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DIFFUSION DISTRIBUTION OF Cr AND Mn IMPURITY ATOMS IN SILICON
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This work presents theoretical calculations of the diffusion coefficient, solubility, and diffusion distribution of Mn and Cr impurity
atoms in silicon. The results of theoretical studies showed that the distribution of Cr element atoms in silicon is slightly different from
the distribution of Mn element atoms in silicon, while the remaining physical and chemical properties are almost identical. Also, if a
Mn atom is placed at a node in a silicon single crystal, it will have three charge states: neutral — Mn®, one electron lost — Mn*!, and two
electrons lost — Mn*2. Similarly, if a Cr atom is placed at the node of a silicon single crystal, it will have four different charge states:
neutral — Cr°, one electron lost — Cr*!, two electrons lost — Cr*2, and three electrons lost — Cr*3. Therefore, it is relevant to study the
properties of doped silicon with Cr impurity atoms.
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1. INTRODUCTION

It is known that in the Si semiconductor, B, Al, In, and Ga impurities form acceptor energy levels, and P, Sb, and
As impurities form donor energy levels. These inclusions have high solubility (Ny~10'+10*' ¢m™) in Si semiconductor,
but their diffusion coefficients (Dyyv(T)~10"4+10""! cm?/s) are very small [1-4]. Group III and V elements are doped into
the Si semiconductor to form a p-n structure to develop various electronic devices such as solar cells, semiconductor
diodes, and transistors [5-8]. It is very difficult to doped group III and V elements through the entire thickness of a Si
sample by diffusion. Therefore, it is not possible to obtain strongly compensated Si using these impurities. Also, almost
100% of the atoms of elements of groups III and V are located at the crystal lattice node of the Si semiconductor and
participate in sp® hybrid bonding. Therefore, magnetic properties are not observed in Si samples doped with group III and
V elements.

It is known from the authors' work that the magnetic properties of the Si semiconductor are mainly formed as a result
of doping with d and f group elements [9-11]. The use of electron spin in semiconductor devices opens up a new area of
potential applications in high-speed, low-power spintronic devices [12-14]. One of the main research areas in this field is
ferromagnetic semiconductors, which are created by magnetic and electrical doping of classical semiconductor materials
[15,16]. Determining the ferromagnetic properties of Si, the most important material in the electronics industry, is
important. To this end, many scientists are conducting theoretical and practical research. The electronic configuration of
the element Mn is 15?2s*2p®3s23p®3d°4s?, the electronic configuration of the element Cr is 1s22s?2p°®3s?3p®3d>4s!, and
these elements are d group elements, and their physical and chemical properties are very similar to each other. Therefore,
this work is devoted to theoretical calculations of the distribution of charge carriers in silicon doped with Mn and Cr
impurity atoms.

2. THEORETICAL PART
2.1. Charge carrier distribution

It is known that diffusion is divided into diffusion from a finite (1) [17] and an infinite (2) [17] source, depending
on the ratio of the amount of impurity and the solubility in the semiconductor. The diffusion distribution of impurity
atoms is calculated using the following function:

C(T)—Co'exp(4.D't] 1)
x

= - er, 2

C.(T)=¢, efc(2 *Dij (2)

where, x — is the depth of penetration of the impurity atoms into the crystal, D — is the diffusion coefficient, 7 — is the
diffusion time, Cy — is the maximum solubility of the impurity atoms in the crystal at temperature 7, C(7) (from a finite
source) and C(7) (from an infinite source) are the concentrations of the impurity atoms, erfc(yn) — is the Gaussian error
function, and 7 — is the argument of the Gaussian error function.
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Therefore, to calculate the diffusion distribution of impurity atoms in silicon, we need to determine the temperature
dependence of the diffusion coefficient, the temperature dependence of the maximum solubility of impurity atoms, and
the Gaussian error function.

2.2. Diffusion coefficient
The diffusion coefficient is determined using the following expression (3):

D(T)=D, -exp[— ij 3

where F, — is the activation energy, k — is the Boltzmann constant, D — is the diffusion constant at infinite temperature,
and 7 — is the absolute temperature.
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Figure 1. Diffusion coefficient of Mn and Cr impurity atoms in silicon.

From Figure 1, it can be seen that Dc>Dwm up to temperatures 77<1050 °C, Dc~Dwn in the temperature range
1050 °C<T7><1100 °C, and Dcr<Dwn at temperatures above 75>1100 °C.

