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In the mass production of multi-element silicon p-i-n photodiodes, the problem of systematic rejection of products due to a decrease in
the insulation resistance between the active elements of photodetectors has been revealed. The purpose of this work is to study the
causes of insulation resistance degradation and to establish optimal methods for avoiding this phenomenon. A comparative analysis of
three insulation methods was carried out: classical insulation by the surface of a non-conductive substrate and a dielectric layer;
insulation by means of mesaprofile grooves with a dielectric film; insulation by means of areas of limitation of surface leakage channels
isotypic with the substrate material (in this case, p*-type) formed in the gaps between active elements. The study found that the reason
for the deterioration of the insulation resistance between the active elements of photodiodes is the presence of conductive inversion
channels at the Si-SiO; interface due to the use of silicon with high resistivity. One mechanism for the formation of inversion channels
is the redistribution of impurities in the masking oxide (in particular, phosphorus) and their diffusion to the interface during thermal
operations. Another mechanism for the formation of inversion layers is the diffusion of boron from silicon into SiO2 during heat
treatment due to the fact that the boron segregation coefficient is less than one. In the manufacture of samples with insulation using
non-conductive areas of the substrate, a decrease in insulation resistance was observed as the technological route was performed (after
each subsequent operation, the resistance degraded). The degree of degradation can be reduced by reducing the duration of thermal
operations. It has been shown that reducing the thickness of the masking oxide causes a decrease in insulation resistance. When using
mesa-technology, it is possible to increase the insulation resistance by eliminating the high-temperature oxidation operation and, in
fact, due to the absence of a masking coating during phosphorus deposition. Insulation by means of P*-type areas in the gaps between
the active elements allows to obtain the highest insulation resistance values. The formation of these regions with a width of 100 pm in
the gaps with a width of 200 um allowed us to obtain an insulation resistance of 25-30 MQ. To ensure the insulation of the active
elements of photodiodes by this method, two thermal operations are added to the technological route. The number of thermal operations
can be reduced by doping the entire silicon surface with a low boron concentration before forming a masking coating.
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An important task of modern photoelectronics is to detect the coordinates of objects in space. Usually, multi-element
coordinate photodiodes (PD) are used in coordinate determination systems. The coordinate PD is usually a two- or four-
element photodiode on one semiconductor plate, in which the responsive elements (RE) are separated by gaps smaller
than the size of the light probe [1]. To ensure the high responsivity of the used photodetectors, a high-resistance material
is used. When we serially manufactured coordinate silicon PDs, we saw a slight decrease in the insulation resistance
between the REs, and in the case of the production of the PDs with a guard ring (GR), a decrease in the insulation
resistance between the REs and the GR was also observed. This contributed to the growth of the dark currents of the
active elements and the photocoupling coefficient between the elements. When investigating the reasons for the
deterioration of the insulation resistance, it was established that when using high-resistance silicon at the Si-SiO; interface,
the formation of conductive n-type inversion channels is possible [2-4]. Accordingly, the presence of these channels
contributes to the deterioration of PDs parameters. This problem required research to establish methods of its avoidance
or minimization of the influence on the insulation resistance between the REs.

When reviewing the literature, it was seen that most of the works are devoted to the methods of isolation of integrated
circuits (ICs). Thus, methods of isolation of IC elements allow to manufacture devices on conductive and non-conductive
substrates. On the conductive substrate, the insulation of the IC elements is carried out by a p—n-junction and a thin
dielectric film, and on the non-conductive one by insulation with air gaps and dielectric materials [5]. In particular, [6]
describes the principle of isolation of active IC elements using the isoplanar method. The method is combined. In this
technology, the insulation of the vertical walls of the components is carried out by a thick layer of silicon dioxide, which
extends from the surface of the epitaxial layer to the n*-hidden layer; the isolation of the bottom part of the components
is carried out by a reverse-biased p-n-junction. Another combined method of isolation of IC elements is epiplanar [7]. It
was implemented after the development of local epitaxial growth of silicon on certain areas of the substrate surface. The
method of selective epitaxial growth of silicon allows the formation of IC components, providing self-connection of
isolated regions and the n*-hidden layer. One of the new "exotic" insulation methods is the IPOS technology - insulation
with oxidized porous silicon. In this technological method, two main processes can be distinguished. The first is a selective
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anodic dissolution of silicon in hydrofluoric acid, in which porous silicon is formed in the treated area. The second is heat
treatment in an oxidizing environment, in which porous silicon oxidizes at a high rate due to the presence of pores and
strongly developed surface. As a result of such selective processing are formed silicon regions are isolated from the sides
by silicon dioxide. At this, unlike isoplanar technology, is excluded in this case the need for long-term high-temperature
oxidation [8]. There are also methods of isolating IC elements using etched grooves on the surface of the substrates. In
particular, insulation using V-grooves, filled polycrystalline silicon (VIP-method, VIP-V-brave isolation polisilicon) is
based on vertical anisotropic etching of silicon substrates with formation of V-shaped grooves filled with polycrystalline
silicon [9, 10]. V-ATE - technology (V-ATE - vertical anisotropic etch) is available a variant of the method of combined
isolation of components, in which the separation tracks are not filled with silicon dioxide or others insulating
materials [10, 11].

