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The paper describes the research and study of the process of electrically induced diffusion of Mn atoms in silicon directly from a Si
surface layer that was preliminarily enriched with Mn. To ensure the so-called electrically induced diffusion process, a constant electric
field was applied to the investigated samples. It has been revealed that as a result of the diffusion of Mr impurity atoms into samples
placed at the negative pole of the electrical diffusion unit, the proportion of Mn atoms was 75.4% (relative to silicon atoms), while in
samples placed at the positive pole this indicator tended to be 2.7% (relative to silicon atoms). Besides that, for the first time, an
experimental increase in the electro-active concentration of Mn impurity atoms in silicon (at 7= 900°C) was detected under the
influence of an external constant-value electric field. In this case, the maximum solubility of impurity atoms of Mn at a temperature of

T'=900°C was Nun~2.27-10" cm3, while the average concentration of electro-active Mn atoms diffused into silicon under the influence

of an external constant electric field reached Nuw"~2.62-10"* cm™.
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1. INTRODUCTION

Over recently, of great interest to many researchers in the field of semiconductor physics was the issue of engineering
fundamentally novel materials by modifying the functional parameters of semiconductors, especially Si [1,2]. One of the
most promising ways appears to be the technique of engineering of binary compounds of type ///-V and /I-VI in the bulk
matrix of Si material [3,4,5,6,7] and on its surface alike [8,9,10,11]. However, in times of creating compounds of type
1I-VI in the silicon crystal lattice, due to the insufficient solubility ratio of elements of groups /I and V7 in the Si material
(~1073+10'%), it is almost impossible to prove the phenomenon of a significant change in the functional parameters of Si
by using the existing instrumentation. In this regard, a significant increase in the solubility of impurity atoms in a Si
crystal has both scientific and practical significance.

The authors of the study expect that using the proposed technique of electrically induced diffusion, it would be
possible not only to increase the solubility of impurity atoms in silicon, but also to theoretically increase the diffusion
coefficients of impurity atoms in silicon under the influence of an external electric field. This could help not only to
increase the solubility of elements of groups // and V1 in silicon, but also to boost diffusion coefficients of elements of
groups /I and V in silicon, which are traditionally characterized by comparatively low diffusion coefficients, but quite a
high (~10'5+10%") solubility [12-15].

This paper presents the results of elemental analysis and studies of the electrical parameters of silicon samples doped
with Mn impurity atoms under the influence of an external electric field.

2. MATERIALS AND METHODS

Silicon wafers of p-type conductivity (p ~5 Q-cm; Nz ~5x10'° cm) were the starting material. Samples sized
1x5x10 mm3 were cut from the wafers using an STX-402-type diamond cutter. Surfaces of the silicon samples were
chemically cleaned with HF acid. Manganese atoms (purity 99.999%) were deposited onto the surface of the samples
using a VUP-4 vacuum deposition unit, after which thin layers of manganese were formed on the surfaces of the samples.
2 silicon samples with thin layers of Mn were placed into the electrical diffusion unit with thin layer surfaces facing each
other. In this case, one of the samples was placed at the positive pole side of the electrical diffusion unit, and the other - at
the negative one.

The investigated samples were divided into 3 groups:

Group I consisted of silicon samples with thin layers of manganese on the surface, which were placed at the positive
pole of the electrical diffusion unit;

Group II consisted of silicon samples with thin layers of manganese on the surface, which were placed at the negative
pole of the electrical diffusion unit;

Group III consisted of samples with thin layers of manganese on the surface, which were placed in an evacuated
quartz ampoule for diffusion in a furnace.
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In samples of groups I and II, the process of electrically induced diffusion was carried out by ensuring the flow of a
direct current with density of 50100 A/cm?. Due to the presence of electrical resistance at the points of contact of the
samples, the samples normally heat up. The heating temperature can be controlled by adjusting the electric current value.
The temperature resulting from the flow of electric current in the samples during the experiment was 7'= 900°C.

In samples of group III, diffusion was carried out in a diffusion furnace at a temperature of 900°C.

After electrically induced diffusion, elemental analysis of samples of groups I and II was carried out using

a JSM-IT 200 scanning electron microscopes [16] (Fig. 1).

