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The paper investigates the influence of the electrophysical characteristics of silicon on the final parameters of photoelectronic elements
using p-i-n photodiodes as an example. It has been found that photodiode samples made on the basis of silicon with a higher resistivity
are more prone to the formation of inversion channels at the oxide-semiconductor interface. Also, the dark current and responsivity of
such photodiodes reach saturation at a lower voltage. It has also been shown that silicon-based photodiodes with a longer lifetime of
non-basic charge carriers have lower dark current values. It has been shown that products with crystallographic orientation [111] have
a much lower density of surface dislocations after technological operations than in the case of silicon with orientation [100]. It was
also found that materials with different crystallographic orientations have different phosphorus diffusion coefficients. It has been
experimentally established that a silicon oxide film grows faster on the surface of crystallographic orientation silicon [111] than on the
surface of crystallographic orientation silicon [100]. This is due to the difference in the surface density of silicon atoms inherent in
different crystallographic planes.

Keywords: Silicon; Photodiode; Responsivity; Dark current; Dislocations; Crystallographic orientation

PACS: 61.72.]i, 61.72.Lk, 85.60.Dw

Semiconductor photovoltaic devices with p-n junctions are becoming increasingly popular. For example, they are
used in automation, telemechanics, various protective devices, control and measuring equipment, surveillance and
guidance circuits, etc. [1]. The emergence of new and improved sources of monochromatic radiation modulated by
frequencies in the hundreds and thousands of megahertz, as well as new types of photoelectric semiconductor devices
capable of converting an optical signal into an electrical signal, has made it possible to realize many tasks of opto- and
photoelectronics.

In recent decades, researchers have paid special attention to the development and production of photodetectors for
near-infrared spectral range detection. The manufacture of perfect photo receivers (PR) for this wavelength region remains
an urgent scientific and technical task. One of the first issues to be solved in the design and manufacture of photodetectors
is the choice of the base semiconductor material. Today, the most commonly used photodetectors are p-n junction
photodetectors based on A3Bs compounds, in particular GaAs, as well as Ge or Si. The choice of material depends
primarily on the type of their spectral resposivity characteristic. For example, for wide-band GaAs (E, =1.42 eV), the
spectral response shifts towards short wavelengths, since photons with higher energy (short-wave radiation) are required
to create electron-hole pairs and, accordingly, the photocurrent [2]. For semiconductors with a small band gap, such as
Ge (E; = 0.66 eV), the spectral response is shifted to the long-wave region (An=1.54 um) [3, 4]. In narrow bandgap
semiconductors, electron-hole pairs can occur under the influence of photons with lower energy (long-wave radiation).

The dependence of the light absorption coefficient on the wavelength has an impact on the appearance of the spectral
response and the location of the maximum. For semiconductors with a sharp dependence of the absorption coefficient on
the wavelength (Ge), the maximum of the spectral response for different types of devices usually occurs at the same
wavelength regardless of the technology. For semiconductors with a less sharp dependence of the absorption coefficient,
such as Si, the maximum spectral response, depending on the design of the photodetector and the technology used, can
vary in a wide range from A=0.6 pm up to the intrinsic absorption edge of A=1.1 um [5].

Comparing the capabilities of Si and GaAs materials, we can see that the main influence on the spectral characteristic
is due to differences in the mechanism of light absorption. GaAs is characterized by a sharp edge of the main absorption
band and a weak dependence of the absorption coefficient on the wavelength in the range of A=0.4 - 0.9 um. In this regard,
in GaAs photonics cells, the photocurrent value is determined mainly by the base (depth of the p-n junction) of the device.
Therefore, by changing the thickness of the base, it is possible to change the shape of the spectral response of these
photodetectors. In turn, for silicon PRs, the shift in the maximum of the spectral response can be realized both by changing
the thickness of the base and by changing the diffusion lengths of non-main charge carriers in the base. By keeping the
thickness of the silicon photo receivers base constant and changing the diffusion length of non-basic charge carriers in
the source material, it is possible to change the maximum of the spectral curve both in absolute value and in wavelength.
The described capabilities of silicon photodetectors to detect wavelengths of a wide range have led to their widespread
use in solving photoelectronics problems. In addition to the above, important factors in the use of silicon as the main
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material not only for photoelectronics but also for solid-state electronics in general are its widespread use and high
manufacturability [6, 7]. In particular, silicon ranks second in terms of its prevalence on Earth: about 27.6 % of the mass
of the Earth's crust, about 17 % of the mass of the lithosphere, and about 7 % of the mass of the core (Fig. 1). Note that
the mass fraction of silicon in the universe is less than 0.1% [8].

