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PHYSICAL, CHEMICAL AND OTHER
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AHoTamisi. Y METOIMYHIN CTATTi, pO3paxoBaHiil HAa HAyKOBIIIB, BUKJIAaqiB Ta CTYJACHTIB BUIIO1
IITKOJTH, 3 TIO3UIIIA KOHIIEMIIi «3HU3Y — BrOpy» y3araJibHeHOI TpaHcmopTHOI Mozem Jlanmayepa —
Jarra — JlyaacTpoma mociiioBHO BUBEICHI OCHOBHI PIBHSHHS TEPMOCICKTPUKHU 3 BIIMOBITHUMH
TPaHCIIOPTHUMU KoedimieHTamMu (MpoBigHICTh, KoedinieHTn 3eedeka i [lenpr’e, KoedimieHT
tepmonudy3ii Cope i €JIEKTPOHHA TEIJIOMPOBIIHICTh JJIsI KOPOTKO3aMKHYTOTO Koja) s 1D
MPOBITHUKIB Y OaTiCTHYHOMY peKuMi MpoBigHOCTI i st 3D mpoBigHuKiB y nudy3iiHOMY pexumi
JUISL TOBUIBHOTO 3aKOHY JUCIIepCii U sl Oy/Ib-sKOTO MaciTady HamiBIPOBITHUKA.
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1O. O. Kpyrak, M. B. Crpixa

Po3paxyHku 371HCHEHO AJIs N-HAMiBIPOBIIHUKIB, ajie BOJHOYAC IIOKa3aHO, SIK PO3MOBCIOIUTH
pe3yabTaTH TAKOX 1 Ha P-HAMIBNPOBIAHUKU. OKPEMO PO3IISAHYTO OIMOJISAPHY MPOBIAHICTH, 3aKOH
Binemana — ®panna, cniBBigHomeHHss Motrta. [Ipu nboMy npouecu po3CitoBaHHS €JIEKTPOHIB
BpaxoBaHO (DEHOMEHOJIOTIYHO: CEPEIHIO IOBKUHY BIIBHOTO MPOOITY alpOKCMMOBAHO CTETIEHEBUM
3akoHOM. Y JloJaTKy HaBeIeHO BUpa3H JUIsl TepMOEIEKTpUYHUX KoedimieHTis mist 1D, 2D 1 3D
HaITIBIIPOBITHUKIB 3 TapaOOJIYHUM 3aKOHOM JTUCTIEPCii.

KuarouoBi cioBa: HaHo]i3uKa, HAHOEIEKTPOHIKA, TEPMOCIEKTPUYHI KOe(ili€HTH, IHTETpaIn
®epmi — Jlipaka

THERMOELECTRIC COEFFICIENTS IN GENERALIZED ELECTRON TRANSPORT
MODEL APPROACH

Yu. A. Kruglyak, M. V. Strikha

Abstract. On the basis of the «bottom — up» approach of Landauer — Datta — Lundstrom transport
model the basic equations of thermoelectricity with the corresponding transport coefficients
(conductivity, Seebeck and Peltier coefficients, Soret thermal diffusion coefficient, and electronic
thermal conductivity for short-circuit case) for 1D conductors in the ballistic regime and 3D
conductors in the diffusion regime with an arbitrary dispersion and for any size were strictly derived
in the tutorial article for researchers, university teachers, and students.

The examination was carried for n-semiconductors, the method how to generalize results
for p-semiconductors case is also presented. The bipolar conductivity, Wiedemann — Franz law,
and Mott correlation were discussed as well. The electron scattering processes were considered
phenomenologically: the mean free pass was approximetaed by power law. In Appendix the
thermoelectric coefficients for 1D, 2D, and 3D semiconductors with parabolic dispersion are
presented.

Keywords: nanophysics, nanoelectronics, thermoelectric coefficients, Fermi — Dirac integrals

TEPMODJIEKTPUUYECKHUE KOY®PUIMEHTHI B OFOBIIEHHOW MOJEJIH
TPAHCITIOPTA QJIEKTPOHOB

0. A. Kpyenax, M. B. Cmpuxa

AHHoOTanus. B meronnuyeckoil crarbe, paCUHUTAHHOW Ha MCCIIeA0BAaTENIeH, MpenoaaBaTee,
CTYI€HTOB BBICHIEH IIKOJIBI C NO3ULUNA KOHLUENLIHNU «CHU3Y — BBEPX» TPAHCIOPTHOM MOJEIH
Jlanpayspa — Jlartel — JIlyHaCcTpOMa CTpOTo BBIBEIEHBI OCHOBHBIE YPABHEHUS TEPMOIIIEKTPUYECTBA
C COOTBETCTBYIOIIMMU TPAHCIOPTHBIMHU KO3 uneHTamu (MpoBOJUMOCTb, KO3 OUIIHESHTHI
3eebeka u Ilenprhe, K03dpunuenT tepmuueckoit Auddysun Cope, k03HPUUHUEHT FNEKPOHHOU
TEIIONPOBOJAHOCTH I KOPOTKO3aMKHYTOH 1enu) s 1D npoBogHUKOB B 0aNIMCTHYECKOM
pexume u uist 3D npoBOIHUKOB B AU(P(HY3UOHHOM PEKUME C IPOU3BOIBHOM qucnepcHen u 1rooro
Mmacirada.

PacueTs! mpousBeaeHbI AJI N-MOIYIIPOBOJHUKOB, B TO K€ BpeMsl IIOKa3aHO, KaK paclpoCTPaHUTh
pe3ysibTaThl Ha P-NOJAYyNPOBOAHUKU. OTAEIBHO PACCMOTPEHBI OUIOIApHAs NPOBOAUMOCTD,
3akoH Bunemana-®panua [lpusBeaensl TepmoanekTpuueckue kodphuuuentsl i 1D, 2D u 3D
IIPOBOJIHUKOB C Mapabonnyeckoi qucnepcueil B 0almucTHUecKoM U TU(Y3MOHHOM PEXUMAX.

KuroueBblie cioBa: HaHO(pU3MKA, HAHOAJIEKTPOHUKA, TEPMOIJIEKTPUUECKUE KOA(DPUIIUEHTHI,
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1. Beryn. ¥ cepii HaB4aJIbHO-OIVISIOBUX CTa-
Tel, sKi ApyKyBaiucs B XKypHali «CeHcopHa
eJIEKTPOHIKA 1 MIKPOCHCTEMHI TEXHOJIOT1i», MO-
ypHatoun 3 Ne4 3a 2012 pik, aBTOpH y pamkax
KOHIENII{ «3HU3Y — BrOpY» Cy4acHOI HaHOEJEeK-
TPOHIKH po3msAanu Ppi3udHi OCHOBU BUHUKHEH-
HS CTpyMy B HaHocucTemax (Ned, 2012) [1], Tep-
moenektpuyHi siBumia (Nel, 2013), ocHOBH cmiH-
TpoHiku (Ne2, 2013) Ta 3acTocyBaHHS METOLY
HepiBHOBaXkHOT (yHKIIT [pina (HPDI') no Tpan-
croptaux 3ama4 (NeNe 3, 4, 2013), knacuunuii Ta
kBaHTOBUH edektu Xomra (Nel, 2014), cninoBuit
epext Xomra (Ne2, 2014), ponb KBaHTOBOi iH-
tepdepenuii Ta nedasyBanus (Ne3, 2014), ponb
eJIEKTPOCTAaTUKU 1 KOHTAKTIB (Ne4, 2014), piBHO-
BOXHY TEPMOJMHAMIKY MpPOBIJHHUKA 31 CTPYMOM
(Ne 2,2015).

[Tponopkyroun 3HaAMOMHUTH BITYM3HSHUX BH-
KJIaJaviB, acMipaHTIB 1 CTYAEHTIB, SKI YHUTAIOTh
KypcH a00 HaBYaIOTHCS Ha PI3HUX Creliai3alisax
(b13UYHOTO 1 1HXKEHEPHOTO MPOd1ITI0, 13 CyYaCHOIO
KOHIICTILII€}0 BUKIAAaHHA (I3MKH HAHOCHUCTEM,
aBTopoM sikoi € mpod. Cympiito arta (Supriyo
Datta), 10 meBHOI MipH aJbTEpPHATUBHOIO TPaIu-
[iHHIHN, 10 BIAIITOBXYETHCS BiJl pO3IVISAY aHAIO-
T1YHUX SIBUI Y BEJIUKUX 00’ €MHHX MPOBITHUKAX,
MU po3mIsiHYIM B [2] Mmonens Jlanaayepa — Jlarra
— Jlynnctpoma (JIJIJI), sika Bke 3HaiiIIa Mupo-
K€ 3aCTOCYBaHHS IPU aHali3l K eIeKTPOHHOIO,
TaK 1 POHOHHOTO TPAHCHOPTY HE TIJIBKU B PEKU-
Mi JIIHIHHOTO BIATYKY, aje i y BUCOKOBOJIBTHOMY
PEKUMI rapsunx eJIEKTPOHIB, IJIsl HEJOKAIbHOTO
1 KBAaHTOBOTO TPAHCIIOPTY, TPAHCIIOPTY B HEBIIO-
PSIKOBAaHUX 1 HAHOCTPYKTYPOBAaHUX MaTepianax,
y pe3ucTopax sIK HaHOPO3MIPHMX, TaK 1 JIOBTUX
4y 00’ €MHUX.

ITpu upbomy posmsan y [1, 2] 3ailicHioBaBcs
JUIs BUNAJIKY, KOJIHM TeMIIepaTypa KOHTaKTIB pe-
3UCTOpa OflHaKoBa. Y [3] HAaTOMICTh MU PO3IVIs-
Hynu tepmoenektpuuHi (TE) edextu 3eebeka i
[Tensr’e B Mopemi JIJIJI, a Takox SIKICHO 0OroBO-
pwu 3akoH Binemana — ®pania i OCHOBHI piB-
HSIHHSI TEPMOEJIEKTPUKHU 3 BIJIOBIHUMH TpaH-
CIIOPTHUMHU KO€(]illiEHTaMH.

VY miif cTarti MM OTPUMAEMO JIOBEICHHS
JUTSL pe3yNbTariB, MOCTYIbOBAHUX Y [3], mpuyomy
3pobumo 11e ams 1D, 2D u 3D npoBiaHUKIB 3 J10-
BIJIBHUM 3aKOHOM JucHepcii 1 Oyab-KUM pexu-

MOM TMPOBITHOCTI: OadiCTUYHUM, TUQY3IHHUM,
abo x mepeximHuM. J{OKIagHO MM 3yNUHUMOCS
Ha TEPMOEJEKTPUYHUX Koedimientax anst 1D
OamicTuyHoro TpaHcnopty i At 3D nudysiiino-
ro. ['onoBHUM 00’€KTOM OOTOBOPEHHSI CTaHYTh
n-TIPOBITHUKH, aJie Pa3oM 13 UM MH MPOe-
MOHCTPYEMO, SIK PO3MOBCIOAMTU PE3YJIbTaTH HA
P-TIPOBITHUKHU.

