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PSEUDO-RING TESTS RESOLUTION FOR DYNAMIC
SINGLE FAULTS IN WORD-ORIENTED MEMORY

This paper presents single dynamic faults and methods for their detection. Such dynamic faults as
dRDF, dDRDF and dIRF are considered in detail. Also, pseudo-ring testing and the principles of
single dynamic faults detecting by pseudo-ring tests are considered. The paper presents the resolution
determination results for pseudo-ring tests in relation to these faults in the word-oriented memory. Also,
a comparative analysis of the pseudo-ring tests with known March tests is done. The results show that
pseudo-ring tests with an algorithmic complexity of (30—60)N, where N is the number of all memory
cells, can cover from 75 to 100% of all single dynamic faults. This advantage allows using pseudo-ring

tests as an alternative to existing classical and March tests.

Keywords: dynamic single faults, pseudo-ring testing, iteration.

A lot of projects based on digital processing
systems use memory devices for data storing. Using
a memory device, we must consider the possibility
of faults appearing in this memory. These faults
appear because of various defects that occur dur-
ing the memory device operation [1]. Dynamic
faults are a type of faults which can appear in the
memory device [2]. To detect them, it is neces-
sary to develop specific tests which are presented
in different publications [3, 4]. These tests are
March tests. The main idea of March testing is
to write a value in every memory cell, read these
cells and compare with written value. If there
are no faults in memory, read and written values
must coincide. A March test represent a sequence
of write and read operations of 0 and 1 values in
memory cells [5]. For example, March test MATS
represent write 0 and read 0 from all memory cells
and write 1 and read 1 from all memory cells. As
we can see March tests are very simple. A feature
of the March tests is the low algorithmic complex-
ity, and as the result — the highest speed of the
test execution. Also, March tests have good fault
coverage. These advantages account for March
tests being used nowadays [6]. On the other hand,
March tests have a high hardware complexity.

An alternative testing method is pseudo-ring
testing [7]. The main idea of pseudo-ring testing
consists in LFSR (Linear Feedback Shift Register)
passing through all memory cells and comparing
final LFSR state with the expected one, which is
described in this paper in more detail. For March
test implementation we need to use a data genera-
tor for writing 0 and 1 in memory cells and result

analyzer for reading memory cells. In pseudo-ring
testing the data generator and result analyzer are
merged in one LFSR, which provides a significant
hardware resources reducing. Also, pseudo-ring
tests can detect dynamic faults in bit-oriented
memory [8]. Modern memory is word-oriented
and when moving from bit-oriented memory to
word-oriented memory, pseudo-ring testing needs
changes in LFSR structure and LFSR initial states
[9]. It means that new pseudo-ring tests must be
determined for word-oriented memory. Only a
few examples of pseudo-ring tests for a few static
single and coupled faults in word-oriented memory
are presented in literature [9, 10], which means
that pseudo-ring testing is poorly understood for
word-oriented memory and needs more research
in this field.

The main purpose of this paper is to determine
pseudo-rings tests for word-oriented memory and
to determine resolution of these tests for single
dynamic faults. Also, it is very important to
compare the proposed pseudo-rings tests with the
widely used March tests and to analyze algorith-
mic complexity of these tests and to analyze their
resolution, also known as fault coverage.

Single dynamic faults are presented in detail
in section 1 of this paper. In section 2 the main
idea of the pseudo-ring methods is considered. In
section 3 a few pseudo-ring tests for word-oriented
memory are proposed, their resolution with respect
to single dynamic faults is determined and a com-
parative analysis of pseudo-ring tests with March
tests is carried out.
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1. Dynamic memory faults

There are large number of faults occurring in
memory. The most typical classification of known
faults is presented in Fig. 1 [11].

In Fig. 1 dynamic faults are highlighted.
They are usually divided into single dynamic and
coupled dynamic faults. Let’s consider the single
dynamic faults [12].

Faults —\|/

Single- Multi-
port _\I/ port 1
Jr— Simple —\I/ Linked _—\L T
\I/— :‘Sgllg ;\[\‘ COHPIEd_\L
Static “\ Dypa_l e o o * e
s mic

Fig. 1. Typical digital memory faults classification

Dynamic Read Disturb Faults (ARDF). A cell
has dRDF if a read operation immediately followed
by a write operation (w0, 70 or w1, r1) in this
cell cause an incorrect logical state at the output.
There are four types of dRDF (0w070, Owiri,
10070, 1wirl).

Dynamic Deceptive Read Disturb Faults
(dDRDF). A cell has dDRDF if a read operation
immediately followed by a write operation (w0, 70
or wl, r1) in this cell returns the correct logical
value, but the content of the cell changes. There
are four types of dDRDF.

Dynamic Incorrect Read Fault (dIRF). A cell
has dIRF if a read operation immediately followed
by a write operation (@0, 70 or w/, r1) in this
cell returns the incorrect logical value, but the
content of the cell remains correct. There are four
types of dIRF.

To detect these faults, it is necessary to perform
certain operations, in this case, perform a read
operation, which follows immediately after the
write operation to a specific cell. This sequence
of operations is performed by default in pseudo-
ring testing. Let us consider this type of testing
in more detail.

2. Pseudo-ring testing and detecting principle
for dynamic single faults

Pseudo-ring testing is based on the LFSR
(Linear Feedback Shift Register) passage through
memory cells. LFSR is a test data generator and
result analyzer. In the process of the LFSR passing,
the memory cells are overwritten and read, which

ensures the fault detection. To provide higher reso-
lution, unlike pseudo-random testing, the LFSR
repeatedly passes through memory cells a certain
number of times, which is called iteration. The
structure of the LFSR is defined by the structure
of an irreducible polynomial, and the iterations
differ in that the LFSR has different initial values
at the beginning of each iteration. The structure
of the LFSR, the initial states of the LFSR and
the direction of the test determine the three main
parameters that define the pseudo-ring test [13].
An example of iterative pseudo-ring testing is
presented in Fig. 2.

JARY
1.

JahY
L KL

T e TETLT
Rl 2l sl
T TR,

Fig. 2. An example of iterative pseudo-ring testing

In Fig. 2 ‘i’ means the iteration number, ‘Init’
stands for the initial state of the LFSR, and ‘Fin’
is the final state of the LFSR. The final state of the
LFSR is compared with the expected one [13]. If
these two states are different, then a fault has been
detected. Also, the final state of the LFSR based
on a certain irreducible polynomial will coincide
with the initial one if no faults were detected,
provided that the number of memory cells is equal
to the irreducible polynomial period.

For word-oriented memory tester, the LFSR
structure is given by the structure of an irreduc-
ible polynomial over extended Galois fields [14].
This study deals with 4-bit memory testing. In
this case, we can apply the irreducible polynomial
g(2)=1+2z+22? over the extended Galois field (22)*
with the generating polynomial p(x)=1+x+x*. The
period of the polynomial will be equal to
T=0Q)" -1, (1)
where 7 is the bit width of the memory cells, m is
the number of digits in the LFSR [14].

In our case, the period will be equal to
T =(29%-1=255.

Thus, for 4-bit memory, the value of the mem-

ory cells with addresses 0 and 1 should be equal
to memory cells with addresses 255 and 256.
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Let’s consider in detail the principle of single
dynamic faults detection by pseudo-ring tests.

3. Pseudo-ring tests resolution determining

Pseudo-ring tests resolution is determined prac-
tically, i. e., by simulating the pseudo-ring testing
in the faulty memory, since it is rather difficult to
analytically determine the resolution. For simu-
lating pseudo-ring testing in the faulty memory,
we can apply the algorithm described in detail in
[15]. This simulation system can be implemented
in Python 3. This programming language is the
easiest to learn and has many auxiliary libraries,
which greatly simplifies and speeds up the devel-
opment process of any system.

Let us consider a test with the following pa-
rameters:

— the structure of LFSR is determined by the
irreducible polynomial g(z) = 1+2z+22z? over the
extended Galois field (22)* with the generating
polynomial p(x) = 1+x+x?;

— the initial state of LFSR:

- 0000 0000
- 0000 0001
- 0000 0010
- 1000 0000

— test direction: ascending addresses.

We shall call this test PS01 (pseudo-ring 01),
where 0 is the first iteration, and 1 is all iterations
in which there is 1 in the initial state. This test can
also be written as PS [w0 w1], where w0 provides
writing to all cells of logical 0 (the first iteration
of the test), and w1 provides writing to all cells
of logical 1 (all remaining iterations of the test).
The logical 1 with the displacement in the initial
states of the LFSR, passing through all the bits
of the LFSR (all test iterations except the first),
provides writing to all memory cells of the logical
1, which is well described in the source [9].

When determining the resolution of the PSO01
test with respect to dRDF, dDRDF and dIRF, it
is important to use the pseudo-ring tester architec-
ture with external loading of the initial state and
unloading of the final state of the LFSR.

PSO01 test based on the architecture shown in
Fig. 3 can be called PSO1e (pseudo-ring 01 exter-
nal). Also, this test can be written as PS[w0 w1]e.
This tester architecture provides the condition that
each tested memory cell will be read two times.
This feature will be important for detecting single
dynamic faults. Let us proceed to the consideration
of the PSO1e resolution definition in relation to
these faults.

The example of PSO1e executing in memory
with dRDF is presented in Fig. 4.

Fin N JAA
T T % M |
i To L ¥l |1]o
1 0O |e]| O 1 /I\ ’|\
Init
C> | Memory T C;

Fig. 3. Pseudo-ring tester architecture for dynamic
faults detecting

a) b)
70 71 rl 70
J_é wl | 6) |w1
o [t i1 ]« 01 |1-0[i 1
T a2 i3 i it 2 i3

Fig. 4. Example of dRDF detecting by PSO1e

Fig. 4, a shows an example when, during the
testing process, the LFSR is at the memory cells
with addresses 7, i+1. At the next step of testing,
the LFSR is at the memory cells with addresses
i+1, i+2 (Fig. 4, b). In this example, a dRDF
fault occurs in the cell i+2. The value 1 should be
recorded in this cell. Fig. 4, b shows that when
reading cell i+2 the contents of this cell is inverted
and instead of reading 1, 0 is read. The value writ-
ten to the cell +3 will be 1. This change in the
cell i+2 also leads to the fact that the final LFSR
state does not coincide with the expected one and,
as a result, the fault will be detected.

The result of PSO1e simulating in memory with
dRDF is presented in Fig. 5.

In Fig. 5, a, the executed iterations are num-
bered 0, 1, 2, ... 8; 51.76 means that 51.76% of
possible faulty cells with dRDF00 where detected
by iteration 0; 76.08 means that 76.08% of all pos-
sible faulty cells with dARDF00 where detected by
iterations 0 and 1; 93.24 means that 93.24% of all
possible faulty cells with dRDF00 where detected
by all 9 iterations of the test PSO1e.

Fig. 5, b, ¢, d present PSOle fault coverage
for dRDF10, dRDF01 and dRDF11 respectively.

Also, Fig. 5 shows that PSO1e detects all
dRDFO01, since in this case the next condition in
each memory cell is provided: Ow1#1, that is, the
reading 1 after the transition from 0 to 1. The
remaining types of dRDF cannot be fully detected
by this test. The algorithmic complexity of the
PSO1e test is 3-9N = 27N, where N is the number
of the memory cells. To detect dRDF00, we need
to duplicate the operation @0. To detect dRDF10,
we can add operation @0 at the end of the PSO1e
test. Thus, the PS[w0 w0 w1 w0]e or PS0010e test
can be applied to detect all dRDF except dARDF11.
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Fig. 5. PSO1e resolution with respect to dRDF00 (a), dRDF10 (b),

dRDFO01 (¢) and dRDF11 (d)

Algorithmic complexity of this test will be equal
to 3-11N = 33N. To detect dRDF11, it is necessary
to duplicate the operation w1. The initial LFSR
states for w1 will look as is shown in Fig. 6.

In this case, the algorithmic complexity of the
test will increase significantly: 3-19N = 57N, but
all dRDF will be detected. This test could be writ-
ten as PS[w0 w0 2w1 w0]e or PS001,0e.

Let us consider PSO1e resolution in relation to
other single dynamic faults. The example of PSO1e
executing in memory with dDRDF is presented
in Fig. 7.

Fig. 7, a shows an example when, during the
testing process, the LFSR is at the memory cells
with addresses i+1, i+2. At the next step of testing,
the LFSR is at the memory cells with addresses
i+2, i+3 (Fig. 7, b). In this example, a dDRDF
fault occurs in cell i+2. The value 1 should be
recorded in this cell.

Fig. 7, b shows that during the reading of i+2
cell, the content of this cell is inverted, but the
correct state 1 is read. The written value to the
i+3 cell will be 0. When the i+2 cell will be read
again, the read value will not be 0 and as a result,
not the expected value 1, but the value 0 will be
written to the i+4 cell. This change will lead to
the fact that the final LFSR state does not coincide
with the expected one and, as a result, the fault
will be detected.

The result of PS01e simulating in memory with
dDRDF is presented in Fig. 8.

@) 71 71 b) 70 70
?—\Lwo 1—63—\‘/@0

1 Ji-olio] « 1 ilo o [io

T i3 4 it P42 43 it4

Fig. 7. Example of dDRDF detecting by PSO1e

@
0: 0000 0001
). 0000 0001
3: 0000 0010
- 0000 0010
S: ...
i, 1000 0000
o 1000 0000

Fig. 6. Initial LFSR states
with double operation w1

In Fig. 8, a, the executed iterations are numbered
0, 1, 2, ... 8; values in the right part mean how
many of possible faulty cells with ADRDF00 where
detected. For example: 89.9 means that 89.9% of
all possible faulty cells with dDRDFO00 where de-
tected by 7 iterations of the PSO1e. Fig. 8, b, ¢, d
present PSO1e fault coverage for dDRDF10,
dDRDFO01 and dDRDF11 respectively.

Fig. 8 shows that PSO1e detects all ADRDFO1.
We can use the PS[@0 @0 w1 w0]e or PS0010e test
to detect all dDRDF except dDRDF11, and we
need to use the PS001,0e test to detect all dDRDF.

a)

W ~J O O &= W NP O
% 88 ss s se ws se s se

c)

S o W N O
. . .. . .

(=]
.

Fig. 8. PS01e resolution with respect to dDRDF00 (a),
dDRDF10 (b), dDRDF01 (¢) and dDRDF11(d)
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a)

Fig. 9. Example of dIRF
detecting by PS0O1e

Let us consider PSO1e resolution in relation to
dIRF. The example of PS01e executing in memory
with dIRF is presented in Fig. 9.

Fig. 9 shows an example when, during the
testing process, the LFSR is at the memory cells
with addresses i+1, i+2. In this example, a dIRF
fault occurs in the i+2 cell. The value 1 should be
recorded in this cell. During the i+2 cell reading,
the contents of this cell remains correct, but the
incorrect state 0 is read. The value 1 will be writ-
ten to the i+3 cell and the final state of the LFSR
will not coincide with the expected one, and as a
result the fault will be detected.

The result of PSO1e simulating in memory with
dIRF is presented in Fig. 10.

In Fig. 10, a, the executed iterations are num-
bered 0, 1, 2, ... 8; values in the right part mean
how many of possible faulty cells with dIRF00
where detected. For example: 81.57 means that
81.57% of all possible faulty cells with dIRF00
where detected by 4 iterations of the PSOfe.
Fig. 10, b, ¢, d present PS01e fault coverage for
dIRF10, dIRF01 and dIRF11 respectively.

Fig. 10 shows that PSO1e detects all dIRFO1.
To detect all dIRF except dIRF11, we can use test
PS[@0 @0 w1 w0]e or PS0010e, and to detect all
dIRF, we must apply the PS001,0e test.

Results of single dynamic faults detection by
different tests are presented in the Table.

Test resolution for single dynamic faults

Test | dRDF | dDRDF | dIRF éﬁ’;ﬁﬁ;
PSO1e 14 | 1/4 | 1/4 27N
PS0010e | 3/4 | 3/4 | 3/4 33N
PS001,0e | 4/4 | 4/4 | 4/4 57N
March U | 2/4 | 0/4 | 2/4 13N
March LA | 2/4 | 2/4 | 2/4 2N

b)

c)

0:
1:
2:
)=
4:
<=
6:
=
8:

Fig. 10. PSO1e resolution with respect to dIRF00 (a), dIRF10 (b),

dIRF01 (¢) and dIRF11(d)

The Table presents the resolution and algorith-
mic complexity of the pseudo-ring tests and March
tests for 4-bit memory [11, 12]. For example,
‘2,/4’ means that a test fully detects two subtypes
of faults from the four possible ones, N indicates
the number of memory cells. According to the
results presented in the Table, pseudo-ring tests
have higher algorithmic complexity, but at the
same time they detect single dynamic faults well.

Conclusion

According to the research results presented in
the paper, it can be argued that the pseudo-ring
tests have a high resolution with respect to single
dynamic faults in the word-oriented memory. The
PS0010e test presented in this paper detects 75%
of all dynamic single faults with an algorithmic
complexity of 33N, where N is the number of all
memory cells. By comparison, the March LA test
detects only 50% of all dynamic single faults with
algorithmic complexity 22N. Thus, the algorithmic
complexity of the pseudo-ring tests is higher than
that of the March tests, but the detecting ability
of the pseudo-ring tests is high, and their algo-
rithmic complexity remains linear in comparison
with classical testing methods.
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SAATHICTD [ICEBJJOKIIBIHHEBUX TECTIB BUABJIATU JVUHAMIUHI
OJIMHOYHI HECITPABHOCTI ¥ CJIOBOOPIEHTOBAHIN ITAM’STI

C. C. TPIIIKOB, I @. COPOKIH,
T. B. HIECTAKOBA
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Y dawniti pobomi npedcmagaeni 00unouHi OUHAMIUHT HECNPAGHOCME WGPl nam’smi i Memoou iXHL020 6UAE-
anenns. Jlemanvno poszasuymo maxi ounamiuni necnpagnocmi, ax Qunamiune pyinysarvne wumanns ( Dynamic
Read Destructive Fault — dRDF ), Qunamiune ysasne pyiinyioue vumanns ( dynamic Deceptive Read Destructive
Fault — dDRDF) i dunamiune nexopexmue wumanus (dynamic Incorrect Read Fault — dIRF) .

Icuyromo pizni memoouxku eusieaenns danux Hecnpasnocmetl. Hatibinou nonyaspuorw memoouxow € Mapuiosi
mecmu, OCKIIbKU MAKUM MECTNAM SAACMUBA JIHIUHA AN20PUMMIYHA CKAAOHICMY, KA BUSHAYAE YUCAO Onepauii,
Wo NPoBoOSIMbCs. HAO KOXKHOIO KOMIPKOIO nam’smi 6 npoyeci mecmyeanus. /lana ocobausicmv euanawac
MIHIMATLHUL 4AC BUKOHAHHS MeCcmy.

AZbmepramueon Mapuosum mecmam € nceeooKiivuesi mecmu. Ixnvoio nepeeazoio nad inwumu iICHYIUUMU Me-
mooamu mecmyeanns € HU3bKA anapamua ckaaonicmo. Ilce600Kiibyesi mecmu Mawmy AiHIIHO AN20PUMMIUHY
ckaaonicmy. Bowu wnenozano 0ocaidxxeni 6i0HOCHO KAacuunoi 00no6imuoi nam’smi, are wo CMOCYEMvbCs
CA0600PIENMOBAHOT NaM’ simi, mym 00CNI0KeHHs NCeBOOKINIbUCE020 MECNYBANHS NPAKMUUHO 810CYMHI.

Y daniii pobomi posensidaomocs ncesdOKiIbYesT Mecmu N0 I0OHOULEHHIO 00 00UHOUHUX OUHAMIYHUX HECNPAEHO-
cmetl Ha npuraadi womupvox6imuoi nam’smi. Ilpedcmasnena 3azarvua ides imepamusHozo nNCegioKiIvye8020
mecmyseanns. /lemanvno poseasnymo npunyun euserennss ARDF, dDRDF i dIRF, a maxox npedcmas.niero
30ammicmy ncesOOKIILUESUX MECNI6 BUABLAMU OAHT HECNPAGHOC.

Hokasano, wo ncegdoKiavuesi mecmu MAarwmo He 2ipuly 30AMHICMb GUSEAAMU GKA3AHI HECHPAGHOCME, HIX
MApwosi mecmu. 3a pesyrvmamamu pobomu 6uOHo, wo NCeOOKIIbYe6l mecmu 3 d120PUMMIUHOIO0 CKAAOHICIIO
(30—60)N, de N — wiavkicmo ecix ocepedkie nam’ smi, 00360.1s510mo noxpumu 6id 75 do 100% ecix odunounux
QUHAMTUHUX HeCnpAsHOCmel, WO 6KA3YE HA MOKAUSICG iXHBO20 GUKOPUCMANHS SK AJbMEePHAUCU ICHYIOUUM
mecman.

Kniouoei croga: ounamiuni 00UHOUHI HECNPABHOCTI, NCEBIOKIbUEEE MECMYSAHHS, TIMEPAMUSHICTND.
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CIIOCOBHOCTD IICEBAOKOJIBIHEBbBIX TECTOB OBHAPYKVIBATbD
INHAMMWYECKUE OAVMHOYHbIE HENCIIPABHOCTU
B CJIOBOOPUEHTHUPOBAHHON ITAMSITH

B dannoti pabome npedcmasienvt 00unouHble OUHAMULECKUE HEUCTPASHOCTIU YUDPOBOT NAMAMU U MeMOObL UX
obHapyxenus. [Jemanivho paccmompenvl maxue OUHAMUYECKUE HEUCIPAGHOCU, KAK OUHAMUYECKOe pA3pyud-
ouwee umenue (dynamic Read Destructive Fault — dRDF), Ounamuueckoe muumoe paspyulaiowee ymenue
(dynamic Deceptive Read Destructive Fault — dDRDF) u dunamuuecxoe uexoppexmuoe umenue (dynamic
Incorrect Read Fault — dIRF).

Cywecmeyrom pasiuinvie MemoouKu 00HaApyKenus Oanuulx Heucnpasnocmetl. Hauboaee nonyaspnuoi memoou-
KOU S6ASI0MCSL MAPULESHIe ECblL, NOCKOAbKY OHU 00.1A0aA10Mm JUHETHOU AN20PUMMULECKOU CAOKHOCINDIO, Onpe-
densiowedi ucao onepauuti, nPoeoouUMsIX HA0 KAXKO0U AuelKkol namsmu ¢ npouecce mecmuposanus. /[lannas
0cobennocmy onpedessem MUHUMANLHOE 6PEMsL GbINOJIHEHUS MEeCMA.

Anvmepnamugoli Mapuiesbim mecmam sS8AsI0mcs ncesdoKoivuesvle mecmol. Hx npeumywecmeom neped opyzu-
MU CYWECMBYIOUUMU METROOAMU TMECMUPOBANUSL SABAAEMCS HU3KASL annapamnas caoxnocme. Iceedoxonvuesoie
mecmuvl HeNJI0XO0 UYUEHbL NO OMHOWEHUIO K KAACCUYECKOU 00HOOUMHOT NAMSAMU, 00HAKO UX UCCAe008dAHUsL KACA-
MeNbHO CAOGO0PUEHIMUPOSANHOU NAMAMU NPAKMULECKU OMCYMCMBYIOM.

B dannoti pabome paccmampueaiomcs: ncegdoKoIbuesvle Mmecmol N0 OMHOWEHUI) K OOUHOUHBIM OUHAMULECKUM
HEUCNPAGHOCMAM HA npumepe yemuvipexoumnot namsmu. IIpedcmasaena obuas udes umepamuenozo nceedo-
KobUes020 mecmuposanus. I1odpobuo paccmompen npunyun obnapyxenus dRDF, dDRDF u dIRF u npeo-
cmaeenda cnocoOHOCMb NCe8OOKOIBUEEHIX MECO8 00HAPYKUBAMY OdHble HeUCRPASHOCTNU.

Hoxaszano, wmo ncegdokoavyesvie mecmol 001adaiom He xyouietl 06HAPYKUBAIOWET CROCOOHOCBIO, UeM MAp-
wesvie mecmot. Ilo pesyrvmamam pabomor 6uoHO, 4MO NCEEOOKONbYCELIE MECMbL C ANZOPUMMUUECKOU CLOKHO-
cmwio (30—60)N, 20e N — Kouuecmeo ecex sueex namsimu, no3eoisiiom noxpuims om 75 do 100% ecex odu-
HOUHBIX OUHAMUMECKUX HEUCNPABHOCTNEN, UMO YKA3bIAem HA B03MOKHOCIb UX UCNOAb30BAHUSL KAK AJbMEepHA-
MUBHL CYULLCMBYIOUUM MECTAM.

Knioueevie caosa: ounamuuecxue ooumnounwle Heucnpasnocmu, ncee@oxwwueeoe mecmuposanue, umepamue-
HOCMDb.
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X-RAY RADIATION DURING PULSED LASER
TREATMENT OF OPAL MATRICES

The paper presents the structure and preparation conditions of opal matrices (ordered 3D-lattice packing
of X-ray amorphous SiO, spheres with a diameter of =250 nm), as well as experimental data on nonlinear
optical effects in opal matrices with pulsed laser excitation at wavelengths: 1040 nm, 510 nm in conjunc-
tion with 578 nm, and 366 nm. The authors investigate the energy spectra of X-ray radiation induced in

the samples by laser irradiation.

Keywords: opal matrix, laser radiation, X-ray radiation, energy spectrum.

Materials with photonic band gaps (photonic
crystals), i. e. materials with a periodic (of the
order of the light wavelength) change in the
dielectric constant, are currently the subject of
extensive theoretical and experimental research.
Photonic crystals based on opal matrices (OM) are
of interest for practical application. OMs are made
up of well ordered closely packed silica nanospheres
(amorphous SiO,) of the same diameter [1, 2]. The
packing of spheres contains a 3D system of inter-
connecting octahedral and tetrahedral inter-sphere
voids, occupying approximately 26% of the matrix
volume. Depending on the formation conditions,
the diameter of the spheres varies within the preas-
signed limits from 200 to 700 nm [2—5].

Having the formation parameters fixed, the
variation in diameter does not exceed 1.5%. OMs
and OM-based nanocomposites (OMs with inter-
sphere voids filled with various substances) are
used to create devices operating in the optical,
microwave and THz ranges [3, 6]. OMs may serve
as functional environments both for the genera-
tion of X-rays or acoustic waves, and for signal
conversion in controlling devices [7, 8]. One may
hope that the emergence of new designs using such
materials will allow creating electronic devices
with improved performance characteristics.

The greatest interest is aroused by the applica-
tion of OMs in an unexplored area of the X-ray
generation by exposing the substance to laser ra-
diation [7, 9]. Solving the problem of increasing
the technical and technological characteristics of
X-ray sources by creating fundamentally new de-
signs can lead to the development of subminiature

The study was supported by the Russian Foundation
for Basic Research (grant N 18-29-02076 Mx)

X-ray sources. Coupling laser radiation into opti-
cal fibers is widely used to solve a large number
of practical problems, for example, it is used in
medicine for endoscopic studies of internal organs,
pyrometry, spectroscopy, etc. Placing the OM at
the output of the optical fiber with laser radia-
tion makes it possible to deliver X-ray radiation
directly to the irradiated object.

When a parallel fiber is added to transmit
data to a Raman spectrometer, it becomes pos-
sible to monitor the effectiveness of local X-ray
influence. When solving a large number of
practical problems, such as transporting radia-
tion to an object of impact in medicine, etc., a
high-power laser can be coupled into the optical
fiber. In [7], X-ray radiation was induced when
a single pulse of a ruby laser was applied to
an OM (wavelength 694.3 nm, pulse duration
20 ns, maximum pulse energy 0.3 J, power
density at the focus 0.25—10 GW /cm?). X-ray
radiation was registered using an X-ray film
designed for a photon energy of 10 keV. This
method, though, allows determining the energy
characteristics of the radiation with some level of
approximation.

In this study, an X-ray spectrometer is used
to study the energy spectra of X-ray radiation in-
duced by exposure of opal matrices to pulsed laser
radiation with different wavelengths: 1040 nm
(IR spectral range), 510 and 578 nm (combined
modes), and 366 nm (UV range).

Experimental samples

Opal matrices were obtained at a temperature
of 310—350 K from an emulsion prepared by
mixing 1 part of a 25% aqueous solution of am-
monium hydroxide (NH,OH), 50 parts of ethanol
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(C,H;OH) and 1.6 parts of tetraether orthosilicic
acid (Si(OC,H,),) [10]. The regularity of the
packing of SiO, spherical particles was achieved
due to self-organization, and the diameter of the
spheres depended on the conditions of their for-
mation. The chemicals used in the preparation of
OMs were removed from the samples by heat treat-
ment in vacuum (775—975 K, =1 Pa). Then the
OMs were hydrothermally hardened at increased
temperature and pressure. The hardening made it
possible to mechanically process the OMs, and
thus obtain samples of the required dimensions
with specified physical properties.

The test samples were made to be 1.5—5.0 mm
thick plates obtained by dry mechanical treatment
from bulk OMs, either not hardened or hardened
by annealing at up to 1475 K in air. The arith-
metic mean deviation of the plate surface profile,
measured with an Alpha-Step 200 profilograph-
profilometer, was R, = 1.2 pm. The experiments
were performed on both unfilled OMs and OMs
with the inter-spherical voids filled with deionized
water (OM:H,0) to reduce the thermal effect of
laser radiation. With the same purpose, a number
of experiments were carried out with samples im-
mersed in liquid nitrogen (OM:Lyy,).

X-ray research technique

The X-radiation occurring from laser irradia-
tion of the OM was recorded using a photographic
film placed in an opaque cassette and a Canberra
UniSpec 503 gamma spectrometer operating at
room temperature without cooling. The data ob-
tained from the spectrometer were calibrated by
the spectra of four test X-ray sources (*>Fe, 133Ba,
152Eu and ?*'Am isotopes).

When the radiation was registered by a film as
it is shown in Fig. 1, the laser radiation passed
through the OM and its direction coincided with
the direction of the induced X-radiation (¢ = 0°).
The parameters of the laser radiation were chosen
so that the material of the cassette (thick black pa-
per covered with Scotch transparent adhesive film)

Fig. 2. Schematic illustration of registering X-ray
radiation by gamma-spectrometer and photo film at
¢ = 90°:

1 — laser radiation; 2 — LiNbO, plates (10x10x1 mm);
3 — OM (10x10x(3—5) mm); 4 — photo film cassette;
5 — spectrometer sensor window; 6 — X-radiation

destroyed. The photosensitivity of the photo film
(type 42) was 1000— 1400 units (state standard
T'OCT 10691.5), sensitization limit 700 —730 nm.

In some cases, during registration of micro
X-ray radiation, laser radiation was applied to the
OM placed between two plates of single crystal
lithium niobate (LiNbO,), a piezoelectric material
[11], and X-rays were recorded at an angle of 90°
to the direction of laser radiation (Fig. 2). This
was done in order to avoid damaging the spec-
trometer sensor window made of beryllium foil.

The parameters of the used laser radiation
sources are given in Table 1, where A is the wave-
length, fis the frequency, t is the pulse duration,
P is the average pulse power, D is the diameter
of the laser beam at the focus. For systems with a
galvanometric scanner of the laser beam (IR,
UV,..), the following areas were processed dur-
ing one OM laser irradiation session: a 5x5 mm
square with a 20 lines/mm linear shading on the
OM focal plane when registering at an angle of
0°, and a 5 mm long line on the verge of the OM
parallel to the OM focal plane when registering
at an angle of 90°.

. . . Table 1
that is not transparent to visible light would not be The parameters of the used laser radiation sources
Laser radiation source, A, fi |t |P,| D,
5 manufacturer (designation) | nm |kHz | ns | W | pm
A
A Fig. 1. Schematic illustration | | {1y oo ORUS 1040 | 50 10 10| 50
2 3 of registering X-radiation by 1040
33338 _>7 photo film at ¢ = 0°:
—2>§33%8 DPSS UV Pro,
1 §§§§ - 1 — laser radiation; 2 — fo- “Sharplase” (UV.-.) 355 | 40 | 20| 3 | 37
> 33333 cal plane of laser radiation; 355
3333 3 — OM (10x10x1.5 mm)
. with H,0; 4 — Xeradiation; | | (o) A% 110 |15] 3 | 20
- 5 — photo film cassette VL
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Study of the structure and composition of opal
matrices

Tests were performed on opal matrices with
a volume of up to 1 c¢m®, a diameter of SiO,
spheres d = 250 nm (Ad = 2%) and a volume of
monodomain regions (areas of well ordered sphere
packing) of at least 0.1 mm3. The following pieces
of equipment were used: a Carl Zeiss Leo 1430
VP scanning electron microscope (SEM); a JEM
200C transmission electron microscope (TEM);
an ARL X'tra (Thermo Fisher Scientific) X-ray
diffractometer, and a LabRAM HR800(HORIBA
Jobin-Yvon) laser Raman spectrometer (632.8 nm
line of He—Ne laser).

