in these layers are formed FeSi, compounds with strict stoichiometry, which has a monocrystalline structure. Starting
from T=1100°C temperature increase leads to the decomposition of FeSi, film and evaporation of its components from the
surface. The heat treatment carried out by a special procedure in the temperature range T=600+1200°C shows that at 600°C
appreciable activation of the iron atoms can be seen, as indicated by an increase in the surface resistivity of the samples. During
isothermal annealing regardless of the temperature, the implantation efficiency increases as the implantation increases as the
implantation dose increases. At the same time, the crystal structure of the surface and the electrophysical properties of the ion-
alloyed layers were studied. Figure.5 shows the electronic patterns obtained from the Si surface before ion-alloying, after ion-
alloying, and after heat treatment at different temperatures.

a)
Figure 4. Electron microscopic image of pure silicon surface (a) and Fe * ion-alloying silicon surface (b).

As can be seen from the figure, in the case of pure silicon the electron pattern is solid and uniform, since the samples
were ground and polished (Figure 5, a). After ion doping, depending on the irradiation dose and the type of ions, the electronic
pattern changes significantly. The pattern changes from a smooth surface to a rough or matte pattern (Figure 5, b).

Temperature annealing greatly affects the condition of the implanted samples. At small values of irradiation doses and
thermal annealing in the case of Fe up to 800 °C there are no significant changes in the electronic pattern. At temperature 800 °C
and above in the picture some rimmed areas characteristic for monocrystals are observed. Elemental analysis of these edgings by
electron Auger spectroscopy showed that they consist mainly of Si and Fe atoms and partially oxygen. The amplitude state of the
Auger peaks of silicon and iron allows us to argue that these areas are silicidesvof the FeSi, type. Similar patterns are observed in
the case of Fe at a radiation dose of 10 ion/cm? Fe ions edged regions appear at 800 °C and higher (Figure 6).

Figure 5. The electron microscopic image of the surface irradiated by Fe* ions with a dose of 10%® ion/cm?, after thermal
annealing at 800 °C.
The results of these experiments prove that complex surface processes depend on the type, temperature, and dose of
alloying impurities[13-20]. Completely different results are obtained when silicon samples are doped with large doses. Figure 7
shows electronic patterns of silicon doped with Fe ions with a dose of 10* jon/cm? after annealing at 800 °C. As can be seen
from figure 7, rimmed areas as if merged, forming a continuous layer in the form of a single crystal with a large number of

defects.
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Figure 6. The electron - microscopic image of the surface doped with Fe* with a dose of 10" ion/cm? after thermal annealing at
800 °C.

Conclusion. The results of the study of distribution profiles of iron in silicon after various heat treatments, choosing the
temperature and duration of annealing for each dose of radiation, showed that it is possible to achieve a uniform distribution of
iron in the crystal volume up to a certain depth.



The analysis of the obtained data confirms that during ion implantation, the maximum distribution of iron both on the

surface and in the volume of the sample changes mainly due to the change in oxygen concentration. The introduction of iron ions
into silicon displaces oxygen atoms.

The above assumption is justified in the case when oxygen in the silicon crystal is in the free interstitial state. The process

of ion implantation affects not only the state of oxygen, but also the state of other defects.

The results are in good agreement with similar data obtained by SIMS methods. The possibility of using the RBS method

to analyze the concentration distribution of alloying compounds and the interaction of mixtures was noted.
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