VY pamkax mozeni JI/IJI Mu mocnizoBHO po3-
IJISTHEMO OIMOJNIsipHY IPOBIAHICTH, 3aKOH Binema-
Ha — @panria, cniBBigHOmEeHHs MotTa. Ha 3aBep-
IICHHS] MU HaBEIEMO 3BEJICHHS BUpPa3iB Ui Tep-
MOENEeKTpUYHUX KoediuientiB mig 1D, 2D 1 3D
HAIMIBIPOBIIHUKIB 3 MapaboNIIYHOIO JUCIIEPCI€I0
B OaJIiCTUYHOMY PEXHMI, @ TAKOXK y Au(y3iiiHOMY
31 CTYNEHEBUM 3aKOHOM DO3CISHHS, 3alHMCaHUX
yepes cTangaptHi inrerpanu ®epmi — [lipaka.

2. «PymwiifHi cuwam» A8 eJeKTPUYHOIO
CTpPyMYy. 3arajJibHUii BUpa3 AJis €JIEKTPUYHOTO

crpymy [1, 2]

1=—1, = 2L [T (1, - f)dE, ()

ne T(E) — xoediuieHT npoxomxkeHHs, a M(E)—
YUCJIO0 MOJI MPOBITHOCTI, AEMOHCTPYE, 10 OyIab-
K1 IPUYMHHU, K1 CIPUUUHSAIOTH BIIMIHHICTh MK
(hepMiBCHKUMHU (PYHKLISIMU KOHTAKTIB MPOBIAHU-
Ka, MOPOJKYIOTh CTPYM. 3HAK «—» Yy LIbOMY BH-
pasi o3Hadae, MO CTPYM BBAKAETHCS JOJATHHUM,
KOJIA BiH BXOJIUTh y KOHTAKT 2 330BHi (puc. 5 [3])
B HampsIMKy BiJI’€MHOi HamiBOCI X, €JIE€KTPOHU
MIPH IbOMY PYXarOThCs y MPOBIIHUKY B1Jl KOHTaK-
Ty 1 10 KOHTaKTy 2 B HANPSIMKY J0/1aTHOI HAIlIB-
ocl x.

Po3pi3Hs0Th BI «pylIiiiHI CHIINY», SIKI HApO-
JOKYIOTh CTPYM: PI3HMIS MOTEHIaNIB 1 PI3HULS
TEMIEpaTyp KOHTAaKTiB. ENekTpoHM mepeHocsaThb
K 3apsl, TaK 1 Teryo0. 3apsA0BUN CTPyM BHU3HA-
yaeTbes piBHAHHAM (1). s oTpumanHs 3aranib-
HOTO BHpa3y JUIsl TEMJIOBOTO MOTOKY (TEpMOCTpY-
My) BpaxyeMo nojanblie. Enexkrponu BcepennHi

KOHTAaKTy PyXaloThCs Npu eHeprii E =~ E,.. 11100

3aliTH B Moy mposinHocTi M(E) pesuctopa 3
00Ky BHUTOKY S, €JICKTPOH IOBUHEH Oy/Je BUALIH-
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™ (E > E ) , a3 00Ky CTOKy D — NOTIMHYTH

(E, < E) Teruiosy eHepriio |E—E,| . Bupas mns
TEIIOBOTO MOTOKY MOKHA OTPUMATH MIPOCTO BHE-

cennsaM (E — E, )/ g min 3uax interpany B (1) —
aJDKe B IbOMY BUIIJIKY [TEPECHOCUTHCS BKE HE 3a-

psin g, a eHepris |E —-E, | Tox st TepMocTpymMy
B KIHIIEBOMY ITiJICYMKY Ma€EMO:

1, =%I(E—EF)T(E)M(E)(ﬁ —f,)dE . (2)

Bupasu (1) 1 (2) — ue 3arasibHi BUpa3u AJIs 3apsi-
JIOBOTO CTPyMY 1 TEMJI0BOro MOTOKY. Jlani Mu nepe-
HaeMo 10 po3nisAy CTpyMy B pEXuMI JHIHHOTO

Biryxy f,(E) =~ fi(E)> f,(E) = f,(E) [1].

Ha puc. 1 nokazano xi7 ¢pepMiBCbKUX (QyHK-
il f, > f, npu OIHAKOBIN TeMIepaTypl KOHTAK-

TiB1 AV =V, -V, >0 (cTpy™m nonatHuil).
Vo=V, I, =T,

Jo(E)
A AE(—qAV)

| >
| E, E
E; —QV
h=rfh I=0

Puc. 1. SIkicuuii xin ¢pepmiBcbkux pyHKuUii, KoM
NMPUKJIATEHO Pi3HULII0 MOTEHUIATiB 10 KOHTAKTIB,
1[0 MAIOTh OHAKOBY TeMIIEPaTypy.

Y 1upoMy BUNAAKy 3HaK CTpyMy He 3aje-
KHUTb BiJ TOrO, YM MIEThCS HPO A-IIPOBIIHMUK,
YY MPO p-TNPOBIIHUK. Y PEXHUMI JIIHIHHOTO Bif-
ryky [1]:

8

fi- 1, z(—%jqw, 3)

OF
1 (epMmiBChbKE BIKHO MPOBIJIHOCTI 3aBLIMPIIKU

npubnuzno 2k7T, y sxkomy mnoxigHa —of, /O
B1JIMIHHA B1J1 HyJIsl B OKOJII pIBHOBa)KHOT'O 3HAYEH-

HS EJIEKTPOXIMIYHOro moreHmiany FE=FE,,,
«(pIBTPYE» ENEKTPOHU U MPOMYCKAE B MPOBITHUK
JIMILE Ti, EHEPris SKUX JISKUTh Y MeKaX BIKHA.
Puc. 2 nemMoHCTpy€e cUTyalito, KOJIU €JIEeKTPO-
XIMIYHI  IIOTEHINlaJX  KOHTAKTIB  OIHAKOBI

(E. =E.,:V,= V), ane Temneparypa IIUX KOH-

TaKTiB pi3Ha, mpudomy AT =T, — T, > 0.

V, =1,

Tz = T]
Jo(E)
F N

E, E
1> 1
p-tun: E < E.. fi>f

n-tun: £ >FE;:

Puc. 2. Skicamii xin gepmiBebkux ¢yHkuiii 0e3
NPUKIAJAHHS Pi3HULI MOTeHIiaJiB 10 KOHTAKTIB,
AKi nmepe0yBalOTh NpPU Pi3HUX TeMIepaTypax.

VY upoMmy Bunaaxy f, > f, IJIA eHeprii enek-
TpoHiB Hmwkue Bin piBHa Depmi (E<E,) i
f, < f, Ans eHepriil eneKTPOHIB BUILE BiJ| PIBHS
Depmi (E > E,).

Hanpsim cTpyMy 3aJI€KHTh BiJ TOTO, SK PO3-

TalloOBaHI MOJIM MPOBIJHOCTI MPOBIAHMKA: SIKIIO
Huxue B piBHSA Depmi (p-NIPOBIIHUK), TO CTPYM
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BiJl’€eMHUH (EEKTPOHH PYXalOThCS BiJ] KOHTAKTY
2 1o xoHTakTy 1). ¥ pexumi JiHIHHOTO BIATYKY
PO3KIJIaZIieMO Pi3HHUIIO (EpMiBCBKUX (QYHKIIH y
psan Teitnopa 1 0OMEXHUMOCS YIEHOM TEPIIOTo
HOPSIZIKY:

oy

VN Ciyvamis
f-tis fi~{ oot )-[-Z

JudepenmiroBanns QyHkiii @epmi 3a Temrie-
parypoto (¢p-na (28) B [1]) nae:

6f0)E EFAT
OE) T

jAT. (4)

fi- e[ - s
ne T=(T,+ T,)/2.

Jiro 000X pyImIHUX CUIT — 1 PI3HULI €JIEKTPO-
XIMIYHUX TIOTEHIAiB, 1 PI3HUIN TeMIIeparyp
KOHTaKTIB — IPOLTIOCTPOBAHO puC. 3.

A

Jo(E)
JI(E)

[
EF'Z EF"]

Puc. 3. SkicHuii xin ¢gepmiBcbkux pyHKUIH, KOIH
NPUKJIAJEHO PI3HUIIO NOTEeHUialiB 10 KOHTAKTIB,
SIKi MAIOTh Pi3Hi TemMneparypu.

B pexxumi miHiHOTO BiATYKY e(eKTH Bif
000X «CHII» IPOCTO JAOJAIOTHCS:

%quV ( afOJE EErar . (6)
OF 0E) T

3. Enexkrpuunnii crpym. OcratouHuii BUpas
JUISL CyMapHOT'O CTPYMY € CYMOIO BKJIa/IiB BiJl yCIX
MOJI TIPOBITHOCTI:

ﬁ—fzz(—

I= J.I'(E)dE , (7)

Jie cTpyM y nudepeHianbHii GopMi JOPiBHIOE

I'(E) = %T(E)M(E)(fl “£). ®

[Migcrasmsroun 110 (8) pi3HUIO (EepMiBCHKUX
¢bynkuii (6), ogepKyeMo

['(E)=G'(E)AV +S,(E)AT,  (9)
e
v 2q N
G'(E)==] ( an (10)

— nudepeHIianbHa MPOBIIHICTD, a

SH(E)=~ 24 T(E)M(E)[E_EFJ(—@{OJ—_]‘(M

)G'(E )
qT OE g\ kT

(11)

— xoedimient Cope tepmoaudysii B nudepentii-
anbHii popmi. BugHo, mo BiH Bix’ eMHMNA AJs
€Hepriii enexkTpoHiB BuIle BiJg eHeprii depmi
(n-nipoBiTHUKK) 1 MOJATHUW JUISI CHEPriil enek-
TPOHIB HIKYE BiJ eHeprii Pepmi (p-NPOBITHUKN).

3anuIaeTbCs MPOIHTErpyBaTu JIudepeHLii-
Huil ctpyM (7). OcTaTOuHO MU OTPUMYEMO:

[=GAV +S,AT , (12)

1€ TIPOBIAHICTD

G= j G'(E)dE , (13)

a xoediuient Cope repmonudysii

S, j SI(E)E = -= j ( )G(E)dE [A/K]

(14)

OO6wunBa 11 piBHSHHSA CIIpaBe MBI IS TPOBi-

HUKIB Oy/1b-sKOi BUMIPHOCTI 1 Oy/Ib-SIKOTO MacCII-

Taldy B peKMMax BiJ OaTiCTHYHOTO 4Yepe3 KBasi-
OamicTuyHmii 10 AUy31HHOTO.

4. CtpyMm y MmacuBHHX npoBigHukax. Ctpym
y MacHBHHUX IPOBIJIHUKAX Y peXuMi TuQy3iiHo-
ro TpaHCHopTy omnucyetbest Bupazamu (1) — (3)
po6otu [3]. [Ipu oMy Bupas (2) 1isi TYCTHHH
CTpyMY, BUPQKEHOI yepe3 enekTpuuHe mnoie (3),
CTpaBEeIIMBHHA [T OJJHOPITHUX MPOBIAHUKIB 0€3

9
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ypaxyBaHHs koedinienTta audysii. Ak nepemnuca-
TH Il BUPA3U 32 HASBHOCTI PI3HUII TeMIEpaTyp
Ha KOHTaKTax?