Figure 1. The abundance (in mass %) of silicon in the universe and in the planet Earth

It should be noted that the choice of the base material for the manufacture of photodetectors is not limited to the
choice of semiconductor, as there are a number of other parameters of semiconductor ingots or wafers that should be
taken into account when designing. These parameters include the type of conductivity, resistivity, density of structural
defects, lifetime of minority charge carriers, crystallographic orientation, etc. The ability to estimate the requirements
of material parameters, in particular silicon, for the manufacture of specific types of photodetectors is an important
and relevant scientific and technical task. A review of the literature shows that most of the works are devoted to the
production of defect-free silicon ingots [9], and the influence of growth or acquired defects in the semiconductor
material on the parameters of the resulting electronics elements [10, 11]. Also, many works are devoted to the study
of technological processes or modes on the parameters of final products, but no works on the influence of the
parameters of the source silicon on the parameters of the final photodetectors have been found. Accordingly, the aim
of this work is to study the dependence of the final parameters of silicon photodiodes on the electrophysical
characteristics of the source silicon.

EXPERIMENTAL

The research was carried out on the example of silicon four-element p-i-n photodiodes (PD) with guard ring (GR)
designed to detect radiation with a wavelength of 1,,=1064 nm. Two different materials with different electrophysical
parameters were chosen for comparison. The first material was single-crystal dislocation-free p-type FZ-Si with
orientation [111], resistivity at p=16-20 kQ-cm and life time of minority charge carriers at z=1.1-1.3 ms (PDy;11;). Another
material was single-crystal dislocation-free p-type FZ-Si with orientation [100], resistivity at p=45-55 kQ-cm and life
time of minor charge carriers at 7=2.2-2.4 ms (PDyi00). The devices were prepared using diffusion planar technology in a
single process cycle under the same conditions. The PDs technological route consisted of a complex of four thermal
operations and three photolithographies: semiconductor substrates were oxidized according to the principle of dry-wet-
dry oxidation; photolithography was carried out to create windows for phosphorus diffusion; diffusion of phosphorus
(predeposition) to the front side to create n'-type responsive elements (RE) and GR; driving-in of phosphorus to
redistribute the alloying impurity and increase the depth of the n*-p junction; diffusion of boron to the reverse side of the
substrate to create a p*-type ohmic contac; photolithography for creating contact windows; sputtering of Cr-Au on the
front and back sides, separation of pastes into crystals by scraping or cutting with a disk with an external diamond edge.
The thickness of the final photodiode crystals reached 390-400 microns. The parameters of the obtained devices were
compared.

After oxidation and each subsequent thermal operation, the high-frequency volt-farad (C-V) characteristics of the
metal-oxide-semiconductor-strctures were measured at a frequency of 30 kHz, which made it possible to predict the final
parameters of the products.

An important parameter of multi-element PDs with GR is the resistance of the isolation of the REs and the GR (Rcox),
the decrease of which leads to an increase in the photocoupling coefficient and dark currents. This parameter characterizes
the presence of inversion conduction channels at the Si-SiO, interface. Determination of insulation resistance of REs and
GR was carried out according to the method given in [3] with Usi,i=2 V and load resistance R=10 kQ.

The dark current (/;) and /-V characteristics of PDs were measured using a hardware-software complex implemented
on the basis of the Arduino platform, an Agilent 34410A digital multimeter and a Siglent SPD3303X programmable
power source, which were controlled by a personal computer using software created by the authors in the LabView
environment (dark current density J, is given).
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Monitoring of current monochromatic pulse responsitivity (Syuse) was carried out by method of comparing
responsitivity of the investigated PD with a reference photodiode certified by the respective metrological service of the
company. Measurements were performed when illuminating the PD with a radiation flux of a power of not over 1:103 W;
load resistance across the responsive element R= 10 k€, at the bias voltages of Ujiss = 2-120 V and pulse duration
7: = 500 ns. The spectral characteristics of photodiode responsivity (S(A)) at different bias voltages are also obtained. The
measurement was carried out using the KSVU-23 automated spectral complex.

The capacitance of REs (Crg) was determined at a Upjo=2-120 V

To investigate the defective structure of the substrates with [111] orientation, chemical treatment was performed in
selective Sirtle’s etchant [12] with the following composition:

HF - 100 cm?®, CrO; — 50 g, H,O — 120 cm®

To investigate the defective structure of the substrates with [100] orientation, chemical treatment was performed in
selective Secko's etchant [13] with the following composition:

4.4% KzCI‘207Z HF=1:2

Then the surface was examined in microscopes of different magnifications. The number of dislocations was
calculated by the metallographic method [14].