Group |

Group 11

Element Tc}:l;:‘evgf Weight % Slgma:' /vovelght Element | Type of curve W(;}oght Slgmz /:velght
Si K series 77.89 0.20 Si K series 57.01 0.20

C K series 18.95 0.20 Mn K series 42.99 0.20

Mn K series 2.1 0.50

(6] K series 1.06 0.50

Total: 100.00 Total: 100.00

Figure 1. Elemental analysis of a silicon sample with Mn impurity atoms using the electrically induced diffusion method: ) sample
belonging to the group I (sample placed at the positive pole of the electrical diffusion unit); b) the group II sample (sample placed
at the negative pole of the electrical diffusion unit)

The profiles of distribution of impurity atoms across the depth received in the course of a layer-by-layer chemical
etching of samples of groups I, II and III, were studied using the Hall effect measurement unit HMS-3000 from
ECOPIA [17] (Fig. 2).
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Figure 2. Distribution profile across the depth of impurity atoms of manganese in samples belonging to groups I, II and III:
curve 1 - group I; curve 2 - sample of group II; curve 3 - sample of group III; curve 4 reflects the maximum solubility
of manganese impurity atoms in silicon at a temperature of 900°C.

3. RESULTS AND DISCUSSION
3.1. Analysis of the SEM-investigation results
Figures 1-a) and 1-b) show elemental analyzes of samples placed at the positive and, accordingly, negative poles at
a constant electric field. Tables a) and b) provide numerical elemental analysis data for the samples shown in Figures 1a)
and 10), respectively. From Figure 1 and the table it is clear that manganese atoms appear to have penetrated more towards
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the sample placed at the negative pole at a constant electric field. Moreover, in tables a) and b), when calculating using
the formula for the weight of manganese atoms relative to silicon atoms, it was established that in silicon samples placed
at the negative pole of the electrical diffusion unit, the fraction of manganese atoms appears to be 75.4%, while in silicon
samples placed at the positive pole, this figure was 2.7%.

3.2. Analysis of electrophysical parameters

The Figure 2 proves that the concentration of impurity atoms of manganese in the group II sample placed at the
negative pole of the electrical diffusion unit, noticeably exceeds the concentration of impurity atoms of manganese in
samples belonging to groups III and I. In this case, the average concentration of electro-active manganese atoms in
samples of group I was Nun~8.23-10'% cm™, the average concentration of electro-active manganese atoms in samples of
group Il was Nun'~2.62-10' cm, the average concentration of electro -active manganese atoms in samples of group 111
was Nyn'~1.78-10'* ¢cm™, and the maximum solubility of impurity Mn atoms at a temperature of 7=900°C was
Nmr~2.27-10' cm?3,

The diffusion coefficient of impurity atoms of manganese in silicon at a certain temperature is determined using the
equation (1), the solubility is determined using the equation (2).

Lo (13

D,,(T)=2.6-10 exp( k~Tj )
s (21

N, (T)=2.5-10 exp( TT) 2)

The Table 1 proves that the maximum solubility of manganese atoms at a temperature of 7= 900°C is 2.27-10'* cm™.
However, the concept of solubility is applicable to the grand total concentration of both electro-active and non-electro-
active manganese atoms.

Table 1. Diffusion coefficients and solubility of impurity atoms manganese in silicon at a given temperature

T, °C 700 750 800 850 900 950 1000
D,..(T) 4.65-10°% 9.94-10°% 1.98-107 3.7-107 6.58-107 1.11-10°¢ 1.81-10°¢
Ny (T) 3.15-102 1.07-1013 3.27-103 9.01-10'3 2.27-10% 5.33-10' 1.17-105

An analysis of the reference data showed that impurity atoms of manganese in silicon normally create 3 energy
levels in silicon (2 donor levels with the values Ec = -0.12 and E. = -0.41 eV and 1 acceptor level with the value
E,=+0.32 eV) [18,19,20]. Impurity atoms of manganese could be present in a silicon matrix in the form of a Mn™ ion
(adding one electron), a neutral Mn® atom without having to add or donate one electron, a singly positively charged Mn*
ion with the transfer of one electron, and a doubly positively charged ion Mn" . The total concentration of impurity atoms
of manganese in silicon is determined by formula (3):

otal __
Nl =N+ N+ NN G)

However, using the Hall measurement method, only the concentration of electro-active atoms of Mn can be
determined. Therefore, in this study, provided that impurity atoms of Mn presumably have compensated impurity atoms
of boron in silicon, so the authors have determined only the sum of the concentrations of Mn" and Mn™" ions (the
concentration determined from Fig. 2 is equal to the sum of concentrations).