Bukopucraemo piBusHus (12). Haragaemo, 1o
B IbOMY PiBHSHHI IOJaTHUI CTPYM CKEpOBaHHH Y
01k Big eMHoi HamiBoci x (puc. 5y [3]). [loxinus-
I CTPYM Ha Mepepi3 MpOBiTHUKA i 3MIHUBIIN
3HAK Ha MPOTUWICKHUN, OICPKUMO I'YCTHHY CTpPY-
My B HalpsIMKy JI0aTHOI HaIiBOCI X:

Jx:—gAV—&AT. (15)
A A

[Toginumo ¥ MOMHOXXMMO 1€ BHpa3 Ha J0-
BkHUHY npoBigHuka L. Toxi

Jo=—gLAY ¢ LAT (5
A L AL
B nudysiitHomy pesxumi
A
G=0—, 17
7 (17)
1, 3a AaHAJIOTIEIO,
A
S, =5, 7 (18)

1€ s, — IUTOME 3HaueHHs TepMoAU(Y31HHOrO KO-
edimienta Cope. 3 ypaxyBaHHAM TOro, MIO

—qAV/L=d(E.)/dx 1 AT/L =dT/dx, orpumae-
MO IIyKaHWW BHUpa3 i TYCTHHH CTPyMY B Ma-
CHBHOMY TPOBIJHUKY 3 YpaxyBaHHSM TI'PaJi€HTY
HE TUIBKU €JEKTPOXIMIYHOTO MOTEHIialy, ane i
TeMIeparypu:

) dlE L)
dx

Jlist n-TIpOBITHUKIB TPOBIAHICTH JOAATHA, a
koeditient Cope Bix eMHult. [{i1st p-nipoBiTHHUKIB
1 eJeKTpOHHA MpPOBITHICTH, 1 KoedimieHT Cope
noaatHi. Jlo neTanbHOTO po3rsay MpPOBIIHOCTI B
n- 1 p-TIPOBITHUKAX MH III€ TIOBEPHEMOCS.

dT

— sy [ (19)

S. IlepeHecenHs Temiaa enekrpoHamu. Ilo-
TOKH TeIJla Ha KOHTAKTaX BH3HAYAIOTHCS BHpa-
30M (2). [lepenumemo ioro B audepeHuianbHini
bopmi

10

, 2
I,(E)= Z(E —E)T(EYM(E)(f, - f,)- (20)
Toxi TEIIOBUIA MOTIK JOPIBHIOBATHME:

1,= j I,(E)dE . 21)

B pexumi niHiHOTO BIATYKY JUIS Pi3HUII
(epMiBChKUX (YHKLINH CKOPHCTAEMOCS BHPA30M
(6), a rakox Bupazamu (10) 1 (11) ans qudepenti-

anpHuX nposigHocti G'(E) it koedimienra Cope
S, (E). Toni
IL(E)=-T Sj(E)AV - K[(E)AT, (22)

e
2
R A )
[HTErpyBaHHS 32 BCIM CIIEKTPOM €HEprii Ja€:
I,=-TS, AV -K,AT ,[Bm]  (24)
e

q
— EJIEKTPOHHA TEIJIONPOBIAHICTh B YMOBaX Ko-

kY ((E-E.Y .,
K, :T(—j j(k—Tj G'(E)dE [Bm/K] (25)

POTKOT'0 3aMUKaHHS B KOJI1 (AV = 0) .

OTxe, 3 3arajbHUX BUPA3IB AJIS €JEKTPUUHOTO
ctpymy (1) i TerioBoro moToky (2) Mu oTpUMalIu
BianoBiaHI Bupasu (12) 1 (24) ans pexumy TiHiHi-
Horo BiAryky. Lli Bupas3u mokasyroThb, L0 HasB-
HICTh PI3HUII EJEKTPOXIMIYHUX TOTEHIUATIB 1
TeMIeparyp KOHTaKTiB MPU3BOJUTH JI0 MOSIBH 3a-
PSIOBOTO CTPYMY i TEIJIOBOTO MOTOKY, 3yMOBJIE-
HUX HEpEeMIIIEHHSIM eNeKTpoHiB. Llbomy pexu-
MOBI BiJIMOBIAAIOTH TPHU TPAHCIIOPTHI MapaMeTpu:

npoBigHicte G (13), xoedirieHT Tepmonudysii
Cope S, (14) i enekTpoHHA TEILIONPOBIAHICTD

K, (25). Bonu cnpaBeanuBi Asi IPOBIIHUKIB
OyIb-sIKOT BUMIPHOCTI ¥ 11 peKUMIB Bij Oaic-
TUYHOTO 10 Au(]y3iHHOTO.

Jns 3D-npoBigHuKa B 1udy3iHHOMY pexuMmi
EIEKTPUYHHUI CTPYM OMUCYETHCS TPAHCIIOPTHUM
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piBasHHEAM (19). ['ycTHHA TEMI0BOrO MOTOKY BH-
3HAYAETHCS PIBHSIHHAM

d(E./q)
JQ :TSTd—I;_K

dT

" dx

. [Bm/MZ] (26)

TpaHCcrIOpTHUMH TIapaMeTpaMu B PIBHSIHHIX
(19) 1 (26) € nuTOMa €eNeKTpUYHA MPOBITHICTH O ,
MUTOME 3HaYEHHS TepMoan(]y31iHHOTO Koe]ilieH-
ta Cope # muTOMa TEIJIOMPOBIAHICTh, SIKI MO-
KyTb OyTH 3amucaHi dyepe3 AuQepeHiiaIbHy

SNIEKTPUYHY TPOBiHICTE O'(E) :

o =[o'(E)E = 2hi2<M o) ({2))

o'(E)= 2Tq2M3D(E)ﬂ,(E)(—%j , [1/Om-mIonc]

s, = _k | (E —Er j o'(E)dE , [A/wK] 27)
q

kT

2 2
k E-F
k,=T|— £\ 6'(E)dE . [Bm/m-
: (q]f(ij() [Bm/mK] (28)

Bingznaumo, 1o piBasHHSA (19) 1 (26) cipaBen-
muBi ¥ ans 1D ta 2D mpoBigHukiB, ane koedi-
IIEHTH, IO 10 HUX BXOJATh, MATUMYTh 1HIII BH-
MIpHOCTI.

6. Y3arajibHeHa (popMa TPAHCHOPTHHUX PiB-
HsiHb. [lapu piBHSHB JUIS €JICKTPUYHUX CTPYMIB
(12) 1 morokiB Tera (24), 1 st ixHix ryctud (19)
1 (26) Oymo oTpuMaHo 13 3arajgbHUX piBHSIHB (1)
1 (2) y HaOMMKEHH] PEKUMY JIIHIHHOTO BIATYKY.
BoHu BiANOBIAAIOTh TiK €KCIIEPUMEHTATIBHINA CH-
Tyarlii, KoJu IS 3aJ1aHOi PI3HUII MOTCHIATIB 1
TEeMIIepaTyp BUMIPIOIOTh EJICKTPUYHUN CTPyM i
MOTIK Teria. AJle SIKIO PI3HUIIIO MOTEHINATIB 1
PI3HUIIIO TEMIIEpaTyp MOXKHA HiATPUMYBATH He-
3aJISKHO OJTHA BiJI OJTHOI, TO CIEKTPUIHUN CTPYM
1 TIOTIK Teruia, 3yMOBJICHI MEPEMIIICHHIM eJIeK-
TPOHIB, B3aeMOIIOB’s13aHl. ToMy BCi BKJIaau Bij
PI3HUX MOJ IPOBITHOCTI Ma€ OyTH MiACYMOBAHO.
3 TOYKH 30py EKCIIEPUMEHTY MOXKe OyTH 3pydHO
MePENUCaTH I pIBHSAHHS, 3pOOUBIIN HE3aIC)KHH-
MU BEIMYMHAMH EJICKTPUYHUI CTPYM 1 Pi3HHIIO

temneparyp. Tomi BumosMineHi piBHsHHS (12) 1
(24) maTUMyTb BUIIISIA:

AV =RI - SAT , (29)
1,=-TII -KAT, (30)
e
S=S,/G, (31)
Mn=7s, (32)
K=K,-TISG. (33)

AJne mpu bOMY BKJIQIH BiJl Pi3HUX MOJI IPO-
BIZTHOCTI BXE€ IiJICyMOBYBaHHIO HE MiJIATAIOTH!
HanpuKiIa, omip R # IR(E )dE .

Hns 3D npoBigauka B 1udy3iifHOMY pexumi
nepeTBopeHHst piBHAHG (19) 1 (26) nae moganemry
napy piBHSHb:

—d(%x/ D_ps + S‘;—i, (34)
Jo =TSJ, ~ Ki—: (35)
3 TPAHCIIOPTHUMH KOe(illieHTaMu
p=1/o0, (36)
S=s,/0, (37)
xk=x,—S°oT . (38)

YacTo BUKOPHUCTOBYIOTH PiBHSHHSA (34) 3 J1iBOIO
JAaCTHHOIO, 3aIIUCAHOI0 Yepe3 eIEKTPUYHE IOJIE.

7. TpancnoptHi koedinieaTn ana 1D npo-
BiHMKiB. PO3IIsIHEMO B OaiCTUYHOMY pEXHUMI
1D mpoBigHMK 3 JHIIEHb OIHIEIO IIJ30HOI0 3
eJleKTpoHamMH. Po3paxyemMo #Oro TpaHCHOPTHI
napameTpu 3 3arajbHux piBHSHB (12) 1 (24), abo
x (29) 1 (30). B namomy Bumaaky KoegilieHT
npoxopkeHHs 7(E) =1 1 yucno Mo mpoBigHOC-
i M(E)=g, e g, i HaliBIPOBIAHUKA — JIO-

JUHHE BUPOKEHHS. Xo4a MU BBaXXKA€EMO, IO
€JIEKTPOHH € TITbKU B OJIHIN MiA30H1, OHAK, Y 3a-

JIEXKHOCTI B1Jl 30HHOI CTPYKTYpH, g, MOXE He J0-
piBHIOBaTH oauHMLI. Hampuknan, y ByrieneBux
HaHOTPYyOKax, IKi YacTO pO3MIAAIOTh K 1/1eab-

11
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Hi 1D nposignuku, g =2 [4]. Te x came 3Ha-

YeHHs g, Mae€ Micue 1 Uil rpa)€HOBUX HAHO-
CTPIYOK.

