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Abstract: On the basis of comparative analysis of electrical properties of silicon doped with sulfur and nickel respectively at 

temperature range of 1000-1250°C in 50°C increments and after their subsequent thermal annealing at temperature range of 

400-950°C together with control samples of silicon doped with sulfur and nickel, it was revealed that impurity centers of sulfur 

and nickel do not interact with each other in the matrix of silicon. The absence of such interaction is possibly due to the fact 

that the electronic configuration of the impurity centers of nickel in the crystal lattice of silicon turns out to be in the filled 3d
10 

state, which gives it the character of an inert gas. In view of the absence of interaction of sulfur and nickel in silicon, it is 

concluded that electrically neutral chemically bound complexes in silicon are formed between sulfur substitution centers and 

centers of transition metal atoms. 
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1. Introduction 

It is well known [1, 2] that in silicon matrix, the impurity 

centers of sulfur that actively interact with impurity centers 

of transition metals tend to form electrically neutral 

chemically bound complexes. If, in the case of manganese 

atoms, its interaction with sulfur in silicon takes place 

directly in the process of diffusion doping, on the other hand, 

in the case of other transition metals, their interaction with 

sulfur occurs during subsequent annealing of silicon crystals 

previously diffusively doped with interacting impurities. In 

each case, there was established a certain effective 

temperature of annealing (Teff) when practically all electro-

active centers of both sulfur and transition metals, while 

participating in the formation of complexes, were found to be 

completely electrically neutralized and the crystals appeared 

to acquire parameters of the original silicon prior to doping. 

In this case, a clear correlation was established between Teff 

and the Gibbs thermodynamic energy of corresponding 

compounds in nature [2]. Electrically neutral chemically 

bound sulfur complexes with transition metals, as the results 

of [3] have shown, were thermally stable up to Teff. Short-

term annealing at T> Teff of silicon crystals preliminarily 

saturated with electrically neutral chemically bound 

complexes led to the decomposition of complexes into 

separate components, accompanied by a change in the 

electrical parameters of the material. Behavior of transition 

metals at given annealing temperatures in the crystal lattice 

of silicon is extremely unstable. 

Thus, in the process of short-term annealing, they 

practically disintegrate into the centers of decay and 

transform into electrically neutral state while the observed 

change in the electrical parameters of the material is largely 

determined by the presence of electrically active impurity 

sulfur substitution centers, thus indicating that in the process 

of formation of complexes with transition metals, sulfur turns 

out to be in substitution state. However, the question of the 

position of the impurity centers of transition metals in the 

silicon lattice in the course of their interaction with sulfur 

remains unclear. 
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2. The Aim of the Study 

The present work is devoted to the investigation of the 

interaction of sulfur and nickel in silicon with the aim to 

clarify the state of transition metals in the silicon crystal 

lattice in the process of their interaction with impurity centers 

of sulfur. In contrast to other transition metals, nickel in 

silicon is characterized by sufficiently high solubility, 

reaching up to 5⋅10
17

см¯
3
. However, only a small part of 

nickel (0.1% of the total concentration) forms solid 

substitution solution and shapes two acceptor levels in the 

forbidden band of silicon with energies of Ev + 0.2 eV and 

Ec-0.4 eV [4], while the majority of nickel in silicon 

dissolves in the form of electrically neutral impurity clusters. 

[5]. The shape, size and nature of the location of impurity 

clusters of nickel in the volume of silicon depends on the rate 

of post-diffusion annealing and the temperature of 

subsequent additional treatments [6]. The nature of the 

change in the clusters suggests that, both during the doping 

process and during subsequent heat treatment, the impurity 

centers of nickel in the silicon crystal lattice are in the 

interstitial state. Therefore, during annealing, interstitial 

atoms of nickel, easily migrating through the crystal lattice of 

silicon, accumulate in various centers of decay. 

Interstitial nickel clusters in silicon are in the filled 3d
10

- 

state, as in accordance with the result of work [7], external S-

electrons of transition metals in the interstitial state pass into 

the inner d-shell. The filled d-shell ensures that centers of 

nickel in silicon manifest the properties of inert gas. It 

follows that if electrically neutral chemically bound 

complexes in silicon are formed between the sulfur 

substitution centers and the centers of transition metals, then 

in the case of sulfur with nickel such complex formation is 

virtually absent. 