It was established that in the OM samples,
the monodomain regions are disordered relative to
each other (Fig. 3, @). Under the conditions as-
sumed in this study, a three-layer (cubic) packing
of SiO, spheres was formed [10]. The hardening
of the OM was caused by the transfer of SiO, to
the region of contact between the spheres with
the formation of —Si—O—Si— bonds. Transmission
electron microscopy shows the presence of contact
pads with a diameter of & = (0.1—0.3)d while
the SiO, particles maintain the regular spherical
shape and are not deformed at their contact points
(Fig. 3, ¢). The high bond strength of the contact-
ing SiO, spheres can be seen on chipped edges of
the OM, where the areas of their separation are
visible (Fig. 3, b).

a)

Fig. 3. SEM images of the growth surface (@) and
chipped edge (b) of the OM, and a TEM image of the
contact area of SiO, spheres (¢)

(in b, pluses represent convex areas, and minuses stand for
concave areas in the points where the spheres are separated
between the contact pads)

(111) - [110]
\{011] d
[110]
/4[101]
(111) (11{)

Fig. 4. Bulk fragment of the OM (cut along {111}
planes)

Fig. 4 shows the bulk model of the OM (lat-
tice packing of SiO, nanospheres) with the spatial
ordered arrangement of inter-sphere voids. The
triangles with concave sides on the cutout planes of
the bulk fragment of the OM are the cross-sections
of the channels, connecting the tetrahedral and
octahedral inter-sphere voids. It should be noted
that in hardened OMs, the real dimensions of the
voids are smaller than the theoretical ones.

X-ray diffractometry revealed that the OMs,
annealed in air at 1475 K, contain a phase of SiO,
cristobalite (space group P4,2,2) with approxi-
mately 20-nm crystallites (areas of coherent X-rays
scattering). In samples annealed at temperatures
below 1475 K, it is impossible to register this
phase using X-ray diffraction — the small crys-

.‘E
=5
E
-
100 300 500 700 900 1100
Av, cm™!

Fig. 5. Raman spectra of the OM, annealed at different
temperatures and time periods:
1 — 175K, 4h; 2 — 1325 K, 24 h; 3 — 1375 K, 4 h;
4 — 1475 K, 8 h
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tallite size (<1 nm) does not allow identifying
them due to the size broadening of the diffraction
maxima, according to the Debye — Sherrer equa-
tion. In this case, the crystalline phase of SiO,
was identified by Raman spectroscopy of Raman
scattering. Raman spectra of amorphous SiO, are
characterized by bands with a frequency shift Av
of Raman scattering near 420, 490, 600, 800 and
1060 cm ™! (Fig. 3, curve 7). At temperatures above
1175 K, amorphous silica begins recrystallizing into
SiO,-cristobalite (space group P4,2,2); at 1375 K, the
crystalline phase of SiO,-quartz (space group P3,2,)
is formed (band at Av =860 cm™"), which at 1475 K
is transformed into SiO,-cristobalite (Fig. 5)

Investigation of induced pulsed
X-radiation

In some cases, during measurements using the
spectrometer, the speed of data acquisition in the
X-ray energy range up to 2 keV depended on both
environmental conditions and the power of the
computing equipment used. Therefore, in order to
obtain reliable results from the absolute numerical
data of the X-ray spectrum (abs.), the background
values of the spectrum registered when the laser
source was blocked, were subtracted, thus obtain-
ing a corrected spectrum (rel.).

The experimental conditions and the parameters
of the obtained X-ray radiation are summarized in
Table 2, where V is the scanning speed (for the
systems without a C,,; galvanometric scanner, the
laser beam is stationary); ¢ is the angle of X-ray
registration; /%, is the distance from the OM to
the photo film cassette; £, is the distance from
the OM to the spectrometer window; OM, is
the OM strengthened by annealing; S is the type
of spectrum; ¢ is the duration of one laser radia-
tion session; Eyy is the energy of X-ray quanta
corresponding to the maximum intensity peak in
the spectrum; Ayy is the X-ray wavelength cor-

responding to Eyy.

As can be seen from Fig. 6 and 7, when OMs
are exposed to laser radiation with a wavelength of
LA = 1040 nm, the induced X-ray radiation is scat-
tered more strongly than at A = 355 nm. Moreover,
when exposed to laser radiation from the UV region,
compared to the IR region, intense luminescence in
the visible light range is observed in the hardened
OM. 1t is possible that the high sensitivity of the
used photo film causes halos to appear in the pho-
tographs (see Fig. 7), which is due to the thermal
effect of laser radiation on the sample through the
protective material of the cassette. The photographs

Fig. 6. Images obtained when X-ray radiation induced

by the UV, source was applied to the film at ¢ = 0°,

V =1 m /s (the numbers on the images are the number
of repetitions of the laser radiation session)

Fig. 7. Images obtained when X-ray radiation induced
by an IR,,,, source was applied to a film at ¢ = 0°,
V=08m/s
(the numbers on the images are the number of repetitions of
a laser radiation session; the area of X-ray radiation exposure
is framed, the point of impact is marked with a dot)

Table 2
Experimental conditions and parameters of the obtained X-ray radiation
Sample
Source v, 0,° b, s, thickness S ts Eyp» keV [ Ayg, nm
m/s mm mm composition ’ B xR xR
mm
IR 40 0,8 0,08 15,2
90 2,5 2,5 OM:H,0 1,5 abs. 60
UV 1,0 1,04 1,2
90 OM:Ly, 5,0 220 1,04 1,2
CyL 0 70 80 rel.
0 OM,,:H,0 1,5 698 2,47 0,5
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obtained using the UV,., and C,, laser sources,
unlike the IR,,,,, show a domain structure of the
OM (see Fig. 6 and 7) [7, 8].

The obtained data given in Table 2 and Fig. 8,
indicate that the radiation under study is a low-
intensity, soft X-ray radiation and its wavelength
range intersects with the vacuum UV radiation,
which is well absorbed by air. By its character-
istics, it is similar to the radiation produced by
triboluminescence of adhesive Scotch films at the
moments when they are detached from smooth
surfaces [12]. The X-ray spectrum induced by la-
ser radiation with A = 355 nm has an additional,
shorter-wavelength peak Ayz = 1.2 nm, compared
to Axg = 15.2 nm on the spectrum obtained at
L = 1040 nm (see table 2). An even shorter wave-
length peak (Ayg =0.5 nm) is observed when using
an C,; source with combined modes A = 510 nm
and L = 578 nm (see Table 2 and Fig. 8).

Fig. 9 shows a photograph of a film after expo-
sure to X-ray radiation induced by the C,, source.

The test results for the study of dried and
non-thermally hardened OMs at the wavelength
of laser radiation A = 355 nm with the parameters
specified in tables 1 and 2 for the UV, source,
also showed the presence of X-rays. However, in
contrast to OM, :H,O (strengthened OMs with
voids filled with H,O), in these samples some
defects characteristic of laser ablation occurred
during the course of the experiment.

10°
widl T 2 10° 2=0,82 nm A=0,5 nm
- |1 T £ 105 5 /
= & ! h
g 103 ] 2104
E ~ 08 : |
: 10° + t t !
- 107 0,5 1,5 25 35
= E, keV
10 1
1 - 1 L L1
-10 90 190 290 390
E, keV

Fig. 8. Relative X-ray spectrum induced by the C,,

source in the OM under the following conditions:

OM,:H,O thickness 1.5 mm, ¢ = 0°, 2, = 80 mm,
Exg=25keV, t=698s, Ayg = 0.5 nm

(insert shows the maximum intensity spectrum peak)

Fig. 9. Image obtained by

exposing the photo film to X-ray

radiation with the spectrum

shown in Fig. 8 (2, = 70 mm,
t=2s)

Conclusion

Thus, the studies of opal matrices indicate that
the parameters of induced X-ray radiation depend
on the production conditions and the structure of
the OMs (high-temperature annealing, filling of
voids, sample thickness), as well as the experi-
mental conditions (obtaining of X-rays at an angle
of 0° or 90°, immersion of the sample in liquid
nitrogen). One of the necessary conditions for
obtaining high-quality measurement results, and
for the subsequent creation of devices using lat-
tice packing of SiO, nanospheres, is the perfection
of the three-dimensional packing of nanospheres.

The obtained spectral data allow us to conclude
that the radiation induced by laser irradiation at a
wavelength of 1040 nm (IR), 510 nm together with
578 nm, 366 nm (UV), is low-intensity, soft X-ray
radiation with a photon energy of 0.08 —2.47 keV
and with a wavelength of 15.2—0.5 nm. There is
a reason to believe that the proper choice of the
structural parameters of opal matrices (sizes of
SiO,, spherical particles, inter-sphere contact pads
and monodomain regions) and characteristics of
laser radiation (wavelength, pulse duration and
frequency) will allow increasing the intensity and
energy of X-ray quanta, which would make it
possible to use the investigated effect in industry
and medicine.
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PEHTTEHIBCbKE BUITPOMIHIOBAHH{A, IO BURKINKAHE
IMITYJIBCHOIO JIASBEPHOIO AICIO HA OITAJIOBI MATPUIII

B danuii wac mamepiaiu 3 qbomOHHuMu 3a60p0HeHumu sonamu (pomonni xkpucmanu), mo6mo mamepiaru 3 ne-
pioduunoio (6au3vro 0oexuHU XEUNL CEIMAA) 3MIN0I0 OleAeKmpPuunoi NPOHUKHOCMI, € 06 €KMOM AKMUBHUX
meopemuuHux ma excnepuMenmaivHux 0ocaidxenv. [l npaxmuunozo 3acmocyeanus CMAaro8AAMs iHmepec
pomonni kpucmaru na ocnosi onarosux mampuus (OM), axi npedcmasisioms co60i0 wirsvhy 3D-ynaxosky oo-
HAK0BUX 3a diamempom HaHoKy1b amopdrozo SiO,. Haiubirvwuil inmepec suxauxae 3acmocyeanus OM ¢ mano-
docidxkenit ob6aacmi — zeHepauii PeHmeeHicoK020 GUNPOMIHIOBANHS NI0 UAC NA3EPHOZ0 BNIUBY HA PEUOGUHY.

Y Oawniii po6omi npedcmasieno pesyivmdamu GUMIpIOGAHHS 3d 0ONOMOZOIO PEHINZEHIBCLKOZO CREKMPOMEMPA
eHepzeMUUHUX CNeKMPIE PEHM2eHIBCHK020 GUNPOMINIOBANHS, THOYK08AH020 6NAusoM Ha OM imnyvcnoeo aasep-
1020 GUNPOMINIOGANHS 3 Pi3H0I0 006Kun010 x6uni A: 1040 nm (19-06aacmo cnexmpa), 510 ma 578 um (cymiwen-
ni moou), 366 um (Y D-obaacmo).

OM cunmesyeanu 3 posuuny ziopoxcudy amoniio (NH ,OH ), emanory (C,H;OH) ma mempaeipa opmoxpen-
nieeoi kucaomu (Si (OC,H;),). Ynaxoexa xkyav SiO, micmunra 3D-cucmemy cnoryuenux okmaeopuunux i me-
MPAeOPUUHUX MIKKYIbOBUX NYCMOM, SKi 3aumaiomv npubiusno 269% 3dazarwnozo o6’emy. B excnepumenmax
suxopucmosyeanu 3pasku OM 6 ¢opmi naacmun moswunoro 1—5 mm, AKi 6u20MOBAANU 34 OONOMOZOIO CYXOL
mexaniunoi 06pobxu 3 06’emnux OM, ne 3miynenux ma amiynenux eionarom 3a memnepamypu 1475 K na no-
eimpi.

Penmeeniecorke eunpominiosanms, wo sunuxae nio dieio nazepa na OM, peccmpyeanu homonniexoio i eamma-
cnexmpomempom. Peccmpauyis nposodunace deoma cnocobamu. B nepuomy eunaoxy id3epre UnpoMinIO6anus
npoxoduno uepes OM (3tiomxa na npoceim) i 1020 nHanpsam cnienadae 3 HANPAMOM THOYKOBAH0Z0 PEHMZEHIECHKO-
20 sunpominioganns (¢ = 0°). Y Opyzomy penmeeniccoie GURPOMINIOBAHH NPOXOOULO NEPREHOUKYAAPHO Ad3eD-
nomy (¢ = 90°), a OM posmiuyearu mix naacmunamu 3 monokpucmariunozo LiNbO,. YV padi excnepumenmis
0151 3MEeHWeHHs Meni068020 enausy Ha OM na3epHozo UNPOMIHIOBAHNS MIKKYIbOGT NYCMOMU 3ANOBHIOBAIU 60-
doto abo 3anypioeanu 3pa3ku y piokui a3om.

3a pesyrvmamamu cnexmparvrux 00CHi0KeHb 0Y0 8CMAHOBIEHO, WO THOYKOBAHE PEHMZEHIBCLKE SUNPOMINIO-
BAMHSL € MAJOTHMEHCUBHUM M AKUM PEHMZEHIGCOKUM BUNPOMINIOBAHHIM 3 eHepeicto keanmis 0,08 —2,47 keB i
dogiunoto x6utb Ap; = 15,2—0,5 nm. Cnexmp peumzeuiecmcozo eunpomimoeaHHﬂ 3a A = 355 nm noxasae nase-
Hicmb 000amx06020, Giavul KOPOMKOX6U1606020 nika Ap; = 1,2 um 6 noplemmm 3 Apy = 15,2 um, ompumanum 3a
A= 1040 um. Ille 6invuw KOpomKoOXSUNLOSUU NIK Lp; = 0,5 HM CROCMEPIZABCS 3 BUKOPUCTIANNS A3EPHOZ0 0He-
peaa, wo npayioc 3 CYMIuEHUMU UNPOMIHIOGannimu 3 A = 510 um i A = 578 um. Bnaue na OM rasepnozo eu-
npominioganms 3 A = 1040 um npuzeodums 00 CuIbLHIUOZ0 PO3CIIOBANNS THOYKOBAHOZ0 PEHM2ZEHIBCHKOZ0 GUNDO-
Mintoeanus nopieusno 3 A = 355 um. Bnaue na OM nasepnozo sunpominiosanms Y D-obracmi uxiuxas inmen-
cusny mominecyenyiio OM 6 dianazomni 6udumozo ceimid.

Ioxasano, wo na napamempu penmzeniecbk020 SUNPOMIHIOBAHNS 6NIAUBAIOMY YMOSU OMPUMAHHS | CINYNIHY 3A-
NOGHEHHSL NYCTNOM ONAJOBUX MAMPUYD, d MAKOK YMOBU NPOGeOeHHS eKchepumenmie (Kym OmpuMants penmze-
HIBCHLKO20 BUNPOMIHIOBANHS NO GIOHOWENHIO D0 IA3EPHOZO0, 3AHYPIOGANHS 3PA3KA Y PIOKUT A30m).

Knouosi caroea: onanosi mampuyi, iazepue 6UnpoMiHIOBANHS, PEHMZEHIBCOKE GUNPOMIHIOBANHS, eHepzemudnil
cnexmp.
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PEHTTEHOBCKOE U3J/IYUYEHHNE, BISBBAHHOE UMITIYJ/JIbCHBIM
JA3EPHBIM BO3JIEVICTBUEM HA OITAJTOBBIE MATPUIIbI

B nacmosuuee epems mamepuanve ¢ pomonnvinu sanpewennvimu sonamu (pomonnvie Kpucmainot), m. e. mame-
puanvt ¢ nepuoduuecrkum (NOPAOKa OAuUNbL BOMHBL CEEMA) UIMEHEHUEM OUINCKMPUUECKOT NPOHUUACMOCTIU, SGLS-
10MCst 00BEKMOM AKMUBHBLX TMEOPETNULECKUX U IKCNEPUMEHMANLHBLL UCCAe008aHUl. [INs NpAKMUYecKozo npu-
MeHeHUs. UHMEPectvl hoMmonHbIe KPUCTALLbL HA 0cHoGe onaaoevix mampuy, (OM ), xomopsie npedcmasasiom co-
6oti naomuetiwyio 3D-ynaxosxy odunaxoevix no duamempy nanowapos amopgmozo SiO,. Hauborvwui unme-
pec evizvieaem npumenenue OM 6 Marouccaedo6annoi 06aAcmu — 2eHePauuu PeHmMzeHOBCK020 UAYUCHUS NPU
AA3epHOM 6030€icmeull Ha 8eu,ecmeo.

B nacmosiueti pabome npedcmasienvt pe3yibmamnl ucc1e008aHUsL ¢ NOMOUDIO PEHMZEHOBCKO20 CREKMPOMEmPd
IHEP2eMUUECKUX CREKMPOB PEHM2EHOBCK020 UNYUeHUS, UHOYUUPOBANHO20 8030elicmEueM HA ONAI08ble MAPU-
Ul UMNYIBCHOZO LAIEPHOZO USLYUEHUs C PA3AUUHOU Oaunol eoanvl L: 1040 um (MK-o6aacme cnexmpa), 510 u
578 um (cosmewennvie moodv) u 366 wm (Y D-o6aacmo).

OM cunmesuposaru us pacmeopa zudpooxcuda ammonus (NH,OH), smanora (C,H;OH) u mempasgupa
opmoxpemnuesoi xucaomo. (Si(OC,H;),). Ynaxosxa wapos SiO, codepxanra 3D-cucmemy coobuarouguxca
OKMAIOPUYECKUX U MEMPAIOPUUECKUX MEKULAPOBHLX NYCMOM, 3AHUMAUWUX npumepHo 26 % obwezo obsema.
O6pasyvt 015t uccaedoganuil npedcmagasiu cobot niacmunvt mojuwunot 1,5 —5,0 mm, Komopvie NOAYUAIU C NO-
MOWBIO CYXOU Mexanuueckot obpadomru us obsemuvix OM, He YnpouHeHHvlx U YNPOUHEHHIX NPU OMKUZE OO
1475 K na so3dyxe.

Penmeenoscroe usnyuenue, osnuxaowee npu adzeprom eoszoeicmsuu na OM, pezucmpuposaru pomonienxou
u zamma-cnexmpomempon. Pezucmpayus npogodunace deyms cnocobamu. B nepsom cayuae nazeproe usiyuenue
npoxoduno uepes OM (cvemka na npoceem) u €20 HANPAGLEHUE COBNAOAN0 C HANPABLEHUEM UHOYUUPOBAHHOZO
penmeenosckozo usayuenus (¢ = 0°). Bo 6mopom pezucmpupyemoe peHmeeHo8ckoe usiyienue 6uiio nepnenou-
kyaapro nasepromy (¢ = 90°), a OM pasmewaru mex0y niacmunamu us mMoHokpucmaiiuveckozo LiNbO,. B
pside IKCNepuUMenmos 01 YMeHbueHUs Mmeniogozo 8o3detcmeus Ha OM om 1a3epHOZ0 UBYUEHUS MEXKULAPOBbIE
NYCMomuL 3anOAHAIU 000U UAU Ke NOZPYKAIU 00DA3YbL 6 KUOKUT A30M.

ITo pesynvmaman cnekmparouovix uccaedo8anuti ObLIO YCMAHOBAEHO, MO UHOYUUPOBAHHOE PEHIMZEHOBCKOE U3ILY-
ueHue SA6A5emcs MATOUHMEHCUBHBIM MAZKUM PEHM2EHO8CKUM U3Lyuenuem ¢ snepeuei keanmos 0,08—2,47 kB u
¢ 0aunotl 6oH Apy = 15,2—0,5 nm.

Cnexmp penmzeHo6cK020 U3LyueHus npu . = 355 HM NOKA3AL HAAUdUe OONOJIHUMENbHO20 00Jlee KOPOMKOGOIHO-
6020 NUKA Apy = 1,2 um no cpasnenuio ¢ Apy = 15,2 um, noryuennom npu A = 1040 um. Ewe 6osee KOPomKo6o.i-
1060t UK Apy = 0,5 HM HAO00ANCS NPU UCTONIBI0BANUU JA3EPHOZO UCTNOUNHUKA, PAOOMATOWEZ0 C COBMEULCHHbL-
My uznyvenuamu ¢ A =510 um w i = 578 un.

Ipu sozdeiicmeuu na OM naseprozo usayuenus ¢ 1 = 1040 um unOYUUPOBAHHOE PEHMZEHOBCKOE U3AYUEHUE PAC-
ceusanocy cuaviee, wem npu L = 355 um. Bosdeiicmeue na OM nasepnozo usiyuenus ¥ D-obiacmu 636164710
unmencusHyo aomunecyenyuro OM ¢ duanazone suduMozo ceemad.

HOKd3CZHO, Umo Hd napamempuvl peHmezen06CK0Z0 USNYUEHUS AUATOM YCIO06US NOSLYUECHUS U CTNENEeHb 3AN0JTHEeHUSA
nycmom oOnaloBulx mampuy, d maksKe ycioeus npoeeaeﬂuﬂ IKCREPUMEHTNOB (]/ZO/Z NOAYUECHUS PEHIMZEHOBCKOZ0
uanyuenus no OMHOWEHUIO K LA3EPHOMY, NOzZpYKeHue 06pa3ua 6 KUOKUL asom).

Kniouesvie cnosa: onanoevie mampuyvl, 1d3epHoe U3AYUeHUe, PEeHMZEHOSCKOe UAYUeHUE, IHepemuyuecKull
cnexmp.
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NCCJIEJJOBAHUE KOPPEKTUPYIOIIIEN
CIIOCOBbHOCTN CMHXPOKO/JOB /JJI:I MO/IEJIN
AEROAEPA C COIVIACOBAHHOIM OBPABOTKOMU

IIposeden anarus xoppexmupyioweti cnocobnocmu modeau dexodepa ¢ cozaacogantoi 06pabomxoi 0is
k0006 Baprepa pasiuunoi Oaumvl 6 YCI06USLX SO3HUKHOBEHUS O0HO-, 08YX- U MPEXKPAMHOU Owud-
Ku. Paccmompena 603M0OKHOCI® npuMmenenust nociedosamenvrocmeti Bapxepa pasiuunoti Oaunvl u
M-nocaedogamenvrocmeti ¢ Kauwecmee KOPPeKmMupyowux cunxpoxodos. Ioaryuena anarumuyeckas 3aeu-
CUMOCb KOppeKmupyoueti cnocoonocmu kooa om ezo 0unbl t 0m yposHs OOKOBLIX IENeCmK0O8 Henepuo-

QuuecKol asmoKoppersyuoOnnoOl QynKUuLL.

Kmouesvie crosa: cunxpoxod, xkod Baprepa, M-nocaedosamenvnocmn, cozaacosanuas oopabomxa.

bBunapubie anepmoanveckue MOCJIEI0BATETDb-
HOCTH C XOPOIIUMHU KOPPEJISIUOHHBIMU CBOICTBA-
mu [1] mpencTaBasgior 60JbINON UHTEPEC IS pas-
PaGOTYMKOB PAJIMOJOKAIIMOHHBIX YCTPOUCTB, TO-
CKOJIbKY TIO3BOJISIIOT Pa3pelnTb OCHOBHOE TPOTH-
BOpeYHe MeXK/ly MAKCUMAJbHOM JAJIbHOCTHIO OOHA-
PY’KEHUS 1[eJU U TOYHOCTHIO PAINOIATHbHOMETPUN
[2—4]. OcHoBHBIM KpHUTepHEM KavyecTBa TAKUX ITO-
cJieloBaTebHOCTEN SABJSETCS MUHUMAKCHBIN KPH-
TEpUii, KOT/J]a B Ka4eCTBE OIEHOYHOH (QYHKITHH UC-
MOJIb3Y€eTCS HauMeHbIIee BO3MOXKHOE 3HAUEHNE MaK-
CUMAaJIbHOTO GOKOBOTO JIETIECTKA HEMEPUOINIECKON
asrokoppeJsunontoii pyuxunu (HAK®). Ha ce-
TOJHSIIITHUI JIeHb HE CYIIEeCTBYeT YHUBEPCAJILHOTO
crioco6a MOCTPOEHUS TOCJIe[I0BATETBHOCTEN, TI0JTY-
YEHHBIX C YYeTOM JIAHHOTO KPUTEpHUs, a PeryJsip-
HbIe METO/Ibl CHHTE32 MUHUMAKCHBIX OUHAPHBIX T10-
cJieloBaTebHOCTEN OMUCAHBI TOJBKO IS HEYeT-
HBIX 3HaveHui amabl N = 281, re k > 3, moaro-
MY OCHOBHBIM METO/IOM ITOCTPOEHUS] MUHUMAKCHBIX
OGUHAPHBIX MOCJE0BATETBHOCTEN SIBJISIETCS METO/|
KOMITBIOTEPHOTO TIepebopa.

B 3amavyax cBsg3m, 0cOGEHHO TTPHU pean3ainm KO-
JTOBOTO Dasz/ieJieHUsT KaHaI0B, TaKXXe aKTUBHO HWC-
MOJTb3YIOTCSI MUHWMAKCHBIE TIOCJIE0BATEIbHOCTH
[t obecTieyeHusT HaJIeKHOCTH CUHXPOHU3AINN TI0-
TOKOB IaHHbIX [5—8]. IIpu aToM Ha mepByIo TTO3U-
IIUIO BBIXOJUT KpUTEpHil obecnieuenusi TpeOyeMoit
KOPPEKTHPYIOlIell CITOCOOHOCTH NP 33/IaHHON OT-
HOCUTEJLHOHW CKOPOCTH WH(OPMAIMOHHOTO IOTO-
Ka JIJIs1 BBIOPAHHOUW MUHUMAKCHOU MOCJIEI0BATEND-
Hoctu. B [9] nmpoBenen anamn3 KoppekTUPYIOIIEH
croco6GHOCTH JIEKO/Iepa CUHXPOCUTHAJIA C COTJIaco-
BaHHON 06pabOTKOIl Ha OCHOBE MOCJIE0BATEIBHO-
creil bapkepa guunoit 7 u 11. B pesyabrare Moze-

JINPOBAHUS yCTAHOBJIEHO, HATTPUMED, YTO MOCJIE0-
BaresIbHOCTb Bapkepa aymHol 11 crioco6Ha KOppeK-
TUPOBATb BCE OMUOKY JIO KPATHOCTU 2 BKJIIOUUTE -
uo. [Ipum atoM, oxnako, B [9] He mpoBeneno mome-
JIMPOBAHUE [T CAaMOTO TIOMEXOYCTONYMBOTO KOJa
Bapkepa paaunoit 13 1, KpoMe TOTO, HE YYUTHIBA-
€TCST BOBMOKHOCTD PeaTH3al[ui CUTHAJIA ¢ ONTHOKA-
MU GOJIbIIEN KPATHOCTH, KOTOPbIE JaHHbIE TTOCJTIe-
JIOBATEIbHOCTH CIIOCOOHBI KOPPEKTUPOBATh. Takske
HEOOXO/IMMO OTMETUTh, 4To B [9] orcyTcTByer ana-
JINTUYECKOE BbIPaKeHNE, TIO3BOJISIONIEE OTIEHNBATD
KOPPEKTUPYIONIYIO CIIOCOOHOCTh MUHUMAKCHBIX T10-
CJIe/IOBATEbHOCTEN, JIJTMHA KOTOPBIX OOJIbIIIE pac-
CMOTPEHHBIX B CTaTbe.

OueBu/iHO, YTO 4eM 6OJIbllle JJUHA CHUHXPOKO-
J1a, TeM GOJIBIITYTO TOMEXOYCTOWYMBOCTD OH o6ectie-
yuBaeT. C Apyroii CTOPOHBI, C POCTOM JIJTMHBI BO3-
pacTaeT CJIOXKHOCTb TEXHUYECKOW peasn3aliuu Jie-
KOJIepa U CHIDKAETCS CKOPOCTh Mepe/lauu JIAHHBIX.
To ectp mpm paspaboTKe CUCTEMBI TE€peavu WH-
opmanuu HEO6XOAMMO UCKATH KOMITPOMUCC MEXK-
JIy CJIO3KHOCTBIO TEXHWYECKON peasn3aluu J[eKo-
Jiepa u Tpe6yeMoii TTOMEX0yCTONYUBOCTDIO, U JIJIS
pelienns Takoi 3a/1auyu Heo6X0MMO TIPOBECTH HC-
CJIeJIOBaHNe KOPPEKTUPYIONIEl criocobHocT GuHap-
HBIX CHHXPOKO/IOB.

[enbio HacTosIeil paGoThl ObLIO UCCJIETOBAHUE
KOPPEKTUPYIONell cIOCOGHOCTH GUHAPHBIX TIOCJIE/0-
BaTeJIbHOCTEN ¢ XOPOIMIUMHU HENEPUOINYECKIMHU aB-
TOKOPPEJSIIOHHBIMI CBOMCTBAMHY TTPH UCTIOJIH30Ba-
HUM CXEMBI MIPHEMa € COTJIACOBAHHOM 00paGOTKOI.

IToctanoBka 3agaun

B o611ieM ciryuae 1101 KOPPEKTUPYIOIIEH CIIOCO6-
HOCTHIO TIOZPA3yMEBAETCST BO3MOKHOCTH KO/Ia OOHA-
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CUCTEMbI IIEPEJAYU N1 OBPABOTKN CUTHAJIOB

[emonynsartop

CymmMmarop

s5(6) IToporosoe Sy (£

YCTPOICTBO

Puc. 1. TunoBas crpykrypHast cxema ¢ npuMenenneM CO mig koxa bapkepa anmnoit 7 [10, 11]:

T — WSt 3a/epKKH HA OJIMH TakT; X — GJIOK YMHOKEHHsI Ha Becosble Koacbdurments ¢; (i =0, 1, ..., 6;
a, ={-1,1, -1, -1, 1,1, 1})
; L, -1, -1, 1,1,

PY’KHUBATh U MCIPABJATD OMUOKU. [1JIsT BbIIeIeHIs
CUHXPOCUTHAJIa B CXeMe [IpUeMa C COTJIACOBAHHOMN
06PaBGOTKOI UCTTOIb3YETCS COTTTACOBAHHBIN (PUITHTP
(CD), paGoraomuii Ha BHIEOYACTOTE, MOITOMY
KpUTEpPHEM HCIIPABJICHHUS ONIMOOK B 3TOM CJydae
SIBJISETCS TIPEBBIIIIEHNE TIaBHBIM MaKCHMYMOM OT-
kimka C@O ypoBHS GOKOBBIX JIEECTKOB B MOMEHT
OKOHYAHMSI CUTHAJIA, YTO MOXKHO OIIMCATb CJIeLyIO-
UM BBIPaKEHUEM:

RFJI max = N/2y
‘RBfIn1ax‘<N/27 (1)
SBx(t)
1
" t
-1
-2

Puc. 2. BoixogHol curHAT AEMOIYASTOpA

"

2 4 6 8 10 12 t
Puc. 3. Curnan Ha Bbixoze cymmaTopa (@) M Ha BBIXOJE
noporosoro ycrpoiictea (6)

2,

rjae Ry .« — TJaBHbI MaKCUMyM paccMaTpUBaeMoii
HAK®, pasubiii raasnomy nuky R(0),
T. €. Ry nax = R(0);
Rgj1 max — 26COTIOTHBIH MaKCHMyM GOKOBBIX JIETIECT-
KOB.

CTpyKTypHass cXeMa ycTpolcTBa oOHapy:Ke-
HIS CHHXpOCHUTHaJIA ¢ ipuMenenneM CD g Koma
Bapkepa anumoit 7 npuBenena na puc. 1. B nan-
HOII cXeMe Ha BBIXOJIe JIEMOJyJsATOpa 06pa3yercs
Buzeocurtan s, (¢), mpuBeeHHbIH Ha pUC. 2, a T10-
cJle CyMMaTopa — OTKJHUK Sy(t), MOKa3aHHBIH Ha
puc. 3, a [12]. Ummyusc s, (), Bo3HUKAONUMI
Ha BBIXOZle MOPOroBoro ycrpoiictea (puc. 3, 6),
MIpeJICTaB/IseT OO0 BBIXOHOU CUTHAJ JIEKOJEPA.
Kputepuem mug ob6HapyskeHUs ONMOKU SBJSETCS
U3MeHeHUe TI0JIOKEHUS JUOO OTCYTCTBUE MMITYJIb-
ca B TpeOyeMblil MOMEHT BpeMeHU .

MopaempoBaHue NPOXOKACHHS] CHHXPOCHIHAJIA
¢ omMOKaMy pPa3NYHOIl KPATHOCTH

Jlyisi olleHKM KOPPEKTUpPYIolleil Ccrioco6HOCTH
HM3Ko4YacTOTHON yactu cxembl CMD, mnpejacraBien-
HOI Ha puc. 1, 17 U3BecTHBIX KOZ0B bapkepa am-
noit 7, 11 u 13 [13, c. 273 —287; 14] 6bL10 1IPO-
BEJIEHO MO/IEJIMPOBAHNUE TIPOXOK/IEHUS CHHXPOCHT -
HaJla 4epe3 COTJIACOBaHHbBIN (PUILTP ¢ ommOKamMu
pasmuunoii kpaTHOcTH 7. OTKRAUKN CD momayuann
MIPU TIOCJIE/IOBATEIHbHOM BHECEHUH OMMOOK BO BCE
CUTHAJIbHBIE TTO3UIIMM MCXOJHBIX ITOCJEI0BATEb-
HocTelt Bapkepa.