Jnst oGurcneHHs mpoBIAHOCTI 3BEPHIMOCS 10
BHUpasy i nudepenmianbaoi mpoBigHocTi (10).
VY HanioMy BUIIAJKY

2q° o J
G'(Ey=—"—g,| =%, 39
(B)=— gv( pye (39)
TOMY TIOBHA ITPOBIIHICTH CTAHOBUTHUME
G:l:ig T(_%)d :2_q2<M> (40)
R h 7\ oE h '

Ec
InTerpan y 1b0My BHpa3i JOpiBHIOE YHCITY
MOl TIPOBiAHOCTI. JIJIsi TPAaHUYHO BUPOKEHOTO

Bunagky 1 =0K onepxyemo <M > =g, . Ha-
TOMICTb y 3arajJbHOMY BUIAJIKy

() =2, ] -

Ec

9%
OF

Jie BUKOPUCTAHO BJIACTUBICTh (P€PMIBCHKOT (PYHK-
i

a o0
dE =g — [ £.dE , (41
j gv@EFEICfO (41)

O/ (42)
0E  OE,

Jliist oGuucnieHHst mpaBoro inTerpainy B (41)

P
M)=g,
< > GEFEJ;e(

BHKOHA€MO 3aMiHy 3MIHHOi IHTETpyBaHHS W 3a-
IPOBAAUMO MApPaMETp 77,.;

n=(E-E.)/kT; n.=(E.—E.)/kT, (44)

dE

E-Ep)KT |

(43)

Toni 5 g
(M)=g.5 -] 55 @s)
ong e’ +1
BHpaXkaeThes yepe3 inTerpan @epmi — Jlipaka [5]

0-ro nmopsinky 3,(77,). AudepeHuitoBaHHs Horo
3a IIapaMeTpoM 7, 1ae:

<M> = gv371(77p) >
TOMY TMIPOBITHICTh

12

(46)

2

24° 2
G= %<M> = %gvs—l(nF)'

JUist HEBUPODKEHUX MPOBIIHUKIB 77, < 0 1, K

(47)

HacHioK, I (17,) — €™ . Jlns CuIbHO BUPOIXKeE-
HUX TPOBIAHMKIB #7,>> 0. Jlnsa interpamy ®epmi

— Hipaka J_,(77,) fK aHAITUYHOI QyHKLII Mae
MicCIie CITiBBIJJHOIICHHS:

83,(11,) ﬁ[ln(e’“ +1)] o

= (48

S == R
Jns Bunanxy 77,>> 0 maemo 3_,(7,) —>11

6=, (49)

K 1 ¢ OyJio O4iKyBaTH.
3natoun G1i1 R =1/G, obuncaumo Tenep Koe-
¢dimientu Cope 1 3eebeka. 3 (14) 1 (39) Buruiubae,
%ﬂ dE .(50)

= e

Pozainumo ¥ MOMHOXUMO 1€ BHpa3 Ha Mpo-
BiJIHICTH 3T11HO 3 (40). Tomi
[[(E-E,)/kT](~f, ) OF)dE
ST = _kG = ©
1 [ (-or,10E)dE
Ec

(D

1 koedimienT Cope MpOMOPIIHHUNA TPOBITHOCTI.
3anuiaeTbcss OOYMCIUTH JiBa IHTErpanu. [HTe-
rpai y 3HAMEHHHKY JOpiBHIOE JI_ (77,.), — Lie BH-

JTHO 3 TIOPiBHSHHSA (46) 3 (41). IHTETpan y yucenb-
HUKY TICPETBOPIOETHCS TaK:

Se—s

[(E E.)/kT|(~0f,/ OE)dE = j[(E Eq+E.—E,)/ kT (-9, / 0E)dE =

T(E E./kT)(+8f, / OE,.)dE — nFj(+aﬁ,/aE )dE

- (52)
Jie BUKOPUCTAHO PiBHICTH (42). Bunecemo 0/0F .
3-IMiJ1 3HaKy iHTerpajga i 3poOMMO 3aMiHy 3MiH-
HuX (44). Toai uncenvHuK y (51) qOopiBHIOBaTHME
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T[(E_EF /kT:I —6f0/6E)dE:

Tndn 0 ¢ _dn

41 on 3 e 11 (7).
0

(33)

=3,(17:) =13

Ocrarouno koedimient Cope (51) nopiBHIOE:

S, =_£(_77F 4 2\r ) So(1p) ]G.
q 3.,(m)

Ockinbku  koedimientn Cope 1 3eebeka
NOB’s13aHI OAMH 3 OJHMM 4Yepe3 IpPOBIIHICTD
crniBBinHomeHHsM (31), To koedimieHT 3eebeka
JIOPIBHIOBATUME

(54)

S=_E[_UF +jL’7F)j (55)
q 3.,(m)
a00 X 1HaKuIe
_ —E(EC Ey 5} (56)
g\ kT
ac -
5 =2lk) (57)
3.,(n)

Koedimient 3eebeka BUHMIIOB TaKUM CAMHM,
SK 1 MOYKHa OyIio ouikyBaTH 3rifgHo 3 (15) y [3] 3

S=A/kT. (58)

CnipaBii, y BUINAIKy HEBUPOPKEHOTO HAITIBIIPO-
BigHuKa (17, < 0) inrerpanm ®epmi — Jlipaka cTaroTh
MpOCTO eKcroHeHTaMu 3 0 —> 11 A —> kT .

B HeBupomxkenomy 1D GamicTuuHOMY pe3uc-
TOP1 CTPYM MPOXOJUTH 1O €IMHIA MOJII 3 EHEpri-
€10 MpUOIM3HO Ha k7 BUILE BiJ JHA 30HU NPO-
BifHOCTI. HaToMiCTh AN CHIIBHO BHUPOKEHHX

pesuctopis (7,>>0) 6 > n,. =(E, —E.)/ kT , 1,

y BiAmnoBigHocTi 10 (56) S - 0,a A= (E. - E,),
1110 HabaraTo NnepeBMIy€e KBAaHT TEIJIOBOI €Heprii
kT , XxapakTepHHM Uil HEBUPOIKEHUX PE3HCTO-
piB.

Omxe, ans 1D OanicTUYHOTO pe3ucTopa MU

pospaxyBanu BenmuuuHu G,R,S.,S,I11. Tenep
nepeieMo 10 00UMCIIEHHS 3yMOBJICHOI TepeMi-

IIEHHSIM €JIEKTPOHIB TerutonposinHocti K, 1 K.

JloTpuMyBaTUMEMOCS Ti€l 3K MOCTIIOBHOCTI, 110
i npu obumcnenHi koedimienta Cope. Ilicns
MHOKEHHS 1 IUIEHHs TerutonposigHocti K (25)
Ha nipoBigHICTH (40) ogepxyemo:

T [(E-E.)/kTT (-of,/OE)dE

K(,:T(—j G —
? _of. | OF)dE
EIC( Yol 56) (59)

Mu 3pa3y 6aunmo, 1110 TEIIONPOBIIHICTh MPO-
nopuiiHa npoBigHOCTI (3akoH Binemana — @pan-
na). Sk 1 qs koedimienta Cope (51), iHTETpan y
3HAMEHHHUKY JAOpiBHIOE J_(77,). 3aluIIaeThCs
OOYHCIIUTH IHTErpajl y YUCETbHUKY:

T [(E-E.)/kTT (-of,/OE)dE =

Ec

_j[E E)+(E.~E, )/ kTT (~8f,/ 0E)dE

Ec

= T[(E—EC)/kT]2(+6ﬁ)/aEF)dE— (60)

Ec

=215 T [(E-E.)/kT(+df, / OE,.)dE +

Ec

+ () T (+of, / OE, )dE

Ocranniit nomanok  nopisaioe  (17,)°3_,(7,)

ﬂpyrnﬁ - _2771?50(771«*) , a nepnmﬁ - 231(771«") D
TOX CJICKTPOHHA HpOBiI[HiCTb Y KOpPOTKO3aMKHEC-

HOMY KOJIi CTAHOBUTHUME:

2
K, :T(Ej G[zj 1) o,
R

S0(7717) 2
7 1) + ) } |

3.,(m)
(61)

EnexkTpoHHa TeMIONPOBIAHICTD Y PO3IMKHYTO-
My kol K Bu3HauaeTbes BUpazoM (33); 3 ypaxy-

BaHHAM (32) 1 (55) ocTaTouHO OIEPKYEMO:

K=T(k] _(So(%)j
q 3 1(77F) 3.,(mp)

AHaJIOTIYHO MO’KHA OTPUMATH aHAJIITUYHI BU-
pas3u U TEPMOCIIEKTPUIHUX apaMeTpiB IS pe-
3UCTOPIB Oy/b-sIKOT BUMIPHOCTI, Oy/Ib-SIKMX MacII-
TabiB 1 3a OyIb-SKUX PEKUMIB poOOTH. 3aMicCTh
AHAJITUYHUX BMKJIAQJOK HECKIJIAJHO 3aCTOCYBaTH
YHCeNbHE 1HTerpyBaHHs, 110 3a3BUYail 1 poOIATh
JUISL TIOPIBHSIHHS 3 €KCTIEPUMEHTAIbHIMU JTAHUMH.

Ha 3aBepmieHHs Hamoi CTaTrTi MH HaBEIEMO
3BeJIeH1 aHAJITUYHI BUPA3U JUJIsl TEPMOEIIEKTPUY-
HUX KOC(]IIIEHTIB PE3UCTOPIB 3 MapadOIIYHUM
3aKOHOM JHCIepcii BCiX BUMIPHOCTEH, 30KpeMa

13

(62)
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i Ui BUNanky nudy3iMHOTO pexxuMy 3i creme-
HEBUM 3aKOHOM 3QJIEKHOCTI TOBKUHH BiIBHOTO
npoOiry BiJ €HEprii eneKTpoHa

E-E.Y
A(E)=/10( e j

AHaJIOT1UHI aHAJITUYHI BUPA3H MU HaBEJIEMO
W mis JniHIAHOTO 3aKoHYy aucriepcii B rpadeHi,
SIKOMY Oyjie PUCBSIYEHO OKPEMY ITyOJTiKaIIifo.

(63)

8. 3akon Binemana — ®@panua i uncaa Jlo-
peHna. ENeKTpoHH MEepeHoCATh 1 3apsil, 1 TEIIo.
Buruniemo 3B’s130K MiX €JIEKTPOHHOI TPOBiJ-
HICTIO ¥ TETUIOMPOBITHICTIO B IBHOMY BUTJISIII.
Jlnst iboro HaMm MoTpiOHA Oyzie TpoIieypa ycepe/-
HEHHS MMeBHOT (Pi3udHOT BemurHu (*) 32 MUTOMOIO
MIPOBIAHICTIO

o= j o' (E)dE , (64)
a caMe:
B j (*)o'(E)dE

[ToMHOXUMO ¥ MOAIIMMO TUTOME 3HAYCHHS
koedimienta Cope (27) Ha MATOMY MPOBITHICTD.

Toni
Sp =~ E U<E_EF>-
q kT

AHaJIOTIYHO YMHUMO 3 KoedirienToM 3eedeka
(37). Toni 3 ypaxyBanHsaM Bupasy (14) 3i crarti

[3] onepxyemo:
g=Sr__[k <E_EF>:_ k\En—Er
o q kT q kT

3 11pOr0 BUpaA3y MH 0a4yuMoO, 110 KoedilieHT
3eebeka MPOMOPIIHHUN CepeTHbOMY 3HAUCHHIO
eHeprii, 3 KO MEePEMIIYIOThCS HOCIT CTpyMYy,
BiJIpaxoBaHOi1 BiJl piBHA Depmu.

