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Silicon quadrant p-i-n photodiodes of different concentrations of diffused phosphorus in the n*- layer were
fabricated. The experimental curve of phosphorus impurity distribution along the depth of the diffusion layer is
obtained. The influence of charge carrier concentration in this layer on the dark currents of responsive elements
and the guard ring was studied. Volt-ampere characteristics of photodiodes were measured. It was seen that when
the surface resistance of the n*-layer decreases, the dark currents decrease, the samples with a surface resistance of
1.9 - 2.4 Q/o have approximately the same level of dark currents of responsive areas, i.e. further increase in charge
carrier concentration makes no change. As to dark currents of photodiode guard rings, it was found that for the
most part they depend on the state of the periphery of the crystal (outside the guard ring) but not on the level of
doping. The influence of the surface resistance of the n*-layer on interconnection resistance between the responsive
areas and the protective ring, and no influence on the capacitance of the photodiodes were revealed.
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Introduction

Along with the technical development of
optoelectronic devices and systems, the requirements for
parameters of their structural elements, photodetector
preamplifier modules (PPM), in particular, are increasing.
Silicon p-i-n photodiodes (PD) are widely used. They are
employed for both civilian and military purposes: to
measure distances (rangefinders) in geodesy or
construction, in missile technology, etc.

In modern production PD are made by diffusion-
planar technology [1], diffusion being the determining
operation. It is the diffusion on the surface of silicon
wafers that forms responsive elements (RE). When
creating RE, the task arises to introduce such a
concentration of dopant, which would provide a high level
of responsivity at minimum values of dark currents. After
all, when doping the surface n*-layer of the substrate, its
absorption coefficient increases, which is a negative
phenomenon, because in the manufacture of PD you need
to ensure maximum absorption of radiation in the high-

756

impedance p-region of the substrate. Therefore,
determining optimal concentration of the dopant, which
would make low dark currents (and other electrical
parameters) available with minimal loss of responsivity, is
an urgent scientific and technical task.

A review of this problem in scientific sources has
shown that the effect of the concentration of phosphorus
dopant on p-i-n PD parameters has not been studied, and
most of scientific papers are devoted to the study of silicon
solar cells. Thus, in [2] causes and mechanisms of surface
influence on the inverse characteristics of p-n structures
are considered. A review of technological methods of
structures of semiconductor devices treatment, including
methods of gettering to prevent influence of surface
effects on electric parameters of devices, was made. In [3]
mechanisms of dark current formation in p-i-n PD and the
guard ring (GR) principle of operation are considered. The
influence of voltage across the guard ring on the dark
current of the RE at different modes of operation of the
guard ring has been studied. However, detailed data on the
effect of doping on PD characteristics cannot be found in
literature on the subject.
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Based on the above, the purpose of this article is to
study the effect of phosphorus concentration in the n*-
layer of silicon p-i-n PD on their electrical parameters,
dark currents, in particular.

I. Experiment details

The investigation was performed on silicon four-
element p-i-n PDs with a GR (Fig. 1, 2) with operating

supply  wvoltage U, =120V and  wavelength
Aop = 1.064 pm.
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Fig.1. Cross section of a four-segment photodiode crystal:
1 —i-region; 2 — masking SiO- layer; 3 — responsive areas;
4 — guard ring; 5 — anti-reflecting SiO; layer; 6 — area,
getterated by boron; 7 — layer of gold; 8, 9 — sublayer of
chromium on the reverse and front side, respectively.

5 mm

Fig. 2. Photodiode crystal.

Thermal processes, diffusion, in particular, were
carried out using a diffusion system such as SDO-125/3 -
12.

Control of dark currents lq was performed at
Ubias = 120 V. Next, the current density Jq in nA/cm? will
be indicated, which is calculated by formula (1).
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where Age is the effective area of the RE.
Surface resistance (Rs) was measured by the four-
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probe method [4].

Il. Experimental

Single-crystalline p-type silicon with a specific
resistance of p =~ 18 kOhm-cm is used in the production,
which corresponds to the concentration of the impurity
Np=~7,7-10%. PDs were manufactured by diffusion-planar
technology using two-stage diffusion to make responsive
elements and a guard ring of n*-type conductivity.
Initially, predeposition was carried out — it’s a short
diffusion from an unlimited source at T = 1353 K in a
nitrogen atmosphere, and a thin diffusion layer in the
substrate was obtained. Next, drive-in was performed at
T = 1423 K in an oxygen atmosphere, while the diffusion
layer was a source with a limited amount of impurities.
After each of these operations, Rs control was performed.
By changing the predeposition time, different values of Rs
were obtained. The drive-in duration was always the same
for growing the like antireflecting coating and obtaining
the same depth of the p-n junction in each PD series.