Oodnokpamnas owubra

AHanm3 pe3yIbTaToB MOAEIMPOBAHUS TIPOXOK-
nenns cuaxpocurHasa depe3 CD ¢ 0JHOKPATHOM
omu6koit (r = 1), npuBeEHHBIX Ha PUC. 4, TIOKa-
3BIBAET, 4TO B COOTBeTCTBUU ¢ Kpurepuem (1) oxmo-
KparHble ONMOKH KOPPEKTUPYIOTCS [IPH TIOPAYKEHUH
ITOMEXOM 0001 CUTHAJIHHON MO3UINN. 3HAYCHUS
OTHOIIEHVS TJIABHOTO MTMKA K MAKCUMAJIbHOMY YPOB-
HI0 60KOBBIX JerrectkoB R(0) / |R | cBene-
HbI B Ta0a. 1.

BJI max
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CUCTEMbBI IIEPEJAYU N1 OBPABOTKN CUTI'HAJIOB

[l 1 1
5 10 15 20 t
Puc. 4. Orkmuku Ha Bbixoje CD 1npu TPOXOKIAEHUU
yepe3 HEro CUTHasIa JIMHOH N ¢ OZHOKpATHOW Ommmo-
koit (monxue aunuu) u 6e3 omubku (moacmas Aurus)

Ta6aumna 1

3nauenue omHouleHUs 2ABHOZ0 NUKA K MAKCUMAND-
HOMY YPOBHIO GOKOBLIX NenecmKos 01 K0008 Pa3HOl
Onunvt npu v = 1

N R(O) / Ry |
7 5/3
11 9/3
13 11/3

Asyxpamnas owubra

Beposrnocts P, ncnpaieHns JBYKPaTHOI
omubku (r = 2) onpejensercss OTHOUIEHUEM YKC-
Jla peain3alnii CUTHAJA C TIOMEXOM, MTPU KOTOPBIX
IIPOUCXOAUT ucnpasienne omu6ku (V ), K dic-
JIy BCEX BO3MOKHBIX peasu3anuii Q% 3:

yM
P KOp = VKOp / 14

- ©)
[IPU 3TOM BEPOSITHOCTH OMMOKU BBIYHMCJSIETCS Kak
pP,,=1- PKOP. )

Jl1s1 ABYyKpaTHO# ONTHOKY 3HAYEHITE VIHyM orpe-
neagercsa seaununaon A N(Z) — YHMCJIOM pa3MelleHni

BN W N =

LT T T T T ~ov-o

Puc. 5. Bosmosxnble Bapuantbl peammsaiuu (or 1 10
N(N = 1)) aBykpatHoii omm6ku (TeMHbIe STYEiiKn), KOTO-
pblc IPOU3OULIK B PA3IUYHbIX CUIHAIbHBIX MO3UIUAX S;

B N TIO3UINAX /IBYX HElepeKpPbIBAIONNXCS dIeMeH-
=4.@
ToB omubky, 1. e. Vo =A. B nannom ciydae

Ay = NN = 1). (3)

BapuaHTbl peasusaiuu JBYKPATHBIX OIMHUOOK
MOKA3aHbl HA PHC. .

PesysbTaThl MOAenMpOBAaHNSA TPUBEACHBI HA
puc. 6, a mokasaTesqu KOppEKTUPYIOIeil crocob-
HOCTH KOZOB CBeJIeHBI B TabJ. 2.

a)
R(t) T T T T T T
6t 2
41
21 DY
300, SV
) '/V"\’/‘“'//}"
HRRAY, \P:2
_6 | L 1 L 1 L
2 4 6 8 10 12 t
6)
R(t) T T T T T T T T T T
r N=11,r=2
8 L
4 ¢ \
INSOECOEIMaE QORI
’\\)'(/}\"rﬁ‘l;\ ‘U’"v\’,//gx. R/ v
- RO YRR
) 2 4 6 8 10 12 14 16 18 20 ¢
B
R(t) T T T T T
12 =9
8 =
! ! "{é‘%@\ﬂ /
0 "* 4‘0‘(’1@»“\\-‘ A )’(\;\’(‘)\f‘»ﬁ/‘/ /
: ' IR
L \'
—4 L

5 10 15 20 t

Puc. 6. Otkaukn Ha Bbixogme CD mpu MPOXOXKIEHUU
Yyepe3 Hero curuajsa JauHoid N ¢ JBYyKpaTHOW OmIHG-
Koit (mouxue runuu) u 6e3 ommbru (moicmas Aunus)
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CUCTEMbBI IIEPEJAYN N1 OBPABOTKHN CHUTHAJIOB

Ta6mura 2
Hoxasamenu xoppexmupyroweti cnocobHocmu K00os
pasnotl Oaunol npu r = 2

N meM VKop KOp
7 42 10 10 /42
1 110 110 1

13 156 156 1

AHaM3 TPUBE/ICHHDBIX /IAHHBIX [TOKA3bIBAET, YTO
JUUISE CXEMBI JleKoJiepa Ha puc. 1 [BykpaTHast omun6-
Ka WCIpaBJseTcs Mpu AjauHe KoaoB bapkepa 11 u
13 u He ucnpasasierca npu N = 7.

Tpexkpamnas owubra

B cayuae tpexkparhoii omu6ku (r = 3) 3Have-
Hue VIHyM OIIpe/IeIsIeTCS YUCJOM pa3Melienuit B N
MTO3UITUAX TPeX HEMEePEKPBLIBAIONINXCS 3JIEMEHTOB

O]_HI/I6KI/I, KOTOpasd BbIYUCJ/IAECTCA KaK
Ay =NWN - DN - 2). (4)

N3 ananm3sa pe3ysibTaToB MOJICTUPOBAHNUS, TIPH-
BEJICHHBIX Ha PUC. 7 U B TabJ. 3, BUHO, YTO TpeX-

2 4 6 8 10 12 14 16 18 20 ¢

B)

R(t) T T T T
12 -3
8t
| R

X XA
0F 5
K &R
EOOEX
_4 L \;'(‘

1
B) 10 15 20 t
Puc. 7. Orkmmkn Ha BbIxoie CM mpm NMpOXOXKAEHUN
Yyepe3 HEro CUrHasa JJmMHONH N ¢ TpexKpaTHOW ommmb6-
kot (mownxue aunuu) n 6e3 ombku (moscmas runus)

Tabmauia 3

Ilokasamenu xoppexmupyioweti cnocoOHocmu K000
PA3HOU OaunbL npu ¥ = 3

N V iy Viop Py

7 210 0 0

11 990 576 376 / 990
13 1716 1416 1416 / 1716

KpaTHYI0 OMUOKY HE MOTYT HCIPAaBUTH JIAXKe TI0-
caenoBaTesbHOCTH Bapkepa jmmHO# 13.

Koppektupyomas cnoco6HOCTh GUHAPHBIX
MHUHHMAaKCHBIX IOCJie/IoBaTeJbHOCTeH
NPOU3BOJIBHOH [IJIMHbI

B o6imem Bujse uucio pasmeieHuit B N 1mo3u-
1USIX 7 HEIMEePEKPHIBAIOIUXCS 3JEMEHTOB OMIMOKH
COCTaBJISIET

AV =L=N(N—1)(N—2)...(N—(r—1)). (5)
(N-r)!

[TockousbKy omubKa mpeacTaBisieT co6oi mepe-
X0/l 3JIeMEeHTa BU/e0II0C/ge10BaTeJIbHOCTU N3 ypOB-
Hg —1 B 1, wim Hao6opoT, 4TO COOTBETCTBYET IIe-
pexonay (dasbl (pasosoii ommOKn) U3 ypoBHS T B
ypOBeHb 0, n HaoéopOT, MOJXHO 3aKJIIOYUTb, 4YTO
IIpU HaJIM4Inun OHII/I60K KPpaTHOCTH 7 BEJIMUNHBI MaK-
CHUMaJIbHOTI'O JielIeCTKa Rmax nu 6OKOBOI‘O JieIneCTKa
RB]I max CBsA3aHbI C.IIeI[yIOHII/IMI/I COOTHONIEHUAMMN .

R, .. =N-2r
Réox r

R, , — BesmuuHa 60okoBoro senectka HAK® npn
HaJIMYUK OMUOKU KPATHOCTH 7.

[Tockoambky R .. = Rg., » OTCIOJIa CJeIyerT,
YTO KPAaTHOCTb MCIPABJSEMON OMIMOKYM BBIYMCJIS-
eTcsl Kak

r=(N-Ry;..) / 4 (7)

Wcxons n3 cKa3aHHOTO BBINIE, MOYKHO CIEJaTh
BBIBO/I, YTO TIOJyUYEHHOE COOTHOIIIEHNE CITPABE/JIN-
BO JUIs JIOObIX OMHAPHBIX IOCJEI0BATETbHOCTEH
TTPOU3BOJIBHON JAJIMHBI € 3jieMeHTaMu <«+1» 1 «—1».

Kak y:xe ormMeuasioch, KpoMe Ko/ioB Bapkepa xo-
pomeit HAK® xapaxrepusyioTcs Taksxke M-moce-
JI0BATebHOCTH, TocJaenoBaresbHoctTn Kacamu,
lFonma w ap., KOTOpPbBIE, OJAHAKO, CYUIECTBYIOT
TOJIBKO JIJISI HeYeTHbIX 3HaueHuil N = 2k — 1, rxe
k = 3. Ilpu arom B [15] MeTomOM <«IIyMOBOTO»
nepebopa ompejieseH ps OGWHAPHBIX TIOCJE[0-
BaTeJbHOCTEN Pa3JMYHON AJUHBI U3 JuUara3oHa
ot 4 no 128 ¢ mamayumumun HAK®, cpean koto-
PBIX MPUCYTCTBYIOT Kozabl bapkepa pmmnoit 7, 11,
13 u M-1miocJsiefoBaTebHOCTY Aol 7, 15, 31, 63,
127. Torga, ucnosibays cootroenue (7), MOKHO
JIETKO OTIPEIETUTH KOPPEKTHPYIONIYIO CTOCOOHOCTD
KoJla g 060 JAJUHBI U3 TPeOyeMOoTO [Uanaso-

(6)

= RBJI max + 27’,
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CUCTEMbI INIEPEJAYN 1 OBPABOTKHN CHUTHAJIOB

a) r

12 e

o ALY
4 12 20 28 36 44 52 60 N
Puc. 8. 3aBucuMOCTH KOPPEKTHPYIOIIEN CIHOCOGHOCTH

koza (@) 1 MaKCUMaJIbHOTO YPOBHS GOKOBOTO JieriecTka (6)
OT JIJIUHBI CUHXPOKOJIA

Ha, HarpuMep g N = 64 KpaTHOCTb HCIIpaBJisie-
MO# OomKOKU cOCTaBUT ¥ = 14.

N3 npuBenennbix Ha puc. 8 rpadukoB BHUIHO,
YTO 3aBUCHUMOCTb KOPPEKTHUPYIONIEN croco6HOCTH
KOJla OT ero JJMHBI HOCUT CTyTEeHYaThlil Xapak-
TEp, a 3HAYWT, B MpeJ/iesiaX <«CTYIEeHbKN» CUHXPO-
Koz Menbmieil gaunbl (Hanpumep, N = 36) o6.a-
JlaeT TaKoi Xe KOPPEKTUPYIOIIeil CrocoOHOCTHIO
(r = 8), uro u xox Gospmeil amuabl (N = 40).
ITO aeT BO3MOKHOCTH TIOBBICHTH CKOPOCTh TIepe-
Jayn nH(opMaIy Mpu OJHOBPEMEHHOM CHIKEHUN
CJIOKHOCTH JIeKOIepa.

BboiBo b1

Takum 06pa3oM, MOJyYeHHbIE AHATUTUYECKUE
BBIPa)KEHUsl, CBSA3BIBAIOIINE BEPOSATHOCTH ONTHOKU
JIEKOINPOBAHNUA C JJTMHOW CHHXPOKOA, TTO3BOJISIIOT
pa3paboTuuKy anmnapaTypbl MOGUJILHON CBSI3U MPO-
BOJUTh KOMILTIEKCHYIO OIIEHKY MOMEXOYCTOWYNBO-
CTH CHUCTEMBI TIPUEMa CUTHAJIA C yUeTOM CUTHAJIOB
CUHXPOHU3AIUU. Y CTAHOBJIEHHBIN (DaKT CyIIecTBO-
BaHUS AUAIIA30HOB JIJIMHbI MUHUMAKCHBIX I10CJIE/0-
BaTeTbHOCTEMH, B TIpefielaX KOTOPBIX MX KOPPEKTH-
pyoias croco6HOCTb OCTAETCS TIOCTOSIHHOM, TI03BO-
JisIeT BBIOUPATh CUTHAJIbBHO-KOJIOBYIO KOHCTPYKIUIO
MUHUMAJTbHO BO3MOXKHOMU /IS 33/JaHHBIX YCJIOBUM
JUINHBI C TEJbI0 YBEJUYEHUS] CKOPOCTH Iepeaadu
undopmanuu 1m0 KaHauy cBssu. [Ipennoskennbiit
MO/IX0/T MOKET ObITh YCIIENTHO WCIIOJIb30BaH JIJist
MOIU(UKAIUU CYIIECTBYIOIUX CXEM CUHXPOHU3A-
MM CHCTEM CBSI3M C KOJOBBIM pas/ie/ieHneM KaHa-
JIOB C LIEJIbI0 UX OITHUMU3ALNU.
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JOCJIHKEHHA KOPUTYBAJIBHOI 3JIATHOCTI CUHXPOKO/IIB
JJIA MOAEJIT AERKOAEPY 3 Y3IOJAKEHOIO OBPOBKOIO

s nidsuwenns nadiinocmi pobomu cxem Kaopoeoi CUHXPOHI3AYIT cucmem 36's13Ky 6 YMo8dx 3dedd 3dCmoco-
BYI0MbCS CUHXPONOCATIO0EHOCE, ONTMUMALLHI 3A MIHIMAKCHUM KPUMEPIEM, 3 HAUKPAUUM SIOHOUEHHAM MAKCU-
MATLHOZ0 Pi6HS OIUHOT NesCcmKu 00 207108H020 NIKY HeNepioduuHoi aemoxkopeasyiinoi Gynkyii. Ouesuono, wo
qum Oibue 008XKUHA MIHIMAKCHOT NOCII006HOCME, Mum suwe ii Kopuzysaivua 30amuicmy. OOnax 3 pocmom 0o-
BHKUHU CUHXPOKOOY BUHUKAE CYNEPEUHICNG MiXK KOPEKMYouow 30amuicmio i weudxicmio nepedaui ingopmauyii
uepe3 IMEHWEHH MPUeAIocmi iHpopmayiiunoi dirsuku xkadpy. Kpim moeo, 3i 3pocmanusm dosxunu xkody ma-
KOX 3POCMAE CKAAOHICMb MeXHIUHOT pedanizauii cxemu cunxponizauyii dexodepa. Tobmo nid uac po3pobru cu-
cmemu nepedaui ingpopmayii 1eoOXiOHO WyKAMU KOMRPOMIC MIX CKAAOHICMIO meXxHiunol peanizayii dexode-
pa ma 1neobxioHow 3aeadocmiukicmio, i 051 GUPIUWEHHS MAK020 3A60aANHs HeOOXIOHO nposecmu 0OCAI0KEHHS
KOpexmyouoi 30amuocmi GiHAPHUX CUHXPOKODIS.

Memoio danoi pobomu 6yao docaidxenus xopexmyiowoi 30amnocmi GiHAPHUX NOCAIOOGHOCMEN 3 XOPOUWLUMU
HENepiooutHUMU A8MOKOPENSAUTUHUMU BAACMUBOCTIAMU NPU BUKOPUCMANHT CXeMU NPULIOMY 3 Y3200:KeH0I0 00-
pobxoro.

Posensinymo moxausicmv 3acmocysarnns nocaidosnocmet Bapkepa dosxunoio 7, 11 i 13 ma M-nocaidosnocmeii
K KOPULYBATLHUX CUHXPOKOOIS.

ITposedeno ananiz xopexmyiowoi 30ammnocmi moderi dexodepa 3 y3200xenoi0 06pobroio das kodie Baprepa
PI3HOT 008XKUHU 6 YMOBAX BUHUKHEHHS. 00HO-, 080~ WA MPUKPAMHOL NOMUIKU T OMPUMAHO AHATINUYHI 8UPA3LUL,
W0 0036045110Mb GUIHAUUNU UMOGIPHICMb NOMUIKU 0eK00Y6aHs. GIHAPHO20 MIHIMAKCHO20 KOOY 3dNeHKHO 610 00-
BHKUNU CUHXPOKOOY.

Ompumano 3arexnicms Kopekmyouoi 30amrocmi Kooy i MAKCUMAILHO20 PI6HS GTUHUX NeIOCMKIE 610 006K U-
HU CuHxpoxody ¢ dianasoni 6id 4 do 128 3 Haquamumu HenepiooudHUMU ABTOKOPEAAUTUHUMU d?ymcmﬂmu
Bcmanosaeno, wo icHyroms 0iana3onu 008KUHU MIHIMAKCHUX NOCAI006HOCMEN, 6 MeXdax sSKux ix Kopuezy-
6ANLHA 30AMHICMb 3ANUWAEMBCS. NOCMAUNHO10, MOOMO CUHXPOKOO MEHUWOT D06KUNU MAE MAKY K KOPEKMYIOuy
30ammicmo, wo i K00 6iabuL0T Q08HKUNI.

Taxum uunoM, pe3yrvmamu nposedeHux O00CAI0KeHb 00360ALI0Mb ONMUMIYSAMU CKAAOHICMb MEXHIUHOT
peanizayii dexodepa CUHXPOCUZHALY 3ANEKHO 610 6UMO2 00 3d2dlbHOI 3A6ad0CMitKOcmi 1 weudkocmi nepedaui
inpopmayii ¢ cucmemi 36'sa3xy. 3anpononosanuil nidxio moxe Gymu YcniwHno suxopucmanui 0as Moougixauii
ICHYIOUUX CXeM CUHXPOHI3AUIT cucmeM 36'a3KY 3 K0O08UM PO3NOJIIOM KAHALIE 3 MEMOIO IXHbOT ONMUMI3AU L.

Kuiouosi caosa: cunxpoxod, M-nocaidoguicmo, y3zzodxena o6pobxa, kod Bapxepa.
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STUDY OF THE CORRECTIVE ABILITY OF SYNC CODES
FOR THE MATCHED PROCESSING DECODER

Increase of the operation veliability of the frame synchronization schemes of communication systems affected
by interferences might be achieved by using sync sequences optimal according to the minimax criterion and
having the best ratio of the maximum side-lobe level to the main peak of the non-periodic autocorrelation
function. Obviously, the longer the minimax sequence, the higher its correction ability. However, with the
increase in the length of the sync code, a conflict arises between the corrective ability and the speed of data
transfer. This is caused by the decrease in the duration of the information section of the frame. At the same
time, as the length of the code increases, the complexity of the technical implementation of the decoder
synchronization scheme increases as well.
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This means that when developing an information transmission system, it is necessary to find a compromise
between the complexity of the technical implementation of the decoder and the required noise immunity. To
solve this problem, it is necessary to study the correcting ability of binary sync codes.

The purpose of this work was to study the correcting ability of binary sequences with good non-periodic auto-
correlation properties using a reception scheme with matched processing.

This article discusses the possibility of using Barker sequences of lengths 7, 11, and 13 and M-sequences as
corrective sync codes.

The authors carry out an analysis of the correcting ability of the decoder model with matched processing for
Barker codes of different lengths under the conditions of a one, two, and threefold error. Analytical expressions
have been obtained to determine the decoding error probability of a binary minimax code depending on the
length of the sync code.

The dependence of the corrective ability of the code and the maximum level of the side lobe on the length
of the sync code in the range from 4 to 128 with the best nonperiodic autocorrelation functions (NPAF) is
obtained.

It has been established that there are length ranges for minimax sequences within which their correction
ability remains constant, that is, a sync code of shorter length has the same correction ability as a longer code.

Thus, the research results allow us to optimize the complexity of the technical implementation of a sync
signal decoder depending on the requirements for general noise immunity and information transfer rate in a
communication system. The proposed approach can be successfully used to modify the existing synchronization

schemes of communication systems with code division of channels.

Keywords: sync code, M-sequence, matched processing, Barker code.
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BIVINB ITAPAMETPIB JETEKTOPA
HA EOEKTUBHICTb ITPUMMAHHA PAJIOCUTHAJIIB
31 CRIAIHOIO ®A30OBOIO MO/AVYJIALICIO

Hasedeno pesyivmamu 0ocaioxenns eniusy napamempis demexmopd, pedaiizoganozo na 0a3i npucmpor
$haz060z0 asmoniocmpoioeanis wacmomu, na tiozo egpexmuenicmo. IIposedeno mamemamuumne mMooe 106aMH-
HSl CUZHANLS 3 K8AOPAMYPHOIO aMNATMYOHo10 Modyasayicto 8-QAM ma docidxeno enaus napamempis npu-
cmpoio haszosozo asmoniocmpoIo8ants Yacmomu Ha SKICMy NPUIMAHH YUX CUZHAAl6 3a ymosu O0ii 3dea-
Oou y xkanani 36'a3xy. Busnaueno naubiivw nputinamui napanempu, wo 3a6e3neuyoms MAKCUMAIbHY 3d-

Hesizn'eMHOIO CKJIQ/IOBOIO CyYacHUX IpUiiMaviB
mnpoOBUX PaioCUTHAJIIB € MPUCTPOi (Ha3oBOTO
asroniacrpooBants yacroru (MAIY). [Tpucrpoi
DAIIY MaoTh JeKijJbKa 3aCTOCYyBaHb, 30KpeMa iX
BUKOPHCTOBYIOTH JJIsT 4acTOTHOI (inbTpariii, yac-
TOTHOI MOAYJIALIl Ta AeMOLYJIALII, MHOXXCHHSA Ta
[IePETBOPEHHSI YAaCTOTH CUTHAJY, BU/IiJICHHS OIIOP-
HOTO KOJIMBAaHHS JIJIS1 KOTePEHTHOI'O JIeTeKTYBAHHSI.
[Mpucrpoi MAIIY 3acTocoBy0TH y HIUPOKiil 006-
JIACTi pajlioeIeKTPOHIKY, MMOYMHAIOYH BijJ MOOiJIb-
HUX TeseOHiB Ta 3aKiHUYIOUN CHCTEMaMi KOCMiy-
HOTO 3B'a3Ky. lle 3yMOBJIEHO TUM, 1110 Li IPUCTPOI
€ IOPiBHSIHO IIPOCTUMU Ta JIEIIEBUMHU Y CXEMOTEX-
HiuHil peaJizarlii.

CyuacHi cucremu paziio3s'si3Ky BUKOPUCTOBYIOTD
CUTHAJIN 31 CKJAJHUMU BUIAMU MOJYJISAILIT 3 METOIO
e(eKTHBHOTO BUKOPHUCTAHHS BHU/1iJIEHOTO YaCTOTHO-
ro Jialasony.

Mertoro 1iei po60oTH € BU3HAYEHHS /iala3oHy
napameTpiB ¢inpbrpa MAIIY, 3a gxkux cucrema
3B's13Ky 3 MoayJssiieio 8-QAM Mae HaiiBumly 3a-
BaJIOCTiIKiCTh.

Onuc npoG.aemu

OjiHi€0 3 OCHOBHUX TPOGJIEM CYyYaCHUX CHC-
TeM CTiJIbHUKOBOTO 3B'S3KYy € OINTUMi3allisl KO-
CTi HaZaHHA IOCJAYT 3a KPUTEPiAMU BiJHOIIEH-
HsI CUTHAJ /IIyM Ta HMOBipHICTb MOSIBU MOMUJIKH.
CriBBiTHOIIIEHHS IIUX [TapaMETPiB € TOJIOBHUM KPH-
TepieM B OIliHIli eDeKTUBHOCTI cucteMu 3B's13Ky [1].
Icnye kisbka crioco6iB fioro onrumizarnii, Hampu-
KJIa/1 32 JIONIOMOTOI0 JI0/IATKOBOTO aHTEHHOTO 06J1a/1-
HEHHS, sKe 6 MiHiMi3yBaJO CKJIQIOBY 6aratorpo-
MEHEBOTO TOUIUPEHHA y CyMillli IIyMiB, 1110 Aif0Tb
y KaHaJii 3B's13Ky [2], un onTuMi3oBaHUX aJarOpUT-
MiB 06pO6KY OTPUMAHOT CyMillli CUTHAJY 3 IIIyMOM.

8A00CMIUKICMb CUCTNEMU 36'A3KY, W0 BUKOPUCMOBYE CKAAOHI 6udU (Pha306801 MOOYIAUIT CUZHANLS.

Kmouosi crosa: 8-QAM, ¢asosuii demexmop, DAIIY, 3asadocmiiikicmo.

Takox HaGyB MOMUPEHHST METOJ] CHHXPOHHOTO Jie-
TEeKTYBaHHS 3 BUKOPUCTaHHAM Ipuctpoio MAIIY,
SKU{ JI03BOJISIE ONTHMi3yBaTH SIKiCTb 3B'SI3KYy 3a
JIOTIOMOTOIO CTEKEHHS 3a 3MiHOI0 )asu OTpUMaHo-
rO CUTHAJY.

[Mpunmun po6otun MAIIY mossirae y Tomy, 1m0
BiH IOpiBHIOE (pa3u BXiJHOIO Ta OIIOPHOIO CUTHA-
JIiB 1 BUJa€ curHaJ MOXWOKM BiJIIOBiZHO 10 Pi3-
HUT MixK numu pazamu. Curaaa NoxXuOKu mpoxo-
JuTh faji yepes diabrp Husbkux yactor (MHY)
Ta BUKOPHUCTOBYETDHCS SIK KEPYIOUMil /17151 TeHepaTo-
pa, KepoBaHOTO Hanpyroio. KepoBauwuii renepatop
y CBOIO Yepry I'eHepye B KOJIi HeraTUBHUII 3BOPOT-
HUM 3B A30K. SIKIMO BUXiJHA YAaCcTOTa BiAXWJIAETH-
Cs1 Biji ONOPHOT, CUTHAJ MOXUOKHU 36iJbIIYETHCS 32
MoJlyJieM, [iI0Yd Ha TeHepaTop y CTOPOHY 3MEH-
MIEHHS TTOXUOKH.

3aBJAKY MPOCTOTI Ta AOCTYIHOCTI (hi3maHOI pe-
aJizarii, Hait6iIbIIOro MONTMPEHHS ¥ CYyYacHiil pa-
nioesiektponili Habyma cxema udposoi MAIIY,
sanpononosana P. Becrom (pue. 1) [3]. IIa cxe-
Ma BiZICTIAKOBY€E HampsM 3MiHU (a3w OTPUMAHOTO
CUTHAJY Ta Koperye ¢$a3oBi cTpuOKH, CIIPUYUHEH]
BILJIMBOM 3aBajl, 3a JOIIOMOTOIO IeTJli 3BOPOTHOIO
3B'SI3KY, a Bi/IKOPErOBaHUI CUTHAJ IIOJAETHCS Al
Ha pemonysstop. IlepesaBanibHa XapakTepuUCTHKA
TAKOI'0 IIPUCTPOIO € HACTYIIHOIO:

K,(z-1)+K,
H(Z) == 2,0 ) (1 )
GE-D"+K,z-D+K;
ze Kp, K, — xoedinientu nponopuiiinocti ta in-

TerpyBaHHS BiANOBiIHO.

Cxema P. Becra € HaliGinbII TOMUpeHoI0, Mpo-
Te He €JMHOI0 icHyIo4Yolo cxeMmolo (i3muHOI pea-
gizamii MAITY. ¥V [4] 3amporoHoBaHo KOHIIEI-
{10 ONTUMAJbHO-Y3TO/KeHOro (DiJbTpa MpuiiMa-
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Bxia Kepyounii
(1)2133 CUrHaJ BI/IX][[Ha
o_p da3oBuil J onu N OHOpHI/Iﬁ (pas'd .
JIETEKTOP ’ "Jresepartop v
N-nozainb- |,
HUK N
Puc. 1 CprKTypHa cXeMa THIIOBOIo IIeTJIbOBOTO

dimprpa OAITY

ya pajgiocurnajis 3 ¢azoBoo Moy siieo. Ha 6asi
MaTeMaTUYHOI MOJieJsii 1bOro (hiJibTpa CHHTE30BAHO
npucrpiii @AY (puc. 2) [5], ocobmusicTio KO-
TO € 3MEHIIIEHHS BeJIMYMHU Bij[XuyieHHs (pa3u curua-
JIy 32 JIOTIOMOTOIO MPOMHOPIIHO-iHTerpyounx iib-
tpiB (ITIM). [TepegaBanibHa XapaKTepUCTHKA TAKO-
ro @AIIY € HACTYyIHOIO:

H(p) = K () (2)
p+QyKy(p)
1+ pmy T,
K =—+r—2
ne K,(p) T,
p=Jjo;

Qy — JeBiallig 4aCTOTU CUTHAJIY;
m, — KoedilieHT NponopuiiHoCTi;

T, — crana yacy ¢inbrpa.

3 Bupasy (2) BuaHo, mo edeKTHBHICTD Po6o-
TH CXEMHU Ha PUC. 2 3aJIeKUTb Bijl MapaMeTpiB BU-
KOpHUCTaHuX y Hilt dinbrpis. IIpaBuabnuit migbip
X MapaMeTPiB € KPUTHYHO BAXKJINBUM I eeK-
TUBHOT po6oTtH Takoro MAIITY, Tomy HEOOXiTHO BH-
3HAYUTH IXHI OITUMaJIbHi 3HA4YeHHs [6].

OrnrtuMasibhi 3HAUEHHS TTapaMeTpiB (GigbTpa mnet-
ai @AIIY HeoOXifHO MAGMPATH 3 ypaXyBaHHSIM
TOTO, IO TIPOIIEC JETeKTYBaHHS Oy/ie TPOXOIUTH
JUL CUTHAJIB 31 CKJIaJHUMU BUJAaMU KBaJApaTypHOL
Moy Jisitii (QAM), TIOMIUPEHNX Y CyYacHUX CUCTe-
Max pamio3B'sa3Ky. OHi€0 3 MOKJINBUX Bapialliid
KBQJIPAaTypPHOI aMILTITY/THOI MOJAYJIAIil € MOIyJIs-
ist 8-QAM, gKa 103BOJISIE TTepeIaBaTH BiciM MOK-

, o | OnopHuit
Cundasunit reHe[I))aTop
KaHaJ
J|
Bxigna v D i
Paza | Pazosmii
“|rerexTop
1 N AV
1D | KBagparypuuit
g?ﬁi}% KaHaJ ,‘\’J
XD
OBY

Puc. 2. CrpykrypHa cxema feTekTopa Ha 6asi TeTJIbo-
Boro Qisprpa OAIIY

0 4
(-0,39; 0,39) (0,39; 0,92)
(0,39; 0,92) (0,39; 0,39)
; >
1
(-0,39; -0,39) (0,39; 0,92)
(0,39; 0,92) (0,39; —0,39)

Puc. 3. Cysip'a curnany 3 moay.anieo 8-QAM

JIMBUX 3Ha4eHb (pa3u CUTHAJY, BUPAKEHUX JBOMA
3HaueHHsMH, ojiHe 3 Akux (I) € 3HAYEeHHAM CHUH-
(asnoi kommnonentu, a inme (Q) — KBaapaTyp-
noi (puc. 3). Ii 3actocoBytoTh y nudposux cxemax
dopmyBanus pagiocurHadiB. [Ipm Bukopucransi
moaynsiii 8-QAM aBa mudpoBuX NOTOKH 6iTiB
IepesaloTbCs 3a JOIOMOIOI0 3MIHU aMILIITY A JBOX
CHUTHAJIiB-HOCIiB 3 3aCTOCYBAaHHAM aMILIiTy/JHOI Ma-
HimyAMii K cxeMn UG POBOI MOy AT .

Y mudpoBoMy BUTALAI 3HaYeHHS CcUH(a3HOT
Ta KBaJApaTypHOI KOMIIOHEHTH CUT'HAJIy MOJKHA iH-
TepIpPeTyBaTH, BUKOPUCTOBYIOUN IOCJiJJOBHOCTI 3
Tppox G6itiB (TpuGiTH), TOMY TPOBEJAEHHS iMiTa-
LiffHOrO MOJIe/IIOBaHHSI TaKOIO CUTHAJy Ppeasiso-
BAHO HaMW 3a JIOTIOMOTOI0 MPOrPaMHOro 3abesre-
yenns. [lig6ip onTuMasbHUX mapamMeTpiB diabTpa
3iificHeHo 3a 00'€/THAHHS MPOrpaMHOi peastizariii
UX CHUTHAJIB 3 iMiTaIiiflHOIO MOIEJIII0 ITETIbOBO-
ro ¢inprpa OAIIY.