2.3. Solubility of impurity atoms
The temperature dependence of the maximum solubility of impurity atoms in a crystal is determined by the following
formula:

N() =N, 'exp(— kETj @

where Ny — is a quantity equal to the maximum solubility of the impurity atoms at infinitely high temperature, and Es — is
the solubility energy.
From Figure 2, it can be seen that the solubility of Mn and Cr impurity atoms in silicon is almost equal to each other.
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Figure 2. Solubility of Mn and Cr impurity atoms in silicon
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2.4. Gaussian error function
The Gaussian error function is defined using the following expression:

erfc(n)=1-erf (1), (%)
erf (1) == exp(r' ). ©)
erfc(n)zl—%jexp(—nz)dt. @)

Figure 3 depicts the graph of the relationship erf(y) = f(yy), which can be used in calculations.
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Figure 3. Gaussian error function (erf(y)) as a function of its argument (7)

3. RESULTS OF THEORETICAL CALCULATION
In the works of the authors [18,19], the diffusion process of Mn impurity atoms into Si was carried out in the
temperature range 7~1000+1100 °C. Based on the above data, the diffusion distribution of Mn and Cr impurity atoms in
Si was calculated in the temperature range 7~950+1150 °C (Figure 5 and Figure 6).
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Figure 4. Energy levels of some elements in silicon.

It is known that Mn impurity atoms form two donor energy levels Ec—0.3 eV and Ec—0.5 eV in silicon [20]
(see Figure 4). Cr impurity atoms form three donor energy levels in silicon, Ec—0.11 eV, Ec—0.23 eV, and Ec—0.41 eV
[20] (see Figure 4). As can be seen from figure 4, when a Mn impurity atom is placed at a node of a silicon single crystal,
it will have three charge states: neutral-Mn°, one electron lost-Mn'!, and two electrons lost-Mn*2. Similarly, if Cr
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impurity atoms is placed at the node of a silicon single crystal, it will have four different charge states: neutral — Cr°, one
electron lost — Cr', two electrons lost — Cr*2, and three electrons lost — Cr"3.
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Figure 5. Diffusion distribution of Mn dopant atoms in silicon calculated using equations (2), (3) and (4)
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Figure 6. Diffusion distribution of Cr dopant atoms in silicon calculated using equations (2), (3) and (4)

4. CONCLUSION

Currently, many scientists have studied the magnetic properties of silicon doped with Mn [9-20] impurity atoms,
while the magnetic properties of silicon doped with Cr [21] impurity atoms have been less studied. Theoretical
calculations show that the diffusion coefficients of Mn and Cr impurity atoms in silicon (Figure 1) and maximum
solubility (Figure 2) are very close to each other, but their electronic configurations and distribution in silicon (Figures 5
and 6) are slightly different. Therefore, it requires a lot of theoretical and practical research to study the electrical-physical,
electromagnetic, magnetic, optical, photoelectric, and magneto-photonic properties of a Si sample doped with Cr impurity
atoms.
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JA®Y3IMHUMI PO3MOALT JOMIIIKOBUX ATOMIB Cr TA Mn Y KPEMHII
Tiiiocinain X. Magsonos?, Xypmua X. Ypanbaes?, Booip O. Icakos™?, 3a6apmxan H. Ymapxoakaesa?,
ITax3ox I. Xampokynos?
“Tawxenmcokuil depoicagnuil mexuiunuil ynieepcumem, gyi. Yuisepcumemcoka, 2, 100095, Tawxenm, Y36exucman
bTawenmecuoruii Oepaicagnuii mexuiunuii ynisepcumem Koxanocwka ¢hinis, syn. Yemana Hacipa, 664, 150700, @epeana, Y3bexucman

VY po6oTi HaBeIEHO TEOPETHYHI PO3paxyHKH KoediuieHTa audy3ii, po3unHHOCTI Ta ANQY3iHOr0 PO3NOALTY JOMIIIKOBUX aToMiB Mn
i Cr y kpemHii. Pe3ynbTaTi TEOPETHIHUX JOCIIKEHb I0OKa3aH, 10 PO3MOALT aToMiB enemenTa Cr y KpeMHil [e1lo BiApi3HAEThCS Bif
po3moaiay aToMiB enemeHTa Mn y KpeMHii, a pemra (i3UKo-XiMIYHHX BIACTUBOCTEH Maibke igenTuuHi. Kpim toro, sikuo atom Mn
HOMICTHTH Y By30J] MOHOKPHCTAILy KPEMHI0, BiH MaTHMe TPH 3apsI0Bi CTaHU: HeWTpanbHuil — Mn’, ouH BTpadeHuii eaeKkTpoH — Mn'*!
i 1Ba BTpayeHi enekTponn — Mn*2, ITofiGHUM YMHOM, AKILO aToM Cr IIOMICTUTH y By30J MOHOKPHMCTANIA KPEMHIIO, BiH MaTUMe YOTUPU
pisui cranu 3apsy: Hedrpanshuii — Cr, omun Brpauenwmii enekrpon — Cr'!, mBa Brpaueni enexkrponu — Cr'? i Tpu Brpaueni
enekrponn — Cr'3. ToMy akTyalbHUM € TOCIIKEHHS BJIACTUBOCTEH JIETOBAHOTO KPEMHIIO JIoMilKoBuMY atomamu Cr.

KurouoBi ciioBa: kpemnuitl; domiuikogi amomu, ougysis; mapeaneysb, Xpom, po3nooin