All the results were obtained in commercial
production of photodiodes. But for the purity of the
experiment and no influence of various factors, an
experimental batch was conducted in which all wafers
were oxidized in a single process, further the series was
divided into subseries, and phosphorus was predeposited
with different durations, followed by a single drive-in and
diffusion of boron.

For convenience, the description of the investigation
will indicate the surface resistance of the obtained
samples, because this parameter is most often used in
practice. The Rs values of the obtained samples are shown
in Table 1.

Table 1
The value of the surface resistance of the obtained FD at
different predeposition durations.

t[s] - Rs[Q/0] —afterthe | Rs[Q/o] -

predeposition predeposition after the

duration drive-in
300 12.7 8.1
600 8.4 5.0
1200 5.4 3.3
1800 4.1 2.7
2400 3.7 2.4
3000 3.3 2.2
3600 3.1 1.9

But often in the manufacture and research of
electronic devices with p-n-junctions, there is a need to
predetermine the depth of the heterojunction (in this case,
the n*-p-junction Xn+p) and the distribution of the
concentration of impurities to obtain the given values (N,
). These parameters can be determined both by the
calculation method and experimentally on control
samples. Thus, xn+.p after predeposition, according to [5],
can be estimated by formula (2):

@

where D; is the diffusion coefficient at T=1323 K,

Xn+ -p = 5,4’ Dltl
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D1=2-10" cm?/s [6]; t; — duration of predeposition.

The depth of the heterojunction was also determined
experimentally by the oblique section method [7]. The
experimental and calculated graphs of the dependence of
Xn+p ON the duration of predeposition are shown in Fig. 3.

As we can see from Fig. 3 experimental values are
well verified with theoretical ones with some deviation.
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Fig. 3. Experimental and calculated graphs of the

dependence of the depth of the heterojunction on the
duration of the predeposition.

3000 4000

The surface concentration of introduced impurities
(No) can be determined from the conductivity formula of
an n-type semiconductor (3) [8], expressing electrical
conductivity in terms of resistivity:

1
g =-—=en,
P Un

@)

where ¢ — electrical conductivity of a semiconductor;
p — resistivity; e — the charge of an electron; n — electron
concentration; u, — mobility of electrons.

Assuming that all introduced phosphorus impurities
are ionized and No=n, we obtain for the surface

concentration:
1

epin

NO_

(4)

Accordingly, to determine No, need to know p after
phosphorus predeposition, which can be determined from

the formula [8]:
p

Xn+—p

RS_

®)

The results of the calculation of the surface
concentration and specific resistance and their dependence
on the surface resistance are shown in Fig. 4.

Knowing the surface concentration of Phosphorus
after distillation, it is possible to determine the distribution
of the impurity concentration along the depth of the p-n
junction Nytaccording to the formula [5]:

X

N, = Nyerfc
x,t 0 f2D1t1

(6)

where erfc (x) is an additional error function.
This characteristic of the heterojunction in two-stage
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diffusion serves only to assess the uniformity of a limited
diffusant source. We will calculate for one version of the
duration of diffusion, for example, at t,=2400 s. The
results of the calculation of the distribution of impurities
after predeposition are shown in Fig. 5.
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Fig. 4. Dependence of surface concentration and specific
resistance on surface resistance.
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Fig. 5. Calculated graph of distribution of phosphorus

after predeposition with a duration of t;=2400 s.

Far more important parameters of the p-n junction of
photodiodes are the final depth of the heterojunction and
the final distribution of the impurity concentration in the
n*-layer. Note that after the phosphorus drive-in, diffusion
of boron to the rear side of the crystal is carried out at
T=1223 K. But during our study of xn+p changes before
and after the last thermal operation, no increase in the
depth of the p-n junction was observed, since:

Dst; K Dyt, (7
where D, — phosphorus diffusion coefficient at T=1423 K,
D,=107? cm?/s [6]; t, — duration of phosphorus drive in,
t2=5100 c; Dz — phosphorus diffusion coefficient at
T=1223 K; t3— duration of boron diffusion.