IMoGyaoBa imitauiitnoi Moae.ri
8-QAM-curnaiis

s nobynosu 8-QAM-curnany BUKOPHUCTA-
He mporpamue cepegosuiine Matlab [7]. 3nauenns
KyTa, aMIUIiTy/l cuH(a3Hoi Ta KBa/[paTypHOi KOM-
MOHEHT cUTHaAy OyJu OTPUMAaHi 3a JOMOMOTOIO iH-
dopmariiiinoro 1mudpoBOTO CUTHANY, SKHUU TIPe.-
craBJisie co60i0 TMOCHiZ0BHICTD 6iTiB, CTBOpPEHY
MpOrpaMHoO y BUTJAAI MacuBy. 1o mocaigoBHiCTD
6yJsi0 po3jisieHo Ha TpuUbiTH, Ta HA OCHOBI JAHUX
ta6a. 1 Gyso copmoBano (asy i amimiTymy Aiii-
CHOI Ta YABHOI KOMIIOHEHTH MO/YJbOBAHOTO CUI-
Hamy. OTpuMaHi 3HaYeHHSI BHOCUJINCH Y TBOBUMip-
HUI MacuB pa3oM 3i 3HAUEHHSIMU YaCOBUX iHTepBa-
JIiB, AKi 33J]a10Th YaCTOTY AMCKPETU3allil CUrHaIy.
Ha Buxoai 6ys10 OTpUMaHO BOCHBMUIIO3UIIHHUN iH-
dopmaniiiauii curnan (puc. 4, a), ToTOBUI 10 TIe-
pe/laBaHHA y KaHaJ 3B’SI3KY. Voro dazoBuii nop-
Tper, a6o cysip’s, (puc. 4, 6) BianoBizae peab-
HOMY CUTHAJy, IO MiATBEP/KYE aIEKBATHICTD iMi-
TaliiHOI MOeJIi.
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a) 1 l I I T I I I T |
= : o '
o
.

g
70
<
=
=
2
E - [ L
< 1] :

0 0,01 0,02

6) 1
~ 0 ]

Ta6auis 1

Ipasuna modyasuii mpubimie ingopmauiiinozo cuznany

3naveHns (asu Ta CKJIAJOBUX
Tpubir aMILIITYy/IN CUTHAJTY
0] A AQ
1, 1,1 /4 0,39 0,39
1,1,0 on,/12 0,39 0,92
0,1,0 3n/4 -0,39 0,39
0,1, 1 1n,/12 —-0,92 0,39
0,0,1 on/ 4 -0,39 -0,39
1,0,0 17n,/12 —-0,39 —-0,92
0,0,0 n/4 0,39 -0,39
1,0, 1 23m,/12 0,92 —-0,39

CdopmoBanwmii curHaJI 6yJI0 HAJIICTAHO y KaHAT
3B'I3Ky /IS TOJJAJIBIOTO JOCTiPKEHHS MOKJINBO-
CTell Woro IeTeKTYBaHH JleTeKTopoM Ha 6aszi DAITY.

IMoGyaoBa imitauiitnoi Moae.ri
CTBOpEeHHSI Ta IIepeBipKy aleKBaTHOCTI iMiTa-
iitHOT MOJeJsi cucTeMu 3B'SI3KY 3 BUKOPUCTAHHIM
dazoBoro gerekrtopa Ta merai MAIIY 3acobamu
nporpaMHoro 3a6esneuerts Matlab 6ymo nerasns-

Puc. 4. Yacosa giarpama (a) ta dasosuii noprper (6) indopmauiiinoro 8-QAM-curnany

Ho omumcano y [8, 9]. Hamu nns npoBenenust mo-
cJiijpKeHb 6yJsi0 TTOOY/JOBAaHO aHAJIOTIUHY iMiTalliii-
HY MO/IeJTb, TpOoTe 6e3 BUKOPHUCTaHHS MOAM(iKOBa-
Horo gerekropa (pue. 5). Mojesnb CKIagaeTbes 3
HaCTYTTHUX KOMITOHEHTIB:

— JIKEpeJio CUTHATY, SIKe TPAHCJIOE MOJYJIbO-
BaHWii curuaj, copMoBaHUll 3a JJOIMOMOrOI0 iMi-
TaAIifHOTO MOJIEJIIOBAHHS;

— KaHaJ 3B'SI3Ky, B SIKOMy MOKHA 3MiHIOBaTH
3HAYEHHS MOTYXXHOCTI IITyMYy, IO HAKJAJAETHCA HA
CUTHAJ T/l 9aCc MPOXO/KeHHs HOTO dyepe3 KaHaJl;

— JIeTEKTOP, TOOYIOBAaHW HA OCHOBI TTPUCTPOIO
ABTOMATUYHOTO TiJICTPOIOBAHHS YaCTOTH.

Y ¢inprpi nermi MAITY peanizoBaHO MOXKJIH-
BiCTb 3MiHM HOTO TapaMeTpiB, 30KpeMa iHepItiitHo-
cti dinbrpa Ty ra koedillieHTa MPONOPIIHOCTI 7M.
[ocnifsxkeHHd MPOBOAUIOCH 32 YAaCTOTU BXiJIHOTO
curtany f, = 1000 I', a cMyry yTpuMaHHA HeT-
ai MAIIY 6yJsi0 BCTaHOBJIEHO y YOTUPH pa3u 6ijib-
oo, T06T0 Qy = 4000 I'1.

Mory:xHuicTs omHoTo 6iTYy BXiJHOTO CUTHAJIY
BcTanosseno P; = 0,001 Br.

[llym, mo nie B xaHaJi 3B'SI3KYy, € aJUTUBHUM
TayCOBUM IIYMOM 3 MOXKJIUBICTIO 3MiHN 3HAYEHH:A
OTO TIOTY>KHOCTI Ta, BiZIMOBiIHO, BiAHOIIIEHHS CUT-
HaJl/TIyM Y KaHaJi.

26
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MetnboBui DOAIIY
IHTerpaTop dinsTp
1 Q x2=Ax+Bu
s y=Cx+Du
[xepeio
CHTHAJT -c-
y vy
+ — Gamma
Cymartop
1
cos sin
nio
AWGN-kanan = AxeBU
3B’ SI3K L 5 (+ > N BuxiaHuin
y * y=Cx+Du [etekTop PB4 curHan
x2=Ax+Bu
buttor L atan2 |——— y=Cx+Du > (]
b "‘_'” »\ Mo
Gaussian
" -~ x2=Ax+Bu
reff:;Op oOHY + "l y=cx+pu
da3zoBwii 1eTEKTOP
leHepaTOp
wymy OHY
butter
M N L,
Gaussian
Puc. 5. Imitamiiina Mojmenb cucteMu 3B’SI3KYy i3 BUKODPH-

craraaM Moy asarii 8-QAM ta daszoBoro AITY-aerexkTopa

0 0,01

Puc. 6. Curnan Ha BUXO/i jeTekTopa 6e3 BBy urymy (@) Ta CUTHAT 3a TOTYKHOCTI IIYMY, KA HPU3BOIUTD

0,02 0,03 0,04

0,05

0,06

1o noporosoro edekry (6)
(Ha 6 paMkaMu BUJIiJIEHi [IiTAHKH, € CMOCTEPIra€ThCs MOPOTOBUiT eeKT)

0,07

0,08

0,09

0,10
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Pesyabrati J0CTiI5KE€Hb Ta iX 0OrOBOPEHHS

Jlocnikernst Gyio TIPOBEIEHO 32 HACTYTTHOIO Me-
TOJIKOIO: 3MiHIOIOUN TIOTY>KHICTb aJUTUBHOTO IIYyMY
B KaHasi 3B'SI3Ky INpPHU 33JaHUX Hapamerpax (ijib-
Tpa netai MAIIY, snaxoauam Take i 3HaUeHHs, 3a
SIKOTO Y KaHaJIi 3B's13Ky CIOCTEPIira€ThCsl HOPOrOBUI
edexr, TO6TO TiA Yac AETEKTYBaHHS BifOyBa€eThCS
3puB cTexkeHHsS 3a (asoio curHaay. llpu oMy y
JIETKUX MiCIIX OyJI0 HEMOXKJIMBO BH3HAYMTHU 3HA-
YyeHHs1 (pas3u yepe3 aHOMAJbHI CTPUOKH, a y IHIHMX
BesimunHa hasu curHasy HaGyBaJia MPOTUJIESKHOTO
3HavyeHHs. [y nmx BUNaAKiB OyJM IIPOBE/EH] 110-
BTOPHI JIOCJTi/IPKEHHS 32 iHIX mapaMeTpiB iabTpa.

Ha puc. 6, a 306paskeno 4acoBy jiarpamy cur-
HaJy Ha BHUXOJi JleTeKTopa 6e3 3aBaju y KaHaJi
3B'I3Ky, a Ha puc. 6, 6 — miarpamy I[bOTrO K CHUT-
HaJIy TiCJIg MPOXO/KEHHS 4Yepe3 KaHasl 3B'SI3KY 3
MOTY>KHOIO 3IMTUBHOIO 3aBaJI0I0, /i€ Y IIEHTPi BIUIHO
3pHUB CTeKeHHS 3a (asoi CUTHAJLY, TOOTO IIOSIBY
IIOPOTOBOTO €(DEKTY.

[MIraxom iteparii mapamerpiB isbTpa metJi, a
came crajioi yacy T, Ta koedilieHTa MponopIiitHo-
cTi m, 6yJI0 BU3HAYEHO TPAHNYHY MOTYKHICTD IIyMy
Py, 3a akoi Hactae oporoBuil eexr.

OckifbKy TIyM y KaHali € aJIuTUBHUM Tayco-
BUM NIyMOM, Ha KOXeH 6iT iHdOpMaIiifHOTO CHT-
Hanay npunajgae noryxuictb N, = 0,00001P,,.
3Bizcu 6yJ0 PO3PaxXOBAaHO BiJIHOIIEHHS CUTHAJ
myM (SNR), 3a gKoro HacraB nmoporopuii eexr y
Kamasi 38's13ky: SNR = 101g(P, /N,). Pesy/brarn
npejicTaBjaeHo y Taba. 2. TyT BU/IHO, 110 HARGLIBIIT
CTifiKOIO /10 3aBajl € KoHiryparlist ¢igbTpa 3 mapame-
tpamit Ty = 0,1 ¢ tam = 0,1.

Ta6auia 2

3Hnauennss nopozoeoi NOMyYKHOCMI wWymy ma 6i0HO-
WeHHA CUZHANL/ WYM, OMPUMAHL 3d PIZHUX 3HAUEHb Na-
pamempis gisvmpy nemii

Py, (Br) ta SNR (1B) 3a Besmunnu T
m
0,1c¢c 0,3 ¢ 0,5¢ 0,7 c
01 13,3 Br; 13,2; 12,5; 12,9;
’ 8,76 nb 8,79 9,03 8,89
0.3 12,3 Br; 12,6; 12,5; 12,6;
’ 9,1 1b 9,0 9,03 9,0
05 12,4 Br; 12,4; 12,4; 12,4;
’ 9,07 nb 9,07 9,07 9,07
0.7 12,5 Br; 12,3; 12,3; 12,3;
’ 9,03 nb 9,1 91 91

BucHoskn

[IpoBeneHi mocJisKeHHsT TIpollecy JeTeKTyBaH-
Hs 8-QAM curnamiB $HazoBUM JAeTEKTOPOM, MOOY-
noBanuM Ha 6a3i MAIIY, 3a ymoBu aii 3aBajiu Be-
JINKOI MOTY>KHOCTi B KaHaJIi 3B'I3Ky ITOKa3aJu, 110
BUKOPHMCTAaHHS PEKOMEH/IOBAHUX [1apaMeTpiB JJ03BO-
JISIOTh JJOCSITHYTH BUTpallla 3aBaJOCTiliKOCTi y 10-
piBusHHI 3 KaacuaauM DAY 6iapir Hixk 1,3 nb.
OTpuMaHi mapaMeTpu MOXKHA 3aCTOCYBATH SIK Opi-
€HTOBHI IIi/1 YaC IPOEKTYBAHHA PEAIbHUX JETEKTO-
piB curHaIB 3i cKIaHOI0 (PA30BOTO TA AMILIITY/IHO-
(a30B0OI0 MOYJIAIE.

Y nopanbmux JOCTiPKEHHSIX IJIaHYEThCS MPO-
aHaJi3yBaTu e(DEeKTUBHICTD 31T POIIOHOBAHOIO METO-
1y MO0 JE€TeKTYBAHHA CUTHAJIB 3 iHIIMMU CKJIA/-
HUMU BUIAMU aMILTiTyAHO-(Pa30BO1 MOy IATIii.
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posanue cuznaios ¢ KeaopamypHol amnaumyonot mooyrayuei 8-QAM u uccaredosano eiusnue napamempos
ycmpoticmea (ha3oeoti asmonooCmpoliKu uacmomyl Ha KAYeCME0 NpuemMa dMux CUZHAI08 6 YCA08UAX O0elcneusl
nomexu 6 Kawaie ces3u. Ycmanosienv. Haubolee npuemiemvle napamempsl, 00ecneuusaowue MaKCuUMAiIbHYIO
NOMEX0YCMOUUUBOCNb CUCNEMDL CBS3U, UCNOLLIYIOUEU CA0XKHbIE 8UObL (PA3060TL MOOYAUUU CUZHATLOB.

Kniouesuvie cnosa: 8-QAM, ¢haszoeuiii demexmop, DALY, nomexoycmoiuugocmn.
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THE INFLUENCE OF DETECTOR'S PARAMETERS ON THE EFFICIENCY
OF RADIO SIGNALS WITH COMPLEX PHASE MODULATION RECEIVING

The paper presents the results of simulation of a detector, implemented on the basis of a phase locked loop
device (PLL), the mathematical modeling of signals with 8-QAM modulation, and investigates the influence
of PLL parameters on the receiving quality of these signals with the interference in the communication chan-
nel. As a result of the study, the optimal parameters were found to provide the maximum noise-immunity for
the communication system, which uses complex types of signals phase modulation.

Two methods of signal detector composition were considered and compared in terms of noise-immunity. The
first one is classic detector based on PLL synchronization and the second one — modified detector with
specific additional filters. Modified detector was chosen for maintaining the further experiments due to its
potential higher noise-immunity.

The second part of the work was dedicated to the research of detection efficiency of modified detector using
complex phase modulated signal 8-QAM. The simulation of this signal and the model adequacy check were
carried out using Matlab software. The next step was the research of influence of filter parameters on the
modified detector's noise-immunity during the 8-QAM signal detection.

The results of simulation show the optimum parameters at which the maximum noise-immunity of phase detec-
tor was achieved. These parameters may be useful for further researches ov for the process of phase detector

design.
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CFD-MO/IEJIMPOBAHUE MMITAKTHO-CTPYMHOTO
PAJINATOPA [1JIA ITPOBEAEHUA
TEPMOTPEHUPOBKMN MUKPOIIPOIIECCOPOB

Memodom CFD-modenruposanus noayuenvl menso-aspoounamuyeckue Xapaxmepucmuxy UMNaxmHo-
Ccmpyinoeo paduamopa ¢ 6030YUWHbIM OXJAKOCHUEeM U MYNUKOGHIMU NOJOCIAMU 6 (POPME PACUUPSAIOUUXCS
U CYKAOUUXCS KOHYCO8, d MAKKE KOMOUHAUUU KOHYCO8 U UUAUHOPOE C OONOJHUMENLHUIM OpedperueMm 6
sude npsimvix pebep. IIposeden cpasnumesvivill anaIu3 IMUX XAPAKMePUCMUK U XAPAKMEPUCTRUK PAOUd-
mopa ¢ mynukosviMU NOJOCMAMU MOALKO 6 popme yurunopa. Jarnvt pexomenoauuu no KOHCMPYupoeanuo
paouamopos npedoKenozo munda 01 nPosedeHUs: MePMOMPEHUPOBKU MUKPONPOUECCOPOS.

Knioueswvie cnosa: mepmompenupoexa, CFD-modenruposanue, paduamop, meniogoe conpomusienue, um-

naxmmule Cmpyu, MUKpOnpoueccop.

B Hacrosinee BpeMst [0CTaTOUHO crieniuuuecKoit
U CJIOXKHO peaJin3yeMoii 3aj1aueil, CBSI3aHHOM ¢ 06e-
CIIEYEHNEM 33/[AHHOTO TEIJIOBOTO PEXKUMa MUKPO-
[IPOIIECCOPOB, SIBJISIETCS TIPOBE/ICHIE UX TEPMOTPE-
HUpOBKU. Ilporeaypa TepMOTPEHUPOBKH SIBJISIET-
Cs1 OJTHUM U3 06SI3aTEIBHBIX BU/IOB UCITBITAHUI TPU
pa3paboTKe 3JIEKTPOHHBIX MPUOOPOB TAHHOTO TUTIA
U 3aKJII0YAETCS B U3YUYEHUU MOBeJeHust PyHKIIMO-
HaJIbHBIX CBOICTB MUKPOIIPOIECCOPA B 3aBUCHMO-
CTH OT UBMEHEHUsI €r0 TeMIIEPATYPbl, B YACTHOCTU
TeMIiepatypbl Kopmyca [1].

TepMoTpeHUPOBKA TPOBOJUTCS HA CHEIUAJD-
HOM CTEHJI€, OCHOBHBIM 3JIEMEHTOM KOTOPOTO SIB-
JISIETCSI MHOTOCJIONHAST KOMMYTAIUOHHAS TIedaTHAs
IJIaTa C YCTAHOBJIEHHBIMU HA HEW COKETaMU C MU-
KporiporieccopamMu, o6ecrieunBaoniast pazHoo6pas-
Hble peXUMbl (PYHKIIMOHUPOBAHUST MUKPOIIPOIIEC-
COPOB TIPH BBITIOJTHEHUN UMU CIIEI[UAJbHBIX TECTO-
BBIX BBIYHCJIEHUN. 3/1eCh JKe Pa3MeIaoTcs MHOTO-
YHCJICHHbIE JATYUKN U3MEPUTETBHBIX TPUOOPOB UK
caMu 3T TPUOOPBI JJIsSI KOHTPOJISI JEKTPUUECKIX
MapaMeTpoB B KOHTPOJBHBIX TOYKAX KOMMYTAI[H-
OHHOWH ILJIAThl B COOTBETCTBUU C METO/IUKON TIPOBeE-
JIleHNs] TepMOTpeHNpoBKH [1, 2].

IMopneps:xanue 3aaHHOI TeMIepaTypbl KOPILY-
ca MHUKpOIIpoIleccopa OCYIIECTBJSETCs, KaK Ipa-
BHJIO, TIPY TIOMOIIU TEPMOAJIEKTPUIECKOTO MOJTY IS
(TOM). Ero noBepxHOCTb C PeryJupyeMoil Tem-
[epaTypoil HAXOAUTCS B MIPSIMOM MEXAHUYECKOM U
TEIJIOBOM KOHTaKTe C IMbeJeCTa oM KOpIyca MH-
KpOITpoIieccopa, MpeaHa3HAY€HHOM [IJII YCTaHOB-
KM IITaTHOTO KyJepa. PaguaTop (Ternnoo6MeHHNK )
TOM oTBOAUT B OKPYKAIOMIYIO CPEAY CyMMapHBIH

TEIJIOBOU MOTOK, BBIIEJISIEMBI KAK MUKPOIIPOIleC-
COpOM, TaK U caMuM MojyJsem [3].

B 3aBucumocTH OT TIPOrpaMMbl TEPMOTPEHU-
POBKH, CJOXXHOCTH TECTOBBIX BBIYMCJIEHUN W THUIIA
MHUKPOTIPOIleCCOPa UCHOJIb3YIOTCST pa3Hble KOH-
CTPYKITMH U CIOCOOBI OXJIKIEHUS PATHATOPOB.
B03MOKHOCTH WX peaju3alui CyNeCTBEHHO 3a-
BUCSIT OT Pa3MepOB CBOGOJHOTO TTPOCTPAHCTBA HA
KOMMYTAI[MOHHOM TLIaTe CTEH/IA B 30HE PA3MEIEHIS
MUKpOIpoIleccopa. Boicokuii koadduruent 3amnoi-
HEHMd T1aThl, obectiedeHne cBOGOIHOTO JIOCTYIIA K
ee KOHTPOJIbHBIM TOYKaM U uHTepdeiicaM orpaHu-
YUBAIOT 9TO MPOCTPAHCTBO TaGAPUTHBIMU pasMepa-
MH COKEeTa C dJIEMEHTAMU KPeIJIeHUsI B TIJIaHe He
60see 50x50 MM U TPeOYIOT IPUMEHEHUST UPE3BbI-
YallHO KOMIIAaKTHOTO pajauaropa [2, 4].

TpeboBaHne KOMITAKTHOCTA CTAHOBUTCST 0COOEH-
HO aKTyaJbHBIM B CJydYae BO3AYITHOTO OXJIAXKJIe-
Hus. V3BectHble 3pdeKTuBHBIE KOHCTPYKTUBHBIE
pellleHust, MCCJae0BaHHble, Hampumep, B [5—8],
COJIEPIKAT PAUATOP € TIPOBOJOYHBIM UJIHU TLITACTHH-
YaThIM OpeOpeHneM M OCEBOIl BEHTUJISTOD, KOTO-
pblii, paGoTast Ha HarHETaHue, HAITPABJISIET BO3/IYIII-
HBII TIOTOK B MeXXpeGepHoe POCTPAHCTBO Pajina-
Topa. [abapuTHbIe pa3Mephl TAKUX W AHAJOTHIHBIX
UM PaJMaTOPOB MCKJIIOYAIOT BO3MOKHOCTb WX HC-
MOJIb30BAHUS B OTPAaHWMYEHHOM MPOCTPAHCTBE, Xa-
PAKTEPHOM JIJIsT TEPMOTPEHUPOBOYHOTO CcTeHaa. B
3TOM cJiyyae HeOOXOIMMbI MHbIE PEIeHMs, OJHUM
U3 KOTOPBIX MOXET ObITb YMeHbIeHue TMJIOMAN
TEIIOOT/IAIONIEN TOBEPXHOCTH PAJUATOPA 34 CUET
pe3KOro yBeamueHus ee KoaduimenTa TemnaooTaa-
yu. Peskuit poct koapdunmenra rermoornaun 6e3
YBEJIMYEHUST PACX0/[a OXJTK/IAIONIETO BO3AyXa 06e-
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OBECIIEYEHUE TEIIJIOBbIX PEXHUMOB

CTIeYMBAET, HAIIPUMeEP, MCIOIb30BAHNE NMIAKTHBIX
(yaapHbIx) cTpyi, HATEKAIOMUX Ha OXJIAXK/AeMYT0
nosepxHoctb [9, 10]. Emte Gombummii addekt 1o-
3BOJISIET TIOJTYYUTh PA3BOPOT UMITAKTHOU CTPYH, BTe-
Kalolleil U3 corJia B TYNUKOBYIO mosioctb [11, 12].

B [13] npoBeneno CFD-monenupoBanme u
MOKa3aHa BO3MOKHOCTb IPUMEHEHUS] MMITAKTHO-
CTPYHHOTO pajuiatopa € IUJINHIPHYECKUMH TYIIH-
KOBBIMHU TOJIOCTSIMU, (hOPMa U TEOMETPUYECKHE TIa-
paMeTpbl KOTOPOTO JIOMYCKAIOT €ro pa3MelleHre B
OTPAHWYEHHOM ITPOCTPAHCTBE KOMMYTAI[MOHHON
IJIATBI CTEH/A It TepMoTpeHupoBku. Ha pue. 1
npe/craByiera 3D-Mo/ie b TAKOTO pajinaTopa, ycra-
HOBJIEHHOTO BMecTe ¢ TOM Ha KopIiyce MUKPOIIPO-

Puc.1. 3D-monens pagnatopa B c6ope ¢ TOM (cummer-
pPHYHAs [OJOBUHA) M MUKPOIPOIECCOPOM:
/ — paamaTop; 2 — NUJIMHAPUYECKAS TYTMKOBAs MOJOCTD;
3 — TIOM (10Kkaszan cxeMaTuuHO); 4 — MHUKPOIPOILECCOP;
5 — meyaTHas TJIaTa MHKPOIIPOIECCOPA

Puc. 2. CxemMaTnvecKkwil yepTexX COIJIOAEP:KATeNs U
paauaropa (cuMMeTpUYHAs MMOJOBUHA):
1 — pagmarop; 2 — coluIoJlep:KaTesb; 3 — cOIio; 4 — Ha-
TpaBJieHre TIOABO/IA BO3/yXa; 5 — HalpaBJieHue TOBOA
TEILJIOBOTO TI0TOKA

1eccopa. Ha puc. 2 nokaszano B3auMHOE pacrioJio-
JKEHUE COTJIOJIEPIKATEeNsT M TYITMKOBBIX ITOJIOCTEH
pajauaTopa, a Tak)Ke NMPUBE/IEHbI OCHOBHBIE TMapa-
METPbl KOHCTPYKITUH.

Bce Bospacratomue ycrnexu 3D-neuatu meran-
JuyecKkux uafenuit [14, 15] mo3BogIOT mepeitu K
U3TOTOBJIEHUIO 60Jiee CIOMKHBIX (DOPM TYIHKOBBIX
MOJIOCTEH pajiuaTopa, HAIPaBJIEHHbIX HA YMEHbIIIe-
HUE €ro TEINJIOBOrO COTPOTUBJIEHUS U 3aTPAT dHEP-
MM HA OXJIAJK/IeHUe, HanpuMep B hopMe pacmmpsi-
IONIMXCS M CYXKAIONIXCS KOHYCOB, a TAKXKe KOMOU-
HaIllUM KOHYCOB ¥ IUJIMH/IPOB C JOMOJHUTEIbHBIM
opebpenneMm. Oxnako B [13] u Apyrux M3BeCTHBIX
paboTax uccjael0BaHue TaKUX PaJuaToOpPOB HE TPO-
BOJIHLJTHCD.

Hacrosimas pa6ora mocBsiiiieHa OIEHKE TEILIo-
A3POJIMHAMUYECKUX XaPAKTEPUCTUK PAJUATOPOB C
TYITMKOBBIMY TIOJIOCTSIMU KOHWYECKON U KOMOWHU-
POBaHHOI (POPMBI.

O6beKThI HCCaEeA0BAHUSA

O6DberTaMu UCCTIeJOBAHUN OBLJIN MOJIEJIN PaJIH-
ATOPOB € TYMMHUKOBBIMU TIOJOCTSIMHU PA3INIHON Pop-
MbI (prc. 3), KOTOpbIE BBIGUPAJIICH C 1IE/IBIO YIy4-
NIEHUST TAKUX XaPAKTEPUCTUK, KaK MOTEPH JaBJie-
HUA BO3yXa 1 MHTEHCUBHOCTD TEIJIOOTAAYU.

Kak mokazano B [13], morepu naBjienus Bo3mayxa
AP B UMIIaKTHO-CTPYHOM paJiuarope ¢ HUJINH/PU-
YeCKUMHU TYTIMKOBBIME TIOJIOCTSIME HA /IBA TOPSIIKA
60JIbIlle, YeM B TPATUITMOHHBIX PEOPUCTBIX Pafli-
aTopaX, B KOTOPbIX /[ABUIKEHNE BO3AYIUIHOTO IIOTO-
Ka MPOUCXOUT BI0Jb pebep. OnnuM u3 GakTopos,
a) 6)

Puc. 3. 3D-mozenn paaraTopoB ¢ TYIMKOBBIMH I10JI0-
CTSIMH Pa3JIMYHON (DOPMBI:
d — PaCHIUPSIONMICA KOHYC; 6 — CYKAIOIUHCS KOHYC;
6 — KOMOWHAIMSI KOHyCa U IMJINHIPA; 2 — KOMOWHAIUS
KOHyCa ¥ I[IJINH/PA ¢ OpeOpeHHeM [IJIMHAPHIECKOIl YacTn
(a, 6, 6 — cuMMerpuYHAs TOJOBUHA; 6 — CUMMETPUY-
Hast YeTBEPTD)
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OBECIIEYEHUE TEIIJIOBBIX PEKMMOB

BJIMSIIOIAX HA BeJUYNHY AP MMITaKTHO-CTPYHHOTO
paauaTopa, sBJsgercs (opMa TYyIUKOBOH MOJOCTH
[1, 12]. Y™Menpmuth AP T0O3BOJISIET, HAIIPUMED,
MCTOJIb30BaHNe TYNIUKOBOH moJocTH B popMe pac-
mpsionerocst konyca (puc. 3, @). Jlaa Konuye-
CTBEHHON OIIEHKH TaKOTO pelleHus HaMH HCCJe/0-
BaJICS PaJUaTOpP, B KOTOPOM JHAMETP OCHOBAHUS
TYTIMKOBOM MOJIOCTH OBbIJT MEHbBIIIE, YEM Y TIPE/ICTaB-
JleHHoro Ha puc. 1 u 2, a quameTp cpesa u ry6u-
Ha — TaKHMU JKe.

B [16] nokaszaHo, YTO B IHUJIWHIPUYECKON TYy-
MMUKOBOH MOJIOCTH TIOCJIE Y/lapa W Pa3BopoTa CTPyH
BO3/IYIIHBIN TOTOK TEPSIET CKOPOCTb, BCJEACTBUE
Yero CHIKAETCS WHTEHCHBHOCTDH TEILIOOTHayd Ha
6OKOBOI TIOBEPXHOCTH IOJIOCTH. KoMmmeHcupoBathb
YMEHbIIIEHNE CKOPOCTH TI03BOJISIET UCIIOTb30BAHUE,
HarpuMmep, TYMUKOBOH TOJIOCTH B hOopMe Cy:Karo-
merocst konyca (puc. 3, 6). Hamu GbL1 uccnesno-
BaH paauaTop, B KOTOPOM JHMaMeTp cpe3a TYIHKO-
BOI1 T0JIOCTH OBLJ MEHbIE, YeM Y IPe/ICTABJICHHO-
ro Ha puc. 1 u 2, a AMaMeTp OCHOBAaHWS U TJy6uU-
Ha — TaKHMH JKe.

[TockombKy B pajmaTope ¢ MoJocTsiMu B (popme
CY>KaloIerocss KOHyca TIOTEPH JIaBJIEHUS BO3/yXa
MOTYT GBITH BBIIIE, YEM TIPU ITUJIMHAPUYECKO (op-
Me, Oblla TaKKe HCCJefoBaHa KOMOMHUPOBaHHAS
KOHCTPYKIIUS, TYITUKOBAs MOJOCTb KOTOPOI WMeeT
KOHMYECKYIO CysKalonryiocs opMy B 30HE Pa3BoO-
poTa TOTOKA U IUJAUHAPUIECKYIO hopMy Ha GOKO-
Boii moepxnoctu (puc. 3, ¢). Boicora Konnueckoii
U MUJINHAPUYECKON YacTell BIOUpAIach B COOTBET-
ctBum ¢ [16], rae mokazaHo, 4YTO B TYNUKOBON TIO-
JIOCTH OCHOBHOE T13/[eHI€ CKOPOCTH BO3YIIHOTO TO-
TOKA TI0CJIe Pa3BOPOTA IMPOUCXOANT HA PACCTOTHUN
OT JiHa, paBHOM Npubm3uTesbo 0,3 ero riayOUHBI.

Kpowme atoro, 6611 nccyieJoBal pajgnaTop, B KO-
TOPOM JIJIs1 KOMITEHCAIIUY YMEHBIIEHUS TEeTI00T/[a-
YU IUJIMHIPUYECKOH TOBEPXHOCTH TYMUKOBOH TIO-
JIOCTH ee TIIOIA (b ObliIa YBEJNYeHa 3a CUET pa3Me-
meHus Ha Heil npambix pebep (puc. 3, 2).