However, no information was found about the optimal options for isolating the REs of multi-element photodiodes.
But it is known that often photodiode matrices or actually multi-element photodetectors are made in the form of mesa-
structures [12, 13]. Classical planar structures are usually insulated with silicon oxide films formed in a single
technological process with diffusion of acceptors or donors or silicon nitride films [4, 14].

Ensuring proper insulation resistance of multicellular photodetectors is an urgent scientific and technical task, and,
accordingly, the purpose of this work is to establish the causes of insulation resistance degradation between the active
elements of photodiodes, to study insulation methods, and to establish optimal technological options that allow obtaining
high insulation resistance of the active elements of the PDs among themselves.

EXPERIMENTAL

It was decided to investigate the influence of the isolation methods of REs based on silicon four-element p-i-n PDs
with a guard ring. Production was carried out using diffusion-planar technology according to the technological modes of
diffusion processes given in [15]. The starting material was single-crystal dislocation-free p-type silicon with orientation
[111], p=17-20 kQ-cm.

We will consider the resistance between all REs and GR (R..,) as a parameter that allows us to evaluate the degree
of insulation of active elements. Determination of R,, was carried out according to the method given in [1] with Upje=2 V
and load resistance R=10 kQ.

A comparative analysis of three methods of isolation was carried out: classical — isolation with the surface of a
conditionally non-conductive substrate and a dielectric layer (PD;) (Fig. 1); insulation using mesa-profile grooves with a
dielectric film (similar to the V-ATE method) (PD.); and isolation using surface leakage restriction channels isotypic with
the substrate material (in this case p*-type) formed in the gaps between the active elements (PDs). In this case, p*-type
regions will be formed by diffusion of boron into the front layer of the substrate.

The technological process of production of PD; consisted of a complex of thermal operations and photolithography:
semiconductor substrates (Fig. 2-5) were oxidized to obtain a masking coating (Fig. 2-3); photolithography was carried
out to create windows for phosphorus diffusion; diffusion of phosphorus (predeposition) to the front side to create n*-
type REs (Fig. 2-1) and GR (Fig. 2-2); driving-in of phosphorus in an oxygen atmosphere to redistribute the alloying
impurity, increase the depth of the n*-p-junction and form an anti-reflective coating (Fig. 2-4); diffusion of boron to the
reverse side of the substrate to create a p*-type ohmic contact (Fig. 2-8); photolithography for creating contact windows;
sputtering of Cr-Au on the front and back sides (Fig. 2-6 and 7).
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Figure 1. Image of a PD; crystal Figure 2. Schematic section of a part of the PD crystal: 1—n*-responsive element;
2 — n*-guard ring; 3 — masking SiOz; 4 — anti-reflective SiO2; 5 — p-Si substrate;
6 — chrome sublayer; 7 — contact surface-Au; 8 — ohmic p*-Si

