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CAPACITIVE SPECTROSCOPY OF DEEP LEVELS IN SILICON
WITH SAMARIUM IMPURITY
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The effect of thermal treatment on the behavior of samarium atoms introduced into silicon during the growth process was studied
using the method of transient capacitive deep-level spectroscopy (DLTS). It has been shown that various high-temperature
treatments lead to the activation of samarium atoms in the bulk of n-Si and the formation of deep levels. The energy spectrum of
deep levels arising during heat treatments has been determined. The dependence of the efficiency of formation of these levels
in n-Si<Sm> on the processing temperature has been studied. It was found that the higher the content of samarium atoms in the
bulk of silicon at the same high-temperature treatment temperature, the higher the concentration of the deep level Ec—0.39 eV. From
this we can conclude that the EC-0.39 eV level is associated with the activation of samarium atoms in the n-Si<Sm> volume.
Keywords: Capacitive spectroscopy, DLTS; Silicon; Doping; Samarium,; Heat Treatment; Energy Spectrum; Deep Level; Formation
Efficiency
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INTRODUCTION

It is known that the atoms of rare-earth elements introduced into the silicon lattice from the melt during growth,
possessing high chemical activity and propensity to complexation, are present in silicon in an electrically inactive
state [1-6]. The atoms of these rare earth elements in silicon can be activated by various external influences, such as heat
treatment or irradiation [7-9].

In connection with the search for semiconductor materials with special properties (increased thermal stability, radiation
resistance, etc.), interest in silicon doped with rare-earth elements has recently increased due to their essential role in the
formation of silicon properties [10-12]. The world practice shows that during the technological processing of semiconductor
wafers in the production of various structures and devices, various interactions of defects with each other occur, which are
determined primarily by uncontrolled and specially introduced point defects characterized by maximum mobility in the
lattice [13-16]. Therefore, the processes of defect structure formation of the crystal must be related to them.

In this work, the influence of various high-temperature treatments on the properties of silicon doped with samarium
atoms during the growth process is investigated.

MATERIALS AND METHODS

Studies of the energy spectrum of deep levels (DL) appearing in samarium-doped silicon after various high-temperature
treatments in the temperature range 900-1250 °C were carried out using the DLTS method on Schottky barriers created on
the basis of initial and heat-treated samples of silicon with samarium impurity. The methods of measurement and processing
of DLTS spectra, as well as the technology of Schottky barriers fabrication are described in [17-18].

The concentration of deep levels in n-Si<Sm> samples and control samples were determined from the maximum of
DLTS peaks, as well as using volt-farad characteristics [18-21].

Measurements of DLTS spectra in the original n-Si<Sm> samples, (not subjected to high temperature treatments)
showed that no deep levels were observed in appreciable concentration as well as in the original n-Si control samples. At
the same time, additional studies by neutron activation analysis indicate the presence of Sm atoms in rather high
concentrations (from 10" to 10'” cm™) in the n-Si<Sm> volume.

These facts confirm the assumption of the authors [22,23] about electroneutrality of Sm atoms in Si. According to
the same authors, the presence of Sm atoms has a noticeable effect on the thermal stability of Si.

In order to study the role of samarium in the processes of thermal defect formation in silicon and possible activation
of samarium atoms under thermal effects, we carried out high-temperature treatments in the temperature range
900+1200°C for 5+10 h. Under the same conditions (T = 900+1200°C, t = 5+10 h) thermal annealing and control samples
of n-Si (without samarium) were carried out in parallel.

RESULTS AND DISCUSSION
Fig. 1 shows DLTS spectra of n-Si<Sm> and n-Si samples heat-treated at 1200°C for 2 h followed by sharp
quenching. The spectra were measured in constant voltage mode (Usamp. =8 V) in the temperature range 77-300 K at
t; =10 ms and t, = 60 ms.
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Figure 1. Typical DLTS spectra of n-Si control samples (curve 1) and n-Si<Sm> samples (curve 2) heat-treated at T = 1200°C

The dependences 1g(0) = f(10°/T), the so-called Arrhenius plots [24], obtained from the DLTS spectra by comparing
them with the calculated curve AC/AC,ax are shown in Fig. 2. These measurements showed that two peaks with maxima
at Tmax = 110 K (peak A) and Tmax = 180 K (peak B) are observed in the DLTS spectra of silicon samples doped with
samarium during growth and subjected to high-temperature treatment.
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Figure 2. Temperature dependences of the recharge time constant of deep levels in n-Si<Sm> samples subjected to thermal treatment

From the slope of the dependences lg (0)=f (10°/T) for each of the DLTS peaks, it is obtained that the DLs occurring
in the upper half of the forbidden zone of n-Si<Sm> samples (Fig.1, curve 2) as a result of high-temperature treatment

have fixed ionization energies Ec-0.23 €V and Ec-0.39 eV and electron capture cross sections equal to 6, ~4-10"17 and
1.2-10°"> cm?, and the concentrations of these levels after high-temperature treatment at T= 1200 °C are 3.9-10'* cm™ and
1.2-10" cm’3, respectively.

The DLTS spectra of the heat-treated control samples of n-Si, which underwent the same heat treatment

as n-Si<Sm>, show one deep level with ionization energy Ec-0.23 eV, electron capture cross section o, ~ 4.10'7 and
concentration 1.0-10"%cm? (Fig.1, curve 1).