WccrenoBanmbie BApUAHTBI KOHCTPYKITUU PaIv-
aTopa MMeJIN CJIeYIONIe OCHOBHBIE XapaKTEePUCTH-
ku (cM. puc. 2):

* pa3Mepbl CUMMETPUYHON TIOJIOBUHBI PAJMATOPA

AxXBxC = 40x15%20 MM;

* ray6uHa TynukoBoll nojoctu H = 14 mwM;
* pa3Mepbl TYNMHUKOBBIX MTOJIOCTEI:
— paciupsAIONUicsS KOHYC: JMaMeTp cpe3a
D =12 MM, nuamMeTp OCHOBAaHUS 8 MM;

— CyJKaoIuiics KOHYC: JAMaMETP OCHOBAHUS
D =12 MM, nuaMeTp cpesa 8 MM;

— KOMOWHUDOBAHHAs: [MaMETP OCHOBAHUSI KO-
HU4ecKon vactu D =12 MM, BbICOTa KOHHUYE-
CKOif vactu 3,5 MM, JUaMeTp MUJINHIpUYe-
CKOH YacTu 8 MM, BbICOTA IUJIUHAPUYECKON
yactu 10,5 MM;

— KOMOWHUPOBaHHasi ¢ OpeOpeHneM: 8 IPSIMbIX
pebep pasmepamu 1,0x1,8x10,5 Mm;

* 3a30p MEXK/y COILIOJIEPKATEJIEM U PAAUATOPOM

hl =4 mm;

* TOJIIMHA OCHOBAHUS COILIOJAEPIKATES h2 = 2 MM;
* BHYTpeHHWIT JuaMeTp comna d = 3 MM;

* TOJIUHA CTeHKU comua 0,5 MM;

* Tyry6UHA MOTPY’KEHUs CPe3a COTIa B TYMUKOBYIO

MoJIoCTh /1 = 12 MM;

* MaTepHaJ pajuaropa — Me/b;
* MaTepHaJ COILTOAEep KaTesass — IJIACTHUK.

Buyrpennuit tuamerp coria d u riayGuHa orpy-
JKEHUST Cpe3a COILIa B TYMUKOBYIO MOJIOCTb A GbLIN
BBIOPAHbI B COOTBETCTBUU C PEKOMEHIAIUSIMHE, I10-
JgyuyeHHbIMU B [13].

Jluisg paccMOTpPEeHHBIX BAPUAHTOB KOHCTPYKIIUU
paauaropa 6bLIN OIpe/eeHbl 3aBUCUMOCTH UX Te-
MJIOBOTO COTIPOTHUBJICHUSI OT CKOPOCTH BO3/yXa Ha
BXO/Ie B COILJIA U HMX a3POJUHAMHYECKUE XapaKTe-
puctuku (3aBUCHMOCTD MOTEPH JABJIEHUS BO3/yXa
AP 0T €ro CKOpPOCTH Ha BXOJIE B COILIA), a TaKxKe
MPOBeJIEH WX CPABHUTEIbHBIN aHAIN3 C XapaKTe-
PUCTHKAMU PaJniaTopa C MUJUHAPUYECKUMU TYIIU-
KOBBIMU TIOJIOCTSIMU.

MaremaTuyeckas MoJeJb

Wccaenosanne npopoauaoch B CAD /CAE-
cucTeMe TPOEKTUPOBaHUs Ha 1aardopme ole-
pammonnoir cuctemMbl CAELinux meromom CFD-
MOJIETMPOBAHUSI.

[Ipu npoBeeHny MoIeIMPOBAHKS ObLIN ITPUHSI-
TbI CJIEIYIOIIE JIOMYIIEHUS:

— B TYNHUKOBBIX TIOJIOCTSIX UMEET MECTO TYypOy-
JICHTHBIH DEXUM TeueHus ¢ k—e-Mozespio TypOy-
JICHTHOCTH,

— BSI3KOCTb, TEILIONPOBOMIHOCTb M ILJIOTHOCTb
BO3/lyXa He 3aBUCAT OT TEMIIEPATYPbI;

— PEXUM TeuyeHUs BO3/IYIIHOTO ITOTOKA CTAI[N0-
HapHBIN;

— I'PaBUTAIMOHHbIE CUJIbI TIPEHEOPEIKUMO MAJIBI.

C yJeToM c/leJIaHHBIX JOMYIIEHUN MaTeMaTuye-
CKasi MOJIEJIb TEUEHUSI U COTPSIKEHHOTO TeII0006-
MeHa B OOBEKTaX WCCJEOBAHUS ITIPECTABJISIACH
ypaBHEHUSIMU HEPa3pPbIBHOCTHU, sHepruu u Hasbe
— CTOKCa B IPOEKIMAX HA KOOpUHATHBIE ocu X,
Y u Z npu ycioBuM, 4TO HAIIpaBJIeHUEe OCU Z COB-
majlaeT ¢ HAIpaBJeHNEeM OCel cOoTes, a HalpaJe-
Hue ocu X TMEePHEeHAUKYISAPHO IMJIOCKOCTH CUMMe-
tpuu (cM. puc. 2):

— ypaBHEHUEe HEePa3pPLIBHOCTHU
ov, + Vy 4 ov, _
oX oY oz

— ypaBHeHWE 3HEPTUU

Vra_T-f-Vla_T-}-‘ca_T:
*oX Yoy ‘oz
2 2 2
__k or o1 o1, 2)
c \ax? ay? oz

p

0; (1)
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— mpoekius ypaBHeauss Hasbe — Crokca Ha
ocu X, Y u Z COOTBETCTBEHHO:

Vx an +Vy 8‘/): +‘/Z avx =
o0X oY oz
2 2 2
SE TN A RS
poX ploX oYy oz
ov ov ov
Vﬂc Y +V Y +Vz Yy —
tox Yoy oz
o'V, o*'v, oV
__1op  p v Z vy 2|, (4)
poY ploX oY oz
y Ve iy Ve V.
oX v oY oz
2 2 2
:—l@+£a‘/§+a‘/§+a‘/22 , (5)
poZ ploX oY oz
rie V., Vy, V, — mpoexnmum CKOpPOCTH BO3QyXa Ha
KOOp/IMHATHBIE OCH;
T — remmeparypa BO3/yXa, pajuaropa
WM COIIOJIEpIKaTe s
k, p, Cp — COOTBETCTBEHHO, TETIONPOBOJHOCTD,
IJIOTHOCTDb M TEIJIOEMKOCTH OODBEK-
ta (BO3ayxa, pajaumaropa WJid CO-
ILIOIEPIKATENs) ;
L — BSI3KOCTb BO3/yXa;
P — pnaBsieHue BO3/JYIIHOTO ITOTOKA.

g ypasaenuit (1) — (5) npuHuMamuch caery-
IOLINE TPAHUYHBIE YCIOBHS:

— Ha BCeX IOBEPXHOCTSIX PaJHaTopa U COILIO-
JleprKaTesIs, KpoMe JIeKAIUX B ILIOCKOCTH CHMMe-
Ttpun, V, = Vy =V,=0;

— B IJIockocTu cuMMerpun V. = 0;

— Ha TIOBEPXHOCTSX MPOTOYHOTO 06beMa, KOH-
TaKTUPYIOUIMX C OKpYysKatoueil cpenoit, P = 0;

— CKOPOCTb BO3/lyXa Ha BXO/ie B cOILIO V) COB-
najaeT co CKOpoCThio V', B 9TOM CEYeHUH;

— Ha MMOBEPXHOCTSAX PauaTopa M COTIOEPKA-
TEJIsl, He KOHTAKTUPYIOIIUX C IPOTOYHBIM 0OHEMOM,
UMEIT MeCTO aiuabaTHbIE YCJIOBUS;

— TeMIepaTypa BO3/yXa Ha BXOJE B COTLIO PaB-
Ha TeMmIlepaType OKpyskatomleii cpeabt T'j, mpuHu-
maemoii paBuoit 20°C;

— K OCHOBAaHMIO PaJHaTopa IOABOLNUTCS TEILIO-
Boii motok Q = 75 Br;

Kaxk u B [13], npu BbI6OpE Auana3oHa 3HAUEHUI
CKOPOCTU HCTEYeHUs BO3/[yXa M3 COIEJ YYUThIBA-
JIOCh OTpaHWYeHUEe HA YPOBEHb aKyCTUYECKHUX IIIY-
MOB JIJIs1 JTaGOPATOPHBIX TOMEIIeHn — He 6oJiee
60 nb. Vcxoas us atoro, MakCUMaJIbHAsi CKOPOCTb
Bosayxa V He npesbimana 100 m/c.

HpI/I HCIIOJIb30BaHUMN HpellCTaBJIeHHOfI MaTeMaTu-
YecKou MO/I€J/in, B 06beKTax HCCJIE/I0BaHUA OIpeae-
JIAJINCDH 1I0JIA TEMIIEPATYP, a TaKiKe€ CKOPOCTU BU-
JKEHHUA, JaBJEHUA 1 JIMHUM TOKa BO3AyXa.

ITo pe3yJbTaTaM MOAEJNPOBaHUA OLI€EHUBAJIOCH
TEIIJIOBOE COIIPOTUBJIEHUE pa/iMaTOpa:

R=%, (6)

rae T'p — MakcuMaJbHas TeMIIEpaTypa pajuarTopa.

PeSyJIbTaTI)I MOJA€/JHUPOBaHUS U UX aHAJIU3

Pesynbrartel MomenpoBaHus XapaKTEPUCTUK
MCCJIelyeMbIX KOHCTPYKIIMH PaJaTOPOB, a TaKiKe
paauaTtopa ¢ IMUJIMHAPUYECKUMHU TYITMKOBBIMU TI0-
JIOCTSIMH, MccJenoBaHHoTO B [13], mpencraBieHbr
B TabaMue. AHA/IN3 JaHHBIX, IPUBEJEHHBIX B Ta-
6J1111e, TIOKA3bIBAET CJELYIOIIEE.

IIpu cxopoctu Bo3jayxa Ha BXOJ/le B COILJIA
50—100 M /¢ TeII0BOE COMPOTUBJIEHNE HMITAKTHO-
CTPYWHOTO pasiatopa BCeX PACCMOTPEHHBIX KOH-
CTPpYKIMI m3MeHsiercss B auamnaszone ot 0,5 10
2,2 °C /Brt. 9TOro BIOJIHE JOCTATOYHO JJIS IIPOBE-
JIeHUs] TEPMOTPEHNPOBKY HEKOTOPBIX TUIIOB MUK PO-
MIPOIIECCOPOB C 33/IaHNEM Ps/Ia PEKUMOB UX (PyHK-
IIMOHUPOBAHUS M BBINIOJHEHNS HEKOTOPBIX BHJIOB
TECTOBBIX BbIUMCIeHUI [2].

ITo cpaBHeHMIO ¢ paguaTopaMu C IUJNHIpUYE-
CKUMH TYTTMKOBBIMH MOJOCTSIMU:

— B paJuaropax ¢ KOHUYECKHMH PaCIIMPSIIO-
IIUMUCS TYITUKOBBIMU MTOJIOCTSIMU HE3HAYUTEJBHO,
He 6oJiee yeM Ha 3%, YMEHbBIIAOTCS TIOTEPH JlaBJie-
HUST BO3/IyXa, OJIHAKO MPHU 3TOM Ha 35% BO3pacTa-

3asucumocmv xapaxmepucmux paoudamopos ¢ mynu-
KOBLIMU NOLOCMAMU PA3IUUHOU (POPMBL OM CKOPOCTU
6030yxa na 6xode  conia

v XapaxkTepuCTUKK paguaropa
dopma nosocTeit M/O,C T oc AP, R,
R ITa °C/Br
Munnnapuue- |50 | 144,8 | 3466,0 | 1,66
ckasa (puc. 1, 2) 75 107,8 | 7847,0 1,17
[13] 100 | 88,3 | 14007,0 | 0,91
Komuieckas 50 | 186,3 | 3357 | 2,22
paciupsomasics 75 138,2 7602 1,58
(puc. 3, @) 100 | 112,3 | 13573 | 1,23
Kommueckas 50 | 1358 | 3438 | 1,54
Cy>KaroIascs 75 100,9 7776 1,08
(puc. 3, 6) 100 | 82,6 | 13867 | 0,83
50 120,4 3266 1,34
KomGummuposatt- 775719 ) [ 7376 | 0,92
uas (puc. 3, 6)
100 73,0 13144 0,70
KoMGumuposar- 50 91,1 4271 0,95
Has ¢ ope6peHu- 75 69,5 9465 0,66
em (puc. 3, 2) 100 58,2 16677 0,51
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eT TEeIJIOBOE CONPOTHBJICHHUE PA/NaTopa, T. €. JaH-
Hast KOHCTPYKITUST IMeeT XYAIIYIO TeTIonepeaayy;

— B pajinaTopax ¢ KOHNYECKUMHU CY>KAIOTIMICS
TYHMKOBBIME TOJIOCTSIME TIpuMepHo Ha 10% ymeHb-
NIAETCS TETJIOBOE COMPOTUBJIEHUE, TIPU HTOM H3Me-
HEHVe BeJIMYMHDBI TI0TePb /IaBJIEHIs BO3/IyXa He Ipe-
Boimaer 1%, T. e. aHHast KOHCTPYKIUS [TO3BOJISIET
MHTEHCU(UIINPOBATDH TeIlJIoNepe/iady B PaJnaTope;

— B pajinatopax ¢ KOMGMHUPOBAHHBIMU TYTTUKO-
BBIMH TIOJIOCTSIMU TETIIIOBOE COTIPOTUBJIEHIE YMEHD-
IAeTCsI, HECMOTPSI HA TO, YTO IJIOIIA/Ib TEIJI00T/1a-
IOTI[ell TTOBEPXHOCTHU B 3TOM cJiy4dae Ha 20% MeHbIe.
YMeHbIlleHNE TEMJIOBOTO COMPOTUBJIEHUS JOCTHUTA-
er 20%, npu atoM He GoJiee yeM Ha 6% yMeHbIla-
I0TCS TIOTEPH JIABJIEHUS BO3/IYXa;

— B paauaropax ¢ KOMOMHUPOBAHHBIMU TYIHKO-
BBIMH TOJIOCTSIMU W OpeOpEHNEM YMEHbBIIAETCS Te-
IJTOBOE CONPOTHUBJIEHHE. JTO YMEHbBIIIEHIE I0OCTUTa-
eT 44%, TPy 3TOM TIOTEPH /IaBJI€HHs BO3/yXa BO3-
pacraior Ha 20%, T. €. JaHHAs KOHCTPYKIMS I10-
3BOJISIET PE3KO MHTEHCH(UITMPOBATD TEIJIoNepe/ia-
4y B pajiuatope, OJIHAKO ¢ mo6ouHbiM 3 HEKTOM B
BHUJIe POCTa MOTEPU JIABJEHUS BO3/lyXa.

Ou4eBU/IHO, YTO MOJIyYe€HHBIE XAPAKTEPUCTUKH
MOTYT OBITH YJIyYIIeHbI TPU ONTUMUIAIINH TeOMe-
TPUM TYHHKOBBIX moJocteil. lesecoo6pasHo 1po-
BECTH WCCJIEJIOBAHUS BJUSHUS Ha TEIJIOBOE CO-
HNPOTUBJIEHNE PAIUATOPA KOHYCHOCTU CY3KaIoIleii-
S TIOJIOCTH, €€ TUaMeTpa U rJIyOUHbI MOTPY>KEHUS
COIJIA; JIMHBI U MaMeTpa IUJIMHAPUYECKON da-
CTH TIOJIOCTH COBMECTHO C JIIMHOW U KOHYCHOCTBIO
ee KOHMYECKOil 4acTh; (OopMbl, pa3MepoB U KOJIH-
yecTBa pebep MUINHAPUIECKON 4aCcTH KOMOUHHUPO-
BAHHOII I10JIOCTH.

3akouenne

B pesyJsbraTe NpoOBeAEHHOTO HCCJEJOBAHUS
YCTAHOBJIEHO, YTO UMIIAKTHO-CTPYUHBIN PaguaTop
C KOHUYECKUMH PACIHIUPSIONUMUCS TYTUKOBBIMU
MOJIOCTSIMU TIPOUTPBIBAET 110 CBOMM XapaKTePHUCTH-
KaM BCEM OCTAJbHBIM PACCMOTPEHHBIM KOHCTPYK-
musM. B To 'ke BpeMsl MCIIOJIb30BaHKE TYIIHMKOBBIX
moJioctelr B (popMe CysKAIONIIXCS KOHYCOB, a TaK-
JKe KOMOMHAIMY KOHYCA W IMJIUHAPA C JOTOJHH-
TeJbHBIM OpeOpEeHNeM MOKET ObITb YCIIENIHBIM pe-
HIEHUeM [Tl OTBOJIA TETIOTBI OT MHKPOIPOIECCO-
POB IIPH [IPOBEJIEHUN TAKOTO BUJIA UCHIBITAHUH, KaK
WX TePMOTPEHUPOBKA. BMmecte ¢ TeM, cienyer yun-
TBIBATh, YTO UMIAKTHO-CTPYHHBIN pajuaTop o6sa-
JIaeT BBICOKUM a3POIMHAMUYECKUM COIIPOTHBJIEHU-
eM u TpebyeT /T cBOell paGoOThl MCTOYHUKA BO3-
JIyXa BBICOKOTO JaBJICHNUS.

B nanpheiimeM mnipejacraBiseTcs 1esaecoobpa-
HBIM IIPOBE/ICHUE WCCJIE/OBaHMIi, HallPaBJIEHHBIX
Ha OINTUMH3AINI0 PACCMOTPEHHBIX KOHCTPYKIUN
paanaTopoB.
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CFD-MOAEMIOBAHHA IMITAKTHO-CTPYMEHEBOT'O PAAIATOPA
JIA TTPOBEJIEHHA TEPMOTPEHYBAHHA MIKPOIIPOIIECOPIB

Odnum 3 3a6epwarvnux emanie po3pobxu mikponpoyecopie € mepmompenysanns. 1ls npouedypa surxonyemocs
HA CNEYLANLHOMY CMEHOT, OCHOBHUM EJEMEHMOM K020 € KOMYHIKAUIUHA OPYKOBAHA NAAMA 13 6CMAHOBICHUMU
COKemamu Mikponpouecopis, uincemamu, inmepgeticamus, nepemMuskam ma tHwUMu KoMnonenmamu, saxi sabes-
neuyoms pi3ni pexumu podomu Mixponpoyecopd.

3mina memnepamypu KoOpnycy MIKpoOnpouecopa 3I0UCHIEMLCS 3Ad36UdAll 3d OONOMOZOI MEPMOeIeKMput-
1020 MOOYAs. X0on00Ha noeepxhs MOOYNsL 3 KOHMPOJLOBAHOI MEMNEPAMYpPoIo 3HAX0OUMbC 6 NPAMOMY Me-
NAOBOMY KOHMAKMI 3 N’ €0ECMAIOM KOPRYCY MIKPONPOUECOpd, NPUHAueHuM 05 6cmanosienus xyaepie. Ha
2apauiil. NosepxHi MOOYAsT BCMAHOBIIVEMC PAJIAMOpP 0151 POICIIOBAHHS 3d2dlbHOZ0 MENL08020 NOMOKY &0
Mixponpouecopa ma Moo0yas.

Bucoxuil koegiuicnm 3anosnenns KoMymayiinoi niamu 08 MepMOMPEeHYSaAnHss, UM02d 6LIbHOZ0 JOCMyny 00
nepemuuox, inmepgheticie ma HAAEHICMb YUCAEHHUX OAMUUKIE 00MeXYIOMb NPOCMIp 018 MOHMAKY KYylepd md
BUMAZAIOMD BUKOPUCTNANHA HAO3BUUAUHO KOMNAKMHOZ0 padiamopd, 0Co0AUE0 6 YMOBAX NOGIMPAHO2ZO 0X000-
xenus. OOHum 3 sapianmie eupiwens yiei 3adaui Moxe OYmu 3MEHUEHHS NAOWT NOBEPXOHL MENL000MIHY
padiamopa uepes piske 3pocmAanus HA HUX Koeghiyicnma mennogiodaui 6e3 30iNbWeHNs GUMPAMU NOGIMPSL.
Piskozo 3pocmanns xoegiyienma menaonepedayi padiamopa MOXKHA 00CAzMU, AKULO SUKOHAMU Y NOBEPXHAX
meniooOMinYy 0eKiivbKd KOHIUHUX AO0 KOMOTHOBAHUX KOHIUHO-UUATHOPUUHUX 2AYXUX NOPOKHUH 3 000AMKOBUM
opebpennsim, 00 SKUX NOMPANAAIOMs YOAPHT CMPYMENT NOSIMPSL.

B po6omi nposedeno CFD-nodentosanns padiamopie maxozo muny. Busnaueno, wo 6 dianasoni sminu weuxocmi
nosimps na 6x00i 6 conna 50— 100 m/c docaidxeni KOHCMPYKYI IMNAKMHO-CMPYMENE6020 padidmopd MAaomo
mennosuil onip ¢ dianasoni 0,5—2,2°C/Bm. 16020 yinxom 0ocmamuvo 015 nposedenns mepmompenysanis oe-
AKUX MUNIE MIKPONPOYECOPis i3 3a60aAHHAM PAOY PEKUMIE iX DYHKYIOHYSAHHS | GUKOHAHHS JeaKux 6udie me-
cmosux obuucaenv. Ilokasano, wo GUKOPUCTANHS KOMOTHOGANUX ZIYXUX NOPOKHUN 3 000AMKOGUM Opebpen-
HAM € HAUKPAWUM 3 POIZASHYMUX PluleHd i 00360SE PI3KO (00 44% ) inmencugixyeamu menionepedauy 6
padiamopi 6 NOPIGHAHHT 3 UYUATHOPUYHUMU 2AYXUMU NOPOKHUHAMU, NPOMe 3 NOGIUHUM ePeKmom — 3POCMAH-
Ham 00 209 empamu mucky nogimps.

B pesyavmami nposedenozo 00Cai0KeHHs: CIMAHOBACHO, WO IMNAKINHO-CMPYMEHesull padiamop 3 eayxumu no-
DOKHUHAMU 6 POPMI KOHYCA, WO 36YKYEMBCS, A MAKOK KOMOTHAUIT KOHYcd § yuaindpa 3 000amxoeum opedpen-
HAM MOXKe OYymu YCniwHuM piuleHHsam 045 610800y Meniomu 6i0 MIKPORPOUecopis npu npogedeHti maxozo 6udy
ix sunpobysans, sk mepmompenysanns. Pasom 3 mum, caio spaxosyeamu, wo padiamop 3d3HA4eHO20 MUnY MAe
BUCOKUT aepodunamiunutl onip 1 eumazac 0as c60€i pobomu dxeped NOSIMpPs 6UCOKOZ0 MUCKY.

Kniouosi crosa: CFD-modenioganus, padiamop, menioguil onip, iMnaxmi cmpymeni, Mikponpouecopu.
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CFD-SIMULATION OF IMPACT JET RADIATOR
FOR THERMAL TESTING OF MICROPROCESSORS

One of the final stages of microprocessor development is thermal testing. This procedure is performed on a
special stand, the main element of which is a switching PCB with mounted microprocessor sockets, chipsets,
interfaces, jumpers and other components which provide various modes of microprocessor operation.

Changing the case temperature of the microprocessor is carried out typically using a thermoelectric module.
The cold surface of the module with controlled temperature is in direct thermal contact with the microprocessor
housing designed for cooler installation. On the hot surface of the module, the radiator is mounted which
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dissipates the total heat flux from the microprocessor and the module.

High density PCB layout, the requirement of free access to the jumpers and interfaces, and the presence
of numerous sensors restrict the space for radiator mounting and require the use of an extremely compact
radiator, especially in air cooling conditions. One of possible solutions for this problem may be to reduce the
area of the heat-transfer surfaces of the radiator due to a sharp growth of the heat transfer coefficient without
increasing the air flow rate. A sharp growth of heat transfer coefficient of the radiator can be achieved by
making several conic or combined conic-cylindrical dead-end cavities with extra finning in the heat-transfer
surface. Such cavities should absorb the impact air jets.

In this study, CFD simulation of such radiators has been conducted. It is determined that when the air
velocity at the nozzle entrances is 50—100 m/s, the investigated designs of impact-jet radiators have a
thermal resistance in the range of 0.5—2.2°C/W. This is quite sufficient for the thermal testing of some
types of microprocessors with setting a number of operational modes and performing of certain types of test
computations. It is shown that the use of combined dead-end cavities with extra finning is the best of the
considered solutions and allows for a sharp (up to 44% ) intensification of heat transfer in the radiator in
comparison with cylindrical dead-end cavities, but at a cost — the loss of air pressure increases up to 20%.

As a result of the study, it was found that the impact-jet radiator with dead-end tapering cone shaped
cavities and combined cone-cylinder shaped cavities with extra finning, can successfully solve the problem
of heat removal from microprocessors during thermal testing. However, it should be noted, that such
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NCCJIEAOBAHNE KPUCTAJIJIOB Cu,ZnSnSe,
N TETEPOIIEPEXO/0OB HA MX OCHOBE

IIpedcmasnensvt pesyrvmamot ucciedosanuil Kunemuueckux ceoticme kpucmannos Cu,ZnSnSe,. Tax:xe uc-
cAe0068anvL dAEKMpuULecKue c80lCMEd U YCmManos1eHvl OOMUHUPYIOUUE MEXAHUIMbL MOKONEPEHOCA NPU NP -
MbIX U 0OPAMHBIX CMEWCHUAX AHU30OMUnubLx zemeponepexodos n-TiO,,/p-Cu,ZnSnSe, uszomosnennvlx
Memodom maznemponnozo ocaxdenus monxux nienox TiO, na nodroxxku us xpucmannios Cu,ZnSnSe,.

Kmouesvie crosa: xpucmarnv Cu,ZnSnSe, xunemuuecxue ceoticmea, TiO.,, zemeponepexod, MonKas

njlenKd, djlexmpuuecKue ceoﬁcmea, MexaHu3mMvl moxkonepenocd.

HawuGosiee nepcrieKTUBHBIME MaTepHaaMu J1Jist
co3anus mpeoGpa3oBaTesieil COMHEYHOTO U3JIyde-
HUST cymTaloTcs Takue coeauienns, kak CdTe u
tBepabie pactopsl Cu(In, Ga)Se,, Culn(S, Se),,
CuGa(S, Se),. KII[I doronpeobpasosareneii mpu
ucrosb3osannu Cu(In, Ga)Se, pasen mpumep-
Ho 21,7% [1] B maGoparopubix ycaoBusx u 15,7%
JUIST TOTOBBIX MOJIYJIEHl COJTHEYHBIX 3JJIEMEHTOB B
npoMmblitieHHoM Macintabe. OHAKO HEIKOJOTHY-
Hocth Cd, Te 1 OTpaHMYEHHOCTh 36MHBIX 3aTTaCOB
In, Ga, a TakKe UX BBICOKAs CTOMMOCTb 3aCTaBJIs-
10T uccsenoBaresieil 3amensitb In u Ga Ha 6oJiee pac-
npoctpaHeHHble ajeMenTbl II u IV rpymn, a umen-
HO Zn u Sn. Kpome 3T0Or0, IIpOBOSATCST UCCIEI0BA-
HUSI HOBBIX TIOJTyTIPOBOJIHUKOBBIX COEMHEHWI, Ta-
knx kak Cu,ZnSnS;, Cu,ZnSnSe,, a Takxke TBep-
JIBIX PAcTBOPOB Ha WX OCHOBe [2—7]. It coenu-
HeHMsT 00J1a/1a10T OJIM3KON K OITUMAJIBHON J1JIs TIpe-
06pa3oBaHuUs COJHEYHON SHEPTUH IUPUHON 3arpe-
wennoii sout (E; = 1,5 9B), sbicokum koadduru-
ertoM tiorsomenus ceta (= 10° ecMm 1), Gonpmum
BpeMeHEM JKM3HU HOCUTEJEH 3apsijia, a TakxKe J0-
CTATOYHO BBICOKOU UX MOJABUKHOCTDIO.

B pasimvHbIX TOHKOILIEHOYHBIX (hOTOITEKTPU-
YeCKUX YCTPOICTBAX MIMPOKO UCIIOJB3YIOTCS TOH-
kue menku TiO, 6naronaps BbicokoMy Koadu-
IUEHTY MPOIYCKAHWS CBeTa B BHUMOM JIMAIa30-
He, GOJIbIIOMY 3HAYEHWIO MOKA3aTeJisT TPeoMJIe-
HUSI, TMUPOKOMY [MANA30Hy 3HAYEHUU Y]IeJTbHO-
ro 3JEKTPUYECKOTO COMPOTUBJIEHUS, CTaOUJIbHO-
cTu napamMeTpoB Bo Bpemenu [8]. Jlmokcua Tutana
IIMPOKO ITPUMEHSIETCS] B COJIHEYHBIX 3JIEMEHTAX B
KayvecTBe TPOCBETJISTIONIETO TIOKPLITHS, (DPOHTAD-
HOTO TIPOBOJSIIIETO KOHTAKTA, AU3JEKTPUYECKOTO
cJI0sT, MaTepuaJia /st (POPMUPOBAHUS TETEPOIIEPE-
xoz0B [5, 9—10].

Takske B HacTosilllee BpeMsi HEYKJIOHHO pacTer
MHTEPEC K TIOJIYITPOBOIHUKOBBIM IeTePOTIEPEX0/IaM,
00J12TAI0NIMM PSIOM TIPEUMYIIECTB 110 CPABHEHUIO
€ TOMOMEPEX0/IaMH, OHU aKTUBHO UCIOJIb3YIOTCS B
3JIEKTPOHUKe, Jazepax, (oroBosabranke [8, 9]. Ito
MPUBEJIO K MyGJUKAIIMYA HECKOJIbKUX PAGOT M0 U3-
FOTOBJIEHUIO U MCCJIEOBAHIIO CBOICTB reTeporepe-
xozn08 TiO, /Cu,ZnSnS, [11—13]. /lanubie uccie-
JIOBAHUS HAMIPABJIEHDbI HA yJIydlieHe (hoToJIEKTPH-
YeCKUX CBOWCTB 9TUX CTPYKTYpP, HO B HHUX OYeHb
MaJio BHUMAHUS Y/IeJIEHO H3YYEHUTO JIEKTPIUECKIX
CBOWCTB ¥ IOMUHHUPYTONIX MEXaHU3MOB TOKOTIEPE-
HOCA, KOTOPbBIE MO3BOJISIOT JIy4Ille TMOHITH TTPOUC-
XO/ISAIIEe HA MeTAJJIyPrUYecKOi TPaHUIle pasJiesia
(pusnueckme mporeccel, a B OyAylieM yJIydIInTb
napamMeTpbl TAKUX CTPYKTYP.

Ilesbto HacTosiiieil paGoOThI SIBJSIETCST HCCJIe-
JIOBaHNE KHUHETUYECKUX CBOUCTB KPHUCTAJJIOB
Cu,ZnSnSe,, a Takke cO37aHNe AaHU3O0THITHBIX T'e-
teponepexoznos n-TiO, /p-Cu,ZnSnSe, u onpese-
JIEHUE WX 3JIEKTPUUYECKUX ITapaMeTPOB.

3KcnepnMeHTaJ1be1e 061)33]11)1 U METOAHUKa
MIpOBE€A€HUSA I/ICCJIC,ZIOBaHI/Iﬁ

Kpucramier Cu,ZnSnSe, (CZTSe) 6buiu mooty-
ueHbl MeTo/IoM BpukMena. B kauecTBe HCXOMHBIX
BEIIECTB [IJisi CHHTE3a ¥ BBIPALIUBAHUS KPUCTAJI-
JIOB MCIIOJIb30BAJIU BAKYyMILIABIECHHYIO Me/[b, BbI-
cokounctoe 071080 (OBY-000), MMHK BBICOKOH YH-
crorer (7N), cenen snementapubii (OCY 22-4).
Temneparypy cuHTe3a U BbIPAIMBAHUS KPUCTAJI-
JIOB TI0/I0MPAJIH 9KCIIEPUMEHTAJIBHO, MOJIb3YSICh [[H-
arpaMMaM# COCTOSIHUSI KOMIIOHEHTOB, BXO/ISIIIUX B
COCTaB COE/[MHEHUSI.

AMITyJIBl MMEJIU BBITSHYTBII KOHYycoo6pas-
HbIIl KOHEIl U M3rOTABJIUBAJINCH M3 TOJCTOCTEHHO-
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ro kBapma. /{7 Toro 4ToObI MPeoTBPATHTD B3au-
MOJIEUICTBYE 3aTPy’KaeMOro MaTepuaJsa ¢ KBapIieM,
aMITyJIbl TPAUTU3NPOBAIN W TTOBTOPHO CYTITUJIH B
BaKyyMHOM IKady, OCTaBJsisl UX TaM JI0 3arpys3-
KW TIUXTHI.

CrpyKTypHbIe CBOHCTBA KPUCTAJLIOB UCC/ICI0BAIN
METO/I0M MUKPOPaMaHOBCKOI criekTpockoruu (T64000
Horiba Jobin Yvon). [lnsg Bo3GysKaeHusi CleKTpoOB
KOMOWHATIMOHHOTO PACCESTHHST CTIOTb30BAJIOCH M3JTy4e-
Hue Ar'-yiasepa ¢ JUIHO# BoJHBI A = 514,5 HM. UTOObI
u36eKaTh BJIUSHUS Ha CTPYKTYPY KPHUCTAJJIOB BO
BpeMs M3MepEeHWil, MOIHOCTD JIA3ePHOTO M3Jyde-
Hust Obljia BbIOpaHA MUHUMAJIbHO BO3MOXKHON (ero
IJI0OTHOCTH coctausiia 0,1 MBT /MKM2).