Photodiodes with a mesa structure (Fig. 3) were manufactured according to the following technological route:
predeposition of phosphorus to the front side to create n*-type layer, etching the grooves of the mesa profile by the method
of chemical dynamic polishing [16] to obtain REs (Fig. 4-1) and GR (Fig. 4-2), driving-in of phosphorus in an oxygen
atmosphere to redistribute the alloying impurity, increase the depth of the n*-p-junction and form an anti-reflective coating
(Fig. 4-3); diffusion of boron to the reverse side of the substrate to create a p*-type ohmic contact (Fig. 4-4); sputtering
of Cr-Au on the front and back sides (Fig. 4-5 and 6).
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Figure 4. Schematic section of a part of the PD2 crystal: 1— n*-responsive element; 2 — n*-guard
ring; 3 — anti-reflective SiO»2; 4 — ohmic p*-Si; 5 — chrome sublayer; 6 — contact surface-Au

Figure 5. Image of fragment a PD> Figure 6. Image of a PD crystal with p*-region between active elements
crystal

Photodiodes with surface leakage restriction channels isotypic with the substrate material (Fig. 5) were manufactured
according to the following technological route: oxidation of silicon substrates to obtain a masking coating;
photolithography for the formation of windows for boron diffusion; diffusion of boron to the front side of the crystal to
obtain a p*-region; oxidation / boron driving-in - to mask the p*-layer and increase the depth of the p*-p-junction;
photolithography for the formation of windows for phosphorus diffusion; diffusion/predeposition of phosphorus to obtain
n*-type REs and GR; phosphorus driving in - to increase the depth of the n*-p-junction and the formation of anti-reflective
Si0,; diffusion of boron to the rear side of the substrate to create an ohmic p*- layer and heterization of generation-
recombination centers. A schematic cross-section of the PDj; crystal can be seen in Fig. 6.

RESULTS OF THE RESEARCH AND THEIR DISCUSSION
A) Mechanisms of insulation resistance degradation.

It should be noted that one of the mechanisms for the formation of conductive inversion channels at the Si-SiO»
interface and the reduction of insulation resistance between active elements is the redistribution of impurities in the
masking oxide (including phosphorus) and their diffusion to the interface of the two phases during thermal operations,
respectively, with an increase in the total duration of thermal operations, it is possible to doping of impurities in the silicon
surface through the masking SiO5 [17]. Therefore, in the formation of masking coatings, it is necessary to take into account
not only the thickness of the oxide that masks the silicon from doping during the diffusion (predeposition) operation itself,
but also the thickness that will mask during subsequent heat treatments. Thus, according to [18], a silicon oxide thickness
of about 0.3 um completely masks silicon during phosphorus diffusion lasting 30 minutes at 7= 1323 K, but given that
the predeposition operation is followed by a high-temperature phosphorus driving-in and boron diffusion operation,
respectively, to take into account this duration of thermal operations, a masking coating thickness of 0.6 - 0.7 pm should
be used.

Another mechanism for the formation of inversion layers is the diffusion of boron from silicon into SiO, during heat
treatment due to the fact that the boron segregation coefficient is below one [19]. Accordingly, with an increase in the
duration of heat treatment, the degree of depletion of the silicon surface with boron increases and an inverted type of
conductivity is observed.

B) Investigation of the insulation resistance between the active elements of photodiodes isolated using sections of
a non-conductive substrate and a dielectric layer.

In the manufacture of PD; samples, a decrease in insulation resistance was observed as the technological route was
followed. Thus, in the trial batch of samples, the R, after phosphorus diffusion, after boron diffusion, and after the
metallization operation on the final crystals was monitored. After phosphorus diffusion, the R,, reached 10-25 MQ. After
boron diffusion Re.» = 3-6.5 MQ, and after the metallization operation R, = 1.3-2 MQ. The described phenomenon of
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insulation resistance degradation between the REs and the GR is clearly explained by the above mechanisms of inversion
layer formation. The degree of degradation can be reduced by reducing the duration of thermal operations (if possible).
It should be noted that the decrease in R.,, during Cr-Au sputtering operations is caused by heating the substrates to a
temperature of 473-523 K.

It is worth noting that during the storage of unsealed PD crystals for a long time, a decrease in the insulation
resistance between the REs and the GR is observed. Thus, storage of crystals for about 6 months leads to a 10-30-fold
degradation of R.... This is caused by the diffusion of impurities at room temperatures.