Jlns muromoi TeronposigHocTi (28) 1 (38) mu
OZIEPIKY€EMO:

(66)

. (67)

kY E-E,,
K —T@ C(EER). (69)

kY [ E-E, ., E
K—T[EJU{« T )<

OOuB1 TEIIONPOBITHOCTI MPOIOPLIIHI eJIeK-
TPOHHIH MPOBITHOCTI. 3BIACH OJIEPKYEMO:

EFV} . (69)

14

Koy
To

¢ 2[<(E‘EF>2> £
q kT
Lle#t Bupa3 € 3anmucom 3akoHy Binemana —
®panua, ne L — yucno Jlopenua. MHOXHUK y
KBaJPaTHUX JIy’KKaX 3aJIeKUTh B IPOQLI0 30H,
CTYINEHS BUPOJKEHHS Il XapakTepy poO3CisTHHS.
J1s TUTIOBOT'O HAMIBIPOBIIHUKA 3 APAOOTIYHUM
3aKOHOM JucIepcii 1 31 CTaJauM 3HAUYEHHAM J10-
BXKUHH BUIBHOTO MPOOIry e MHOXHUK MpUOIH3-
HO JIOPIBHIOE 2 U1l HEBUPOJPKEHOTO POB1IHUKA,

E>} (70)

a6o x 7> /3 mns BupomkeHoro [3].

9. HaniBnpoBiAHUKM p-TUIY H OimoJsipHa
npoBiaHicTb. Po3rsnemo 3D mpoBigHuK 3 ma-
pabomniyHoO AucTepciero. [ 30HU TPOBIAHOCTI
YHUCJIO MOJI ITPOBITHOCTI TOPIBHIOE

Mop(E) =g S (E=EQ), (E2EQ) (1D

a JUIA BaJICHTHOI 3OHI/I -

M;p(E) = Sy = 7(E,—E). (E<E)). (72)

3arasibHa MPOBITHICTD 3a0€3MEeUyEThCS IBOMA
BKJIa/IaMU: €JIEKTPOHIB Y 30HI IPOBIAHOCTI

_4 _%
== Ej M3D(E)/1(E)( andE (73)

W y BAJICHTHIH 30H1
2 Ey

-4 jM (E)A (E)( ‘%jdE. (74)

Koedimienr 3eeOeka s €IEKTPOHIB 30HHU
MPOBIAHOCTI MOXe OyTH oTpuMaHo 3 (27):

o= T o'(E)dE,

Ec

(E)—zlf Mo (E—E M(E)[ af‘)j

kT(E-E,
S, =—— P
! qé[( kT

S=s,/0,

J o'(E)dE,

(75)
¥ 3a aHaJIOTI€I0 I BaJIEHTHOL 30HU
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ZJZO';(E)dE,
(E)—zq M:(E, — E)A (E)[ ij

(v) __J'

— ™
S,=s;" 10,

E(P) ,
o,(E)dE,

(76)
MPUYOMY 3HAK S , JOJIaTHAH.

Slk110 B MPOBIMHICTE POOMNATH BKIAA OOHIIBI
30HM (Take 3a3BHYail Mae MiCIle Y BY3bKOIII-
JUHHUX HaMiBIPOBITHUKAX, JI€ «BJacHa» Mpo-
BIJTHICTb, 3yMOBJIEHA TEPMIYHUM MNEPEKUTAHHAM
€JICKTPOHIB 13 BAJICHTHOI 30HU B 30HY MPOBIIHOC-
Ti, TIEPEBAKAE «TOMIIIKOBY», 3yMOBJICHY 10HI3a-
€10 JOMIIIKOBUX DIBHIB), MH, IHTETPyIOUH 3a
BCiMa MOJIaMU TIPOBITHOCTI, OJIEPKYEMO:

2 £ P
=4 J.M k)| -2 \a,
OF
(77)

c"=0c+0

M (E)=M,,(E) +M3VD(E);

[Ipu oMy Hemae MOTpeOW IHTETpyBaTH BiJl
BEPXHbOT MEXKI 30HM MPOBITHOCTI O HUXKHbBOI
MEXX1 BaJICHTHOI 30HM: MOXiIHA Bix (epMiBCHKOI
¢bynkuii posnoginy ((pepmiBcbke BIKHO HPOBij-
HOCTI) 3a0e31eyarb SKCIOHEHIIMHE Ta iHHS ITi-
TIHTETpaibHOTO BUPA3y 10 HYJS 3 BiIJaJICHHAM
foro Bijg piBHA Depmi, TO XK IS TOCTAaTHHO Bij-
nanenux Bix piBHsg Pepmi MexX IHTErpyBanHs £ i
E, 3Ha4eHHs IHTErpaly Bill HUX Y)Ke HE 3alexKa-
tume. binonspHa mpoBiAHICTE € CyMOIO BKJIAJIiB
BiJl 000X YHCeNl MO MPOBIAHOCTI, MPH LBOMY
A(E) y BIOANOBIIHUX €HEPreTUYHUX IHTEpBaIax
HaOyBae 3HaueHb A(E) y 30HI MPOBIIHOCTI H
A (E) y BaneHTHii 30Hi (puc. 4).

MipH(E
E Jf_)( )
h Eg
Eq
M) (E)Y=M;(E)+M3H(E)
Er,’ L 4 E|
JFP(E)
ME)

Puc. 4. /1o o6unc/ienHst 6inoasipHoi mpoBiqHOCTI.

Binonspra nposignicts o' ¢isuuno 3a6e3-
MIEYY€ETHCS €NIEKTPOHAMU U ONUCYETHCS 3arajib-
HuM BupaszoM (77): y ubomy Qopmainizmi Hemae
noTpeOu 3aCTOCOBYBATH MOHATTS <«JIIPOK» 1 3aMi-

HATHU JUId HUX f, Ha 1— f .

Sxum Oyne xoediuieHT 3eebeka B pexxumi Oi-
MOJISIPHOT TPOBIHOCTI?

[Ipuragaemo 1O (axTt, M0 NpU OOUUCICHHI
TPAHCIOPTHUX KOE(IIIEHTIB BKIAIH BiJ] yCiX MOJI
npoBinHOCTI nonatothes. s xoedimienta Cope
y BUIAAKY OIMOJISPHOI MPOBITHOCTI MAEMO:

s"”:—— (EkTEj (E)E =So+S,0,, (78)

TOJII SIK Koe(biuieHT 3eebeka B TOMY K pexkumi Oi-
TIOJISIPHOT TTPOBIAHOCTI IOPIBHIOBATUME:

(79)

3BepHIMO yBary Ha Te, mo koedimientu 3e-
eOeka Il eJeKTPOHIB BAJICHTHOI 30HU i 30HU
IPOBIAHOCTI MAaIOTh MPOTHIICKHI 3HAKU, TOXK Y
pexuMi OINOISIPHOT MPOBITHOCTI CyMapHHMA Koe-
¢imienT 3ee0eka OMM3BbKHIA 10 HYIIS i JOOPOTHICTH
[3] TepMOEIEKTPUIHOTO MPUCTPOIO Pi3KO CTIAJIAE.

10. TpancnoptHi koediuienTn A 3D npo-
BinHuKiB y nudysiiinomy pe:xumi. Hacamki-
Hellb OTPUMAEMO TPAHCTIOPTHI KoedimieHTH (36)
—(38) nns macuBHEX 3D audy3iHHIX pE3UCTOPIB

15
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JUI TpaHCHOPTHUX piBHSAHB (34) 1 (35). [Tounimo
3 mutoMoro omnopy (36). [Tutomy mpoBiAHICTH

_2¢° ¢ o,
o= Ej M3D(E)/L(E)[—6—E dE  (80)
HepeHI/IH_IeMO TaKUM YHNHOM:

; IM3D(E)1(E)(—ZJ;)dE ) S
:% B - IMSD(E)(—a—J;jdE.
JMw(E)(—f()jdE
4 OF

(81)
3HaMEHHUK Y IIbOMY BUPa3l — 1€ CEPETHE UNC-
70 MOZT Y (pepMIBCHKOMY BiKHI MPOBITHOCTI TO-
6mu3y piBHs Depmi:
T 0
| MgD(E)(—ﬁj dE=(M,,).  (82)
i OE

Bupa3s y kBaapaTHux nyxKKax
M, (EYA(E)| -2 |dE
Efc 3p (E)A( )( an

[ MsD(E)[—gf;jdE

_ (M, A(E))

={A
(M) A

(83)
— 1€ CepenHs JOBKMHA BUIBHOTO IMpOOiry, yce-
penHeHa 3a BciMa MOJaMHM y BiKHI IMPOBIAHOCTI.
Takum 9HOM, OOYHCIICHHS TUTOMOI TIPOBITHOC-
Ti 3D nudysiitHoro pesucropa 3BOIUTHCA 10 00-
YHCIICHHS CEPEIHBOTO YMCIIa MOJT Y BiKHI ITPOBi-
HOCTI i yCepeTHEeHOT 3a [IMMH MOJIaMU CEPEIHBOT
JIOBKUHU BUTBHOTO TPOOIry:

o =M (A (84)

Jyis grcna Mo, 3aIMCaHoTo TSk BUITAJIKY I1a-
pabomiuHoro 3akony aucnepcii (71), 3 (82) onep-

KYEMO:
m* _Gt(E-E of,
M, )= kT || —=< || -2 |dE =
M) =85 00 ,J( kT j( 8E)
o0 6 -
=M3D(kT)I 77["’ Jy ]dﬂ =M, (kT)3,(n;),
E, F

(85)
neM,, (kT)— ue Bupas (71), obunucnenuii nmis

E—E_.=kT ,aHoBl 3MiHHI BU3HaueHI B (44).

16

VYcepennene 3HaueHHs (A) 3rigHO 3 (83) 00-
YUCIIUMO JUIsl CTENIEHEBOI 3aJIeKHOCTI JIOBKUHU
BUTBHOTO TIpo0iry (63), y siKiif MOKa3HUK CTENEeH1
r HaOyBa€ PI3HUX 3HAYCHB IS PI3HUX MEXaHI3MIB
po3scisiHHs [6]. UncenbHuk y (83) nepeTBOpUTHCS
TaKUM YUHOM:

J ¥ E20) (-2 i -

Ec

Tom* E-E.\( of
— (e ™ (E-E)A c|[—%o)gE -
hJ;gVZHhZ( ) "( kT N aE)

=M, (kT) A, T(r +2)3.(1,).