Analysis of DLTS spectra shows that the concentrations of the observed levels in n-Si<Sm> samples strongly depend
on the treatment temperature: the concentrations of DL Ec-0.23 eV and Ec-0.39 eV after high-temperature treatment at
1100°C (Fig.3, curve 1) have values of 5.7-10"* cm™ and 8.6-10'3 cm™, respectively, and after high-temperature treatment
at 1200 °C (Fig.3, curve 2) their values are 3.9:10'3 cm™ and 1.2-10" cm, respectively.

In the heat-treated control n-Si samples, the concentration of Ec-0.23 €V level was 7.9-10'3 cm™ (at T= 1100°C,
Fig. 3, curve 3) and 1.0-10'* cm™ (at T= 1200 °C, Fig.3, curve 4).
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Figure 3. Typical DLTS spectra of heat-treated n-Si<Sm> (curves 1 and 2) and n-Si (curves 3 and 4) samples
T, °C: 1100 - curves 1 and 3, 1200 - curves 2 and 4

Comparison of the obtained results shows that the higher the temperature of high-temperature treatment, the greater
the concentration of the deep level Ec-0.39 eV. On the contrary, the concentration of the level Ec-0.23 eV in n-Si<Sm>,
which is also observed in the control samples, decreases markedly with increasing high-temperature treatment
temperature. Note that at the same processing temperatures, the concentration of this deep level in the n-Si<Sm> samples,
is much smaller than in the control n-Si samples (see Table 1).

In addition, it is found that the higher the content of samarium atoms in the silicon volume at the same temperature
of high-temperature processing, the greater the concentration of the deep level Ec-0.39 eV. Hence, it can be concluded
that the level Ec-0.39 eV is associated with the activation of samarium atoms in the n-Si<Sm> volume.

Table 1. Deep level concentrations of samples at different temperatures

Samples Turr, °C DL concentration, cm™
Ec-0.23 eV Ec- 0.39eV
n-Si<Sm> 1100 5.7-1013 8.6:1013
n-Si<Sm> 1200 3.9-108 1.2-10
n-Si, control 1100 7.9-103 -
n-Si, control 1200 1.0-10 --
CONCLUSIONS

Thus, the analysis of the obtained results shows that samarium atoms introduced into the silicon lattice from the melt
during the growth process are in the silicon volume in an electrically inactive state. High-temperature treatment in the
range T = 900+1200°C during t = 5+10 h. leads to the formation of deep levels, probably associated with the activation
of samarium atoms. The dependence of the efficiency of formation of deep levels Ec - 0.39 eV on the samarium content
and processing temperature provides additional evidence that the observed deep levels are due to samarium atoms.

The level Ec - 0.23 eV is probably a defect of heat treatment, since it is observed in the control samples (heat treated
without samarium).

It should be noted that the fact that the concentration of deep levels Es - 0.23 ¢V in samples of samarium-doped
silicon is smaller than in control samples suggests that samarium atoms reduce the efficiency of formation of thermal
defects in silicon.
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€MHICHA CIIEKTPOCKOIIIA INIMBOKUX PIBHIB Y KPEMHII 3 JIOMIIIIKOIO CAMAPIIO §
Hlapida b. Yramypanosa, Xomkakoap C. danaies, lllaxpyx X. [lauieB, Ykram K. €Epyriie
ITnemumym ¢hizuxu nanienposionuxis i mikpoenexmponixu Hayionanvroeo ynieepcumemy Yzoexucmany, Tawxenm, Y30exucman

Meroznom nepexinHoi eMHicHOT ru6okopiBHeBo] criektpockomii (DLTS) nocmimkeHo BIIMB TepMidHOT 00poOKH Ha OBEIHKY aTOMIB
camapiro, BBEJICHHX y KpeMHill y porieci pocty. [Toka3ano, 10 pi3Hi BHCOKOTEMIIEpaTypHi 00pOOKH IPU3BOIATE 10 aKTHBAIIT aTOMIB
camapito B 00'emi n-Si Ta yTBOPEHHs INTMOOKUX PiBHIB. BU3HAYE€HO €HEepreTHYHUH CIEeKTpP IMIMOOKHUX PIBHIB, 110 BUHUKAIOTH IiJ 4ac
TepMiuyHHX 00poOOoK. JlocmimKeHo 3aJexHICTh e()EeKTHBHOCTI YTBOPEHHs LMX pPIBHIB B n-Si<Sm> Bix TemmepaTypu 0OpOOKH.
BusiBiieHo, 110 YUM BHILIUI BMICT aTOMIB camapiio B 00'eMi KpEeMHIiIO IPH OJHAKOBIN TeMIEPaTypi BUCOKOTEMIIEPAaTypHOI 00poOKH,
TUM BHUIAa KOHIEHTpauis riaubokoro piBas EC-0,39 eB. 3 nporo mMoxkHa 3poOUTH BHCHOBOK, 1110 piBeHb EC-0,39 ¢B nos's3anwuii 3
aKTUBAIII€I0 aTOMIB caMapiro B 00'eMi n-Si<Sm>.

Kurouosi cinoBa: emuicrna cnexmpockonia;, DLTS,; kpemHitl; nery8anus, camapii; mepmooOpoOKa, enepeemudnull chekmp, 2auboxuil
pisens, epekmusHicms hopmysanus