It was also decided to investigate the actual effect of the thickness of the masking SiO, on the insulation resistance
value. No change in R.., was observed when the thickness of the oxide was alternately reduced in the gaps between the
RESs and the GR of the final crystals. This confirms the fact that conductivity is formed at the interface between the two
phases. Also, samples of PDs with different initial thicknesses of the masking coating were fabricated by changing the
duration of thermal oxidation. The oxidation operation was carried out separately, and all other operations were carried
out in a single technological cycle. Half of the batches had a masking coating thickness of 0.47 um, and the other half had
a thickness of 0.61 um. By controlling the values of R, after phosphorus diffusion, it was seen that samples with a
smaller oxide film thickness had Reo, = 5.4 - 5.8 MQ, and samples with a larger oxide thickness had R.» = 8 - 10 MQ.
On the final crystals, samples with a smaller oxide thickness had R.,» = 0.9 - 1.1 MQ, and those with a larger one had
Reon =2 -2.5 MQ. It can be seen from this that a decrease in the thickness of the masking coating with a significant overall
duration of thermal operations can lead to a decrease in the insulation resistance between the active elements of
photodetectors according to the mechanisms described above. However, it should be noted that the values of dark currents
of the PDs in the case of a shorter thermal oxidation operation are two times lower than in the case of a longer oxidation.
This is probably due to a decrease in the amount of uncontrolled impurities introduced into the semiconductor volume
during the high-temperature operation.

It should be noted that in the presence of inversion layers at the interface between the two phases, it is possible to
increase the values of the dark currents of the guard rings (/gz) and responsive elements, but the latter react when the
insulation resistance is reduced to tens of kilohms, and the GRs reacts even with a slight decrease in R.,,. Thus, a graph
of the dependence of the dark current of the guard rings on the voltage at different values of R.,, was obtained (Fig. 7).
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Figure 7. [-V characteristic of PD; at different values of Rco,

As can be seen from Fig. 7. when the insulation resistance between the active elements decreases, the degree of
increase in the /g increases with an increase in the bias voltage. When testing the PDs at elevated temperatures, the
increase in the dark currents of the guard rings is more pronounced and can manifest itself in the instability of the current
values in time, i.e., an uncontrolled increase in /gz is observed without an increase in bias voltage or temperature [20].

If reduced insulation resistance values are detected after the phosphorus diffusion stage, it is necessary to completely
etch the masking and anti-reflective coating in hydrofluoric acid and repeat the phosphorus driving-in operation. This will
remove the oxide with the inversion layers and form a new anti-reflective coating. However, we note that this
manipulation allows us to correct only those samples in which the diffusion of impurities has occurred only to the interface
between the two phases. In the case of doping the silicon surface through the masking oxide, it is worth etching the surface
layers by chemical-dynamic polishing [16] or plasma chemical etching [21] method, but given that the p-n-junctions have
already been formed at this stage of manufacturing, these operations are complicated.

To assess the degree of undesirable doping of the silicon surface by measuring R.., before and after oxide etching.
Thus, a study was conducted: the entire oxide film was removed from a PD crystal with R..» =133 kQ and a value of
Reon = 157 kQ was obtained. In this case, there was no significant increase in the insulation resistance after removing
the oxide, indicating the presence of conductive channels on the silicon surface due to donor doping. Another case was
also observed during the study: the entire oxide film was removed from the PD crystal with R.,, 3.3 kQ and a value
of Re.on = 10 MQ was obtained. This indicated that the conductive channels were formed at the Si-SiO, interface, but
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the impurities did not diffuse into the silicon surface. Accordingly, in the second case, it is possible to repeat the
phosphorus driving-in operation with positive results, and samples as in the first case can be restored only after a
shallow etching of the plate surface. It is worth noting that the above study shows that the predominant mechanism of
inversion channel formation is the redistribution of impurities in the oxide film. It should be added that the mechanism
of formation of inversion layers due to the diffusion of boron into the SiO, is more effective at a significant duration
of heat treatment.

Using the described method of isolation allows obtaining an isolation resistance of 1-10 M€, and it should be used
in photodetectors with a relatively low bias voltage. When using silicon with p>20 kQ, this method is ineffective.