[l U3TOTOBJIEHUST TETEPOIIEPEXO/IOB UCTIOb-
soBau Kpucraansl Cu,ZnSnSe, p-tuma nmposo-
JIUMOCTH, TIOJ[BEPTHYTbIE MPEABAPUTENBHONU Me-
xaHnueckoit o6pa6orke (mmdoska, MOIUPOB-
Ka). YCTaHOBJIEHO, YTO KOHIEHTPALUS HOCHUTE-
Jeit 3apsja npu temreparype 295 K cocrapisiia
p=4,7-10" cm73,

leteporiepexo/ibl M3TOTABJAMBAJIN MyTeM HaHe-
cenns meHok TiO, Ha MOBEPXHOCTb KPHUCTAJLIOB
Cu,ZnSnSe, (tumopasmep 7x7x1 MM) B yHHBep-
casphoil Bakyymuoii ycramnoBke Leybold Heraeus
L560, xoTopag mpeaBapuTebHO OTKAYNBAIACH 10
ocratouynoro aasnenns 5-1073 ITa. Hanecenue mpo-
BOJIMJIOCH PEAKTHBHBIM MATHETPOHHBIM pacITblie-
HUEeM MUIIEHW YUCTOTO THTaHa B aTMocdepe cMecH
aproHa W KUCJOPOJa MPHU TOCTOSTHHOM HaIpsiKe-
Hun. [lo/oXKy pasMenaninch HaJl MarHETPOHOM
Ha BPAIAIoOIEMCS CTOJUKE, TPeTHA3HAYCHHOM JIJIsT
obecrieueHnsT OJJHOPOJHOCTU TIJIEHOK TI0 TOJIIIHHE.

lasoBast cMech B Heo6x01uMol Tiporopiiuu hop-
MHUPOBAJACH W3 JBYX HE3aBUCUMBIX UCTOYHUKOB B
TeueHue Tporiecca HanblieHus. [lus ynanenus He-
KOHTDOJMPOBAHHOTO 3arps3HeHUs] TOBEPXHOCTU
MUIIEHN W TOJJIOJKEK HCTIOJb30BATH KPAaTKOBPe-
MeHHOe TIPOTpaBJMBanue 60MOAPAUPYIONUMHU HO-
HAMH apToHA.

B rTeuenwe nporiiecca HaNbIIEHUST TTAPIUAIBLHOE
JlaBJIeHNEe B BaKyyMHOIT KaMepe coctaiisiio 0,7 Tla
g aprona u 0,02 Ila aasg xucgopoa, MOITHOCTD
maraerpora 300 B, mpomgo/nKuTeIbHOCTD TTpoTiecca
HanbteHns 20 MuH, TemriepaTypa noanoxkek 300 K.

@DpOHTAJIbHDBINA 3JIEKTPUUYECKUNT KOHTAKT C TOH-
koii maenkoit TiO, ¢popMupoBaIn METOLOM TepMHU-
YeCKOTO OCAK/IEHWS WH/MS TIPU TeMITepaType Mo/l-
goxkku 150°C. B kavectBe Martepuasa AJsi CO3/a-
HUsI OMHYECKOT0 KOHTakKTa OblI BbIOpaH MOJHG-
JleH, TIOCKOJIbKY OH 06€eCIeYrBaeT OCTATOYHYIO
CTa0UJIBHOCTD CBOWCTB TPU BBICOKOI TeMIIEpaType
U 4allle BCero MpUMeHseTcsT KaK ThIJIOBOM KOHTAKT
B KOHCTPYKIIMSX COJTHEYHBIX 3JIEMEHTOB HA OCHOBE
Cu,ZnSnS, [14], ero nanocu/am ¢ MOMOIIBIO PeakK-
TUBHOTO MarHETPOHHOTO PACIbLIEHUSI.

Pa3Mepbl aKcIiepUMEHTATbHBIX 06PA3IOB CO-
crapasaau npumepro 8,0x2,0x1,5 mm. Hccie-
JIOBaHUS KUHETUYIECKUX K03 UIINEHTOB MPOBO-
JINJIN TIPU PA3JTMYHBIX 3HAUYEHUSX TEMIIEPATypPh
(T = 290 —340 K) v HalpssKEHHOCTH MarHUTHO-
ro noass (H = 40—400 kA /m). CymmapHas 1o-
T'PENTHOCTD TIPU OTPeJ/IeJIEHIH 3JIEKTPOIPOBOTHO-
CTH COCTaBJIsIJIa OKOJIO 2%, KoaddunnenTta Xosma
6%, ipn u3MepeHnn KoaUIMeHTa TEPMO-3/IC OHa
He Tpesbimana 6%.

N3mepenne BOJIbT-aMIIEPHBIX XaPaKTEPUCTUK
(BAX) rerepoCTpyKTyp IPOBOAUIOCH 1O CTaH-
JIAPTHOU MeTO/IMKe C MCIOJb30BAHUEM MCTOYHUKA
nocrossaHoro toka BVP Electronics, B kauecTtse
amIiepMeTpa MCIOJb30BAJICS TOYHBINH MYJIbTUMETD
Fluke 5545A, a B kauecTBe BosibT™MeTpa — Picotest
M3500A.

KuneTtnyeckue cBoiicTBa KPHUCTAJLIOB
Cu,ZnSnSe,

Ha puc. 1 npezcraBiensl pe3yabTaThl UCCIE0-
BaHUS CIIEKTPOB KOMOMHAIIMOHHOTO PACCESTHUS KPU-
crajnos Cu,ZnSnSe,, noy4eHHbIe IPH KOMHATHOI
temrieparype. CHeKTpbl PeruCTPUPOBAJIUCH B pas-
HBIX 4acTsX 06pasiia, KOTOpbIE 3aTeM YCPEIHSIICH
JUIS TIOJTyYeHUs CPEe/IHUX [apaMeTpoB MaTepuasa,
a TakKe IS OTIPeJIeJICHIST XapaKTepa COCTABJISIO-
X €ro KPUCTaJIndeckux ¢as.

Ycranosseno, yro o6pasipl Cu,ZnSnSe, — 110-
JuKkpucTtamindeckue. Ha paMaHOBCKUX CIIEKTpax
(cMm. BcraBky Ha puc. 1) TPHCYTCTBYIOT XapaKTep-
Hble 1715 ¢asbl kecteputa Ky mpu 173 m 192 em™!,
a TaKsKe /IS TpUMecH BTOPUYHBIX pa3 — mpu 180 u
236 cM !, uto cooTBercTByeT coeuHennio Cu,SnSes;,
u pu 253 cM ™!, uTo cootBercTByer ZnSe [15, 16].

XapakTep TOJYYEHHBIX TEeMIEpPaTyPHBIX 3a-
BUCHMOCTEH 3JIEKTPOIIPOBOJHOCTH G KPUCTAJJIOB
Cu,ZnSnSe, (puc. 2) — merammdecknii (6 yMeHb-
maercst ¢ poctoM 1), 4To 06yCJIOBJIEHO YMeHbIIe-

180

180

urencuBHOCTD, OTH. €/1.

100 150 200 250 300 350 400 450 500

Bosmosoe umcio k, ey !

Puc. 1. Pamanosckue criekTpol kpucraaios Cu,ZnSnSe,
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Puc. 2. TemneparypHble 3aBUCUMOCTHU Y/I€JIbHOH 3J7IEKTPO-
nposogHocti U Koabduuuenta Xosna (na ecmasxe)
kpucranios Cu,ZnSnSe,

HUEM TIOJ[BUKHOCTH HOCUTEJIEN 3apsijia IPU POCTe

TeMIepaTyphl.

Koadpdunnment Xosna R, ucciaemyeMbIx Kpu-
CTAJLIOB HE 3aBUCUT OT TeMreparypbl (cM. BCTaB-
Ky Ha pHC. 2), 4TO yKa3bIBaeT Ha BbIPOKAEH-
HOCTb Ta3a HOCUTEJIel 3apsjia B IMOJIYIIPOBOJIHUKE.
Koaddunment tepmo-3/c 751 Bcex 06pasiioB 1o-
JIOKUTEJIbHBIN, YTO TaK)Ke YKa3bIBaeT Ha rnpeoJia-
JlaHue p-TUIa IPOBOAUMOCTH.

JJekTpUYEeCcKUe CBOIICTBA U MEXaHU3MBI
TOKOIIEPEHOCA B TETEPOCTPYKTYpPax
n-TiO,/p-Cu,ZnSnSe,

DHepreTuvecKas [uarpaMma UccielyeMbIX aHu-
3oTunHbIX rerepoctpykryp n-TiO, /p-Cu,ZnSnSe,
B COOTBETCTBHH C MoOeablo Aumepcona [17], 6e3
y4eTa MOBEPXHOCTHBIX 3JEKTPUYECKUX COCTOSTHUN 1
JIN3JIEKTPUYECKOTO CJI0sT, ObLIa MOCTPOEHA Ha OCHO-
B€ HEPTETHYECKUX MapaMeTPOB MOJIYTIPOBOHITKOB,
B3ATBIX W3 JUTEPATyPHBIX UCTOYHUKOB [18—20]
(puc. 3). 3uauenust sueprun yposust Pepmu Ep
OTHOCHUTEJIbHO 30HbI poBoauMocTu B n-TiO, u or-
HOCHUTEJIbHO BaJIeHTHOH 30HbI B p-Cu,ZnSnSe, Oblin
OTIpeJIeJIEHBI C YYE€TOM 3KCIIEPUMEHTATHHO IOy YeH-
HBIX 3HAYEHWI KOHIICHTPAIIMK HOCUTEJIEH 3apsi/ia B
TiO, u Cu,ZnSnSe, COOTBETCTBEHHO.

g pacdera TommuHbl 06eHEHHBIX 06JacTel
B TiO, (d,) n Cu,ZnSnSe, (dp) MOKHO HCIIOJIb-
30BaTh CJeAyole Boipaxkenus [9]:

q - 2g)N 4€,€,0, ‘
" NN, (e.Np +5,N,)
J - 2e)Npe,e,0, ,

g qNA(anD+8pNA)

rjie ¢ — 3apsjl 51eKTPOHA;
€y — 9JIeKTpruecKas nocrostauast (8,85-10712 M /m);

Puc. 3. Ouepretnyeckas amarpaMMa TeTepOCTPYKTYPBI
n-TiO, /p-Cu,ZnSnSe,:
Ey — yposenp Depmir; E, — MUpHHA 3aMPEIEHHON 30HbI;
E, — yposenb Bakyyma; E, — Kpall 30HBI IIPOBOAUMO-
cru; E, — Kpaii Banentnoil 3ombr; A — pabota BbIXO/A;
@, — BbICOTa NOTEHI[HAILHOTO 6apbepa; d — 06J1acThb Ipo-
CTPAHCTBEHHOT'O 3apsi/ia
E, Ti0y =315 5B; Ap, = 0,103 aB; ATiO%2= 4,4 5B;
E CZTSe = 1 aB ACTISe = 561 oB; AE, = 0,3 5B;
= 1,84 3B; 9, = 1,21 9B

€ ND — OTHOCHUTEJIbHAA [JUIJIEKTPUYIECKaA IPOHUIA-

n’
€MOCTb M KOHHEHTpalusa JOHOPOB B TIO2;

€

»» N4 — OTHOCHTE/IbHASL  [MAJICKTPUYECKAS  [IPOHI-

I[aeMOCTb U KOHI[EHTPAIlus aKIEeNTOPOB B
Cu,ZnSnSe,.

[TosnyueHHble 3HAUEHUS COCTABJISIOT:
d,= 08411077 u, d =0,858-10" m

Ilockombky d, >> d MOJKHO CYHTATh, 4TO OG-
JIACTh npOCTpaHCTBeHHoro 3apsijia TeTePOCTPYKTY-
pot n-TiO,/p-Cu,ZnSnSe, dopmupyerca B TiO,
(d=d,).

Ha puc. 4 mpuBeaeHbl BOJbT-aMIIEPHbIE Xa-
paxrepucruku (BAX) rereponepexoga n-TiO, /
p-Cu,ZnSnSe,, n3mepennble IpU pas3JTMIHON TeMIIe-

I, MA
A.
T7 K: V'AQ..
12 o ™ 294Y : A‘.
¢y, 9B  302; a0t
0,4] gL 313 V. *a
A 331; Ve g
) Ae
0,3 6l v 351 v E.. -
[ ]
300 340 T, K e

-0,4

—-0,2 0

0,2 04 V,B
Puc. 4. BonbT-amnepuble XapaKTepUCTUKHU, TTOJTyYEH-
Hble IIPU PA3JIMYHOI TeMIlepaTrype, W TeMIlepaTypHas
3aBUCHMOCTD BBICOTBI MOTEHIMAIbHOTO Gapbepa (na

ecmasxe) rereponepexonos n-TiO,/p-Cu,ZnSnSe,
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parype. IlyteM axcTpamoJsiuy JUHEHHBIX ydacT-
koB BAX 10 mepeceueHusi ¢ OCbIO HAIPSKEHUS OIpe-
JleJIeHbl 3HAYEHHS BBICOTHI TIOTEHITMAIBHOTO Gapbe-
pa rereponepexoza (¢, = qV,,, tae V,. — KOHTaKT-
Has PA3HOCTH TTOTEHIINAIOB) IPU PA3JUYHBIX TEM-
nepatypax (cM. BcTaBky Ha puc. 4). Pacxosxkaenne
MEXIy 3HAUYE€HUSMU BBICOTBHI MMOTEHIIMAJIBHOTO Oa-
pbepa, MOJTyYEeHHBIMU 3KCIEPUMEHTAJIBHO U TTyTEM
pacyeta Ha OCHOBe Mojiesm AHJZEpCcOHa, 00yCJIOB-
JIEHO GOJTBIION KOHIIEHTPAIIUEN TOBEPXHOCTHBIX CO-
CTOSHWI — 3TO IPUBOJUT K (DOPMUPOBAHUIO HJIEK-
TPUYECKOTO JUTIOJIS HA TPAHNIIE Pa3jiesia, KOTOPBIil
YMEHbBIIAeT ¢, UCCICOBAHHOIO TeTeporepexo/ia.

YcranoBsieHo, 4yTO TEMIIEpaTypHas 3aBUCUMOCTD
BBICOTBI TIOTEHIINAJIBHOTO Gapbepa reTepoCTPyKTY-
pot n-TiO, /p-Cu,ZnSnSe,; XOpouo onuchIBaeTCsA
ypaBHEHUEM

0o(T) = 9,(0) = B,T, (1)

rie B, — TeMmieparypHbrii KoadbuiHenT,
By = 1,71-1073 5B /K;

9,(0) — sHaveHue @, HCCIELYEMOil TeTePOCTPYKTYPBI
TIpHM a6COTIOTHOM HyJIe TeMIIepaTyphl,

9p(0) = 0,91 5B.

Besmumny mocse1oBaTeTbHOTO COMPOTHBJICHUS
reTepoCTPYKTYPbl R MOKHO OIIPE/E/TUTh U3 HAKJIO-
Ha npsmoii BetBu BAX. U3 puc. 4 BuaHO, 94TO KOT-
Jla HATPSKEHWe CTAaHOBUTCST GOJIbINE BBICOTBI TI0-
TeHMaIbHOTO 6apbepa, BAX mepexoadar u3 akcmo-
HEHITNAJbHOH 3aBUCHMOCTH B JUHEHHYI0. JTO CBU-
JIETEJILCTBYET O TOM, YTO HANpsiKeHWe B Gapbep-
HOU 06JIaCTH reTeporiepexo/ia MepecTaeT N3MeHITh-
csl, T. e. 6apbep TPAKTHYECKU OTKPBIT, a TOK Ue-
pe3 TeTepornepexo OTPaHNYNBAETCS €TO TOCJIe0-
BaTe/IbHBIM COIIPOTHBJICHUEM R

Ha puc. 5 mpe/craBiena 3aBucuMoctb audde-
PEHIMABHOTO COMPOTHBIICHUS R ;; reTeporniepexo/ia
OT HAIPSKEHUS, OTKYZa MOSKHO OIpe/IeJIUTh 3HAUe-
Hust nocstetoBatesaboro (R, = 8 OM) u myHTHpY-
fomtero (R, = 5,8 kOM) CONPOTHBIIEHNI TPH KOM-
HATHOW TeMIlepaType.

Ha puc. 6 npexacrassienn! npsmble BeTB BAX
rereporepexofa (B mosyaorapuMuuecKux Koop-
JUHATAX 758 yA0OCTBa aHAJMW3a AOMUHUPYIONINX
MEXaHNU3MOB TOKOTIEpeHOCa TIpU TPSIMOM CMeTle-
HUU), U3MEPEHHbIE TP Pa3JIMYHOl TemIieparype.
OmpeiesieHABIE IO HAYAJIBHBIM JIMHEHHBIM y4acT-
kam BAX (3kT /e < V < 0,3 B) 3HaueHus moka-
3aTeJIst HeMIeaIbHOCTH 7 TPAKTHYECKH HEe MEHSIOT-
st ¢ pocToM Temmnepatypbl (7 = 5), uTO CBUETEIb-
CTBYET O TYHHEJHbHO-PEKOMOMHAIIMOHHOM MeXaHU3-
Me Tokorepenoca [21].

[Ipn Besmumne mpsimoro cmetmenus V > 0,3 B
K03 DUIMEHT HeHIeaTbHOCTU GJIU30K K eJIUHUIIE,
YTO YKa3bIBaeT Ha TO, YTO MPSIMOIi TOK B 3TOI 00.1a-
ctu 3HaueHuit V gopmupyercst Hai6apbepHOIl aMuUC-

FR, = 5,8 kKOM
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Puc. 5. 3aBucumoctsd g depeHImaIbHOTO COMTPOTHBIIE-
nua rereponepexosa n-TiO,/p-Cu,ZnSnSe, or nanps-
skenus npu T = 294 K
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Puc. 6. I[IpsaMble BeTBU BOJBT-aMIIEPHON XapaKTEePUCTHU-

KU, TIOJIyYeHHbIE TP PA3JIMYHOI TeMIiepaType, i 06pat-

naa setsb npu T = 294 K (na ecmaexe) rereponepexo-
na n-TiO, /p-Cu,ZnSnSe,

cueii. YBenwuenne V NMpUBOAUT K YMEHBIIEHUIO TIO-
TEHITNAJbHOTO 6apbepa, B PE3yJbTaTe Yero MOKET
MOSIBUTBHCSI HagmbapbepHbIil TOK. B o6iactu Hanps-
skeruit 0,30 < V < 0,45 B 3aBucumoctu (V) xo-
POIIIO OMUCHIBAIOTCS BBIPAXKEHNEM, TIOJYYEHHBIM CO-
rJIaCHO MoJiesM AH/IepCOHA /IJIsl SMUCCHUOHHOTO Me-
xXaHu3aMa Tokomepenoca [17]. OTanume mokasaTe-
JIsl HEUJIEATTHbHOCTH OT €/IMHUIbI 06YCJIOBJIEHO BJIU-
sSIHUEM TIOBEPXHOCTHBIX cOCTOsHuUii. Takum ob6pa-
30M, JIOMUHUPYIONIMM MEXAHU3MOM TOKOIIEPEHOCA
npu npssMom cmetiennu V > 0,3 B aBisiercsa Hajl-
6apbepHast SMHUCCHSI.

OG6paTHbIil TOK Yepe3 UCCJIe/lyeMblil reTeporiepe-
xo/ B oOstactu cMmemniernit V > 3kT /e omnucbiBaer-
cs1 coorHomernem I, ~ exp[(g, — qV)™1/2] (cm.
BCTaBKy Ha puc. 6), 4TO CBUAETEIbCTBYET O JJOMU-
HUPOBAHUM TYHHEJLHOTO MEXaHU3Ma TOKOIEPEHO-
ca TIpH MPUJIOKEHNH BHEINHEro HaIlpsKeHHs B 00-
paTHOM HaIlpaBJIEHUN.
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BsiBoaBI

[IpoBenennble ncceIOBaHUS TOKA3aaud, YTO
kpucranabl Cu,ZnSnSe, 06/a1al0T pP-TUIOM TIPO-
BOAMMOCTH, UX Koadduiment XoJsna He 3aBUCUT
OT TEMIIEPATYPBI, a 3JEKTPOIPOBOTHOCTH YMEHbIIIA-
€TCs C POCTOM TeMIlepaTypbl. Takike yCTaHOBJIEHO,
yTOo npu HanpspkeHuu o0 0,3 B goMuHUpyOmmuMu
MeXaHM3MaMU TOKOIIEpEeHOCA B TeTepollepexoiax
n-TiO, /p-Cu,ZnSnSe,, N3roTOBJEHHBIX METO/IOM
MarHeTpoOHHOro ocak/enus Tonkux mienok TiO,
Ha NO/M0KKK 13 KpucTawios Cu,ZnSnSe,, aBjger-
CSI TYHHEJbHO-PEKOMONHAITMOHHBIN MEXaHU3M, TIPH
cmemtennn ot 0,3 10 0,45 B — HagbapbepHast smMuc-
CUSI U TYHHEJUPOBaHUE MPU OOPATHOM CMEIIEHU.
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1omo docaionurie saminiosamu In i Ga na 6irvw nowupeni eremenmu I1 i IV zpyn, a came na Zn i Sn. Kpin
4b020, NPOBOOAMBCSL DOCAIOKEHHS HOBUX Hanienpoeiaﬂuxoeux cnonyx, maxux ax Cu,ZnSnS r Cu,ZnSnSe,,
a MmaxKox meepaux posqume Ha ixnit ocnosi. Ili cnoayxu maromes 6ausvky 00 ONMUMATLHOL 045 nepemeo-
penns COHAUHOL eHepzzz wupuny 3a6op0HeH01 sonu ( E ~ 1,5 eB), sucoxuil Koeqbzuzeﬁm NOZAUHAHHS CEIMIAA
(= 10° cn™!), 6eauxuil wac xumms nociie sapady, a mcmom docums 8UCOKY iX PYXAUBICID.

Taxox 6 danuill uac HeyxuibHO 3pOCMAc inmepec 00 HANIEGNPOGIOHUKOeUX 2emeponepexodie, makux ak Ti0O,/
Cu,ZnSnS ;, wo maomv pad nepecaz 6 NOPIGHAHHI 3 20MONEPEXOOAMIU.

YV Oaniii po6omi npedcmasneno pesyrvmamu 00caidKens Kinemuunux eracmueocmeti xpucmanrie Cu,ZnSnS,
cmeopeno anizomunui zemeponepexodu n-TiO,/p-Cu,ZnSnSe,, susnaueno ix 0CHOSHI eleKMPUUHL NAPAMEMPU
ma no6ydosano enepzemuuny didzpamy.

Bcmanosneno, wo enrexmponposionicme xpucmanie Cu,ZnSnS, mae memanesuil xapaxmep, modomo 60Ha
SMEHWYEMBCSL 3 POCIMOM MEMNEPAMYPU, WO 00YMOBLEHO IMEHWEHHAM pYXausocmi Hociie 3apsdy. Koegiyicum
Xoana He 3anexumov 6i0 meMnepamypu, wWo 6Kd3y€e HA GUPOOKEHHS HOCI8 3apsdy 6 HaANIBNPOSIOHUKY.

Anizomunni zemeponepexoou n-Ti0,/p-Cu,ZnSnSe, 6uzomos.neno memooom maznemponHozo HANUICHH MOHKUX
nuieok TiO, na nioxkradku 3 xkpucmanrie Cu,ZnSnSe, Enepzemuuny diazpamy zemeponepexodie 6y.10 no6yoo-
6ano 6i0noeiono 0o modeni Andepcona, 6e3 ypaxysanns NOGEPIHEGUX eACKMPUUHUX CMANIE 1 dieeKmPUUHO20
wapy, Ha OCHOGI 3HAUEHb eHePZeINUUHUX NAPAMEMPIE HANIENPOGIOHUKIE GUIHAUCHUX eKCNEPUMEHMANLHO, d MA-
KOXK 633mux 3 Aimepamypuux oxepe. [Jocaioxeno eiekmpuuni 61dcmueocmi zemeponepexodis: GUHAUEHO GU-
comy nomeHuia/leozo 6ap pr, 3Hauennss NOcAi008H020 I WYHMYI0U020 0n0pi3 npu KIMHAMHIL memnepamypi
(gidnogiono, R, = 8 Om, R, = 5,8 kOm). Bemanosaeno 0ominyioui mexanizmu cmpymonepenocy: ¢ o0adacmi
Hanpyeu 6i0 0 (30 0,3 B — ue myneavho- peK0M61HaumHuu Mexanizm, npu smiwenusx 6id 0,3 do 0,45 B — ue
Haobap'epna emicist i MyHes08aAHH NPU 360POMHOMY IMIUEHH.

Kmouosi crosa: kpucmaru Cu,ZnSnSe,, xinemuuni eaacmusocmi, TiO,, zemeponepexio, MoHKd NAieKd,
eNeKmMpPUUni 8AACTNUBOCNE, MEXAHISMU CMPYMONEPEHOCY.

DOI: 10.15222 /TKEA2018.5-6.37 T.T. KOVALIUK, E. V. MAISTRUK,M. N. SOLOVAN,
UDC 621.315.592 I. P. KOZIARSKYI, P. D. MARYANCHUK

Ukraine, Yurii Fedkovych Chernivtsi National University
E-mail: t.kovalyuk@chnu.edu.ua

STUDY ON Cu,ZnSnSe, CRYSTALS AND HETEROJUNCTIONS
ON THEIR BASIS

The most promising materials for the solar radiation converters are such compounds as CdTe and Cu(In, Ga)
Se,, Culn(S, Se),, CuGa(S, Se), solid solutions. However, the uneconomic nature of Cd, Te and the limited
supply of In and Ga, as well as their high cost, force researchers to replace In and Ga with the more common
elements of 11 and 1V groups, namely Zn and Sn. Apart from that, researchers are now testing such new
semiconductor compounds as Cu,ZnSnS, Cu,ZnSnSe, and solid solutions on their basis. These compounds
have a band gap width (Eg = 1.5 eV) close to optimal for the conversion of solar energy, a high light
absorption coefficient (= 10°cm™), a long lifetime and a high mobility of charge carriers.

Moreover, the interest in such semiconductor heterojunctions as TiO,/Cu,ZnSnS, which have several
advantages over homo-transitions, is steadily growing at present.

The paper presents results studies of kinetic properties of Cu,ZnSnSe, crystals. We fabricated n-TiO,/
p-Cu,ZnSnSe, anisotype heterojunctions, determined their main electrical parameters and built their energy
diagram. The Cu,ZnSnSe, crystals have p-type conductivity and the Hall coefficient practically independent
of temperature. The temperature dependence of the electrical conductivity for Cu,ZnSnSe, crystalsis metallic
in character, i. e. o decreases with increasing temperature, which is caused by a decrease in the mobility of the
charge carriers with the growth of T. Thermoelectric power for the samples is positive, which also indicates
the prevalence of p-type conductivity.

In this study, the n-TiO,/p-Cu,ZnSnSe, heterojunctions were produced by reactive magnetron sputtering of
a thin TiO, film on the Cu,ZnSnSe, substrate. The energy diagram of the investigated n-TiO,/p-Cu,ZnSnSe,
anisotype heterojunctions was constructed in accordance with the Anderson model, without taking into
account the surface electrical states and the dielectric layer, based on the values of the energy parameters of
semiconductors determined experimentally and taken from literary sources. The authors have also investigated
electrical properties of the heterojunctions: the value of the potential barrier was determined, the value of
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the series resistance and shunt resistance (respectively, R, = 8 Q and R, = 5.8 kQ) at room temperature. The
dominant mechanisms of current transfer were established: tunneling-recombination mechanism in the voltage
range from 0 to 0.3 V, and over-barrier emission and tunneling with inverse displacement in the voltage range

from 0.3 to 0.45 V.

Keywords: Cu,ZnSnSe, crystals, kinetic properties,
current transfer mechanisms.
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VNCCJIEJJOBAHUE IIMPUHDBI 3ATIPEIIEHHON 30HbI
CMEIIAHHBIX KPUCTAJIJIOB ZnS Se, .

Hccnedosanvr cmewanmvle xpucmaiiivl ZnS Se, . pasnozo cocmasa (x=0,07—0,39), 6bIpAWeHHble MeTOo-
dom Bpudxmena — Cmoxbapezepa. IIpospaunocmy obpasuos (morwuna 4 mm) cocmasasnia 61—67% na
Onune eoanvt 1100 um, umo yxasvieaem Ha 6vblCOKOE ONMUYECKOE KAUECMBO KPUCMALI08. YCcmanos.ieno,
YN0 WUPUHA 3ANPEUCHHOT 30HbL UCCACO08AHHBIY KPUCMALI08 NAAEHO 3deucum om cocmasd. Onmuueckads
wupuHa 3anpew,ernol 30uvl cocmaeasiem 2,59 —2,78 aB 0as npsamoix nepexodos u 2,49 —2,70 3B das He-

npAmMoulLY.

npsmMotl nepexoo.

B mocrnegnue roabl MHOTO BHUMaHUS ObLIO
yJIeJIEHO UCCJEeIOBAHUSM PEHTTEHOBCKUX U TaMMa-
JIETEKTOPOB Ha OCHOBE MOJIYITPOBOJHUKOBBIX COE/U-
nenuit A'BY! [1]. Illupuna sanperienHoii 30HbI B
TaKUX TOJYITPOBOIHIKAX SBJSETCS BasKHBIM TIapa-
METPOM, KOTOPbII BJIMSIET HA SHEPTETHYECKOE pas3pe-
IIIeHKe, SHEPTUI0 UOHU3AIMY, TEMHOBOI TOK U JIPY-
rue CIUHTHJLISIMOHHbIE XapakTepuctuku. [lepsbie
PEHTIeHOBCKME U TaMMa-JeTeKTOPhI Ha OCHOBe ZnSe
6bL1H paspaboranbl B 1960-x rogax, a B HacTosIIee
BpeMst 6OJIBbINAS YACTh JIETEKTOPOB BBITIOJHSIETCS HA
ocuose ciuHTHAIATOPoB ZnSe(Te) u ZnSe(Al) [2].

[Io cpaBHeHuio ¢ ZnSe TOAYIPOBOAHUKU
ZnS Se, . uMeror 6oJiee MUPOKYIO 3allpelieHHyio
30HY, YTO MMO3BOJISIET CO3/1aBATh JAETEKTOPBI HA OCHO-
Be ZnS Se,_, € JIydYIIMMU CIMHTUA/LIAIIMOHHBIMA Xa-
pakTepuctukamu. boJbiiioe pazinyre aTOMHBIX HO-
MepoB Zn U S 10 cpaBHEHUIO ¢ Zn U Se paciupsi-
€T CIIEeKTPAJIbHBIN JUATNa30H /IETEKTOPOB HAa OCHO-
Be ZnS _Se,_, B BbICOKOIHEPIeTUYECKYIO 00J1aCTb.

B nacrosiiee BpeMsi Cy1ecTByeT HECKOJIBKO Ty-
6/Kanuil mo mosyyeHuio Matepuasos ZnS Se
[3—8], onnako mosyuenue KpynHOTaGapUTHBIX
KpucrasaoB ZnS Se, . ¢ TpeGyeMbIMU CBOHiCTBaM1
Bce ellle SBJsieTcsl TPo6IeMOoii.

N3amenenune copepskanHusi cepbl B CMEIIAHHBIX
Kpucraanax ZnS Se_ . 3aBUCUT OT YCJIOBUI UX Bbl-
pallMBaHus U MOXKET NMPUBECTU K TIOSBJEHUIO Pa3-
JINYHBIX JIe(DEKTOB WM U3MEHEHWIO TUIA XUMUYe-
CKUX CBsI3€ll, KOTOPbIE, B CBOIO OYEPE/ib, BJAUSIOT HA
IIUPUHY ONTUYECKOU 3arperieHHoit 3oubl [9, 10].
B cBs3u ¢ aTiM Bo MHOruX padoTrax cooOIiaeTcst o
MIUpUHE 3alpelieHHol 30HbI ZnSe B Ipeienax oT
2,25 3B [11] u no 3,23 »B [12]. IIpu atom Tpe-
6yeT MccJe/IOBAHNS 3aBUCUMOCTD ONTUYECKON IIHU-

Karoueswle crosa: wupunda 3anpeugeHH012 30MblL, CMeUdHHble Kpucmdajllobl ZnSxSe,

_» Mpamoll nepexoo, mHe-
PUHBI 3aIPEIIeHHON 30HbI OT COJIEPKAHUS CEPhI B
00beMHbBIX KpHCTaLtax ZnS Se, ., BbIpallleHHbIX
METOJIOM HAIPaBJEHHONU KPHUCTAJJIN3AIUY.