3. Experimental and Conclusions 

To figure out the presence or absence of the interaction of 

sulfur and nickel, the initial samples of single-crystal silicon 

of the KDB type (silicon doped with boron p-type) with a 

resistivity ρ =10 Ohm⋅cm grown by the Czochralski method 

with an active oxygen concentration of 5⋅10
1
⁷см¯

2
 and 8x3x1 

mm
3
 were pre-diffusion doped with sulfur at 1250°С from 

the gas phase at a vapor pressure of the diffusing agent of 10
5
 

Pa for 20 hours. After doping, we have obtained 

overcompensated samples of n-Si <B, S> with ρ = 20 

Ohm⋅cm. Then the samples of Si <B, S> were additionally 

doped with nickel from the sputtered metal layer in an argon 

atmosphere in the temperature range of 1000-1250°C in 50°C 

increments for one hour. For comparison, in each case, also 

control samples of Si <B, S> without nickel and samples of 

initial silicon with nickel Si <B, Ni> were annealed. 

Investigation of the electrical parameters of the obtained 

samples showed that the parameters of Si <B, S, Ni> samples 

irrespective of the annealing temperature are comparable 

with the parameters of the control samples Si <B, S> 

annealed under the same conditions. As the annealing 

temperature decreases, the specific electrical resistance of the 

overcompensated samples of Si <B, S, Ni> and Si <B, S,> 

increases due to the partial decomposition of solid S-Si. The 

parameters of samples Si <B, Ni> irrespective of the 

annealing temperature were close to the parameters of the 

initial material. The weak influence of nickel doping on the 

electrical parameters of the material is associated with a low 

concentration of electrically active nickel atoms and the 

suppression of thermo-annealing defects in the doping 

process. The identity of parameters of Si <B, S, Ni> samples 

and pilot samples Si <B, S> can be interpreted either by the 

absence of interaction between impurity centers of sulfur and 

nickel in silicon or by the instability of their complexes 

during high-temperature annealing. 

To determine which of the above assumptions might be 

correct, the samples of Si <B, S, Ni>, Si <B, S> and Si <B, 

Ni> previously annealed at 1250°C were subsequently 

annealed in the temperature range of 400-950°C for various 

durations. The electric parameters of the samples after 

annealing are shown in Table 1. The results in Table 1 prove 

that in the temperature range of 400-500°C, as the annealing 

time increases, the resistivity of samples Si <B, S, Ni>, Si 

<B, S> decreases, whereas the resistivity of the control 

samples of Si <B, Ni> increases as the duration of annealing 

increases, followed by inversion of the conductivity type to 

n-type and the decrease in the resistivity. The observed 

change in the parameters of samples is most likely due to the 

generation of thermally generated donors in the volume of 

the crystal. In favor of this assumption, one can attribute the 

fact that the maximum change in the parameters of the 

samples takes place at the temperature of 450°C, which 

corresponds to the temperature of the most intense generation 

of thermal donors in oxygen-containing silicon. However, it’s 

worth mentioning that the concentration of generated thermal 

donors in Si <B, S, Ni> and Si <B, S> samples in the 

temperature range of 400-500°C was slightly lower their 

concentration in Si <B, Ni> samples and the ingot wafer 

annealed at the same temperature range. With further 

increase in the annealing temperature up to 600°C, the 

parameters of all samples remained practically unchanged. 

Further increase in the annealing temperature led to a gradual 

increase in the resistivity of the samples of Si <B, S, Ni> and 

Si <B, S> as a function of annealing time, followed by the 

inversion of the conductivity type to p-type and the decrease 

in the resistivity level down to the parameters that the initial 

material manifested before doping. 
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Table 1. Parameters of samples as a function of repetitive annealing. 