The growth rate of SiO; on substrates of different crystallographic orientation has been investigated. The thickness
of the oxide films was measured by the ellipsometric method. The depth of the diffusion layer (x,+.,) of phosphorus was
also compared at the same diffusion durations. Determination of the depth of the p-n junction was performed by spherical
grinding.

RESULTS OF THE RESEARCH AND THEIR DISCUSSION
A) Study of C-V characteristics and insulation resistance between responsive elements and guard ring
As mentioned above, C-V characteristics were monitored after each thermal operation. After thermal oxidation and
subsequent heat treatments, the silicon substrates with lower resistivity (PDyi1117) had a classic volt-faradic characteristic
curve for p-type material (Fig. 2, curve 1). As for the substrates with a higher resistivity (PDyio0)), a slight inverted
characteristic curve was observed after the first thermal operation (Fig. 2, curve 2). After boron diffusion, a complete
inverted C-V characteristics was observed (Fig. 2, curve 3).
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Figure 2. C-V characteristics of PDs:
1 - characteristic of PDpi113; 2 - characteristic of PDyio0j after oxidation; 3 - characteristic of PDyi00) after diffusion of boron

The inversion of the C-V characteristics indicated the presence of inversion layers at the Si-SiO; interface.
Technological reasons for the appearance of inversion layers are improper chemical treatment of substrates, the presence
of alkali metal impurities in deionized water, quartz dishes, or a quartz reactor and carrier gases. The deterioration of the
characteristics after boron diffusion is caused by the redistribution and diffusion of impurities in SiO; to the Si-SiO,
interface introduced during thermal operations due to the high total duration of heat treatment [15, 16]. Silicon for PDy;o
is more prone to the formation of inversion layers, since in this case a smaller amount of impurity is required to change
the surface conductivity to the opposite one, unlike a material with a lower resistivity.

The parameter that is a vivid quantitative characteristic of the presence of conductive inversion channels at the Si-
SiO; interface is Rco,. Measurements showed that samples PDyjii; had Re0»~3.9-5.5 MQ and samples PDyioo had
Rcow=0.7-1.1 MQ. As indicated above, Rcon of PDjigg; is much lower than of PDypij, as evidenced by the
C-V-characteristics. In case of difficulty or impossibility of manufacturing PDs with low R, due to the formation of
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surface inversion channels, it is worth forming surface areas of leakage channel restriction isotypic with the substrate
material between the REs and GR of the photodiodes [17]. This is especially important when using silicon with a p>20 kQ.

B) Study of dark currents of photodiodes
The I-V-characteristics of photodiodes were obtained (Fig. 3).
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Figure 3. [-V-characteristics of PDs: 1, 3 - characteristic of PDyiooj; 2 - characteristic of PDyi113

The volt-ampere characteristic curves for PDy;11; were typical for all samples from the experimental batch with some
variation in J; (curve 1, Fig. 3). The dark currents for PDyy11y at Upis=2 V reached J; =52-78 nA/cm?, and at Upis=120 V
J4=156-208 nA/cm?.

In the case of PDyiq), a slightly different picture was observed. For some PDs, the characteristic of curve type 1 of
Fig. 3 was inherent, and for the other part, the characteristic of curve type 3 of Fig. 3. As for the samples with the
I-V-characteristic of curve type 1, in this case, the value of the dark current reached slightly lower values than in PDyj1y;
(at voltages above the saturation voltage), since in PDy1117 the initial lifetime of minority charge carriers of the material
is much higher, and the generation component of the dark current (£,°) is inversely proportional to the T [11]:

1§ = ez WArg (1)

where 7n; is own concentration of charge carriers in the substrate; e is the charge of the electron; Axg is effective area
of RE; W; is space charge region (SCR) width.

It is also worth noting that curve 1 of I-V characteristic reaches saturation at Us,s=10-15 V, in contrast to curve 2,
which reaches saturation at Upi,s=70-80 V. This can be explained by the fact that the SCR of PDyioq; stretches over the
entire thickness of the substrate (not including the diffusion length of minority charge carriers) at lower bias voltages,
since the PDyj0; material has a much higher resistivity, and the W; is directly proportional to the p [18]:

W, = Y2bes 10~ @)

It should be added that in some samples of the PDyi00; type, an increase in the dark current was observed with an
increase in the reverse bias voltage over the entire measurement range (curve 3 of Fig. 3). To determine the reasons for
the increase in dark current, it was decided to examine the surface of such PDs for surface structural defects. For this
purpose, selective etching of the samples was performed (Fig. 4a, b). For comparison, PDyj11; was also treated in a
selective etchant (Fig. 4c, d).