C) Investigation of the insulation resistance between the active elements of photodiodes isolated using mesa-
profile grooves with a dielectric film

It is possible to increase the value of insulation resistance relative to PD; by using a crystal topology with a mesa profile.
In the case of manufacturing samples using the PD, technology, it is possible to obtain R, = 13-16 MQ. The reason for the
increase in insulation resistance between the active elements is the absence of an oxidation operation (no masking SiO,) and
areduction in the total duration of thermal heating. In this case, the stage of formation of the anti-reflective oxide is followed
by only one thermal operation - boron diffusion, which is low-temperature relative to the previous thermal operations. During
boron diffusion, the probability of diffusion of uncontrolled impurities through the oxide is minimal. It is worth noting that
an important factor in the increase in the R.., of PD> is the absence of phosphorus diffusion through the masking oxide
windows, since the diffusion was carried out before the formation of anti-reflective SiO,, respectively, in this case there is
no phenomenon of diffusion of phosphorus in the oxide to the surface of silicon during heat treatment.

Given that one of the factors of inversion channels formation is the diffusion of impurities from the masking oxide
introduced during previous thermal operations, the question arises whether the masking coating cannot be removed after
it has performed its functions, i.e. after the phosphorus predeposition operation. In this case, the anti-reflective oxide
grown during the phosphorus driving-in will be a protective layer on the front side of the substrate during the diffusion
of boron to the back side. To confirm or refute this statement, the experiment described above was carried out. Measuring
the resistance of insulation between the REs and GR of final crystal, it was seen that serial samples had R.., ~4-5.7 MQ,
and samples with masking oxide etched before phosphorus driving-in had R.., =0.6-1 MQ. The experiment showed that
the etching of the masking oxide after phosphorus predeposition is negative, but in the case of samples with
mesostructures, the presence of only an anti-reflective coating contributes to an increase in R..,. Nevertheless, it should
be borne in mind that PD, has one less high-temperature operation in the technological route than PD,. Although the
described assumptions require additional research.

D) Investigation of the insulation resistance between the active elements of photodiodes isolated using
surface leakage restriction channels isotypic with the substrate material

Isolation of active photodiode elements by means of p-type regions in the gaps between the elements allows to obtain
the highest values of insulation resistance. The formation of these regions with a width of 100 pm in the gaps with a width
of 200 pm allowed us to obtain R..,~ 25-30 MQ. It should be noted that the implementation of this method of isolation
requires the introduction of two additional thermal operations - boron diffusion to the front side of the substrate and boron
oxidation/driving-in of boron. This factor can contribute to an increase in dark currents and a decrease in responsivity due
to the degradation of the lifetime of non-basic charge carriers and the resistivity of the material due to an increase in the
total duration of thermal operations [1]. In order to avoid the above, it is worthwhile to carry out gettering of generation
and recombination center operations with modes that allow restoring the above parameters [22].

It is worth noting that the PD; technological route can be shortened. For example, it is possible to diffuse boron
simultaneously to the front side to form areas of leakage channel confinement and to the back side of the substrate to form
an ohmic contact. However, in this case, there is a need to include additional operations to ensure masking of the p*-type
areas on the front side, which will be without a masking coating after the boron diffusion operation.

By introducing the boron diffusion operation into the entire area of the substrate front side with a low concentration
(the first thermal operation), it is possible to avoid the need for additional photolithography or operations to form masking
coatings. The key aspect of this method is the low concentration of diffused boron, since with an increase in the impurity
concentration, the PD may fail due to an avalanche-like increase in dark currents, since in this case the crystal structure
will resemble an avalanche photodiode [23]. Low concentrations can be achieved by lowering the temperature or duration
of the operation, and the most effective method is ion implantation. Thus, when the entire surface of the substrate was
doped with boron with a surface resistance of Rs=~175-200 /0, it was possible to obtain R.,,~40 MQ on the final samples.

It should be noted that the introduction of a boron impurity into the substrate surface reduces the density of
dislocations formed during phosphorus diffusion. Since dislocations are formed during phosphorus diffusion due to the
mismatch of the radius of phosphorus and silicon atoms: phosphorus atoms are larger than silicon atoms, mechanical
stresses arise due to this difference, which leads to the formation of structural defects [24]. And since the radius of boron
atoms is smaller than that of silicon, this will compensate for mechanical stresses and reduce the probability of dislocation
formation due to the described mechanism.

The method of isolation by p*-regions should be used at p>20 kQ-cm, when using high bias voltages and when it is
necessary to reduce the width of the gaps between the Res.



