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Inhomogeneities in the near-surface region of diffusion-doped silicon with manganese atoms were studied using the local photo-EMF
method and photovoltage and photoconductivity signals were detected. It has been established that the inhomogeneous region is located
at a depth of 3+35 um from the surface of the crystal. The magnitude of photo-EMF in these layers does not change monotonically
from point to point. It was revealed that the photo-EMF spectra depend on the wavelength of the irradiated light, while the shape of
the areas and their shift are related to the penetration depth of laser radiation. The photo-EMF signal increases to a depth of ~25 um
from the surface, then saturates and from ~30 um smoothly decreases and completely disappears at a depth of ~40 um. The magnitude
of the internal electric field was determined using the Tauc method. A model of the structure of the near-surface region of diffusion-
doped silicon with manganese is proposed.
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INTRODUCTION

In recent years, for the controlled formation of the defect structure of silicon, so-called unconventional impurities
have been used - impurities of T-ions (transition elements), which create a number of deep levels in the band gap of
silicon. These specially introduced impurities interact with various uncontrolled impurities during technological
treatments [1-5].

This work presents the results of a study of the inhomogeneity of the surface layer of silicon formed during its
diffusion doping with manganese atoms. It was revealed that high-temperature heat treatment contributes to the formation
of an anomalous profile of the distribution of current carrier concentration, characterized by a sharp decrease in the latter
to a depth of 30-50 um from the surface of the crystal. This layer requires comprehensive studies of the mechanism of
impurity entry into the crystal volume and their interaction with both the matrix (main) atoms of the crystal and with
technological (background) impurities, as well as with structural defects [6-10].

EXPERIMENTAL PART

To determine the inhomogeneity, the local photoprobe method and the method of small-angle laser radiation
scattering were used. These methods make it possible to identify heterogeneous areas with high accuracy, especially areas
with large conductivity gradients.

Using the local photovoltage method, inhomogeneities were studied in the original, heat-treated and control silicon
crystals and doped Si <Mn> crystals having the shape of a rectangular parallelepiped of various sizes:
(0.3+0.5)%(0.3+1.6)x(0, 5+1.6) cm>.

The study was carried out on a sample with different surface conditions after each layer removal. There were basically
two types of surface: l-surface obtained after mechanical processing with M14, M7 and M4 powders, after etching
for 40-60 seconds, in boiling alkaline etchant (H,O,:NaOH = 1:3) followed by washing in double-distilled water [10].

Due to the fact that the formation of twins in the original single-crystal silicon leads to a change in the orientation
of the crystal, a method was used to determine surface defects when it was illuminated. It is known that a twin is a region
of a crystal whose orientation is a mirror image of the main crystal (twin orientation). A characteristic feature of a twin is
the presence of a flat boundary, which on the side surface of the crystal is the line of intersection of the twin plane with
the surface. On the cut plane, the twin boundary appears as a straight line.

Crystals that had no grain boundaries, twins, or twin lamellas were selected for the study.

Photoconductivity and photovoltage measurements [12,13] were carried out at room temperature on Si <Mn>
samples in which the bulk part of the crystal was overcompensated, i.e. n -type. The dimensions of the samples were as
follows: after doping with metal atoms - 0.3x0.4x0.5 cm® and 0.4x1.6x1.6 cm?, after cutting to study the photovoltage -
0.15%0,3x0.5 cm 3 and 0.3x1.5x1.6 cm?.
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To determine the heterogeneous areas, these samples were cut out as shown by the dashed lines in Fig. 1. Samples
cut in this way made it possible to compare the photoconductivity and photovoltage both from the cut surface of the
samples.

c. d.
Figure 1. Type of sample Si <Mn>, Si<Co>, Si<Cr> for studying photovoltage and photoconductivity:
a - sample 1 (initial); b — sample 2 (initial); ¢, d — samples after removal of 50 pm from three faces;
1 - near-surface area 2 - cut line; 3 - ohm contact; 4 - volume area.

RESULTS AND DISCUSSION
Figure 2 shows the results of light scanning for typical Si < Mn > samples when irradiated with light with a wavelength
of 0.63 pm, after removing a layer 3-5 pum thick from the surface. It is clear from the figures that the photo-signal does not
change monotonically from point to point. Changes in signal magnitude are highly localized. The average value of the photo-
signal changes slightly, while in some areas the photo-signal changes greatly. This behavior is associated with a change in the
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Figure 2. Light scanning results for one sample n-Si<Mn> when irradiated with light with 2 = 0.63 um

In Fig. 3. The results of light scanning are presented for one of the typical Si<Mn> samples at light wavelengths
Aequal to 0.63 pm, 1.15 pm and 3.39 pum after removing a 5 um thick layer from the surface. From figure it can be seen
that the amplitude of the photovoltage increases with decreasing wavelength of the irradiating light.
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Figure 3. Light scanning results for one sample p - Si < Mn > when irradiated with light of different wavelengths:
A) A=63um; B) A =115um; C) 1 =3.39 um.
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The dependence of the photovoltage on the thickness of the near-surface layer is shown in Fig. 4. It can be seen that
the photovoltage signal increases as the layer is removed to a depth of ~25 um, and then in a narrow region it saturates
and from ~30 um smoothly decreases and completely disappears after removal above 45+50 um.