Accordingly, the ultimate depth (x;,,_,), in this case,
is formed by the phosphorus drive-in. This parameter can
be estimated by the formula [5]:

’ e . 7Q
Xni—p = 24/ D1ty ’lanm

where Q — doping dose (amount of impurity entering

(8)



Influence of Surface Resistance of Silicon p-i-n Photodiodes n+-Layer on their Electrical Parameters

60
55
50
45
40
35
RS [O hm/D]30
25
20
15
10
5
0

0 1 2 3

Xpn [HM]

a)

5.00E+020

4.00E+020

© 3.00E+020
£
o
z
2.00E+020

1.00E+020

0.00E+000
0 2 4 6

Xpepr M

b)

Fig.7. Experimental curves of phosphorus impurity distribution in the depth of the diffusion layer after the drive in:
a) dependence of Rs(xn+-p); b) dependence of N™(X'n+-p).

silicon during predeposition).
Doping dose can be determined from equation (9) [5]:

Q = 2N, (Dltl)l/z

A

9)

A calculated graph of the dependence of x,,,_,, on the
duration of predeposition according to (8) was obtained,
and for comparison, the same graph was obtained
experimentally (Fig. 6). From the figure, you can see the
poor verification of calculated and experimental data. The
first reason is the slow cooling of the plates after the drive-
in, which increases the depth of the heterojunction, and
this is not taken into account in (8). Also, a possible reason
for the discrepancy is the empirical origin of some
equations used to calculate diffusion processes, which
were obtained for low-resistance silicon.

X’n+-p!um
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—m— calculation
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2000 3000
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Fig. 6. Experimental and calculated graphs of the

dependence of the depth of the heterojunction after the
drive-in on the duration of predeposition.

T
1000 4000

As regards the concentration of impurities, it
decreases with increasing depth of the diffusion layer. The
distribution of impurities concentration in the depth of
heterojunction (N'x¢) in two-stage diffusion can be
determined by formula [5]:
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D1ty
Dyt;

2C,
Nr — 0

xt = N (10)

b (55.)
p 4D, t,

It should be noted that there are some difficulties
when calculating the distribution of impurity
concentrations in our case. After all, when impurities are
added to already doped silicon, the values of diffusion
coefficients deviate from the constant value corresponding
to the process temperature. Therefore, the value of the
dependence Ny obtained experimentally.

To assess the distribution of impurities in the depth of
the diffusion layer, the semiconductor substrate after
diffusion of phosphorus with Rs=2.4 Q/0 was etched layer
by layer in a slow etchant (HNO3: HF: CH3COOH=
=20: 1: 1) by chemodynamic polishing and surface
resistance after each etching was measured. The results of
the experiment are shown in Fig. 7.

From Fig. 2, as in formula (2), we can see the
exponential dependence of the distribution of phosphorus
in the depth of the diffusion layer. If the surface resistance
was 2.4 Q/01 (4.5-10%° cm®), then at
Xn+-p= 4 um - Rs=55 Q/0 (7.8-10%° cm®).

I11. Discussion and results

3.1. RE dark currents

Dark currents of responsive elements and guard rings
were measured at two stages of production: a finished
photoresponsive crystal and a finished PD. 14 values of PD
responsive elements are about 10% higher than those of
crystals. As for the guard rings, the level of their dark
currents lgr after welding the contact leads and hermetic
sealing increased approximately twice as compared to the
values of photoresponsive crystals. This can be explained
by the influence of contact phenomena, measurement
errors, or growth of the surface component of the dark
current in the production process.

The results of measuring the Iy of photoresponsive
crystals are presented in Table 2. To show a clear picture
of dark currents figure of merit straggling on the
responsive areas, lq of the characteristic samples from
each subseries is given.

As can be seen from Table 2, with increasing surface
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resistance (decreasing concentration), the dark currents of
the RE increase. It can also be seen that samples with
Rs = 1.9 — 2.4 Ohm/o have approximately the same level
of dark currents, i.e., a further increase in the
concentration of charge carriers does not make any
changes. Accordingly, to increase the duration of diffusion
to further reduce 14 does not make sense. Decrease in dark
current with increasing concentration of phosphorous may
be explained by gattering of metal impurities and structure
defects in the bulk of the samples. As the gettering effect
increases with phosphorous concentration growth. It is
known [9], that there is some maximum value Rs for the
specified temperature the elevated value of wich will
make the gattering inefficient. In this case, this is the value
of Rs=2.4Q /0.
Table 2.
Values of dark currents of photoresponsive crystals at
different surface resistance (dark current density Jq will
be indicated).