439
Isolation of Responsive Elements of Planar Multi-Element Photodiodes EEJP. 3 (2023)

CONCLUSIONS
A comparative analysis of three methods of isolation was carried out: classical — isolation with the surface of a
conditionally non-conductive substrate and a dielectric layer (PD,); insulation using mesa-profile grooves with a dielectric
film (PD,); and isolation using surface leakage restriction channels isotypic with the substrate material (in this case
p*-type) formed in the gaps between the active element (PD3). The following conclusions were made during the research:

1. The reason for the degradation of the insulation resistance between the active elements of photodiodes is the
presence of conductive inversion channels at the interface Si-SiO».

2. One of the mechanisms for the formation of conductive inversion channels at the Si-SiO, interface and the
reduction of insulation resistance between active elements is the redistribution of impurities in the masking oxide
(including phosphorus) and their diffusion to the interface of the two phases during thermal operations. Another
mechanism for the formation of inversion layers is the diffusion of boron from silicon into SiO during heat
treatment due to the fact that the boron segregation coefficient is below one.

3. In the manufacture of PD; samples, a decrease in insulation resistance was observed as the technological route
was followed. The degree of degradation can be reduced by reducing the duration of thermal operations.

4. Reducing the thickness of the masking oxide causes a decrease in insulation resistance.

5. If reduced insulation resistance values are detected after the phosphorus diffusion stage, it is necessary to
completely etch the masking and anti-reflective coating in hydrofluoric acid and repeat the phosphorus driving-
in operation.

6. In the case of manufacturing samples using the PD, technology, it is possible to obtain R.., = 13-16 MQ. The
reason for the increase in insulation resistance between the active elements is the absence of an oxidation
operation (no masking Si0) and a reduction in the total duration of thermal heating.

7. Tsolation of active photodiode elements by means of p*-type regions in the gaps between the elements allows to
obtain the highest values of insulation resistance. The formation of these regions with a width of 100 pm in the
gaps with a width of 200 um allowed us to obtain R.,,~ 25-30 MQ.

8. When the entire surface of the substrate was doped with boron with a surface resistance of Rg=175-200 Q/0, it
was possible to obtain R.,,~40 MQ on the final samples. Introduction of a boron impurity into the substrate
surface reduces the density of dislocations formed during phosphorus diffusion.

ORCID
Mykola S. Kukurudziak, https://orcid.org/0000-0002-0059-1387

REFERENCES

[1] M. Kukurudziak, Radioelectronic and Computer Systems, 105(1), 92 (2023). https://doi.org/10.32620/reks.2023.1.07

[2] V.M. Lytvynenko, and .M. Vikulin, Bulletin of the Kherson National Technical University, (1), 46 (2018). (in Ukrainian)

[31 Yu.O. Kruglyak, and M.V. Strikha, Sensor Electronics and Microsystem Technologies, 16(2), 5 (2019).
https://doi.org/10.18524/1815-7459.2019.2.171224 (in Ukrainian)

[4] M.S. Kukurudziak, East Eur. J. Phys. 2, 311 (2023), https://doi.org/10.26565/2312-4334-2023-2-36

[5] M. Sartori, M. Arosio, and A. Baschirotto, in: 2023 IEEE 18th Conference on Ph. D Research in Microelectronics and Electronics
(PRIME), 2023, https://doi.org/10.1109/PRIME58259.2023.10161956

[6] A.N.Horban, and V.V. Kravchyna, Tekhnol. Konstr. Elektron. Appar. 3, (2011). (in Ukrainian)

[7] T. Piotrowski, M. Wgegrzecki, M. Stolarski, and T. Krajewski, Opto-Electronics Review. 23(4), 265 (2015),
https://doi.org/10.1515/0ere-2015-0035

[8] G. Gautier, and P. Leduc, Applied Physics Reviews, 1(1), (2014), https://doi.org/10.1063/1.4833575

[91 M. Shan, C. Guo, Y. Zhao, Q. Chen, L. Deng, Z. Zheng, and C. Chen, ACS Applied Nano Materials, 5(7), 10081 (2022).
https://doi.org/10.1021/acsanm.2c02689

[10] O.Yu. Nalivaiko, Eelectronics NTB, 6, 134 (2022), https://doi.org/10.22184/1992-4178.2022.217.6.134.140, (in Russian)

[11] H. Yagyu, T. Yamaji, M. Nishimura, and K. Sato, Japanese journal of applied physics, 49(9R), 096503 (2010).
https://doi.org/10.1143/JJAP.49.096503

[12] K.O. Boltar, I.V. Chinareva, A.A. Lopukhin, and N.I. Yakovleva, Appl. Phys. 5, 10 (2013).