Temp of annealing, 

t °C 

Duration of 

annealing 

Si<B, S, Ni> Si<B,S> Si<B,Ni> 

Type of 

conductivity 
ρρρρ=Ohm⋅⋅⋅⋅cm 

Type of 

conductivity 
ρρρρ=Ohm⋅⋅⋅⋅cm 

Type of 

conductivity 
ρρρρ=Ohm⋅⋅⋅⋅cm 

1250 1 n 1.49 n 1.32 p 10.1 

400 

10 n 1.31 n 2.96 p 20.3 

30 n 0.81 n 1.83 p 47.4 

75 n 0.7 n 1.18 p 210 

100 n 0.5 n 0.9 p 3120 

1250 1 n 4.8 n 8.22 p 10.1 

450 

10 n 2,21 n 4.2 n 2.66 

30 n 1.71 n 3.53 n 1.02 

60 n 1.54 n 2.62 n 0.62 

100 n 1.23 n 2.09 n 0.51 

1250 1 n 2.9 n 3.1 p 10.6 

500 

10 n 2.52 n 2.83 p 12.4 

30 n 2.45 n 2.81 n 10.1 

60 n 2.4 n 2.7 n 9.1 

100 n 2.4 n 2.7 n 8.5 

1250 1 n 8.21 n 8.34 p 10.1 

600 

10 n 4.61 n 5.81 p 10.3 

30 n 5.13 n 5.26 p 10.5 

60 n 5.57 n 5.27 p 10.7 

100 n 8.4 n 6.65 p 36 

1250 1 n 4.0 n 6.1 p 10.1 

650 

10 n 2.62 n 4.25 p 10 

30 n 10.86 n 29.5 p 10 

60 p 34.8 p 33.1 p 15 

100 p 12.1 p 11 p 21 

1250 1 n 5.76 n 5.12 p 10.1 

700 

10 n 6.17 n 6.35 p 10.1 

20 n 16.9 n 20.2 p 11.5 

30 p 10 p 11,2 p 14.7 

1250 1 n 3.9 n 4.1 p 10.2 

725 

5 n 5.1 n 5.7 p 10.1 

15 n 21.1 n 23.7 p 10.1 

25 p 10.7 p 10.3 p 10.1 

1250 1 n 7 n 9.1 p 10.3 

750 

5 n 6.5 n 6,7 p 10.1 

10 n 12.2 n 12,3 p 11.1 

15 p 11.26 p 10,3 p 14.0 

1250 1 n 4.3 n 4,4 p 10.2 

 775 

1 n 4.0 n 4,1 p 10.2 

3 n 210 n 240 p 10.1 

5 p 12.1 p 11,8 p 10.1 

1250 1 n 3.14 n 5,1 p 10.32 

800 

0.5 n 2 n 2,64 p 10.4 

1 n 2.21 n 3,81 p 10.5 

2 n 6.15 n 6,9 p 11.1 

3 p 11.7 p 11,6 p 12.4 

1250 1 n 4.1 n 4,7 p 10.5 

 825 

0.5 n 2.7 n 2,9 p 10.4 

1 n 7.5 n 8,1 p 10.2 

1.5 p 310 p 281 p 10.1 

2 p 11.7 p 11,0 p 10.1 

1250 1 n 5.4 n 4,24 p 10.1 

850 
0.5 p 111 p 150 p 10.1 

1 p 12 p 11,1 p 10.2 

1250 1 n 4.7 n 4,4 p 10.1 

875 
0.5 p 55.1 p 60,2 p 10.1 

1 p 10.9 p 11,0 p 10.1 

1250 1 n 2.29 n 2,7 p 10.1 

900 
0.5 p  34.17 p 32,1 p 10.1 

1 p 10.5 p 10,3 p 10.1 

 

With the increase in the annealing temperature at which 

the samples of Si <B, S, Ni> and Si <B, S> were restored, 

the parameters of the initial material were reduced. It should 

be noted that in most cases in the initial stage of heat 
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treatment in the temperature range of 600-950°C the 

resistivity of the samples of Si <B, S, Ni> and Si <B, S> 

somewhat reduced. The observed decrease in the resistivity 

of Si <B, S, Ni> and Si <B, S> samples is not due to the 

generation of thermal donors since in the temperature range 

of 600-800°C there occurs decomposition of thermal donors 

generated in oxygen-containing silicon in the temperature 

range of 350-600°C. 