Rs |
Q/o CRy
Eafte]r Ja [nA/em?] “él ¢
. m p—
drive-
in crystal
70.1 64.9 70.1 12.7 3.9
19- 779 77.9 75.3 75.3 4.0
o4 | 701 | 805 | 727 | 701 | 3.0
67.5 64.9 64.9 62.3 2.3
83.1 77.9 83.1 77.9 2.6
77.9 77.9 72.7 75.3 4.4
97 85.7 83.1 75.3 90.9 3.8
) 93.5 88.3 85.7 80.5 2.5
72.7 90.9 80.5 83.1 2.7
77.9 75.3 80.5 77.9 3.4
140.3 140.3 119.5 244.2 5.2
33 174.0 93.5 1325 | 127.3 3.0
) 88.3 93.5 109.1 119.5 4.7
200.0 142.9 124.7 98.7 3.8
106.5 171.4 114.3 90.9 51
509.1 368.8 381.8 571.4 9.2
50 335.1 368.8 322.1 296.1 6.6
' 488.3 4442 384,4 376,6 6.0
293.5 290,9 355,8 280,5 4.7
428.6 467,5 646,8 506,5 6.5
1298.7 | 1236.4 | 1485.7 | 1797.4 8.5
8.1 963.6 | 1150.6 | 1007.8 | 859.7 5.3
' 1207.8 | 974.0 898.7 | 1051.9 4.2
1251.9 | 1041.6 | 1031.2 | 1324.7 55
932.5 | 1176.6 | 1142.9 | 1246.8 5.2

It should be noted that with the increase of Rs, scatter
of dark currents absolute values across the responsive
areas increases, but the characteristic difference for all PD
sub-batches of in percentage was about 10-20% relative to
the average one. Note that twice scatter across PD
responsive areas was considered a defect. Accordingly, it
was seen that with decreasing levels of dark currents the
percentage of defective products as to the criterion,
increased.

In this case, as regards GR dark currents, the increase
in Igr With Rs rising is much smaller. So, when Rs changed
from1.9 - 2.4 Q/oto 8.1 Q/O, |y increased approximately
10-20 times, and lgr doubled. This is due to the fact that
PD GR dark current depends more on the state of the
periphery of the crystal (charge states at Si-SiO, interface
or the presence of defects in this region of the crystal),
rather than the level of doping.

The volt-ampere characteristics (1-V) of back-biased
PDs with different surface resistance (Fig. 8) have been
studied, from which it can be seen that at Upjas = 60-80 V
dark currents reach saturation. The curves for
Rs=1.9-2.4 Q/o actually coincide, and the curve for
Rs = 2.7 Q/o is shifted by units of nanometers up the y-
axis.

T T T T T T T
2.4 g
2.2 4 .
] Rg=8.1 Ohm/o
2.04 -
) — Rg=5.0 Ohm/o
181 —— R¢=3.3 Ohm/g ]
g e R=2.7 Ohm/c]| T
O 144 — Rg=2.4 Ohm/o| 4
< 4
2 12 .
= e
~ 104 -
0.8 1 -
0.6 4 -
0.4 -
0.2 4 -
00 T T T T T T T
0 20 40 60 80 100 120 140

Ubias [V]

Fig.8. PD responsive elements | — V characteristics versus
Rs.

It should be noted that the curves for Rs = 1.9 —
2.7 Ohm/o have a minimal increase in dark currents with
increasing Upias. This indicates that with increasing electric
field strength, mobility of charge carriers in heavily doped
semiconductor layers increases to a lesser extent, which
does not give rise to a significant growth in dark current.
Other curves are characterized by a greater increment in
dark current with increasing bias voltage. Thus, for
samples with Rs=1.9 — 2.7 Q /O lg2v=77.9 nA/cm?,
|d,120V:103-9 nA/cmz, and for
R5:8.1 Qlo - |d,2v:363.6 IlA/CIIlZ, |d,120v:2441.6 nA/cmZ.

3.2. GR dark currents

| — V characteristics of PD guard rings depending on
Rs, randomly selected from each subseries, were also
obtained, (Fig. 9). It can be seen from the figure that there
is no increase in lgg levels for GR with increasing Rs, and
there is no pattern as in the case of RE. This confirms the
fact that the dark current of the PD guard ring of the PD
depends more on the state of the periphery of the crystal,
than on the level of doping.