CONCLUSION

Thus, it can be assumed that the Mn™ and M™" ions most probably migrate towards the negative pole of the electrical
diffusion unit both under the influence of temperature and under the influence of an external constant electric field, while
the Mn™ ions both under the influence of temperature and under the influence of external constant electric field seem to
migrate towards the positive pole of the electrical diffusion unit. Behavior of neutral Mn® atoms is not affected by the
external electric field, however neutral atoms appear to diffuse into the sample under the influence of temperature.

The experimental results showed that in the sample placed at the negative pole of the electrical diffusion unit, the
concentration of electroactive impurity atoms of Mn tended to increase under the influence of an external constant electric
field. These results were also confirmed by SEM analysis.
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EJEKTPOIU® Y311 ATOMIB MAPT AHITIO B KPEMHIT
Xaamypar M. Liies, 3adap b. Xynoiinazapos, bo6ip O. Icakos, Mipaxmat X. MagxuToB, AdayBoxia A. 'anie
Tawxenmcevkuii deporcagnuil mexniunuil ynieepcumem, gyi. Yuieepcumemcoka, 2, 100095, Tawxenm, Y36exucman

VY crarTi onmMcaHO MOCHTIKEHHS Ta JOCIIKCHHS MPOIECY eIeKTPOIHAYKOBaHOI MUQy3ii aroMiB Mn y KpeMHii 0e3mocepeaHso 3
MOBEpXHEBOTO MmIapy Si, monepeanso 30aradeHoro Mn. J{ns 3abe3nedeHHs Tak 3BaHOTO IPOIECY eNeKTpoiHayKoBaHoi qudy3ii 1o
JOCIIDKYBaHHX 3pa3KiB MIPUKIIANAIN HOCTilHE eleKTpHYHe nose. BussieHo, mo B pe3ynbrati qudy3ii atomiB goMiky Mn B 3pa3ku,
PO3MillleHI Ha HEraTUBHOMY IOJIOCI eleKTpoau(y3iiiHOT ycTaHOBKHM, yacTKa aTtomiB Mn craHoBwia 75,4% (BiTHOCHO aTomiB
KPEMHII0), a B 3pa3Kax, PO3TAIIOBAHUX HA IIO3UTUBHOMY IIOJIOCI MOJIOCY LIeH MOKAa3HUK MaB TEHIEHLI0 10 2,7% (BiIHOCHO aTOMiB
KkpemHi0). Kpim Toro, Brepine ekcnepuMeHTaIbHO BHSABICHO 301IBIICHHS €JIEKTPOAKTUBHOI KOHILICHTPALil aTOMIB JTOMIIKH Mn y
kpemHii (mpu 7 = 900°C) min BIIMBOM 30BHIIIHBOTO MOCTIHHOTO €NEeKTpHYHOTO mois. [Ipn mpomMy MakcuMaibHa PO3YMHHICTH
JOMIIIKOBHUX aToMiB Mn mpu temmeparypi T = 900°C cranosuna Nyw~2,27-10" cm3, a cepeltHst KOHIEHTpALis EIEKTPOAKTHBHUX
aromiB Mn nubynayBana B KpEMHIH ITijl BIVIMBOM 30BHINIHBOTO MOCTIHHE €IEKTPUYHE 10JIEe NOCITI0 Niswi~2,62-10' ey,

KurouoBi cinoBa: numomuil onip; Kpemuiil, 0OMIWMKOSE amomu, Oupy3is; pyxausicmes HOCIi6 3apsdy; KOHYyenmpayis HOCiie 3apsdy;
eNeKMPUUHO THOYKOBAHA OUQ)y3is