[13] M.S. Kukurudziak, and E.V. Maistruk, Semicond. Sci. Technol. 38, 085007 (2023), https://doi.org/10.1088/1361-6641/acdf14

[14] O.V. Dubikovsky, Bulletin of the National Academy of Sciences of Ukraine, 2, 79 (2023).
https://doi.org/10.15407/visn2023.02.079 (in Ukrainian)

[15] M.S. Kukurudziak, Semiconductor Physics, Quantum Electronics & Optoelectronics, 25(4), 385 (2022).
https://doi.org/10.15407/spqe025.04.385

[16] M.S. Kukurudziak, Surface Chemistry, Physics and Technology, 14(1), 42 (2023). https://doi.org/10.15407/hftp14.01.042 (in Ukrainian)

[17] MM. Atalla, E. Tannenbaum, and E.J. Scheibner, Bell System Tech. J. 38, 749 (1959). http://bstj.bell-
labs.com/BSTJ/images/Vol38/bstj38-3-749.pdf

[18] Sah S.T., Sello H., Sah C., and Tremere D.A., J. Phys. Chem. Solids, 11, 288 (1959). https://doi.org/10.1016/0022-
3697(59)90229-X

[19] H. Chen, K. Morita, X. Ma, Z. Chen, and Y. Wang, Solar Energy Materials and Solar Cells, 203, 110169 (2019).
https://doi.org/10.1016/j.s0lmat.2019.110169

[20] M.S. Kukurudziak, Journal of nano- and electronic physics, 14(1), 01023 (2022). https://doi.org/10.21272/jnep.14(1).01023

[21] K. Racka-Szmidt, B. Stonio, J. Zelazko, M. Filipiak, and M. Sochacki, Materials, 15(1), 123 (2022).
https://doi.org/10.3390/ma15010123



440
EEJP. 3 (2023) Mykola S. Kukurudziak

[22] AY. Liu, D. Yan, and S.P. Phang, Solar Energy Materials and Solar Cells, 179, 136 (2018).
https://doi.org/10.1016/j.solmat.2017.11.004

[23] B. Wang, and J. Mu, PhotoniX, 3, 8 (2022). https://doi.org/10.1186/s43074-022-00052-6

[24] K. Ravey, Defects and impurities in semiconductor silicon, (Trans.), G.N. Gorina (Ed.). (Mir, Moscow, 1984) (in Russian)

B3OJISIOIA YYTJIUBUX EJJEMEHTIB INTAHAPHUX BATATOEJIEMEHTHUX ®OTOAIOAIB
Mukouna C. Kykypyuzsax®P
AT «llenmpanvhe koncmpykmopcvke 6iopo Pummy, 58032, m. Yepnieyi, éya. I'onosna, 244, Ykpaina
bYepniseyvruti nayionanvhuii yuisepcumem imeni FOpis ®@edvrosuua, 58002, m. Yepnisyi, eyn. Koyobuncwvrozo, 2, Yrpaina