B nacrosimieii cratbe 06CysK/1a€TCSI BO3MOXKHOCTD
W3MEHEHHUSI ONTUYECKOW IMUPHHBI 3alpenieHHOn
30HBI TIyTEM KOHTPOJIA COIEPKaHUsS Cepbl B CMe-
HIaHHBIX KpucTamaax ZnS Se, ..

JKcrnepuMeHTaIbHbIE 00Pa3Ibl U METOAUKA
NMpoBeJieHus1 uccJjel0BaHuil

OG6pasiibl cMelIaHHbIX KpHUCTadnoB ZnS Se, .
MOJTyYaJIl U3 TIPEIBAPUTENBHO CIIEYEHHON MIMXTHI
pasmmunoro cocrasa (or x = 0,05 1o x = 0,3) u
OTOK)KEHHOU B KBApIIEBOM THTJIe TIPH TEMIIEPATYPe
1170 K B Tedenue 5 yacoB B atMocdepe BOJOpoaa
JUIST yIaJIEHHST KUCJOPO/THBIX TIPUMECEN.

Kpucramabl BeipaliuBajm METOI0M Bpuix-
MeHa — Crox6aprepa B TpadUTOBBIX THTJISAX HA-
merpom 25 MM B atMocdepe Ar (P, = 2-10° Tla),
CKOPOCTb KPUCTAJJIN3AIUU COCTABJSIA 7 MM/,
TeMIlepaTypa HarpeBaTeJisi HaXO/UJIach B JMAIa3o-
He or 1870 mo 2000 K B 3aBuCHMMOCTH OT cOcTaBa
UCXO/HON MUXThbI. BoIpaliieHHble KPUCTAJLIbI OTKHU-
raam B mapax muaka (T = 1223 K, PZn=5'1O7 IIa,
t = 48 4), KOTOPBI MCHOIb30BAICSA I OKOHYA-
TEJIBHOrO 06pa30BaHuUsl JTIIOMUHECIIEHTHDBIX [IEHTPOB,
a TaKKe JIJIST MO/IaBJIeHUsT 6e3bI3IyuaTeIbHbIX Ka-
HAJIOB peJlakcanuu, BO30YKIaeMbIX HOCUTEJSIMU
3apsza. [locse aroro npoBoamoch nuindopaHue
U TIoJIUpOBaHue 0OPA3II0B AJMAa3HBIM TOPOLIKOM.

Jlist onpenenieHuss COJlep:KaHUsT KAaTHOHHBIX
npuMeceid, a Takxke (PaKTUYECKOTO COCTaBA BbI-
pallleHHbIX KPUCTAJJIOB HPOBOIUJIN XUMHUYECKUI
aHasu3. B pesysibraTe ObLJIO yCTAHOBJIEHO, YTO
noJiydeHHble 06pa3ilbl UMEIOT CJEAYIONUN Co-
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craB: ZnS; o;Seq 935 Z0S; 55€q g5; ZnS; 5,5€q 7

ZnS »3S€q 795 ZNS; 5,S€ 655 Z0S) 395€ 61-

CIeKTpbl MPOIYCKAHUS KPUCTAJIOB ObLIU U3-
MepeHbl Ha OJHOJIyueBOM CIIeKTpodoToMeTpe
Shimadzu UVmini-1240. Koadduimenr sauneii-
HBIX ONTHYECKWX TOTEePb BBIYUCJIAJCS B COOTBET-
crBum ¢ 3akonom Jlam6epra — Bepa c yuerom or-
paxxenusi DpeHesss Ha TpaHUIle pasjena <«obpa-
3eIl — BO3JIyX»:

2
1, (1-R) (1)
a=—Iln——,
h T
rae a — Koa(UIUEHT MOTJIONIEHNS;
h — TtonmmHa 06pasia;
R — xoadduiinent orpaskeHusi, KOTOPbIA 3aBUCUT
ot aumHbl BoaHel, R =[(n, —n,) / (n, +n)1%
T — ko3> duieHT JIMHEHHOrO CBETONPOIYCKA-
HU;
n,, N, — TOKA3aTeJ! TPEJOMICHUS BXOAHON 1 BBIXO/-

HO¥T cpefbl cooTBeTCTBEHHO [13].

Xumudeckuii anajau3 o6pasiioB Ha COAEpPKAHME
S u Se TPOBOAWIN METOOM AaTOMHO-IMUCCUOHHON
CTIEKTPOCKOIUN C WHAYKTUBHO-CBSI3AHHOW TJIa3-
Moi. /[ onTHYeCcKNX MCCIeOBAHNI NCII0Ib30BATIN
omTIYecKuil aMuccuoHHbIHN criekTpoMerp CAP 6300
Duo (Thermo Scientific, CIIIA). IIpeaen usmepe-
nus cocrasasan 1071 —107 mac. %, TouHOCTH OMpe-
nenennst — 10 0,5% OT U3MepsieMoil BEJTMUNHBI.

IlosyueHHble pe3yIbTAThI H UX 00CYKIAEHHE

3HavyeHUsT ONTUYECKOW MIMPWHbBI 3alpeleHHOM
30HBI 06PA3IIOB ObLIN OIPe/ESIEHbI ITO CIIEKTPAM OITH-
YeCKOr0 MPONYCKaHUs yJIbTPadroIeTOBOTO, BUIM-
Moro m 6mKkHEro MHGPAKPACHOTO W3JIy4YeHus, Mo-
JIyYEHHBIM TIPU KOMHATHOM Temmeparype (puc. 1).
Tommuaa 06pa3ioBs cocTtaBJsiia 4 MM. bbLio ycra-
HOBJIeHO, uTo ipu A = 1100 HM npomyckanue o6pas-

70 -

p——"

60 - e R
A =0,07

4 I
50 -

40 1
30 -

[Iponyckanue, %

I

204 M

I

I

104

0 —d
400

600 800

JlimHa BOJIHBI, HM

1000

Puc. 1. CnexTpbl ONTUYECKOTO MPOIYCKAHUS ABYX HC-
creslyeMbIX 00pasioB ZnS Se, . Pas3JMYHOTO COCTaBa

1IOB JieKaso B auamnasone ot 67% (mas x = 0,39)
1o 61 % (ana x = 0,07), 4TO CBUIETEBCTBYET O
BBICOKOM OIITUYECKOM KauecTBe KPUCTAJLJIOB.

[l151 OTITO2JIEKTPOHHDIX YCTPOMCTB HPeIoYTH-
TeJIbHee MCII0JIb30BaTh MOTYIIPOBOIHUKOBBIE COE/IH-
HEHUS C IPSIMO30HHO SHepreTH4YeCKOi CTPYKTYPOil,
CIIEKTPAJIbHBIH JMaNa3oH KOTOPBIX JIESKUT B 06J1a-
ctu (pyHgaMeHTaabHOro norjomenud. ZnS Se; .
SBJISIETCSI TUMUYHBIMU TIOJYIIPOBOJHUKOM C TIpPS-
MO30HHOH 3HEepreTU4ecKoil CTPYKTYpOI.

Ompe/iesienre MUPUHDBI 3AMPEIEHHOW 30HBI
13 Kpas COGCTBEHHOTO MOTJIONIEHNs CBeTa IMOJIy-
IIPOBO/IHUKOM 1 (POTONIPOBOMMOCTH OCHOBAHO HA
BO30Y>K/IEHIH BAJEHTHOTO 3JIEKTPOHA U €T0 Tepe-
XOJIe B 30HY IIPOBO/JMMOCTH 3a CYET IOTJI0NaeMOil
sHeprun ¢otoHa. [lyng pacyera MUPHHBI 3arpe-
IIEHHOW 30HBI K03((UIMEHT MPOIYCKAHUSA ObLT
nepecuuTad B KO3(P(UINEHT ONTHYECKUX [TOTEPD
B cooTBeTcTBUU ¢ ypaBHeHueM (1) u uCHOJIb30-
BaJICsl JIsL pacdeTa IPSMbIX U HEIPSIMBIX Ilepe-
xom0B [16, 17].

[Ipsimbie Tepexozbl (mpsiMasi MeK30HHAST pe-
KOMOUHAIIISI) COBEPINAIOTCS TIPAKTHYECKN Ge3 13-
MEHEHUS MMILYJIbCa 3JeKTPOHA U MOTLYT COIPOBO-
Jkarbes BoijenenneM dortona. Koadduiment mo-
IJIOIIEHUs TIPSIMOTO Iiepexo/ia onucbiBaercs Gop-
MyJI0H

a=(E,~E)"?, (2)

rae E, — 006JIaCTh M€Ky BAJEHTHON 30HON W 30HOM
MIPOBOJIUMOCTH;

E

¢ — omneprusi porona [16].

HerHMbIe nepexoabl B KpHUCTaJJaX IIPpOHC-
XO[4AT C M3MEHEHUEM HMIIYJbCa 3JIEKTPOHA B pE-
3yJbTaTe BSaHMO}IeﬁCTBHH JJIEKTPOHa C pemeTKoﬁ.
HerHMOﬁ nepexo/ BCerja 3aKaH4YMBa€ETCA BbIJEIE-
HHEM SOHEPTHUU B BU/IE (bOHOHOB 1 OITMCBbIBAETCA TaK:

~ _ 2
a=(E, —E,+E,) (3)

rae E , — suneprusi ¢pononosn [17].

ph

Ha puc. 2 npusesieapl Tpaduky 3aBUCHMOCTH
kBagpara (a?) u xopus ksagparnoro (a'/?) koad-
(purmenTa norsomenus ot suepruu dorona. Ecan
JIMHEWHYIO YaCTh 9TUX 3aBUCUMOCTEN 9KCTPATIOJIH-
pOBaTh Ha JIMHUIO HYJI€BOTO K03 UIHEHTA TTOTJI0-
MIEHUsT, TO 3HAYEHUS SHEPTHH, TTOJTyYeHHbIE U3 Tpa-
duxos pynkunn a> = f(E), 6yyT COOTBETCTBOBATH
psAMOMY Tepexoy kKpucrayia [16], a us rpadu-
koB dpynuun a'/? = f(E) — nenpsamomy.

[IpoBeneHHDII aHAIN3 TIOKA3aJ, YTO IS KpHU-
crannoB ZnS Se, . IpU yBeJUYEHUN COJIePIKaHUs
cepnl x ot 0,07 10 0,39 mmpuHa 3anpereHHon 30HbI
npsivbix nepexonos (E ;) Bospacraer ot 2,59 1o
2,78 5B, a HempsIMbIX (qu) — or 2,49 no 2,70
(cM. Tabauiy). ‘
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2,4 2,5 2,6

E, 5B
Puc. 2. 3aBucumoctb KBajpara (@) ¥ KOPHSI KBaJpaT-
Horo (6) xoadpduuunenra norJoueHus or sHepruu Go-
TOHOB IIECTH HCCIeLyeMbIx o6pasioB ZnS Se, . pas-
JITYHOTO COCTaBa

Hlupuna 3anpew,ennoti 30HbL NPAMBIX U HENPAMBLY
nepexodoe cmewannvlx Kpucmanios ZnS Se, .

Oo6paserlt Eg1, 5B Eg2, 5B
ZnSOymSeQ93 2,59 2,49
ZnS, 155¢€) g5 2,63 2,57
ZnS, »,Se; 73 2,68 2,58
ZnS, »Se 75 2,70 2,60
ZnS,) 3,5¢€) g3 2,73 2,64
ZnS, 345€; ¢4 2,78 2,70

CriexTpbl MPONYCKaHUsS U3MEPSJINCh B PA3HBIX
YacTsIX KayKIOro KpHUCTaja 1o MATh pas, U IOo-
I'PENTHOCTDH PE3YJIbTATOB U3MEPEHUN MPSAMbBIX U He-
NPSIMBIX TIePeX0/10B coctaBua He 6osee 0,01 aB.

I'paduku 3aBUCHMMOCTU NIUPUHBI 3aIPENIEHHON
30HBI B KpucTaaie ZnS Se, . B 3aBUCUMOCTH OT CO-

2,80
2,75
2,70
2,65

> 2,60
2,55

2,50 A § -

2,45 ’l T T T T T T T

Puc. 3. 3aBucumocTb MIMPUHDBI 3alPENeHHON 30HbBI OT
KOHIIEHTpaluy cepbl A1t psAMbIx (1) u Henpsambix (2)
IIepPeXO0/10B CMELIaHHBbIX KPUCTAJIOB ZnS Se,

(mouxu — sKCIepUMEHTAJIbHbIE Pe3yJIbTaThl, MOJyYeHHbIE
JUISL TIECTH MCCJIeLYeMbIX 00paslioB; JuHUY — 3aBHCHMO-
CTH, PacCYUTaHHbIE TO ypaBHeHuio (4))

Jlep’KaHus cepbl IPUBE/IEHbI HA PHC. 3. DT 3aBU-
CHUMOCTU MOTYT OBITb OITMCAHbl YPaBHEHHEM

Eg(x) ~aE, + (1—x)Ey — ba(1—x), (4)

rie b — nepemensbiii mapamerp [18];

E,, Ey — mupuHa 3alpENICHHON 30HBI NPSAMBIX WA
HETPSIMBIX TepexoioB ZnS u ZnSe.

AHanM3 TOKa3bIBaeT, 4TO 3HAYEHUE TTapaMeTpa
b B mannom cayvae cocrapyser 0,1, uro coryacy-
€TCs C IMANa30HOM 3HAYEHWI JaHHOTO ITapaMeTpa,
Berpevatonuxcst B mrepatype (b =0—0,63) [19,
20—23].

C 1oMoIIbIo 3TOr0 ypaBHeHUs1 Oblia pacCcynTa-
Ha [MUPUHA 3aIPEIEeHHONl 30Hbl YUCTHIX COE/IUHE-
HUW ZnS m ZnSe A7 MPSIMBIX U HEMIPSIMBIX Tepe-
XOJIOB: Eg1(ZnS) = 3,22 3B; Eg1(ZnSe) = 2,54 3B;
Eg2(ZnS) = 3,17 3B; Egz(ZnSe) = 2,43 9B.

[Tosryyennble 3HAYEHUST IMUPUHDI ONITUYECKON 3a-
npemennoii 3oubr (3,22 u 2,54 5B) 61m3KHu K Besn-
YMHAM, YKa3aHHbBIM /IS KpUCTALIOB ZnS u ZnSe
B Jurepatype (3,54 u 2,58 5B cOOTBETCTBEHHO)
[22, 23]. 3anmkeHHass BeJIMYMHA HIUPUHBI 3a1pe-
IIEHHOI 30HBI /IJIsI YUCTOTO ZNS BbI3BaHa, BEPOSIT-
HO, TOTPENHOCThIO U3MEPEHUs apamMerpa b, cBsi-
3aHHOI C OTCYTCTBHEM 3KCIIEPUMEHTAJbHBIX JaH-
HBIX TP OOJIBIIIOM COJIEPIKAHUH CEPBI B KPUCTAJLIE.

3akaoueHue

B nopmasbnom nsosanentnom AB C,_ . kpucraJ-
Jie yBeJIMYeHWe X NMPUBOAUT K IJIABHOMY U3MEHe-
HUIO 30HBI IIPOBOIMMOCTU ¥ BAJIEHTHOW 30HBI, TIPH
atoM (popmupoBanus HOBbIX (edeKTHBIX) YPOB-
Hell B 3alIpelieHHON 30He He TPONCXoauT. Boicokoe
OIITUYECKOE KAaUYeCTBO MCCJEOBAHHBIX 06PA3I0B U
MJIABHAST 3aBUCUMOCTD UX ONTUYECKO MUPUHBI 3a-
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MPENeHHO} 30HbI OT COCTaBa YKAa3bIBAIOT HA BO3-
MOKHOCTb BBIPAIUBAHUS CMENIAHHBIX KPUCTAJ-
J0B ZnS Se,_, MeTo/aMil HallpaBJeHHOH Kpucra-
JIN3AIMU JIJIS PEHTTEHOBCKUX U TaMMa-IeTEKTOPOB.

Bonee mupokas 3ampeieHnas 3oHa u 6oJiee
BBICOKOE aTOMHOE COOTHOIIEHUE TIOJYITPOBOIHUKA
ZnS Se,_, 1o cpasienuio ¢ kpucraamu ZnSe(Te,
Al) paciupsior o6aactb ero npumenenns. Kpome
TOTO, MOKET OBbITb TPEJJIOMKEH COBEPIIEHHO WHOU
TUI PEHTTEHOBCKUX M IaMMa-J[ETEKTOPOB HAa OCHO-
Be ZnS Se,_,.
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NOCJIKEHHS IMMPYUHN 3ABOPOHEHOI 30HU1
B 3MIIIAHMX KPUCTAJIAX ZnS Se,_,

Cyunmunamopu na ocnosi ZnS Se,_, € nepcnekmusHuMU Mamepiaiamu 0Jis peHmzeHi6CoKUX i 2aMMa-0emexmopis.
/s onmoenexmponnux npucmpoie Kpaue eUKoOpUcmosyeamu HanisnposioHuKosi cnoiyKu 3 NPAMO30HHOIO eHep-
2EMUYHOIO CIMPYKMYPOIO, CReKMparbHull 0iana3on AKUX Jexumv 6 004dcmi (yHOAMEHMANLHOZ0 NOZIUHAHHSL.
IHTupuna 3a60porenoi 30HU 6 MAKUX HANIENPOGIOHUKAX € BAXIUBUM NAPAMEMPOM, AKUT BNIUBAE HA eHEP2eMUY-
HY PO30inbHY 30AMHICMb, eHepeito 10HI3AULT, MEeMHOBUL CIMPYM T THUL CUUHMUTIYIUHT XAPAKMEPUCTUK .

Y Oaniti po6omi 0ocidKeHno 6naUG 6MICMY CIPKU HA ONMUYRY WUPURY 3A60POHEHOT 30HU 8 3MIUAHUX KPUCTA-
aax ZnS Se,_..

3pasku ons docaidxenv Gyau eupoweni memodom Bpidxmena — Cmoxbapeepa 6 epaghimosux muzasx
diamempom 25 mm 6 ammocepi apzony (P,, = 2-10° Ila) 3a memnepamypu 6io 1870 do 2000 K 3arexno 6id
ckady 6uxionoi wuxmu. Ompumano wicmv 3paskie 3 pisHumM 6MICIOM KOMNOHeHmis, a came: ZnS ,.Se, o5
ZnSy,155€9, 550 ZnSg 5550, 750 ZNS 535€ 75 ZNS 355€) 555 ZNS ), 395€0 61-

IIposopicms 3paskie cmanosuia 6i0 61 0o 67 % na dogxuni xeuni 1100 um (moswuna spasxie 4 mmn), wo exasye
HA GUCOKY ONMUUNY AKICMb KPUCTALE.

Bcmanosaeno, wo 04s 3MIUWAHUX KPUCMATLE ZnS Se,_, 31 3pOCMAHNHAM 6MICMY CIPKU X 6i0 0,07 do 0,39 onmuu-
Ha wupuna 3a6oponenoi 3onu 3pocmac 6id 2,59 do 2,78 eB das npamux nepexodie i 6id 2,49 do 2,70 eB Oas
nenpamux. IIposedeno nopieHsanus Mix meopemuunumMu i eKCnepuMenmairvHo OMPUMAHUMU 3HAYEHHAMU WUPU-
Hu 3a60poHeHoT 30Hu.

Hoxasano, wo wupuna 3a60ponenoi 30nu 00CAI0KYESAHUX 3PA3KI6 NAAGHO 3ANCHKUMDb GI0 CKAADY, NPU UbOMY dop-
myeanns nosux (Odegpexmmuux) pisrie ¢ 3a60poHenitl 30Hi He 8I06YEAEMBCSL, WO BKAZYE HA MOKIUBICMD BUPOUYEAH-
Ha ZnS Se, . 3Miulanux Kpucmanie mMemooamu cnpsamMoeanoi Kpucmarisayii 0 6UKOPUCMAHHA K PeHMZeHIBCOKUX
i eamma-demexmopis. Binvw wupoxa 3a6oponena 30na i Oiivul 6UCOKe AMOMHE CNIGEIOHOWEHHS HANIGNPOGIOHUKA
ZnS Se,_, 6 nopisusnni 3 kpucmaramu ZnSe(Te, Al) poswupioroms ob.aacme 1020 3aCMOCy8ansi.

Kmouosi caoea: wupuna 3aboponenoi sonu, smiwani kpucmanu ZnS Se, ., npsami nepexoou, Henpami nepexoou.
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INVESTIGATION OF BAND GAP WIDTH IN MIXED ZnS Se, . CRYSTALS

Scintillators based on ZnS Se, . are promising materials for X-ray and y-ray detection. For optoelectronic
devices, it is better to use semiconductor compounds with a direct-zone energy structure with its spectral range
lying in the fundamental absorption region. The band gap in such semiconductors is an important parameter
that affects the energy resolution, ionization enerqy, dark current and other scintillation characteristics.

The effect of sulfur content on the optical width of the band gap in mixed crystals ZnS Se, . is investigated
in this paper.

The test samples for this study were grown by Bridgman-Stockbarger in graphite crucibles with the diameter
of 25 mm in the Ar atmosphere (P,, = 2-10° Pa) at a temperature from 1870 to 2000 K, depending on the
composition of the initial raw materials. Six samples with different content of components were obtained:
ZnSg 975€9.93 ZNnS) 55€.55 LSy 255€y 78 ZNSg 2859 70 ZNS) 355€) g5 NSy 395€y 41

The transmittance of the samples in the range from 61 to 67% at 1100 nm (sample thickness 4 mm) indicates
a high optical quality of the crystals.

It was established that the optical width of the band gap for mixed crystals ZnS Se, . increases from 2.59 to 2.78 eV
with increasing sulfur content from 0.07 to 0.39 for direct transitions and from 2.49 to 2.70 eV for indirect
transitions. A comparison was made between theoretical and experimentally obtained values of the band gap width.
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It is shown that no new (defective) levels appear in the band gap. The smooth dependence of the optical band
gap on the composition indicate a possibility of growing ZnS Se, . mixed crystals by directional solidification
techniques for X-ray and y-ray detectors. The wider band gap and higer atomic mass ratio of ZnS Se,_,
crystals, as compared to ZnSe(Te) or/and ZnSe(Al) crystals, extend application areas of such semiconductor

material.

Keywords: band gap width, mixed crystals ZnS Se,_,, direct transitions, indirect transitions.
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BIV/INB TEMIIEPATYPW HA OIITMYHI BJIACTUBOCTI
TOHKHUX IIVIIBOK Cu,ZnSnSe,

Aocnidixeno mouxi naieku Cu,ZnSnSe, ompumani memooom 6UCOKOUACMOMHOZO MAZHEMPOHHO20 HANU-
JeHHST NONEPEeOnbO CUNINE308AH020 MAMEPIaNy HA CKAAHI nidxaadxu. Byno nposedeno eumipiosanus xoe-
Giyienma 6idbusanns 3a KiMHAMHOL MeMnepamypu, Koeqiyicuma nponycKanns 6 iHmepedri memnepad-
mypu 6i0 111 do 290 K y dianaszoni dosxunu xeuri 0,9 —26 mxm. Ompumani onmuuni xoeghiyienmu do-
36ONUNU BUSHAUUMU WUPUHY ONMUUHOT 3A00POHENOT 301U DOCAI0KYSAHUX NAIGOK MA 1T meMnepamypHuil
Koegiyienm.

Kniouosi caosa: monxi naiexu, CZTSe, ommuuni xoegivicnmu, wupuna onmuunoi 3a60ponenoi 3omu,

memnepamypuuil xoegpiuicum.

CydvacHi TeHJeHII1 PO3BUTKY HAyKW i TeXHiKM
MiAMTOBXYIOTh HAYKOBIIB [0 IIOIIYKY aJbTepHa-
TUBHHUX, €KOJIOTiYHO YMCTUX i, II0 MOXKJMBOCTI, Je-
EBUX [PKepeJ eHeprii, J0 AKUX MOXKHa BiJlHECTH
COHSAYHY eHeprilo. EHeprig coHIilsl mepeTBOPIOETHCS
B €JIEKTPUYHY 32 JOIIOMOTOI0 COHAYHUX €JIEMCHTIB.
Ha cworoamimnHiii genb consiuni 6arapei € mocrar-
HbO KOIITOBHUMH, III0 PO6UTH COOIBAPTICTh OTPUMY-
BAHOI eJIEKTPOEeHeprii BUIIOIO0 32 BUPOOJIEHY 3 Tpa-
AUIIAHAX BUAIB [1aJINBa.

BukopucranHgd COHSYHUX €JIEMEHTIB B Pi3HUX
rajay3gax HayKM 1 TeXHIKU CIIpUge PO3BUTKY MaTepi-
JI03HABCTBA Ta HAYKOBOI HiSIbHOCTI y 1iHl cdepi.
Bizomi paninie matepiajau Ta pisHOTO POy CIIOJIYKH,
SIKi BUKOPHUCTOBYIOTBCSI Y BUTOTOBJICHHI COHSYHUX
esieMeHTiB (Ha 3aMiHy HENPSMO30HHOTO KPEMHIIO), €
JMOPOTHMU, PiAKicHUME a60 TEXHOJIOTisS IXHBOTO BU-
TOTOBJIEHHS € JTOCTATHBO CKJIamHOI0. OcTaHHIM Ya-
COM HayKOBIi 3aliMalOTbCS JOCJiKEHHAM OIITUY-
HUX Ta eJeKTPUYHUX BJACTUBOCTEN TaKMWX Mare-
piamis, gk xacreputu [1—10]. Kacrepur e mpu-
POAHUM MiHEpaJIOM, IKUH CKJIAJA€TbCsl B OCHOBHO-
My 3 Mifi, IIMHKY, 0JIOBa, CipKH i cejieHy, TOOTO 3
JIOBOJIi TONIMPEHUX y npupoai enemeHtiB. Tomy i
COHSIYHI ejleMeHTH, po3pobJieHi Ha OCHOBI KacTepu-
Ty, MaTUMyTb, Ha JIYMKY JIOCJIi[THUKiB, HU3bKY Bap-
tictb. KpiMm Toro, xacteputu BifHOCATBCS 10 TPs-
MO30HHHX HAIliBIIPOBIIHUKIB 3 BEJUYMHOIO 3a60pO-
nenoi 3ouu 0,9—1,5 eB i MaloTh BeJuKi 3HAYEHHS
koedimienta ontuunoro norymHanng (= 104 em™1).

Mertoio gaHoi po6OTH € JIOCJHi/I)KEHHS BILJIUBY
TeMIepaTypyu Ha ONTUYHI BJIACTUBOCTI TOHKUX ILJIi-
Bok KacrepuTiB Cu,ZnSnSe,, OTpUMaHUX METO/OM

BY-MarseTpoHHOTO pO3NUJIEHHS CUHTE30BaHUX Pa-
Hillle MaTepiaJis.

OrpumanHsI 3pa3KiB Ta MeTOAHKA IPOBEEHHS
JOCJiKeHb

CuHTe3 MPOBOJAUIN B €JIEKTPUYHiN Tpy6UacTiit
rievi. JlJist MpUCKOPEHHS peakilii Mixk KOMITOHEHTa-
MU, TYCTHUHA SIKUX CUJIBHO PO3Pi3HSETHCS, i 0Jiep-
JKaHHA ofgHopigHux 3/uTKiB Cu,ZnSnSe, B mporie-
ci cMHTE3y TEXHOJIOTiuHA ycTaHoBKa GyJia o6JiaiHa-
Ha TIPUCTPOEM [JIST KOJUBAHHS MiYKN 3 aMITyJIOIO.
AMITyJTy 3 IIUXTOIO TOMIIIAMN y IUJTiHPUYHUAN KOH-
TeliHep, BUTOTOBJIEHNH 13 TOBCTOCTIHHOI >KapOMill-
HOI HepsKaBilowoi crafi, 3ai/s 3a6e3leyeHHs piB-
HOMIpPHOTO HATpiBY MO JOBXXWHi, a TAaKOX 3am06i-

ITix yac cunresy cnnasis Cu,ZnSnSe, Kopucry-
BAJIUCD JiarpaMaMy CTaHy KOMIIOHEHTiB, HIO BXO-
JIITD 10 CKJQAY IIUX CHOJYK Ta TBEPAUX PO3UYUHIB.
Harpis npoBojuu nocTynoBo i3 BUTPUMYBaHHIM
TEeMIIepaTypy TJIaBJAEHHS KOMIIOHEHTIB MPOTATOM
MEeBHOTO Yacy, M0 /I03BOJIAJI0 BUXiTHUM KOMIIOHEH-
TaM Kpallle TpopearyBaTu OJWH 3 OJHUM, BHACJI-
JIOK 4OTO 3MEHNIYETbCS MaplliaJbHUN THUCK iX Ta-
piB (Bokpema Se). Ilicist IOCATHEHHST TEMIIEPaTy-
pU ILJIaBJEHHS JOCJi/P)KYBaHUX KPUCTAJIIB iX IIO-
CTYIIOBO OXOJIOJKYBAJIN.

[luig BuroroBsieHHA MillleHel a5 BY MarneTpon-
HOTO PO3MUJIEHHS BUKOPHUCTOBYBAJU TOTEPEIHDBO
CHUHTe30BaHi craBu. CMHTE30BaHWI MaTepia po3-
tupaau y dapdoposiii crymi g0 apibHOAMCTEpC-
Horo crtaHy. IlonepeaHbo cTymy Ta IecT TOTyBaJu
HaJIe’KHUM YUHOM — TPOMUBAJH y TIJIABUKOBIN Ta
azotHin kucaorax OCYU rta gucTuaboBaHil Boi,

30
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MOTiM BUCYITyBaJu. 3a JOMOMOTOIO TiPaBJIidHOTO
1pecy OTpUMaHuil TOPONIOK BIIPECOBYBAJIN Y aJIIOMi-
Hi€EBUI cTakaH, BHYTPINIHIN [iaMeTp SIKOTO 3HAYHO
HepeBHUIyBaB JiaMeTp 30H1 eposii (30HU po3IuieH-
HSI) MarHeTpoHa, IO 3amo6irajo PO3IMIICHHIO Ma-
TepiaJly CTakaHa.

Jlns onmepskaHHA TOHKUX ILTIBOK MetojoM BY
MarHeTpOHHOTO PO3NUJIEHHS BUKOPUCTOBYBAJIA yCTa-
HoBKy ¥ BH-70. /17151 11010 i1 06/1a1HAIN MarHETPO-
HOM Ta ITaTHui BUcokoBakyymMHamii Hacoc HB/1-250
3aMiHmIM Ha TypOoMoseryasspauii Hacoc TMH-500.

[l niATpUMKH TeMIIepaTypH Ii/IKJIa/JI0K B MexKax
Biz kiMHaTHOI 10 600°C BUKOPUCTOBYBAJIN CIIEITiaJb-
HO PO3po0JieHy Ta BUTOTOBJEHY MUKy AiaMeTpOM
100 MM 3 mepskasioouoi craai (HiXpoMOBOTo Apo-
Ty miamerpom 0,8 —0,9 Mm). Taka miuka Ma€ HU3b-
Kuil omip, HAMpyTa XUBJeHHS cTaHoBUTh 20— 50 B,
Mo 3armo6ira€e BUHUKHEHHIO €JIEKTPUYHOTO TTP06OIO.
JKuBenHs miyku 3/1ifICHIOBAJIOCH 3a JOIIOMOTOIO JIa-
60paTOpHUX CTabiMi30BAaHUX IMITyJbCHUX Kepes
crpymy BVP 900 — 1500 Br, siki maiors Bricoki (se-
catkn amnep) po6oui crpymu. CJriji 3a3HAYUTH, 1O
TaJIOTEHHI JIaMITA, SAKi BUKOPUCTOBYIOTBHCS JJIS Ha-
IpiBy HiIKJIaJI0K, HE JO3BOJSAIOTH JOCATTH TeMIlepa-
typu Butie 3a 300 —350°C. Kpim Toro, mampyra ix-
HOTO KMBJICHHS OJIM3bKa 0 MEpesKeBoi, i 3a pobo-
YOTO TUCKY MarHeTPOHHOTO PO3MHUJICHHS 1151 BEJNUN-
Ha, 3rigHo 3akony Ilaiena, € JocTaTHLOIO A1 MPO-
6010 3i CTPYMOIIPOBIJIHUX YACTUH HA KOPILYC, OCO-
6JIMBO i/ 9ac POOOTH MarHeTPOHa, KOJIU B KaMmepi
MPUCYTHI aTOMU i0HI30BaHOrO Po6OUYOro rasy y Be-
JIUKINA KiJTbKOCTI.

KoHTposb TemMmepatypu 3/iliCHIOBABCS 3a IOTIO-
MOTOI0 XPOMEJIb-AJTIOMEJICBOI TEPMOTIapH.