(86)
Ockinbkn 3HaMeHHUK Yy (83) €(M ;) 3rigHo 3
(85), 0 -
(A0 = Ay T+ 2) 20,
So(775)
a mpoBiHICTH (84) 3 ypaxyBaHH:M (85) n1opiBHIO-
BaTHUME:

o= ZhizMw(kT)so(m){ﬁo L(r+ 2)%} (88)

(87)

o\Tlr
3HalO4M MUTOMY MPOBITHICTh, MU 3HAEMO W
obepHeHuid 10 Hel nutomuit omip p (36). Tenep
obumncimmo koedirieHT 3eedeka 3rimHo 3 (37) Ta
(27). 3 ypaxyBanusMm (63) xoedimieHT 3eebOeka
BHU3HAYAETHCS BUpa3oM (56), 1e

(Fr)r@e s
, = (r+2) 7200 (89)
j o'(E)dE 3, (1)

Haragaemo OinbIn 3aranbHe BUSHAYEHHS 1HO-

ro mapameTtpa (¢p-na (25) y [3]):
5=(E, —E.)/kT. (90)
PosmisinemMo HEBUPOMIKEHNH BUIAIOK (77, < 0).
O6wunga interpanu ®epmi — [ipaka B (89) nopis-

HIOIOTh TIPH [[OMY TIPOCTO € , i, OTKE, S=r+2.
[Ipu =0 mapamerp 6 =2 1 3rigHo 3 (90) ue
03Ha4ae, IO CTPYM TEPEHOCATH EJICKTPOHH 13 Cce-
pPeaHBOIO €Heprieto, MpuoIM3HO HA 24T BUIIIOO

BiJ 1HA 30HM npoBigHoCT E. . IIpn >0 cepen-
Hs JOBKHHA BIIRHOTO TIpoOiry (63) 3pocrae 3i
301IBIICHHAM €Heprii, 1 BHACIIOK LBOTO CTPyM
MEPEHOCATh HOCIi 3 BUILOK CEPEIHbOIO0 EHEpPIi-
€10, 1 BIAMOBIAHO 3pocTae kKoedimieHT 3eebeka.
Jns r =2, mo xapakTepHe JUIsl pO3CIFOBaHHS Ha
10HI30BaHUX JOMIIIKAaX, 0 =4, 1 CTpPyM NEpeHOo-
CATh HOCI1 3 CepeHBOI0 CHEPTi€l0, 110 BUIIA BiJl
JTHAa 30HU TIPOBiAHOCTI Ha 4kT .
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3anuiaeTbcss OOYMCIUTH TTUTOMY TEIUIONPO-
BifHICTH (38), 200 * moB’s13aHe 3 Hero uncio Jlo-
penua (70):

2 (r+z)(r+3)—";:2(§7’ig) -

L:(E]
To q —[(r+2) SM(UF)T

[1e#t yacTKOBUI pe3yabTaT KOPUCHO MOPIBHITH
3 3aranbHUM BupasoM (70), sikuil He nependavae
napaboIIYHOrO 3aKOHY JUCIIEPCii 1 CTETIEHEBOTO
3aKOHY pO3CIIOBaHHA. B HeBUpOIKeHOMY BHIIAI-
Ky =0 1Bupa3 y QirypHux TyKKax JOpiBHIOE
npocto 2, sk 1 ciix Oyno ouikyBatu (¢p-na (22) y
[3]). ¥V Bupomkenomy Bunaaky (i7,>> 0) MoxHa
poskiactu inTerpanu @epmi — Jlipaka B psifg [S] i
MOKa3aTH, 110 BUpa3 y PIrypHUX IyKKax JOpIB-

Hroe 7° /3.

11. Koediuient 3eecdexa y BUpO1:KeHOMY BH-
naaky: ¢popmysia Morra. Bupas s koedinien-
Ty 3eebeka (56) 3 mapamerpom O (89) cnpasen-
JMBHHA IS 1MapaboIiuHOrO 3aKOHYy auchepcii i
CTETIEHEBOTO 3aKOHY pO3CiIOBaHHA. Y HEBUPO-
JoKeHOMY BHUMAKy iHTerpamn depmi—/lipaka me-
PETBOPIOIOTHCS MIPOCTO HA €KCIIOHEHTH, 1 BHACITI-
JIOK IIhOTO BUPa3 s KoedimieHTy 3eedeka crpo-

R S-= _@[(Hz)_%].

Crpoctutu koedimieHT 3ee0eka MOKHA U JUIs
CUJIBHO BHMPODKEHOTO BUMaiky (17, >> 0). s
IOTO BHUMAJKY iHTEerpan depmi—/lipaka mopsaky
7 alpOKCUMYETHCS PsiioM [5]

I'(r+2)

(92)

r+l1

()"
+ e s(2)+...,

S}’(77F (93)
ne ¢(2)=n’/6 — m3era-dynkiis Pimana. Buko-
pucTaeMo TIeH po3kiIaa s KoediiieHTy 3ee0eka
(56) 3 mapametrpom O (89):

S= i[@w)M—nF} (94)

q ‘Sr(nF)

1 OZIEP)KUMO:

N_ﬁ{ 2g+nmg@):y ©05)

q| (np)" +r(r+1)g(2)

VY CUIIBHO BUPOJUKEHOMY BHIAIKY (17, >> 0)
LIE BUpa3 CIPOLLYETHCS 10

Gn _g[z(rﬂ)g(z)]
q M

3 Bupasy (92), mu 6a4umMo, 110 B HEBUPOIKE-
HOMY BHIIQJIKY

(96)

|8 o =17, . (1, 0), (97)
a3 (96) — 110 y CHJIBHO BUPOJIKEHOMY BUIIJIKy
|Sfocl/m,. (n,>>0) (98)
Hapemri, 3ramaemo, 1mo
o'(E)oc M, (E)AME)c(E-E.)"s (99)
3BIIKH
r+1

! ”““uﬂ=E (100)

o'(E) dE rEc
[TincraBnsroun B (96) ¢(2) 1 r+1 3 (100),
OZIEP’)KYEMO, BpEILTI-PEIlT, BiJIOME CIiBBiIHO-
nienHss Motta st koedirienra 3eebeka:

7’ k°T [ 0lno'(E)
- .o
3q OFE E=E,

sSIK€ TIIMPOKO 3aCTOCOBYIOTH JUISI BUPOKECHHUX Ha-
MiBOPOBIMHKKIB. J[J1s floro ofnep:kaHHs MU BUKO-
puctanu Bupas (94), cupaBeayiuBHiA 171 mapado-
J14HO{ 30HHOT CTPYKTYPH il CTEIIEHEBOIO 3aKOHY
poscitoBanHs. Leit camuii pe3yasrar MOXKHa OTpU-
MaTH TaKOX 13 3arajJbHIIIMX MipKyBaHb, BAKOPHUC-
TaBIIX BiIOMUH po3kiaz 3ommepdensaa [7, 8].

S~

12. AHaJti3 ekciepuMEeHTAJIbHUX JAHUX JIJIs
Ge: koedinieHT 3ecdexa i TepMoeJeKTPUYHI
koedinienTu. Ha puc. 5 300pakeHO 3aI€KHICTh
koedinientiB 3eebexa s Ge n- 1 p-Tumy npu
KIMHATH1{ TeMrepaTypi BiJl pO3TallyBaHHs PiBHS
®epmi E, 110710 HA 30HU TPOBIAHOCTI £ o

* p-Ge
A n-Ge

T 800
=55, 600
HB/K 400

200

or
(N}
1N

S
(E,~E.) kT -

Puc. 5. Koedinient 3eedexa nias Ge n- i p-runy npu
T=300 K: exciepuMeHTAJIbHI TOUKH [9], po3paxyH-
KOBa Kpusa [6].

17



1O. O. Kpyrak, M. B. Crpixa

[Tokaxkemo, 110 €KCHIEPUMEHTAJIbHI pe3ynbTa-
TH Y3TOKYIOTBCS 3 BUpa3oM (56) 1 BKa3yloTh Ha
Te, 0 momnpaBka o (58) Mana i crana 1 HEBH-
POIKEHHX HamiBNPOBiTHUKIB. [TokaxeMo Takox,
110 MOTIpaBKa d 3pOCTA€ MIPOIO BiJIaJICHHS PiBHS
@epmi Bia aHA 30HM TPOBiAHOCTI. Po3misHemo
TaKOXK CUTYAIli0 JUIs p-HaIiBIPOBIIHUKIB.

3rigHo 3 (56) koedinieHT 3eedeka |S | moBu-

HEH CIaJaTyu JIHIAHO 3 pOCTOM E,. , SIKILO TIIbKH
nonpaBka o (58) crana. Lleit BUCHOBOK MiATBEp-
JOKYIOTh €KCTIEpUMeEHTabHI AaHi (puc. 5). Tak,

| S [=86x(—1, + ), mxB/K (102)

ne 7. BusHaueHo y (44). Ilpu 7. =-10 Benu-

ynHa |S |=1000 mxB/K, 3BIAKM BUIUIMBAE, LIO

O ~2, BUXOISYH 3 HABEICHUX BUIIE IPOCTHX
MIPKyBaHb JIJI1 HEBUPOKCHHUX HAITIBIIPOBIIHH-
KiB.

Sxio nomnpaska o Oyna 6 yBech 4ac craja, To
koedimieHT 3ee0eka MaB OM 3MIHUTH 3HAK MpH

E, > E_+2kT . Hacnpasai IbOro He Bi10yBa€Th-
cs (puc. 5), Mo BKasye Ta Te, IO MoIpaBKa o mo-
BUHHA 301IbIIYBAaTUCS MIPOIO TOTO, SK PiBEHb
®depmi MiTHIMAETHCS BCE BUIIE B 30H1 TPOB1IHOC-

Ti. Ilpu n.=4 koedimieHT  3eebeka

|.S |~ 50 uxB/K (puc. 5), mo BiAnosigae o = 4.6,
a 1Ie BJBIYI NEPEBUIIY€E 3HAUYCHHS MOMPABKH IS
HEBUPO/DKEHOTO BUMANKY. SIK Oyino mokazaHo B
[3], mompaBka

§=(E, —E.)/kT, (103)

ne E  —cepenHe 3HaYEHHS €HEPTii, 3 KOO pyXa-
I0THCSI HOCIT CTpyMYy IIOJI0 JTHA 30HH MPOBITHOC-
Ti. Y CHIBHO BHPOMKCHHX TIPOBITHUKAX

E,—>FE., Ttak mo 0 —1n, 1
E . >>E,.

st n-ipoBimHUKIB KoedimieHT 3eebeka (3a
MOyJIEM) THM OUTBIINK, YUM HWXKYE PO3TAIIO-
BaHUU piBeHb DepMi MIOAO JHA 30HU TMPOBIA-
HOCTi. 3Hak koedimieHTa 3eeOeka BiJ €MHHIA.
Y p-npoBimHukax koedimieHT 3eeOeka THM
OlTpIIMK, YMM BUINE PO3TAIIOBAHUN pIBEHb
@epmi 1m0M0 cTENMI BaJCHTHOI 30HM, W 3HAH
fioro momaramii. CtpyMoBi piBHsiHHS (4) 1 (5)

S—>0 npu
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Ui n-poBiAHMKIB Yy [3] mpu mepexoai 10
P-TIPOBITHUKIB HE 3MIHIOIOThCS, a KoedilieHT 3e-
€0eKa 3alMIIeThCs TakK:

d E(p)/
gzpf}pﬁgp‘;l,
* " X (104)
S (T)= K NEZZE, g ,
’ +q kT r

ne 6,=(E,—E,)/kT — nomarue uucno, sxe
BKa3y€, HACKUTBKU HIIKYOIO BiJl CTENI BaJIEHTHOI
30HH € CEPEHS EHEPTisl «IiPOK», SKi MEPEHOCITh
CTpyM. Sk MU Bxxe Oa4dwiu BHIIE, B yMOBax Oiro-
JSIpHOT TPOBIAHOCTI BKIIA[ Y KoedinieHT 3eeOexa
pOOJIATH 1 €NEeKTPOHH, 1 «aipKu». BpaxyBaHHS
i€l 00CTaBUHY BYKJIMBE IS Jialla30Hy BUCOKHX
TEMIIepaTyp, a TAaKOX JJIs BY3bKOIIIJTMHHUAX Ha-
HiBIPOBIIHUKIB, /1€ KOHIIEHTPALlisl BIACHUX €JICK-
TPOHIB 1 «IipOK» MOXE CYTTEBO IEPEBHIIUTH
KOHIICHTPAIIIIO JOMIIIKOBHX IIEHTPIB, sIKi 3a0e3-
NIEYYIOTh JIETYBAaHHS KPUCTAITY.