It should be noted that in both cases studied, the silicon substrates were doped with the same phosphorus
concentration in a single technological cycle. However, as can be seen from Fig. 4a, b, the surface of PDy111; had a much
lower surface density of dislocations than PDyjo. The density of dislocations of PDyiyyy in the n'-regions reached
Nuis=2-103-2-103 cm?, and in the p-regions Ny=50-90 cm™. In the case of the n*-regions of PDyigq), the determination of
the dislocation density is complicated due to the high density of dislocations and the merging of their dislocation lines
and grids, but it can be estimated that in this case Ng=10°-10'" cm™2. As for the p-regions of PDyigq}, in this case
Nuis=1-10°-2-10° cm™. Note that the increased density of dislocations provokes an increase in the surface generation
component of the dark current (%) [19]:

Isurf. _ eNssUdriftIssAp—n

g = 3)
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where oy is capture cross-sectional area; Ny — density of surface states; A, - is the area that contributes to the surface
component of the dark current; va — is the average relative (relative to the center of re-combination) velocity of thermal
charge carriers.

The influence of these defects and their number on /; can be explained in several ways. First, the presence of
dislocations can lead to the appearance of levels in the band gap due to the elastic stress fields associated with dislocations;
these structural defects can serve as carrier recombination centers. The presence of recombination centers in the depleted
region of the p-n junction will be manifested in an increase in the generation currents at the reverse bias on the PD.
Secondly, dislocations can accumulate impurities due to their elastic fields. Decorated dislocations that cross the
p-n junction lead to the appearance of a high density of generation-recombination centers in the spatial charge region.
This again leads to an increase in the generation currents at the reverse bias [20, 21]. This situation was observed in some
products of the PDyjo0; type.

c) d)
Figure 4. Image of the PD surface after selective etching in the dark field: a, b) PDji113; ¢, d) PDjioo

We also investigated the value of the dark currents of the guard rings (Jgr). It was found that the dark current of the
PDy100; guard ring was significantly higher than that of the PDyi11}. At Upies=120 V J5r=288-432 pA/cm? in PDyj0) and
JGr=3.6-22 pA /ecm? in PDy113. The increase in the guard ring currents in the case of PDyoo; is caused by the presence of
inversion channels at the interface between the Si-SiO, phases, which provokes an increase in currents when the SCR
expands with an increase in the bias voltage.

B) Investigation of current monochromatic pulse responsivity of photodiodes.

The graph of Spuse(Uprias) for both photodiode variants was obtained (Fig. 5). Figure 5 shows that the
Spuise(Unias)dependence curve of PDyigo) reaches saturation faster (at Upias=7-9 V) than the PDy111; curve (at Upias=70-80 V).
This is due to the fact that in PDyj90), as mentioned above, the SCR stretches to its maximum width at lower bias voltages,
respectively, the charge carrier collection coefficient, which depends on W}, reaches saturation also at lower Upiys, and the
responsivity, being directly proportional to the charge carrier collection coefficient, also reaches saturation at lower bias
voltages [22]:

3= (1= RTQey =, @)
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where R is the anti-reflective coating reflection coefficient; 7 is the transmission coefficient of the input window or optical
filter; O is the quantum output of the internal photoeffect; a,., is the collection coefficient of minor charge carriers
generated by radiation in the active region of the photodiode.

Fig. 6a shows that the maximum of the spectral characteristic (S,;) of PDy;11; shifts towards longer wavelengths with
increasing bias voltage. This is caused by the expansion of the SCR with increasing reverse voltage, and when the W;
reaches saturation, no further shift of the maximum occurs. In the case of PDyio0), a different picture was observed
(Fig. 6b): even at low bias voltages, the maximum of the characteristic is at its maximum value of wavelenghts and does
not shift with increasing voltage due to the high diffusion length of non-basic charge carriers and the maximum charge
carrier collection coefficient even at two volts.
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Figure 5. The graph of Spuise(Ubias) PDp100] and PDyii1)