HocaijxyBanuch ONTHYHI BJIACTUBOCTI TOHKUX
niBok Cu,ZnSnSe,, AKi HaNMIIOBAIN Ha iK1/
KU 3 TIOKPUBHOTO CKJIAa CTAaHAAPTHUX PO3MipiB 3a Pi3-
HUX PEKUMiB: TIOTY>KHOCTi MarHeTPOHY, Yacy Halu-
JIEHHd, TeMIlepaTtypu HiAkJaajaku. g moganbinnx
JIOCJIi/IP)KeHb BUKOPUCTOBYBAJIM ILTiBKM i3 Hallkpa-
IAMU [TapaMeTPaMU.

Ontuuni KoedillieHTH BU3HAYAIU METOIOM,
OCHOBAaHWM Ha He3aJeXXHOMY BUMipioBaHHI Koedi-
uientis Big6usanusa (R) Ta npomyckanns (¢) [11].
KoedittienT BinbuBanus qocaikyBanu 3a KiMHaTHOT
TEMIIepaTy P 3 BUKOPUCTAHHSIM CIeKTpodOoTOMETpA
Nicolet 6700 ta cmemianproi npucrasku Pike, xoe-
dimienT nmpomyckanasg — 3a Temmeparypu Big 111
g0 290 K 3a J0TTOMOTOIO TOTO K CaMOTO CHEKTPO-
doToMeTpa Ta CHemiaJbHOTO BaKyyMHOTO KpiocTa-
Ty. JocaiaxenHs TpoBOAUIN Y [lialla30Hi JOBXKUHU
xBui A Big 0,9 1o 26 MKM.

Crin 3a3HauuTH, MO JOCTIIKEHHS KoedirlieH-
TiB IPOIYCKaHHA Ta BigGuBaHHs HEOOXiJHO IPO-
BOJIUTU 32 OJIHAKOBMX yMOB. B TOil ke uyac, Koe-
dimiedT mponycKkaHHg ¢ BUMipIOETbCS 32 HOPMAJIb-
HOTO TAiHHSA €JIEKTPOMArHiTHOTO BUIIPOMiHIOBAH-

ua (kyr 0°), a ana xkoedinienra Big6usannsa R 3a-
6e3MeunT TaKi YMOBM Ha MPaKTHIN Ay>Ke BaKKO.
Pesynbratu BumipioBanusi R, siki Gy/u nposejeni
y [liama3oHi 3HAYEHDb KyTa MaAiHHI TpoMeHs Big S0
10 30° (MeHII KyTH He J03BOJISE OTPUMATH BUMi-
pIOBasIbHa TIPHCTABKa), MOKa3aaH, TaK CaMo K i y
[12], nyxe caabky 3miny Besuunnu R. Tomy Gyiio
npuiinaro, mo R(0°) = R(30°), i a1g pospaxyHKiB
MOKA3HWKA TIOTJIMHAHHS R BUKOPHCTOBYBAJU 3Ha-
gennsa R = R(30°).

PesyabTati JOCTiAKEHD Ta iX 0OrOBOPEHHS

Jlns koedinienTa BiGUBAHHS MOKHA 3aTTHCATH

-1+ R

RCTTIEE ™
Jle n — TOKA3HUK 3aJIOMJICHHS.

Y peasibHUX HaIiBIPOBIJIHUKOBUX KpHUCTaJIaX
JliarazoH eHeprii, Jie MOrJMHAHHAM MOYKHA 3HEXTY-
Baru, B 6isbIOCTi BUNIAAKIB Masmii. OJJHAK yMOBa
n? >> k2 BUKOHYETbCS B 3HAYHO GiJIBIIIOMY Jliara-
30Hi, TOMy BU3HAaY€HHs [IOKa3HMKa 3aJ0MJIEHHS 7
Ha ocHOBi popmyun 11 KoedillieHTa BifIGMBaAHHS
HEIOJIIPU30BAHOIO BUIIPOMiHIOBaHHs (3a KyTa na-
JIiHHS, GJM3bKOTO 0 HOPMAJbHOIO)

CE
C(n+1)?

Jlae IOCTaTHbO HaJliliHe 3HAYEeHHS 77 B LHIMPOKOMY
inrepsasi eneprii ¢doronis (y BCAKOMY BHUIIAIKY,
g ho < E q).

[Toxka3uuk morauHaHHsS k TOB’si3aHuil 3 Koe-
dinienrom norsmuanusg o popmysoo o = 4wk /A
3HaueHHS o MOXKHA OTpUMaTu 3 GOpMYyJIHN I 06-
yncJeHHd KoedillieHTa MPOoMyCcKaHHs ¢ MIACTHHH,
AKa 32 yMOBH n’ >> k? BUTIsA/Ia€ HACTYITHUM YHHOM:

. (1-R) (1 +[ra / (4mn)] ) o

ead _ RZe—otd
ne d — TOBIIMHA JOCJIIKYBAHOTO 3pasKa.

(2)

Ockinbku n®> >> k%, BUKOHY€TbCS HEPiBHICTH
o/ (4nn) <1, i B o6nacri sminn ¢ Big (1-R) /(1+R)
o 0,1 KoedilieHT MPOIyCKAHHS MOXKHA BHUPAXO-
ByBaTH SIK

(1= R)2 exp (—ad)

- : (4)
1- R’exp (-20d)
e
1, |(1-R’ |1-R)
o= gln e R’ (5)

Y mamomy Bumazaky t < 0,1, tomy 1o dopmy-
JIy MOKHA CIIPOCTUTH JI0

2
=lln—(1_R) .
d t

(6)

o
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Taxkum umHOM, I BU3HAYEHHS 0 HEOOXiJIHO
[IPOBECTU BUMipIOBaHHS BeJUYUH ¢ Ta R.

[Moxubku orpuMaHHsT KoedillieHTa TOTTMHAH-
Hs TIpOaHaJi3oBaHO B GaraTbox poboTax, 3 SIKUX
BUILINBAE, 1[0 OCHOBHA MOXHOKA OJIEPKYETHCS B
npoiieci BUMipioBants ¢t Ta R, a TaKOXX BU3HAYEH-
HSI TOBIIMHU 3pa3ka. BpaxyBaHHS 1MX TOXUOOK
Jlae cymapny Beanunny 6isst 15% 3a aGCOJIOTHOIO
BEJINYNHOIO.

B [13] nokasano, uo dopmyaa (5) € cupase/-
JINBOIO He JIuIiie /11 00’ €MHUX MaTepiasiB, a it 1Js
TJTIBOK, HAHECEHUX Ha ITPO30Pi MiKJIAIKH, 1 €INHE,
o o6Mexye 11 BUKOPUCTAHHS, € BUMOTa BUKOHAH-
HsT yMOBU ad >> 1. [[711 TOHKUX TLTIBOK BOHA BH-
KOHYETBCST B 00J1aCTi KPAIO BJIACHOTO TTOTJIMHAHHS .

s onep;kaHHS CHEeKTpa IMOPiBHSAHHS IIPOBO-
JINJIA BUMIipIOBAaHHSI CIIEKTPAa iHTEHCWBHOCTI CBiT-
Jla, 10 IIPOXOAUTDH 4epe3 BiKOHIS BaKyyMOBAHO-
ro Kpiocrara, 3a BiICYTHOCTI 3pa3Ka 3a KiMHATHOI
TeMIlepaTypHu.

3anesxkHicTb KoedillieHTa TPOMyCKaHHS Bi J0B-
JKUHYM XBWJIi €JIEKTPOMATrHiTHOTO BUIIPOMiHIOBAHHS
npeacTaBJgeHo Ha puc. 1. Ha 1iux cmekTpax crocrte-
piraetbcs inTepdepeniiiina KapTuika. 3a3HaunMo,
10 3MiHa a6CoMIOTHOT BeJTMYUHU ¢ 31 3MiHOIO TeM-
repaTypu, Ha Halll [IOTJISL]], TIOSICHIOETbCS YTBOPEH-
HAM Ha BiKHaX KpiocTaTy KOHAEHCATy, IO 3MEH-
nrye KoedilienT mpoIrycKanHs.

OTpumani pe3yJsibTaTi BUMipIOBaHb Koedillien-
TiB NPOIYCKaHHs Ta BiJIOMBAHHST [TOCJI/XKYBAHUX
3pasKiB OyJin BUKOPUCTAHI [T OTpUMaHHsT Koedi-
Ii€EHTa IOTJIMHAHHS Ol.

Opnepskani sanesknocti o = f(hv) Gyau nepepa-
xoBati B sanexxunocti a’ = f(hv), aki gamm Mox-
JIUBiCTh BUSHAUUTH MUPUHY 3a60pOHEHOT 30HU E g
3paska JJid KOXKHOI JIOCJIi/IXKYBaHOI TeMIepaTrypu

t, %
A
A
A
40 A
AY
YA
30
111 K
20
10
/:i’gz
0l &
1 2 3 4 A, MKM

Puc. 1. Cmextpn KoedilienTa TpPOIMyCKaHHS 3pa3Ka

ronkoi muaiskun Cu,ZnSnSe,, orpuMani 3a Temuepary-

pu Bix 111 o 246 K (npomixui snavenna: 114; 130,5;
148; 169; 201 K)

Eg, eB

0,94 1

0,93 -

0,92 -

100 150 200 250 T,K

Puc. 2. TemneparypHa 3a/e;XHICTb ITUPUHU 3a60POHEHOT
30HM 3paska ToHkoi mniBku Cu,ZnSnSe,

ta noOyayBaru rpadik, TpeJcTaBIeHwil Ha puc. 2.
Ax BupHO, mMMpUHA 3a60pPOHEHOT 30HU JOCJ/IKY-
BaHOI HaIliBIPOBIHUKOBOI IJIIBKM 3MEHIIYETHCA
[IpYU MiJBUINEHHI TeMIiepaTypu. Taky IOBeliHKY
MOKHA MOSICHUTHU THM, IO y 3B'S3KYy i3 36i/bIeH-
HAM TEILJIOBOI eHeprii 3pocrae aMILIiTyza KOJu-
BaHb aTOMIB, 1[0 TIPU3BOAUTH 10 301/IbINEHHS MiXK-
aTOMHOI Bi/ICTaHi, a 3HAYUTD, 0 3MEHIICHHS eHep-
rii 3B’43Ky B MarepiaJi i, BiAMOBiAHO, MUpPNUHN 3a-
60pOHEHOT 30HU.

3 puc. 2 Takok GyJI0 BUSHAYEHO TEMITEPATYPHUIT
KoeiIlieHT MUPUHU ONTUIHOT 3a60POHEHOT 30HH,
sxuii ckaaB —1,29-1074 eB /K.

BucHoBkn

ocrifzkeHHs onTHYHUX KOEilli€HTiB TOHKUX
niBok Cu,ZnSnSe,, OTpUMaHMX METOJOM BHCO-
KOYaCTOTHOTO MarHEeTPOHHOTO HAlUJEHHS Molepe-
JIHBO CUHTE30BAHOI0 MaTepiaJjy Ha CKJIAHI MiAKIa/-
KU, TTIOKa3aJiu, 10 B 3pa3KaxX CIOCTEPIratoThCs Mpsi-
Mi Mi’K30HHi OIITUYHI IIePEeXOAU 3 ONITUYHOIO IIUPU-
HoI0 3a6oponenoi 3ouu 0,92 eB 3a kiMHatHOI TEM-
neparypu. OTpuMaHe 3HAUEHHS il TeMIlepaTypHO-
ro koediuienra cranosutb —1,29-107* eB /K, 106-
TO ONTUYHA NIMPUHA 3260POHEHOT 30HM 3MEHIIYETh-
cd 13 TeMIepaTypolo, 10 € XapaKTepHUM [/ KJia-
CUYHUX HAIiBIIPOBiIHUKIB.
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BJNAHUE TEMIIEPATYPbI HA OITUYECKHUE CBOMCTBA

TOHKUX IIJIEHOK Cu,ZnSnSe,

3. B. MAHCTPYK, U. II. KO3BIPCKHH,
/1. II. KO3SAPCKHH, I1. /. MAPPSHUYYK

Ykpanna, UepHoBUIIKUI HAIMOHATIBHBIH YHUBEPCUTET
nmenn IOpusg deaproBuyua
E-mail: d.koziarskyi@chnu.edu.ua

Hcnoavsosanue coineunvix s1eMeHmos 6 pa3juitvlx 00AACMAX HAYKY U MEeXHUKU CROCOOCMmEYem pa3sumuio Md-
mepuaniosedenus u HayuHou OesmeabHoCmu 6 Imoi cgepe. B nocaednee epems yuenvle 3aHUMAOMCS UCCACI08a-
HUeM ONMUUECKUX U IJIeKMPULECKUX CEOUCE MAKUX MAMePudios, Kax kacmepumol. Kacmepum seasemcs npu-
POOHBIM MUHEPALIOM, KOMOPLLL COCMOUM 8 OCHOGHOM U3 MeOU, UUHKA, 0J108d, Cepbl U Celend, MO ecmy J0Cma-
MOUHO WUPOKO PACNPOCMPAHEHNBIX 8 NPpUpode aemenmos. T1osmomny u conneunvie snemenmol, pazpabomanivle
Ha ocnoge Kacmepuma, 6yoym umemv, no MHeHu uccaedogameneil, Hu3kyw cmoumocms. Kpome mozo, xacme-
PUNBL OMHOCAMC K NPAMOIOHHBIM NOLYNPOGOOHUKAM C GeIuUnol 3anpeuennot 3onvt 0,9—1,5 3B u ¢ 6oavwum
Ko3ppuyuermom onmuueckozo noziowenus (= 107 cu™).

B danmnou pabome uccaedogano sausnue memMnepamypol Ha ONMUdecKue Ceoucmed MoHKUX NAEHOK KACMepumos
Cu,ZnSnSe,, nonyuennvix memoodon BU-maznemponHO20 HANGIIEHUS CUHMEIUPOBAHHOZO PAHEEe MAMEPUUIL HA
CMeKASHHBIe NOOJIOKKIL.

Onmuueckue xo3pduyuenmol onpedensnsu MemoooM, OCHOBAHHLIM HA HE3ABUCUMOM USMePeHul Kodpuyuen-
moe ompaxenus u nponyckanus. Koagppuuyuenm ompasxenus ucciedosanru npu KoOMHAMHOU meMnepamype, Ko-
appuyuenm nponycxanus — 6 memnepamyprom duanasone 111—290 K. Hamnepenus nposoduru 6 duanasomne
Onunvt 6oanvt om 0,9 do 26 mxm. Ionyuennvie dannvie Goliu UCROAL308AHLL OISl PACUema KOIpPpuyuenma no-
27I0WeHUSL U WUPUHBL 3ANPEWEHHOL 30HbL 00DA3UOE NPU PAIULHLLY MEMNEPAMYPAX U3 UCCAeOYyeMOoz0 Juanda3o-
na. Hccaedosanus noxaszaiu, umo 6 naenxax Cu,ZnSnSe, nabmodaiomcs npamvle MeK30HHble ONMULECKUE Ne-
pexodvl. Onmuueckas Wupuna 3anpeueHnol 30Hbl nPU KOMHAMHOU memnepamype cocmasuna 0,92 aB npu mem-
nepamypnon xodppuyuenme —1,29-10~* 3B /K, mo ecmv onmuueckas wupunda 3anpewennoil 301l yMeHouden-
Csl C MeMNepamypod, 4mo xapaxmepuo 01 KAACCUHECKUX NOAYNPOBOOHUKOS.

Kniouesvie crnosa: monxue naenxu, CZTSe, onmuueckue xodghduyuenmol, memnepamypuviii Kosghpuuuenm wu-
PUHDL 3ANPEUEHHOT 30HbL.
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INFLUENCE OF TEMPERATURE ON OPTICAL PROPERTIES
OF THIN FILMS Cu,ZnSnSe,

The use of solar cells in various fields of science and technology contributes to the development of materials
science and scientific activity in this arvea. Recently, scientists have been researching the optical and electrical
properties of materials such as casterite. Casterite is a natural mineral which consists mainly of copper,
zinc, tin, sulfur and selenium, that is, elements that are fairly widespread in nature. Therefore, solar cells,
developed on the basis of casterite, will have, according to the researchers, a low cost. In addition, casterites
belong to direct-gap semiconductors with a band gap of 0.9—1.5 eV and with a large optical absorption
coefficient (= 10" cm™").

In this work, the authors investigate the effect of temperature on the optical properties of Cu,ZnSnSe, thin
films of casterite obtained by the method of RF magnetron sputtering of previously synthesized material on
glass substrates.

Optical coefficients were determined by a method based on independent measurement of reflection and
transmission coefficients. The reflection coefficient was studied at room temperature, and the transmittance
— in the temperature range of 111 —290 K. The measurements were made in the wavelength range from 0.9 to
26 um. The obtained data were used to calculate the absorption coefficient and the band gap of the samples
at different temperatures from the range under study. Studies have shown that direct interband optical
transitions are observed in Cu,ZnSnSe, films. The optical band gap at room temperature was 0.92 eV at a
temperature coefficient of —1,29- 1077 eV /K, that is, the optical band gap decreases with temperature, which

is typical of classical semiconductors.

Keywords: thin films, CZTS, optical coefficients, temperature coefficient of the optical band gap.
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TI'opox T'enadiii I'eopezitiosuu, Kauji. TEXH. HAyK, 3aB. HAYKOBO-IOCJIiIHUIIbKOI JtabopaTopii, Bimo-
PYCbKHIi Jiep:KaBHUI yHiBepcuTeT iHDOpMATUKY i pajlioeeKTpoHiKu, M. MiHCBK

Despotovi¢ Viadimir, Ph.D., Associate Professor, University of Belgrade, Technical Faculty in Bor

[oaxuxoe Boaodumup Bacunvoeuu, noxt. ¢is.-mar. Hayk, 3aB. kademapoio, XapKiBCbKuii
HaIliOHAJbHUN YHIBEPCUTET Pa/lioeJeKTPOHIKH

Kopomxuii €ezen Bacuavosuu, Kauja. TeXH. HayK, crapummil Bukaanad, HTYY «KuiBcpkuil noi-
TeXHUYHUH iHcTuTyT iMenu Iropsi Cikopcbkoros

Nika Denis, Ph.D., Department Chair, Laboratory Head, Moldova State University, Chisinau

Hixonaenxo IOpiii €20po6uy, MOKT. TeXH. HayK, NMpoBifHWUN HaykoBuii criBpobithuk, HTYY
«KuiBcokuil monitTexumunnii inctTutyT iMmenu Iropst Cikopcbkoros

Onanacrox Anamoniti Cepeitiosuu, NokT. ¢is.-mar. Hayk, 3aB. Kadenpu, CyMcbKuil Aep:KaBHUN
YHiBEpCUTET

Caduenxo Anopii Banrepitioguy, Kau/. TeXH. HayK, H0o1eHT, OIechbKuii HAI[IOHAIBHUIT O TEX HUIHII
YHiBEpPCUTET

Tomawux Bacunv Muxoaaiiosuy, TOKT. XiM. HayK, HayKoBuil cekperap, lucturyrt izuku
HamiBrpoBigauKiB iM. B. €. JlamkaproBa HAHY, M. Kuis

Oxumuyx Boaodumup Oaexcandposuy, noxt. dis.-mar. Hayk, 3aB. Bigmiay, Incrutyt bisukn
HamniBmpoBianukis iM. B. €. Jlamkapposa HAHY, M. Kuis

1. [lo po3rnsigy npyvimaroTbCs CTaTTi MPUKMAgHOI CNpsIMOBAHOCTI YKPaiHCbKOM, POCIACbKOK abo aHrmincbKo
MOBOI0, LLIO He Bynu onybnikoBaHi paHiwe i He O6ynu nepepaHi Ana nybnikauii B iHWI BUOaHHSA.

2. B >xypHani nybnikytoTbCs HayKOBO-MPaKTUYHI Ta eKcnepumeHTarnbHi poboTVM 3 HACTYMHWX TeMaTUYHWX
HanpsMKiB:

» Cy4acHi eneKkTpoHHi TeXHOMOTIl;

* HoBi KOMMOHEHTM 419 eNEeKTPOHHOI anapaTtypu;
» EnekTpoHHi 3acobu: gocnigkeHHs, po3pobku;
* HBY-TexHika;

» Cuctemu nepegadi Ta 06pobkmn curHanis;

» MikponpoLeCcopHi NPUCTPOI Ta CUCTEMMU;

* EHepreTMyHa enekTpoHika;

* HaniBnpoBigHMKOBA CBITIIOTEXHIKA;

» BiomeanyHa enekTpoHika;

» CeHCoeneKkTpoHika;

» OyHKUiOHanbHa MiKpO- Ta HAHOEMNEKTPOHIKa;

» 3abes3neyeHHs TENNOBUX PEXNMIB;

» TexHonorivHi npouecu Ta obnagHaHHs;

* MaTtepianu enekTpoHiku;

* MeTponoris. Ctangaptusadis.

3. Yci matepianu, ki HagxoasaTb 40 pefdakuii, nigaarTbcs ABOCTOPOHHBO 3aKPUTOMY peLieH3yBaHHIo.
4. Y pasi BusBreHHs nnariaty abo danbcudikaLii pesynsraTie cTaTTa BigXUNAETLCS.
5. Pepakuisi He cTsArye nnaty 3a onybnikyBaHHsi pyKonucy Ta He BUMIadvye aBTOPCbKUIA roHopap.

6. OBOB'A3KOBOI0 YMOBOI AN NPUMAHATTS CTaTTi 40 po3rnsagy € ii BiANOBIAHICTb 3aranbHONPUAHATAM HOpMam
nobynoBu HaykoBOi ny6nikauii, TOGTO B Hill MatoTb OyTu:

— onuc npobnemun 3 aHani3oM nybnikauin 3a ocTaHHi 5 pokiB Ta 0brpyHTyBaHHAM HEOOXiAHOCTI NpoBeaeHHS
[OCNIAXKEHHS;

— 4iTKO chopMyrboBaHa MeTa poboTu;

— OCHOBHa YacT1Ha 3 06roBOPEHHSIM Ta iHTeprpeTauieto pe3ynbsTaris;

— BUCHOBKMW.

Kpim Lboro, pegakLito LikaBnaTe HACTYMHI aCnekTu:

— MOXIMBICTb MPAKTUYHOIO BUKOPUCTAHHS pe3ynbsTaTiB AOCHiAXKEHb;

— [JouinbHiCTb Tabnuup, intocTpauin, y T. Y. BiACyTHICTb AyOntoBaHHSA HaBe4eHOoI! B HUX iHdopMaLlii;

— a[leKBaTHICTb BUKOPUCTaHHS NiTepaTypHNX [Xepert;
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— TOYHICTb TEPMIHOMOTIT;
— KOMMO3WLIS PyKOMNKWCY, Y T. Y. BUNPaBAaHiCTb obcary.

7. FoTytouwn cTaTTio, Cnif 3BEPHYTM yBary Ha HacTyMnHe:

— HasBa, MeTa poboTu Ta BUCHOBKMN MatoTb ByTW Y3rofKeHi Midk coboto;

— Ha3Ba Mae OyTw 4iTKOoI, iIHPOPMATMBHOK | BOAHOYAC MO MOXIMBOCTI KOPOTKOIO;

— KIIOYOBI crnoBa niabupaloTbcs Tak, Wo6 MMOBIPHICTb 3HAXOMKEHHs1 CTaTTi Yepe3 MOLUYKOBi cucTemun Gyna
SIKOMOra BULLOHO;

— aHoTaLis Ha nodvaTky cTaTTi Mae OyTu JocuTb nakoHivHow (4o 100 cniB), AEMOHCTPYBaTH, WO 3pobneHo y
po6oTi, @ TaKOX MICTUTU YCi HaBeAEeHi KIOYOBI CINOBa;

— BCTYM 3HanNoOMWUTb YuTava 3 obracTio AOCMiAXeHb, iICHYIYMMKW B Hii npobnemamu, nokasye akTyanbHiCTb
NpoBeAEeHHS AaHOr0 AOCHIAXEHHS | 3aKiHYYETLCS YiTKO ChOpMyrnbOBaHOK MeTo poboTu. TyT HeobXigHO NpuBecTn
ornsA nitepatypu 3a A4aHOK TeMaTUKOO, BKa3aBLUM Ha npobnemu, ski noTpebyoTe AOAATKOBOrO AOCHIAXEHHS | AKi
BUPILLYOTbCSA B AaHi poboTi;

— OCHOBHa 4acCTMHa MOXe MICTUTU Taki po3ainu, sik «3pasku Ans gocnimkeHb», «MeToguka OOCHiOKEHbY,
«Pesynbratn gocnigkeHb i ix 06roBopeHHsa» Ta iH. Onuc pe3ynbraTiB, NPEACTaBNEHNX Ha PUCYHKAaxX, Mae MIiCTUTK
iHTepripeTauito uiei iHdopmadii, a He 3BoguTUCAa A0 AyOntoBaHHA NigNUCIB Nig pucyHkamm abo A0 MpOCTOro onucy
HaBefeHVX 3anexHocTen. Hanpuknag, 3amicTb Takux HeiHpopmaTuBHMX dpas, sk «Ha puc. 1 HaBeaeHo rpadik
3anexHocTi A Big B. 3 pucyHka BMAHO, WO Npu 3pOCTaHHi B 3HayeHHs A MOHOTOHHO 3MEHLUYETbCA.», Chif Aatv
NOSICHEHHS TUNY «AK BUAHO 3 puc. 1, Npu 3pocTaHHi B 3Ha4eHH A MOHOTOHHO 3MEHLUYETLCS, L0 CBiAYUTb NpOo Te,
O ... »;

— BMWCHOBKV/ He MaloTb MOBTOPIOBATM aHOTaLito — TyT MOTPIGHO MokasaTu, Lo 3asBreHy MeTy OOCHArHyTo,
HaBeCTU pe3ynbraty poboTM Ta pekoMeHAauii Woao iX MPaKTUYHOrO BUMKOPUCTAHHS, @ TAKOX BU3HAYUTU OCHOBHI
HanpsiMKy nogansLlumx gocnigxeHs. MpaBunbHO copmynioBaT BUCHOBKM JOMOMOXYTb Taki dppasmu sk «[lMpoBeaeHe
OOCnioKeHHs nokasarno, Lo ...», «ABTOpaMu BCTAHOBIEHO, WO ...», «Po3pobrneHa meToavka A03BOSISE ...» TOLO.

8. Cnimcok «BukopucTaHi axxepena» hopMyeTbCS B MOPSAKY iX 3rafyBaHHSA B TEKCTI Ta 0pOPMIISETLCS BigNOBIAHO
00 HaBefeHMX HxkYe BUMOr. [pu uboMy NOTPIOHO MaTy Ha yBasi HacTymMHe:

— He MeHLUe NONoBMHM 3ararnbHOI KiflbKOCTi AXepen MatTb CTaHOBUTU CTaTTi Ta MoHorpadii, onybnikoBaHi 3a
ocTaHHi M'sTb pokiB (8o 10 mxepen);

— KiNbKIiCTb MOCUNaHb Ha BnacHi pobotn mae Oyt He Bulle 3a 25—30% Big 3aranbHOI KiNMbKOCTI LIMTOBaHUX
nxepern;

— HEe PEeKOMEeHAYETbCSA BKIYATN 4O CMMUCKY NiTepaTypu NocunaHHA Ha HOPMATMBHI OKYMEHTH (SKwo 6e3 Lpboro
He MOXHa obinTucs, kpalle 3ragat ix 6e3nocepeaHb0o B TEKCTI CTaTTI);

— NPV MOCUMaHHI Y TEKCTI Ha YMCNOBI 3HAYEHHHA, POPMYNU Ta iHLWI PaKTUYHI AaHi, 3ano3uyeHi 3 KHWr, cnig
BKa3yBaTW He TifNlbKM camy KHUrY, ane i CTopiHKy (Hanpuknag, [2, c. 418]).

9. Micns cTatTi NOTPiIGHO MpUBECTM TemaTuMyHy iHgopmauito — HasBy, I1IB aBTopiB, Micue poboTH, aHoTaUilO i
KITFOYOBI CIOBA — YKPAiHCBKO, aHIMiCbKO Ta POCINCbKo MoBamu. [Npu LIbOMY NepeknagHi BapiaHTy aHoTaujii MaloTb
OyTv npencTtaeneHi B poswmpeHomy Burnsai (200—250 cnis) i BigobpaxaTtu BCi CTPYKTYPHI PO3AINM (aKTyarnbHICTb
TeMW, NOCTAHOBKY 3aZiaYi, ONUC PiLLEHHS!, BUCHOBKW Ta NPaKTUYHY 3HAYYLLICTb).

10. Pepakuisi He CTaBUTb >XOPCTKUX BUMOT A0 0bcsary ctaTTi — ronoBHe, Wob BiH OyB BunpaBgaHuin. Ak npasBuio,
TekcTn ctaten B «TKEA» 3aiMaloTb Bif TPbOX A0 LUECTU XYpPHanbHMX CTOPIHOK, WO BianoBigae 7—15 cTopiHkam,
HabpaHum y TekcTtoBoMy pegakTopi Microsoft Word, wpudt Times New Roman, poamip 12, mixxpsgkosuii iHTepsan 1,5.

11. Habip cknagHux ¢opMymn, a TakoX creuianbHWX 3HakiB Had NITEPHMMM MO3HAYEHHSAMU, MiAKOPEHEBUX
BMpasiB, MexX iHTerpyBaHHs, MiACyMOBYBaHHS TOLLO HEOOXiAHO BMKOHYBaTW y nporpamax tuny MathType (He MoxHa
KopuctyBaTucs BbygosaHum y Word hopMynbHUM peaakTopoM), a B peLuTi Bunagkie (MpocTi oopmynu, WpUATOBI
BUINEHHs, Nia/HaapsiaKoBi iIHOEKCH TOLLO) BUKOPUCTOBYBATM TiflbKM 3BMYaliHi 3acobu Word.

12. OgvHuuyi BMMiIpY BCIX BenWYMH MatkoTb BigMNOBiAATWM CyyYyacHMM BuMOram, a TepMiHonoria —
3aranbHOMpUIAHATINA. Bci BUkopucTaHi cumBonv Ta abpeBiaTypy NOTPIOHO MOSICHATM NpW NepLUOMY iX 3ragyBaHHi Yy
TEKCTI.

13. BaxaHo, Wwob obcsr intocTpadin He nepesuiLyBas 40% Big 3aranbHOro obcsry craTTi.
14. Ha nouatky ctaTTi, KpiM ii Ha3Bu Ta iHdopMmauii npo aeTopie (1B, BYeHi cTyneHi, micue pobotu, e-mail),
HeobXigHO Bka3aTu iHOEKC 3a YHiBepcarnbHO AecATKoBow knacudikauieto (YOK).

15. MaTtepianu ctaTTi pa3oM 3 ABTOPCbKOK yrogoto Ta KapTkow aBTopa HagcunatwTbCca OO pedakuii Ha e-mail
<tkea@optima.com.ua>. Y TeKCTi CynpoBOOXXyBanbHOro nucra HeobxigHo BkasaTtu [l aBTopiB, Ha3By CTaTTi Ta
Bi4NOBIAHWI TEMATUYHUI HaNPSAMOK (AMB. M. 2).

16. ng unTyBaHHA cTatemn 3 xypHany « TKEA» natuHkoro cnig BUKOPUCTOBYBaTW MOro TpaHCMiTepoBaHy Ha3By, a
came «Tekhnologiya i Konstruirovanie v Elektronnoi Apparature».

P.s. [Insi KOHTPOMO BMKOHAHHS BUMOT LLOAO 3MICTY CTaTTi aBTOPU MOXYTb CKOPUCTATUCA KPUTEPISMU, 33 SKUMU
pykonuc Oyae ouiHoBaTUCS peLieH3eHTOM (auB. briaHk peLeHsii Ha canTi).

TexHosoriss Ta KOHCTPYIOBAHHA B €JIeKTPOHHIN amaparypi, 2018, Ne 5—6
56 Py P pavp ISSN 2225-5818



Mianucano ao gpyry 28.12 2018 p. Wopmar 60=584 1/8. dpye. apr. 8.0, Tupams 100 npis. Sam, Ne 15
Opariian-Maket parotosacso 8 suassmngrei « loaitexneplogimsas
Croinopmo cyf'exta paasmieio] copass JK Ne 3232 gig 09.07.2008 p.
(63044, u. Oaeca, afc 17)
Haapyrosaro O Motyra M. 1. 3 rotosoro opuridas-sakety
(653044, w. Oaeca, np-1. Llenuena, la)



e

flomep zcomoesuau

Beazpad, Bpoynsas, Kuee, Kuwuwes,

Nesos, Mutck, Mockea, 0Odecca, Ll

Cymet, Xapexoes, Yeprosayel. == 4 Hutaite
5-6 2018

[ Cinlieh. Sk |

MoanuceiBanTech

i
oo
3
b
A
ﬁ
L
o
>
[
<
o
<
-
-
<
=
=)
o
I
o
o
—
x
[EN
=
m
aa)
[e8
==
L
<
ae)
o
o
=
>
E
T
=)
>
=
=
=
—
2
=)
%
—
e
o
'y
&
=
v
"2