OniHnMO TepMOeNeKTpHYHi KoedilieHTH Is
ciabkoneroBanoro n-Ge nmpu KiMHaTHIN TemIepa-
Typi. Bigomo, mo mis 1mporo marepiany mpu

T =300K PYXJIMBICTh 1 =3200 cm’/B-c , a PiB-
HOBa)KHA  KOHILIEHTpALIs HOCIIB CTpymMy

ny~N,=10"cu” [10]. Haramaemo Takox, mio
JUTSl HEBUPOJDKEHUX HAITIBIIPOBITHUKIB CIIpaBe]l-
JIUBE TIPOCTE CIIBBIIHOIIEHHS MI>K KOHIICHTpAIi-
€10 HOCIIB CTpyMy i eHepriero piBHi Depwmi, a
came [10]:

; (105)

Ep—E)/kT
n, =N,e( r=E.)

c
ne «eekTuBHA TyCTHHA cTaHiBy 1yt Ge mpu KiM-

HaTHil Temneparypi N =1.09x10"cu [10].
OcHoBHI BHUpazu TepMoeneKTpI/IKI/I JUTSL Ma-
cuBHOrO 3paska (34) 1 (35) MICTATb YOTUPU TpaH-
cropTHi koedimieHT: mutomMuii omip o (36), Ko-
ediuient 3eebeka S (37), eNEKTPOHHY TEILIO-
npoBiaHicTh K (38)1koediuient [lensr’e 7 =TS
(cniBBigHOMmEHHs KenbBiHa).
HasBHi 3HaueHHs mMapaMeTpiB J103BOJSIOTH

OLIHUTU MUTOMY NPOBIIHICTh O = n,qL , 3BIICH

MUTOMUH omip p =2 Q- cm.
Koedimient 3eebeka (56) 3anexuTh Big po3Ta-
uryBaHHs piBHA Depwmi. 3 (105) ogepxyemo:
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ﬁ=lnN"z9.3.
kT n,

(106)

VY npunymenHi 6 =2 ans koedimienra 3eede-

Ka oTpuMyeMo S ~ 970 ukB/K .
Koedimient Ilensr’e 3HaAEMO 31 CHIBBIIHO-

menHs KenbBina: 7 =-0.3Bm /A .
EnexkTpoHHy TErIonpoBiIHICTh 3HAWIEMO Ye-
pe3 uucno Jlopenna [3]:
k=TolL. (107)

OCKUTBKM B HAIIOMYy BUNAIKy HIETHCSA IIPO
ciabkonieroBanuid 3D HamiBIPOBITHUK 13 Maixe
KBaJIPATUIHUM 3aKOHOM THCTIEpCii, TO, 3T1HO 3
[3], MU MO)keMO BBaxkaTH, 0 uucio JlopeHia
JUIS  HEBHPO/PKEHOTO  BHIAJAKY  JOPIBHIOE

L~2(k/q) ,isBigcu xk~22x10"Bm/m-K.

Mu pO3IISIHYAH TOBOJI MPOCTHH MPHUKIIAL.
Ane Hajani HaM KOpPUCHO Oyne ToayMaTH Haj
THUM, SIK 3MIHSATHCSI HABE/ICH] BUILE 3HAYCHHS Tep-
MOEJIEKTpUYHHUX KoedimieHTiB Ge, SKII0 Temrie-
parypa 3uu3uThCs 10 77 K, a00 X SKII0 Temrepa-
Typa 3aJUIIUTHCS KIMHATHOIO, aje JIeryBaHHS
3pocte 10 10% ey, TloTpiOHO Takok mam’siTary,
110 I'paTKa TaK caMo MPOBOAUTH TEIUIO (1110 (POHO-
HHY TEIUIONPOBIAHICTH MU PO3TIITHEMO B HACTYTI-
Hill crarTi). BaxxnmmBo, mo (OHOHHA TEIUIoNnpo-
BigHicTh Ge mpu KIMHATHIN Temmeparypi CTaHO-

BUTb 38 Bm /m-K , 110 Ha I’ T TOPAIKIB OiiIbIIE
BiJl OI[IHEHOI BUIIE EJEKTPOHHOI TEIIONPOBiA-
HOCTi. OJIHaK Y CUJILHO JIETOBAaHUX HAIIBIPOBI-
HUKaX 32 HU3bKUX TeMIIepaTyp BKIIa] €JIeKTPOHIB
y TEIJIONPOBITHICT MOXKE OyTH CyTTEBHH. I, oue-
BUJTHO, BiH 3aBXKH MEPEBaKa€ B METaNaX.
[TinBenemo mincymku miei crarti. HammMm 3a-
BIaHHSIM OyJO OTpUMAaTU CTPOTi pPE3YyJIbTaTH,
chopmynvoBani 6e3 noBeaenns B [3], ansa 1D, 2D
1 3D mpoBiAHKKIB 3 TOBIILHUM 3aKOHOM JIUCIIEP-
cii i OyAb-KUM MacIITaboM y pekumax MpoBij-
HOCTI Bif OamicTHuHOTO ¥ 10 AudysiitHoro. Mu
JOKJIAJTHO TOKA3alH, SIK OJIEPIKYBAaTH TEPMOEIICK-
TpuuHi kKoedinienTu A 1D 6amicTuyHoro Tpan-
cnopty it ansa 3D audysiitHoro Tpancnopty. Bu-
KJIaJKU OyJ0 311 CHEHO IS n-HamiBIPOBITHUKIB,
asie BoJHOYac OysI0 MOKa3aHo, SIK PO3MOBCIONUTH
pEe3yJIbTaTH TAKOXK 1 HAa p-HANIBOPOBIAHUKUA. Mu
OKpPEMO PO3IVISIHYJIM OIMOJIIpHY MPOBITHICTD, 3a-

koH Binemana — @panua it uncna Jlopenna, cmis-
BigHomeHHss Motra. [Ipu npomy nporecu po3ci-
IOBaHHS €JICKTPOHIB MU BPAaXOBYBaJIl ()eHOMEHO-
JIOT1YHO: y  koe(ilieHTI  TPOXOIKEHHS

T(E)=A(E)/[A(E)+ L] cepenHio OBXKUHY
BUTBHOTO MPOOITY MU alpOKCUMYBAJIH CTEIICHE-
BUM 3aKOHOM.

3 J0BiJIKOBOIO METOI0 MM HaBogumo B Jlogar-
Ky BHPa3¥ ISl TEPMOCIICKTPUYHUX KOe(DIIiEHTIB
st 1D, 2D 1 3D HaniBIpoBiTHUKIB 3 TapadoIid-
HUM 3aKOHOM jaucrnepcii [6, 11].

Ha 3aBepiieHHs HaromocimMo: cTaTTs € Ha-
ciiakoM mpociayxoByBaHHsa onHuM 3 Hac (KOOK)
kypciB nekiii  «Near-Equilibrium  Transport:
Fundamentals and Applications», mpounTaHux
on-naiiH B 2011 pori nmpod. Mapkom JlyHactpo-
Mom (Mark Lundstrom), a Takox «Fundamentals
of Nanoelectronics, Part I: Basic Concepts», mipo-
yuTaHux oH-aiH B 2012 12015 pokax npod. Cy-
npiiio Jlarra (Supriyo Datta) B pamkax iHiI{iaTUBA
Purdue University / nanoHUB-U [www.nanohub.
org/u]. B Hiil Tako)X BUKOPUCTAHO HAMpaIlOBAH-
HSl aBTOPCHKOTO Kypcy «Di3nka KOHJAEHCOBAaHOTO
cepenoBuIay, sikuii iHmui asrop (MBC) ympo-
JIOBK OCTaHHIX POKIB YHTAE ISl MaricTpiB paii-
odizuaHoro ¢akynbreTy KHiBChbKOTO HaIlllOHAb-
Horo yHiBepcurety imeHi T. I IlleBuenka.

Asropi mupo Basuni H. FO. Kpyrmsik 3a momo-
MOTY B pOOOTi HaJ CTAaTTEO 1 B MATOTOBIII 1i J0
APYyKy.

Honarok. TepmoesekTpuuHi KoediunicHTH
aas 1D, 2D i 3D naniBnpoBigHUKIB 3 mapa-
00JIIYHUM 3aKOHOM aucHepcii. Y HaBeneHUX
HIDKYE (GopMyrnax BBa)XaeTbes, MIO IUCHEpCis
€JIEKTPOHIB OIMUCY€ETHCS KBAIPATUYHUM 3aKOHOM
(3a HyJIb BiJUTIKY OOpaHO €HEPrito JHa 30HU MPO-
BIJIHOCTI):

h2k2
2m*
1 0 cIIpaBeUIMBa CTETICHEBA alPOKCUMAITiS IS

3aJIeKHOCTI CEpPeTHBOI JOBKUHU BUIBHOTO MPO-
0iry BiJ eHeprii:

E r

E(k)=
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Po3ramysanus piHs @epmi E,. moao aHa

30HH IPOBIJHOCTI E. ONUCY€ThCSA HMapaMeTpoM

— EF _ Ec
Nr = T
1. TepmoenekTpuuHi koedimieHTH A0

1D 6asicTUYHHX pe3UCTOPiB

2
G= Z (10);
k2q° 3
Sy = _ET[‘SO(UF)_UF‘S—l(nF)];

S=—E|: 3,(n,) _UF}
q3.07,)
KOZT[S] ZZ [2~5 () —21,3 0(77F)+77 1(77F):|
2
6] h —1(77F)

2. TepMoenexkTpuyHi koedpiunientu misa 1D
audy3iliHNX pe3ucTopin

2¢° (2 N

:%(TOJF(’“’_D‘SM(’#);

_ k(A o
Sp = 7 h (L]F(r+l)[(r+l)\sr(77p) UFJY_I(,]F)]’
S:_ﬁ{ww}

q ‘Sr—l(nF)

K,= T(ﬁju 2B 93,000 -20,7 4203, ) T3, 0

q) h
K:T[kj 20 (s )FM){MY @ )wm}
a) h ()

IIpoBinHicTh G=o0,,/L w™ae Bumip-

HicTb Cimencig, 3B17ICM BUMIPHICTh MUTOMOI IIPO-

BIJTHOCTI [O'ID]ZICM-M. AHaJoriyHo ans pe-
LITH KOE(IIIEHTIB:

s, =8,L; x,=K,L; x=KL.