IIpu cepiiiHOMY BUPOOHHULITBI OaraToeIeMEHTHUX KPEMHIE€BHX p-i-n POTOIIOAIB BUSBICHO IIPOOIEMY CHCTEMAaTHYHOTO OpaKy BUpOOiB
BHACITIIOK 3HIDKEHHS OIIOPY 130J1si1ii Mi)K aKTUBHHMHU efleMeHTaMu (oTornpuitmadis. JlociipKeHHs TPUYKH Aerpagamii onopy i30omsiii
Ta BCTAHOBJICHHS ONTHMAJbHUX METOMIB YHUKHEHHS LbOTO SBHILA € METOIO JaHO1 poboTH. IIpoBeieHO NOPIBHAIBHUN aHall3 TPhOX
METOZIB 130JIA1ii: KIIACHYHOTO — 13011115 IIOBEPXHEIO HETPOBIAHOT MiIKIIaIK! Ta MAapy AieJICKTPHKA; 130JIS1Iis 32 JOTIOMOTOI0 KaHaBOK
Me3anpodiTro 3 AieIEKTPUIHOKO TUTIBKOKO; 130JIAIIis 32 TOITIOMOTO0 00J1acTeit 00MEKECHHS MOBEPXHEBUX KaHAIIIB BUTOKY, 130TUITHUX 13
MarepianoM MiAKIaAKd (B JaHOMY BHIIAQJKYy p-THITy), YTBOPEHHX Y 3a30pax MK aKTHBHHUMH ejeMmeHTamu. ITiJ yac HociimkeHb
BCTAHOBJICHO, IO INPHUYMHOIO MOTIPIICHHS ONOpY I30JALil MiX aKTHBHHUMH eJeMEeHTaMH (OTOMIOAIB € HasBHICTH IPOBIIHHX
iHBepCiiiHMX KaHaiB Ha Mexi po3miay Si-SiO2 BHACHIIOK BHKOPHCTAHHS KPEMHIIO i3 BHCOKHUM NUTOMUM omnopoM. OmHHM i3
MEXaHi3MiB yTBOPEHHs IHBEPCIIIHUX KaHAIIIB € epepo3IOAiI JOMIIIOK Y MacKylouoMy okcuzi (30kpeMa ¢ocdopy) Ta ix audysis mo
MEXI po3aity ABoX (a3 miJ yac TepMiYHUX Omeparii. [HImMM MexaHi3MOM yTBOPEHHs iHBEpCIHHIX LIapiB € Audy3is 60py 3 KpeMHit0
B SiO2 mix 9ac TepMo0OpoOOK yepes Te, Mo KoedimieHT cerperatii 6opy MeHIIe oguHuLi. [Ipyu BUTOTOBIEHH] 3pa3KiB 3 130Js1i€0 32
JIOTIOMOTO0 HETPOBIAHUX AUISHOK MiKJIAAKH CIIOCTEPIrajocs 3HIKCHHS OMOpy i30JIAIil MO0 Mipi BUKOHAHHS TEXHOJOTIYHOTO
MapuipyTy (micis KOXKHOI HacTymHoi omepauii omip gerpamysaB). CTymiHb Jerpagaiii MOXKHa 3HHU3MTH 33 PaxyHOK CKOPOUYCHHS
TPUBAJIOCTI TepMiuHMX orepaniil. [To6aueHo, 110 3MEHIICHHS TOBLIMHNA MAaCKYHOUYOr0 OKCHIY BHKIHKAE 3HIKCHHS OIOPY 130JISLi.
IIpy BUKOPHUCTaHHI ME3a-TEXHOJIOTIi BIAEThCS MiJABUIIMTH OIMIp i30JiALii 32 paXyHOK BHKJIIOUCHHs BHCOKOTEMIIEPATYPHOI oreparii
OKHCIICHHSI Ta BJAacHE 3aBISKH BiJCYTHOCTI MAacKyIO4Oro IOKPHUTTS MiA 4Yac 3aroHKH (ocdopy. [30ismis akTHBHHX €JIEMEHTIB
¢boToioiB 3a JOMOMOrO AUISIHOK p -THITy B IPOMIKKAX MK €IEMEHTaMH JI03BOJISIE OTPUMATH HAMBHILI 3HAYCHHSI OMOPY i30JIsALIii.
dopmyBanHs X obsacteit mupuHO0 100 MKM y 3a30pax mupuHO0 200 MKM 103BOJIHIIO OTpUMaTH ormip i3omswii 25-30 MOwm. [{ns
3a0e3MeYeHHs 1307s1ii aKTHBHHUX €JIEMEHTIB (OTOIOIIB JaHUM METOJOM B TEXHOJOTIYHHHA MapIIPyT BHOCHTBHCS IBi JOJATKOBI
TepMivHi oneparii. CKOPOTUTH KITBKICTh TEPMIYHUX OTEpamiii MOYKHA JIETYBaHHIM BCi€l MOBEPXHI KPEMHIIO HU3bKOIO KOHIIEHTPAII€I0
0opy 1epes yTBOPEHHSIM MacKyIO4Oro IOKPHUTTSL.

KunrouoBi cnoBa: kpemniii; pomooiod, onip izonayii; oxcud kpemniio, insepcitinuil wap