To determine the internal electric field of the inhomogeneous region of the crystal, an external electric field of
Ei polarity, inverse to the internal electric field Ei, was applied to it. Studies have shown that at E = 0.9-1.2 V/cm, the
volumetric photovoltage current when illuminated with modulated light is zero. In this case, Ei can be determined
according to the expression:

B -2, )
2
where s is the cross section of the crystal, bis the ratio of electron and hole mobilities, i is the compensating direct current,
p and is the resistivity of the crystal.
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Figure 4. Dependence of the photovoltage on the thickness of the surface layer n - Si <Mn >, T=300 K, 1 = 0.63 pm

When substituting the values into (1) b = p,/pu, = 3,p =1.3-10*0m-cm, i = 1.39-107°4, s =2-10"%cm? are
obtained E;= 0.8 V/cm.

Based on the results of complex studies, a model of the structure of the near-surface region of diffusion-doped silicon
with manganese is proposed. The near-surface region of compensated silicon is a large number of Schottky diodes (pairs),
connected in opposite directions, with a layer of silicon compensated by metal atoms between them, connected in parallel
and in series (Fig. 5).

CI.H Cln

!

Ru;

Figure 5. Model of the structure of the near-surface region of diffusion -doped silicon with manganese, chromium and cobalt
atoms. Rc— resistance of the compensated area, Cs, Rs — capacitance and resistance of the Schottky barrier, respectively.

This model is determined by the island nature of the inclusions of the second phase, located at a depth of ~3-45 pum
from the surface. This is also confirmed by the maximum value of the photovoltage at a depth of ~25-30 um (Fig. 4),
where, apparently, there is an optimal ratio between the number of islands (inclusions) and their surface, giving the
maximum total surface area of the silicon-second phase inclusions boundary.

CONCLUSIONS

1. It has been established that photovoltage spectra depend on the wavelength of light, and the area shifts and their
shape are related to the penetration depth of laser radiation. It has been shown that when using infrared radiation in
the near-infrared spectrum, it is possible to determine inhomogeneities in the crystal volume using the local
photovoltage method.

2. A study of the dependence of the photovoltage on the thickness of the near-surface layer of doped crystals showed
that the photovoltage signal increases as the layer is removed to a depth of ~25 um, and then in a narrow region it
saturates and from ~30 pum smoothly decreases and completely disappears after removing 40 pm.

3. The possibility of determining the internal electric field in an inhomogeneous region of a doped crystal using the
Tauc method has been demonstrated. It was established that in the n-Si <Mn> crystal, when an external electric field
E. =0.9-1.2 V/cm was applied, the internal electric field had a value of E; = 0.8 V/cm.
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4. Amodel of the structure of the near-surface region of diffusion-doped silicon with manganese is proposed. The near-
surface region of compensated silicon is a large number of Schottky diodes (pairs) connected in parallel-series, with
a layer of compensated silicon between them.
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JOCIAKEHHS HEOJHOPITHOCTE HAJJI KOMIIEHCOBAHHMX 3PA3KIB KPEMHIIO,
JIETOBAHUX MAPTAHIHEM
MLIL. Icaes?, Y.T. Acaros®, M.A. Tynameros®, C.P. Kogupos®, A.E. Pamxxka6os?
“Hayionanvuuii ynieepcumem Ysoexucmany, Tawxenm, Y3bexucman
b TawukenmcoKkuil XiMiko-mexHono2iuHutl incmumym, Tawkenm, Y30exucman
¢Vpeenucwvruii deporcasnuil ynisepcumem, Ypeenm, Yz6exucman
APinin Tawxenmcokozo ynisepcumeny ingopmayitinux mexnonoziti imeni Myxammeda anv-Xopezmi, Ypeenm, Ysbexucman

Mertonom sokansHoi (poTo-EPC nocmimkeHo HEOTHOPIAHOCTI PUIOBEpXHEBOi obnacTi Audy3iiiHO-IeroBaHOr0 aTOMaMK MapraHIlio
KPEMHIIO Ta 3apeecTPOBAHO CHUTHAIM (DOTOENEKTPUYHOI Hampyru Ta (OTOMpoBimHOCTI. BcraHOBNEHO, M0 HEomHOpiAHA OONAcTh
po3TamioBaHa Ha MUOuHI 3+35 MKM Bij moBepxHi kpuctana. Benmanna ¢poro-EPC B nux mapax He 3MiHIOETECS MOHOTOHHO BiJl TOYKH
10 Toukd. Bussneno, mo cnexrpu ¢Goro-EPC 3amexars Bif ZOBXHMHH XBHJII ONPOMIHIOBAHOTO CBIiT/Ia, a (opMa AUITHOK 1 IX 3CyB
TIOB's13aHi 3 IMOMHOIO IPOHUKHEHHS Jla3epHOro BunpoMinioBanHs. Curnan ¢oro-EPC 3pocrae 1o mmbuan ~25 MKM Bif ITOBEPXHI,
MOTIM HACUYY€EThCs 1 BiJl ~30 MKM IUIaBHO CIAIa€ 1 MOBHICTIO 3HUKA€E Ha MIHOHHI ~40 MKM. BennunHy BHYTPIIHBOTO €IEKTPUIHOTO
MOJIsl BU3HAYaId MeTofoM Tayka. 3armporOHOBAaHO MOJETb CTPYKTYPHU IPUIIOBEPXHEBOI obnacTi Andys3iiHO JIETOBAHOTO KPEMHIIO
MapraHueM.

KurouoBi ciioBa: oughysis, exniouenns; mepmoobpobra,; neoonopionicms,; pomo-EPC; pomoszond, posciosanms,; epadicum, 0GitiHuK