It can be seen from the figure that the GR | — V curves
do not reach saturation in the range of studied voltages
with increasing bias, and with further increase of the bias
Icr Will grow to some maximum value. It is caused by
increase in the space-charge region (SCR) of the guard
ring with voltage growth toward the periphery of the
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crystal (Fig. 10). After all, the GR SCR is limited by the
space charge region of the responsive element and the
back side of the substrate (Fig. 10). Thus, if the thickness
of the crystal is 420-470 pm, then at Ugp =120V,
according to [10], the width of the W; reaches about
490 pm, which can be calculated by the formula:

W, = oelitonhy; 1y

eNy

14 ——

R.=5.1 Ohm/d]
—— R=5.0 Ohm/g
121 —— Ry=3.30hm/c

R¢=2.7 Ohmy/o
—— R¢=2.4 Ohm/o

Jor [MA/cm?]

0 T T T T T T T T T T T T T T

0 20 40 60 80 100 120 140
Ubias [V]

Fig. 9. | -V characteristics of PD guard rings at different Rs,

where ¢, & are dielectric constants for silicon and vacuum,
respectively; e is electron charge; ¢ is contact potential
difference; Uqp is bias voltage; Na is impurity
concentration in the substrate.

In Fig. 10 guard ring SCR on the periphery side is
marked by a dotted line. Upon reaching the space charge
region of the back side of the substrate, at a certain value
of the bias voltage, the SCR with further growth of Upias
will grow towards the periphery, resulting in an increase
in lgr.

Fig.10. Schematic representation of the cross section of
the PD crystal: 1 — RE; 2 - GR; 3 — RE SCR; 4 — SiO;
antireflecting coating; 5 - a layer of gold; 6 - sublayer of
chromium; 7 — masking SiO»; 8 — GR SCR.

3.3. Dark currents at T = 85°C, RE capacitance,
interconnection resistance

To test the stability of the PD at elevated
temperatures, dark currents were measured at T = 85°C.
This test is performed to a greater extent to assess lgr at
elevated temperatures, namely its stability. After all,
sometimes there may be some instability of GR dark
current, caused by charge states at Si-SiO; interface, which

is not observed at room temperature [11]. This instability
can be manifested as a slight slow increase in Igr relative
to the initial (from the moment of application of voltage)
and uncontrolled avalanche-like growth. The results can
be seen in Table 3 (2-3 columns).

It is known [12] that with PD temperature increasing
by 10°C, dark currents increase by 2-3 times. This fact is
confirmed the values obtained.

Note: The range from the lowest to the highest values
is specified.

Table 3.
RE and GR dark currents at T = 85°C, capacitance and
resistance of interconnection depending on different
surface resistance and U, = 120 V (the density of dark
current Jg will be specified).

RS, \]dl \]GR, C F ZRCOHy

Qo | pAlem? nA/em? ke, P MQ

19- | 187- | 6065 | 119_ 0

24 | 247 866.4 13.4
195 | 5632 | 123-

27 | 38 895.3 13.2 10
21.0- | 4621 | 121_

33 | 41 953.1 133 10
56.9- | 7220- | 123-

50 | 1039 | 14440 136 | >87
1675- | 5993- | 124-

81 | 3377 | 15884 13.2 45

Note: The range from the lowest to the highest values is
specified.

As regards RE capacity (Cre), the dependence on the
surface resistance of the n*-layer is not observed (Table 3,
column 4). After all, Cre depends on the applied voltage
and RE area [10]:

e l
Cre = Agg (2(;8:—_5:1”)2 (12)

The resistance of the interconnection between RE and
GR (Rcon) was also measured (Table 3, column 5). In
practice, the sum of the interconnection resistances
between each photoresponsive area and GR (> Rcon) IS
more often used. This parameter characterizes insulation
resistance (SiOz) and the n*-type surface inversion
channel between the responsive elements and the GR. The
resistance of the interconnection must be high (of the order
of MOhm). After all, as it is known [3], at back bias the
guard ring "collects" the back current not only from its
own area but also from the periphery of the crystal,
including the ends and a half of the gap between the RE
and GR, covered with an inversion layer. Accordingly, at
low Reon there is a "flow™ of dark current from the GR to
the responsive areas, resulting in an increase in Ig.