The spectral characteristics of the photodiode’s responsivity are also obtained (Fig. 6).
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Figure 6. Spectral characteristics of the photodiodes responsivity: a) PDi113; b) PDiooy; inset in figure (b) is spectral
characteristic of PDj100) with a short-wave minimum of the spectral characteristic of about A = 700 nm

Note that in Fig. 6a and 6b the short-wave responsivity is different. For example, at A = 700 nm, S; = 0.5S,,-0.6S;,
for PDyi1113, and for PDyio) S; = 0.4S,, . The change in the short-wave resistivity and the shift of the short-wave minimum
of the spectral characteristic can be explained by the change in the depth of the n*-p junction (x,+,). Indeed, when
measuring the x,+.p, it was seen that in PDyj11) X+ = 4-4.2 um, and in PDjig0) Xu+- = 5.8-6 pm. Accordingly, as depth of
the n™-p junction decreases, the influence of background radiation and short-wave responsivity increases. This is due to
the fact that with a decrease in the wavelength of radiation, the depth of its absorption decreases, and in p-i-n PDs, the
formation of photocurrent occurs during the generation of charge carriers in the high-resistance p-region. And in the case
of PDyio0), a larger range of wavelengths is absorbed by the n*-region due to the higher depth of the p-n junction. In
particular, in some samples of the PDyiq0] type, a shift of the short-wave minimum of the spectral characteristic to 700 nm
was observed (Fig.6b-inset). Note that the different depths of the diffusion layer in the two cases may be due to the
difference in phosphorus diffusion coefficients for different crystallographic orientations.
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B) Investigation of the growth rate of SiO: on the surface of different types of silicon
During the phosphor deposition operation, a anti-reflective SiO, is grown on the surface of the REs that meets the
minimum reflection condition (5) [23]:

% = ndsip2, (5)
where A is the working wavelength; n the refractive index of SiO»; dsio> is the thickness of the anti-reflective film.

For the working wavelength of the described photodiodes, the anti-reflective oxide should be
dsi02~0.18-0.19 pm [24]. When studying the thickness of the grown anti-reflective oxide in the two studied variants of
photodiodes, it was found that the thickness of SiO, in PDyii1j reaches dsi02~0.183 um, and in PDyjgo; reaches
dsi02~0.17 um. Presumably, the different growth rate of the oxide film is caused by the different surface concentration of
silicon atoms (#) for different crystallographic orientations, since it can be assumed that the growth rate will increase with
increasing surface concentration of atoms. To test this, we calculated the surface concentrations of silicon atoms for
different crystallographic orientations. The surface concentration of atoms of different crystallographic planes of silicon
can be visually estimated from Fig. 7a.

The surface concentration (the number of atoms per unit area) of atoms is calculated by the formula [25]:

n=% (©)

where N is the number of atoms that are completely contained in a unit cell of a two-dimensional surface lattice;

S is the area of the unit cell.

Let's calculate the value of n for plane (100). Plane (100) in the diamond structure is a two-dimensional square lattice
with Si atoms in the nodes. The side of the square (the elementary cell of a two-dimensional lattice) is equal to half the
diagonal of the face (Fig. 7b). A unit cell of the lattice contains one atom, since 1/4 of the atoms from each of the four
atoms at the vertices of the square fall into the unit cell. So, the number of atoms per unit area of the plane (100) will be:

1 -
N(100) = WT)Z =6.78- 10" cm™2 (7)
where a is silicon lattice period.

For plane (111), the two-dimensional lattice is hexagonal (graphene structure). An elementary cell is a thombus with
side length a (angle 60°) and containing two Si atoms (Fig. 7b). Thus, the number of atoms per unit area of the plane (111)
will be:

1 -
n(lll) = (12—\/5/2 =7.83" 1014 cm 2. (8)
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Figure 7. A schematic representation of the density of silicon atoms inherent in different crystallographic planes: a) schematic
illustration of an ingot; b) number of atoms in unit cells

For clarity, the surface density of silicon atoms for plane (110) is also shown. In the case of plane (110), a two-
dimensional lattice is a rectangular lattice containing two atoms in a unit cell (Fig. 7b). The unit cell of the lattice is a
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rectangle whose larger side is equal to the lattice constant a, and the other side is half the diagonal of the face of the
elementary cube of the structure. Thus, the number of atoms per unit area of the plane (110) will be:

1 -
N(110) = PN =9.59-10™ cm~2. )
As can be seen from the calculations, the surface density of silicon atoms for different crystallographic planes is
different, respectively, with an increase in the density of atoms, the growth rate of the oxide film increases.
As described in the paper, the final parameters of electronics elements, in particular photodiodes, depend on
electrophysical parameters and the type of silicon used.