Further changes in the parameters of the samples after a 

preliminary reduction in resistivity value may be associated 

with the decomposition of a solid solution of Si- S. Despite 

careful studies at an increment of 25 ° C in the temperature 

range 600-950 ° C, we were not able to detect a temperature 

interval at which the nature of the change in the electrical 

parameters of the samples of Si <B, S, Ni> would differ 

significantly from the parameters of the control samples Si 

<B, S>. Such a change in the parameters of the samples 

testifies to the lack of interaction between the impurity 

centres of sulfur and nickel in silicon both during diffusion 

doping and during subsequent heat treatment in the 

temperature range 400-950°C. 

The above stems from the fact that if they hypothetically 

interacted with each other, then, as in the case of the 

interaction of sulfur with other transition metals, during 

subsequent heat treatments near the Teff temperature, we 

would have witnessed a sharp change in the parameters of the 

Si <B, S, Ni> in compare to the parameters of the control 

samples Si <B, S> in the interval up to the restoration of the 

T = Teff parameters of the initial material with subsequent 

increase in the resistivity of the samples at T> Teff. 

In a word, the nature of the change in the parameters of Si 

<B, S, Ni>, unlike of the control samples Si <B, S>, would 

have had non-monotonically nature as a function of the 

annealing temperature. Meanwhile, monotonically nature of 

the change in the parameters of silicon samples with sulfur 

and one of the transition metals is due to the fact that the 

sulfur substitution centers in silicon having formed sp
3
-type 

hybrid covalent bond with four nearby silicon atoms would 

have had two extra unbounded electrons whereas the 

presence of these two unbounded sulfur electrons in silicon 

cause occurrence of two donor centers with energies Ec - 0.28 

and Ec - 0.37 eV [8-10]. 

On the other hand, these extra unbonded sulfur electrons 

can stimulate a bond with two centers of transition metals 

through free d-orbits. In this case, a quasi-molecule type-Si4 

SM2 like SF6 molecules would appear. However, nickel 

centers in silicon, have d-orbital that are completely filled 

with electrons (3 d
10

) state, which gives them the character of 

an inert gas. In order to better understand how the presence 

of such condition affects the behaviour of nickel in silicon, 

we briefly discuss the known experimental results [4-6]: 

1. nickel diffuses in silicon by a dissociative mechanism. 

Unlike other transition metals, nickel is characterized in 

silicon by an abnormally high diffusion coefficient (~ 

5·10
-5

cm
2
 /sec) and solubility (~ 5·10

17
cm

-3
). In this 

case, both the diffusion coefficient and the solubility of 

nickel do not depend on the concentration of the initial 

impurities, the dislocation density, and also the rate 

after the diffusion cooling, and is mainly determined by 

temperature of diffusion annealing; 

2. despite high solubility, only an insignificant share (~ 

5·10
14

cm
-3

) of nickel impurity centers in silicon are 

electrically active. The majority of them dissolve in the 

form of electrically neutral clusters. The density and 

size of the clusters significantly depended on the rate of 

diffusion cooling and with the growth of the latter (~ 1 

deg/sec) the influence of dislocations on the structure of 

nickel deposition in silicon was revealed. A particularly 

strong influence of dislocations on the structure of 

nickel deposition was observed in crystals subjected to 

diffusion heat treatment in the range of 450-800°C. In 

this case clusters were rearranged into more ordered 

states and acquired the form of linear chains. 

Analyzing the above features of the behaviour of nickel in 

silicon, we can ascertain the fact that the nickel impurity 

centers in the process of high-temperature diffusion 

annealing practically do not interact with various defects of 

the crystal lattice and the cluster is formed in the process 

after diffusion cooling due to the decomposition of the 

“silicon-nickel” solid solution. 

The absence of interaction between impurity centers of 

sulfur and nickel in silicon suggests that in the process of 

interaction with sulfur substitution centers, transition metals 

are likely to be in interstitial locations. In this case, the sulfur 

substitution center, in addition to the four covalent bonds 

with nearby silicon atoms, chemically binds to two impurity 

centers of transition metals in interstitial state. 
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