Some dependence of Y Ren On Rs was observed,
namely, with surface resistance increasing, the resistance
of the interconnection decreases (Table 3, column 5).
Given that PD were manufactured in a single
technological cycle, then, accordingly, they are
characterized by the same level of surface charge states,
i.e., their contribution to the magnitude of dark currents is
the same. From this we can conclude that Y Rcon depends
on the levels of dark currents (including Igr) at the same
levels of charge states.
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Conclusions characteristics were obtained. However, it was seen that at

Unias = 60-80 V responsive elements dark currents reach

Silicon four-element p-i-n photodiodes with guard ~ Saturation. With Uies increasing, curves for

ring of different R n*-layers were obtained. The influence ~ Rs = 1.9 — 2.7 Q/o have a minimal increase in dark

of phosphorus concentration in this layer on electrical currents. The curves for Rs = 1.9 — 2.4 Q/O actually
parameters was investigated and determined: coincide.

1. As Rs decreases, responsive element dark currents 5. The dependence of the RE capacitance on the
decrease. surface resistance of the n*-layer is not observed. After all,

2. The optimal value of the surface resistance to obtain ~ Cre depends on the specific resistance of the substrate and

the minimum dark currents is Rs=2.4 Q /. With a further  the area of the RE only.

increase in the duration of diffusion, a decrease in I4 was 6. There is a slight dependence of > Reon ON Rs with
not observed. surface resistance increasing, the resistance of the
3. The effect of the surface resistance on the guard interconnection decreases.

rings dark currents is much smaller. Thus, when the Rs

changing from 1.9 — 2.4 Q/o to 8.1 Q/o, g increased by

Kukurudziak M.S. — engineer-technologist; Rhythm

about 10-20 times, and lag is doubled. Optoelectronics  Shareholding Company, Chernivitsi,
4. Responsive elements and guard ring | — v Ukraine.
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[TpoHUKHUIT CErMEHTOBaHUI TEPMOCIIEMEHT B PeXKUMI reHepallii Ha 0CHOBI Matepianis Bi-Te...

M. C. Kykypyuzsak!?

BILUIMB IOBEPXHEBOT0 OMOpPY N*-miapy KpemHieBUX P-i-N ¢goTomioniB Ha ix
eJIEKTPUYHI MapaMeTpH

YAxyionepne mosapucmeo «llenmpanvie koncmpyxkmopcoie 6i0po Pumm» Vipaina, Yepnisyi, mykola.kukurudzyak@gmail.com
2Yepuiseyvkutl Hayionanvhuii ynisepcumem imeni FOpis @edvkoeuua, Yepnisyi, Yipaina

BurorosiieHo kpeMHi€eBi kBagpaHTHi P-i-N GorTomionu 3 pi3HOW KOHIEHTpaLiero audyHaoBanoro pocdopy B n*-
mapi. OTpUMaHO eKCIIEPUMEHTAIBHY KPHBY PO3IOALTY JOMIIIKH Gocdopy mo rmmbuHi audysiiiHoro mapy BusueHo
BIUTMB KOHIIEHTpAIii HOCIiB 3apsay B JaHOMY IIapi Ha TEMHOBi CTpyMH ()OTOUYTIIMBHX €IEMEHTIB Ta OXOPOHHOTO
KinbIst. BumipsiHO BosbT-aMIiepHi XapakTepuctiku oromionis. ITobaueHo, 1o npy 3MEHIICHH] TOBEPXHEBOTO OIIOPY
Nn*-1apy, TEeMHOBI CTPYMH 3MEHILIYIOTHCS, 3pa3KH 3 IIOBEPXHEBUM oropoM 1,9 —2,4 Q/0 MaroTh npHOIM3HO OTHAKOBHI
piBEeHb TEMHOBUX CTPYMIB ()OTOUYTIMBUX ILIOMIATOK, TOOTO HOJaIbIIe 301IbIIEHHs] KOHIIEHTPALlil HOCIiB 3apsiy He
BHOCHUTP HISKHX 3MiH. J{JI1 TEMHOBHX CTPYMiB OXOPOHHHX Kilenb (oToniofiB mobaueHo, Mo BOHU OUIBIIOI Miporo
3anexaTh Bil craHy nepudepii KpucTaiy, a He BiJl CTeleHi JieryBaHHs. BUsSBIICHO BIUIMB [TOBEPXHEBOro omopy n*-
Iapy Ha OIip B3a€MO3BSI3KY MK (POTOUYTIIMBUMHM ILIOIIAJKAMUA T4 OXOPOHHUM KiJbIEM Ta BiJICYTHICTh BIUIMBY Ha
emuicts /1.

KurodoBi ciioBa: $hoTozios1, HOBEpXHEBHIA OMip, TEMHOBHI CTPYM, OXOPOHHE KiJIbLIE, OIIp B3aEMO3BS 3KY.
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