CONCLUSIONS

The influence of the electrophysical characteristics of silicon on the final parameters of photoelectronic elements on
the example of p-i-n photodiodes is investigated. The following conclusions have been made:

1. Photodiodes made on the basis of silicon with a higher resistivity are more prone to the formation of inversion
channels at the oxide-semiconductor interface. Samples with higher resistivity of the base material have lower insulation
resistance between responsive elements.

2. The dark current and photosensitivity of such photodiodes reach saturation at a lower voltage.

3. Silicon-based photodiodes with a longer lifetime of non-basic charge carriers have lower values of dark currents.

4. Products with crystallographic orientation [111] have a much lower density of surface dislocations after
technological operations than in the case of silicon with orientation [100].

5. Silicon of different crystallographic orientations has different phosphorus diffusion coefficients. This was
established by determining the depth of charging of the diffusion layer of phosphorus at the same diffusion time.

6. Silicon oxide film grows faster on the surface of crystallographic orientation silicon [111] than on the surface of
crystallographic orientation silicon [100]. This is due to the difference in the surface density of silicon atoms inherent in
different crystallographic planes.
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BIVINB XAPAKTEPUCTHUK KPEMHIIO HA TAPAMETPU BUT'OTOBJIEHUX EJIEMEHTIB ®OTOEJIEKTPOHIKHN
Muxoaa C. Kykypymsax®®, Bomogumup M. Jlinka*?
@ AT «Llenmpanvne koncmpyxkmopcoke o1opo Pummy, 58032, m. Uepnisyi, syn. ['onosua, 244, Vrpaina

b Yepniseyvruii nayionarvnuii ynisepcumem imeni FOpia @edvkosuua, 58002, m. Yepnisyi, eyi. Koytobuncovrozo, 2, Ypaina

B crarTi q0OCIikeHO BIUIMB eIEKTPO(I3HIHUX XapaKTEPUCTUK KPEMHII0 Ha KiHIIEB] MapaMeTpH eIeMEHTIB (POTOCICKTPOHIKM Ha
npukiani p-i-n goroxioxis. Iix yac mociigkeHs BCTAHOBIEHO, IO 3pa3Ku (pOTOIONIB BUTOTOBJIEHI HAa OCHOBI KPEMHIIO 3 BHIIUM
IIUTOMHUM OHOPOM OLBII CXMJIBHI 0 YTBOPEHHI iHBEPCIMHUX KaHAJIB Ha MEXI PO3MITYy OKCHI-HAMIBIPOBITHUK. TakoX TEMHOBHI
CTpYM Ta (hOTOUYTIMBICTH TaKUX (POTOMIONIB BUXOIATH B HACHUCHHS IIPU HIDKUIM Hampysi. Taxoxx mobGadeHo, mo ¢oromionn Ha
OCHOBI KPEMHIIO0 13 BHIIMM YacOM JKUATTS HEOCHOBHHX HOCIIB 3apsay BOJOMAIIOTh HIDKYUMH 3HAYECHHSAMH TEMHOBUX CTPYMIB.
JHocmimkeHo, mo BupodH i3 KpucTanorpadigyaoro opienTaniero [111] BomoaitoTs 3HAYHO HIKYOIO T'yCTHHOO TIOBEPXHEBUX JHCIOKALIIH
MiCJII TEXHOJOTIYHMX OIepaliif, HiK B BHUMNAAKy KpeMHi0 3 opieHramieo [100]. Takox BcTaHOBIEHO, IO MaTepian pi3HOI
kpucranorpadiqaoi opieHtanii Mae pi3Hi koedinientn audysii pochopy. ExcriepuMeHTaT HO BCTAHOBICHO IO IUTIBKA OKCHIY
KPEMHIIO pOCTe IBUALIE Ha IIOBEPXHi KPEeMHIt0 Kpuctaiorpadiuaoi opienrarii [111], Hixk Ha HOBEPXHI KPEMHIIO KpHCTaIorpadigHoi
opienTanii [100]. Lle cipruanHEHO BiAMIHHICTIO B IOBEPXHEBIH T'YCTHHI aTOMiB KPEMHIIO IPUTaMaHHIN Pi3HUM KpHCTAIOrpadidvHuM
TUTOLMHAM.
KurouoBi cinoBa: xpemniil; pomodiod; uymaugicms, memHogull cmpym,; OUCiokayii; kpucmanozpagiuna opienmayis