20

3. TepmoesexkTpnuHi koedinieaTn 1is 2D

0aJIICTHYHHUX Pe3UCTOPiB

2¢° \N2am* kT

G=W ) ; 3., (165
k2 N27mem*kT
S, =- 29 Nemm |: 3,,(:) =13 1/2(77[7):';
q h h 2
__E{ 33,,(1x) _ }
= e
q|23.,,(;)
2q N2mm* kT | 15 .
K, = WT([IJ 7 A |:4 35, (1) =307, 3 1/2(77F)+77F 12(77,‘7):|5
. WT( J 24 2Am *kT {15 3, 1) 9512/2(%)}
q h h 43_,(nx)

4. TepmoenekTpuuHi koedinieaTu s 2D

audysiiHuX pe3ucTopis

2¢° (A, \N2m*kT 3
G=W r+—)3. ;
i (L) h I'( 2) 2 (Ms)
k| (r+3/2)3
S:__{( - ) r+1/2(77F)_77F:|;
q 3,(15)
Sy =_Wg%qz(ioj%‘:r(’q'g)srwz(’#)_'7Fr(r+%)s/~1/2(77f):|;
X ,Wf[ﬁjzzfqz[gimw .
o qg) h \L h

7\~ 5.~ 3.~
X[F(V + E)Jus/z () —2n,L(r+ E)J,-+1/2(77F) + 77/g r'(r+ E);‘,fl/z (UF)}

3~
(r+ E)JVZH 2 (1F)

3,22(177)

(k) 24 (AR LSS
K—WT[qj h[Lj = F(r+2)[(r+2)d,wz(m)

IIpoBignicte G =0,,W /L BuUMIpIOETbCA B
Cimencax; 3BiACM BUMIPHICTh TTUTOMOI MPOBIJI-

Hocti [0,, ] =1Cm . Ananoriano u1st pemTn Koe-
(irieHTIB:
s, =S LIW; «x,

—K,LIW; k=KLIW.

5. TepmoenexkTpuuHi koedinientu nas 3D
0aJIiCTUHYHHUX Pe3uCTOPiB

2> m*kT
G=4 3 ;
PRET
k2> m*kT ~
Sy =—A— 1 [2\51(77F)_77F‘50(77F)];

g h 27h’
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ST

g 30(1;)
K,=AT [1;) 2%";]; [63,(7:) = 41,3, (1) +7:3,(n) |
kY 2¢° m*kT 437 (1)
K=AT|= | 63,(,) -T2
q) h 2nh So(17)

6. TepmoenexkTpuyHi koedpinienTn pasa 3D
audy3iiHNX pe3ucTopis

247 (A \m*kT -
G=4 (—Oj - L(r+2)3,(7,);

h \ L) 2xh
k| (r+2)3
S=__ ( @,) r+1(77F)_77F (94)’
q ‘Sr(nF)
k2q° *kT - -

S, = —A;%(%j o [T+ 93,00 =T+ 2)3, 07,
K, :AT(EJZE(iJM*kT[mM)S 1) =20, T(r +3)3,, (1) + i T+ 2)3,(0) |;
0 q h L) 2l re2\UlF F i \E F PTE) |s
_ar[ k) 24 (A \m*kT o r2)3m)
K_AT[qj p [L) e l"(r+3)[(r+3)\x,+z(17,,) 3.0m) }

[IpoBinnicte G =0;,4/L Mae BUMIpHICTb
Cimencis, 3BiCH NUTOMA TIPOBIIHICTH Ma€ BU-

MipHicTb [0, ] =1Cyn/ ;. Ananoriauo ans pe-
IITH KOe(IIiEHTIB:

s;=8;L/A4; ky=K,L/A;, k=KL/A.
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PACS numbers: 63.22.-m, 65.80.-g, 72.15.Jf, 72.20.Pa, 73.50.Lw, 74.25.fg, 84.60.Rb, 85.80.F1

THERMOELECTRIC COEFFICIENTS IN GENERALIZED ELECTRON TRANSPORT
MODEL APPROACH

Yu. A. Kruglyak, M. V. Strikha*

Odessa State Environmental University
E-mail: quantumnet@yandex.ua
* V. E. Lashkaryov Taras Shevchenko National University of Kyiv
E-mail: maksym_strikha@hotmail.com

Summary

On the basis of the «bottom — up» approach of Landauer — Datta — Lundstrom transport model the
basic equations of thermoelectricity with the corresponding transport coefficients (conductivity, See-
beck and Peltier coefficients, Soret thermal diffusion coefficient, and electronic thermal conductivity
for short-circuit case) for 1D conductors in the ballistic regime and 3D conductors in the diffusion
regime with an arbitrary dispersion and for any size were strictly derived in the tutorial article for
researchers, university teachers, and students.

The examination was carried for n-semiconductors, the method how to generalize results for p-
semiconductors case is also presented. The bipolar conductivity, Wiedemann — Franz law, and Mott
correlation were discussed as well. The electron scattering processes were considered phenomeno-
logically: the mean free pass was approximetaed by power law. In Appendix the thermoelectric coef-
ficients for 1D, 2D, and 3D semiconductors with parabolic dispersion are presented.

Keywords: nanophysics, nanoelectronics, thermoelectric coefficients, Fermi — Dirac integrals
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TEPMOEJIEKTPUYHI KOE®IIIEHTU B Y3ATAJIBHEHINA MOJEJII TPAHCIIOPTY
EJIEKTPOHIB

10. O. Kpyensax, M. B. Cmpixa*

Opnecbkuii Aep>KaBHUHN €KOJOTIYHUHN YHIBEPCUTET
Byn. JIbBiBChKa, 15, Onmeca, Ykpaina
ten. (067) 725 2209, E-mail: quantumnet@yandex.ua
* KuiBcpkuil HanioHanbHui yHiBepeuteT iM. T. llleBueHka, hakyasTeT panioQizuku, eIeKTPOHIKH
1 KOMIT'IOTepHUX CHCTEM,
np. ['mymikoBa, 4r, KuiB, Ykpaina
ten. (044) 526 0532, E-mail: maksym_strikha@hotmail.com

Pedepar

VY MeToauuHii cTaTTi, po3paxoBaHiii Ha HAyKOBIIIB, BUKJIA/1a4iB Ta CTYJCHTIB BHIIOi LIKOJIH, 3 TIO-
3MLIH KOHLEMIIT «3HU3Yy-Bropy» y3araibHeHoi TpancnoptHoi mozeni Jlannayepa-/larra-Jlynacrpoma
MOCITIZIOBHO BUBE/IEHI OCHOBHI PIBHSHHS TEPMOEJIEKTPUKH 3 BIAMOBIAHUMHU TPAHCIIOPTHUMU Koedi-
mieHTamu (MPOBiIHICTE, KoedimienTn 3eedeka i [lensr’e, koedinieHT Tepmoandysii Cope i enexTpo-
HHA TEIUIONPOBIIHICTH IS KOPOTKO3aMKHYTOTO Kojia) /Uit 1D mpoBiAHUKIB y OaTiCTUYHOMY PeXUMI
npoBiAHOCTI 1 1715 3D mpOBIAHUKIB y TU(Y31HHOMY PEKUMI IS JOBIIBHOTO 3aKOHY JUCTIepCii i JUIst
Oy/b-SIKOTO MacIITady HaIiBIPOBIIHUKA.

Po3paxyHku 3711iCHEHO IS /-HAMiBIPOBITHHUKIB, ajie BOJHOYAC II0Ka3aHO, SK PO3MOBCIOAUTH
pe3yJIbTaTd TaKoX 1 Ha p-HamiBIPOBITHUKH. OKPEMO PO3MISHYTO OIMONApPHY MPOBIAHICTH, 3aKOH
Binemana — @panna, criBigHomeHHss Motta. [Ipu 11boMy mporecu po3citoBaHHS €JIEKTPOHIB Bpa-
XOBaHO (PEHOMEHOJIOTIYHO: CEPEIHIO JOBKUHY BIJILHOTO MPOOITy alipOKCUMOBAHO CTETIEHEBUM 3aKO-
HOM. Y JlonaTky HaBeIeHO BUPA3H JIsl TEPMOENIEKTpHYHUX KoediienTis ast 1D, 2D 1 3D namiBmpo-
BiJIHUKIB 3 Tapa0OIIYHUM 3aKOHOM JHCIIEePCii.

KurouoBi ciioBa: HaHO(131Ka, HAHOETIEKTPOHIKA, TEPMOENIEKTPUYHI KoedilieHTH, iHTerpanu dep-
Mi — [lipaka
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SENSORS DESIGN AND MATHEMATICAL
MODELING
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CHAOTIC DYNAMICS OF THE SEMICONDUCTOR GaAs / GaAlAs LASER WITHIN
NONLINEAR CHAOS-GEOMETRIC INFORMATION ANALYSIS

G. P. Prepelitsa

Odessa State Environmental University, 15, Lvovskaya str., Odessa, Ukraine
e-mail: quantpre(@mail.ru

CHAOTIC DYNAMICS OF THE SEMICONDUCTOR GaAs / GaAlAs LASER WITHIN
NONLINEAR CHAOS-GEOMETRIC INFORMATION ANALYSIS

G. P. Prepelitsa

Abstract. Using universal chaos-geometric and multisystem approach it is studied chaotic dynamics
of the nonlinear processes in low- and high dimensional dynamics of a chaos generation in the
semiconductor GaAs / GaAlAs laser device with retarded feedback. In order to make modelling chaotic
dynamics it has been constructed improved complex system (with chaos-geometric, neural-network,
forecasting, etc. blocks) that includes a set of new quantum-dynamic models and partially improved
non-linear analysis methods including correlation (dimension D) integral, fractal analysis, average
mutual information, false nearest neighbours, Lyapunov exponents (LE), Kolmogorov entropy (KE),
power spectrum, surrogate data, nonlinear prediction, predicted trajectories, neural network methods
etc. There are theoretically studied scenarios of generating chaos, obtained complete quantitative data
on the characteristics of chaotic dynamics and topological and dynamic invariants, including Lyapunov
exponents, Kolmogorov entropy, the limit of predictability and others.

Keywords: chaotic dynamics, semiconductor GaAs / GaAlAs laser, chaos-geometric approach

O I'. I1. [penenwus, 2016
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XAOTHYHA JJMHAMIKA HAINIBIIPOBITHUKOBOI'O GaAs / GaAlAs JIABEPA:
HEJIHIMHU XAOC-TEOMETPUYHUI THOOPMALINHAN AHAJII3

I I IIpenenuys

AHoTtauniss. Ha ocHOBI yHiIBepCaJIbHOTO Xa0C-TEOMETPUYHOTO 1 MYJIBTHCUCTEMHOTO ITiIXOAY BH-
BYAETHCS HU3BKO Ta BHCOKO- pO3MipHA JUHAMIKa T€HEepallii Xaocy B HamiBIpOBITHUKOBOMY GaAs /
GaAlAs nazepHOMY MPUCTPOT 3 3aIli3HEHUM 3BOPOTHIM 3B'si3koM. JlJ1st TOrO, 11100 BUKOHATH e(ek-
TUBHE MOJICJIIOBAHHS XaOTUYHOI TWHAMIKM HETIHIMHUX MPOIECIB B HAIIBIPOBIIHUKOBUX CHCTEMax
Ta MpUIaZax po3poOIeHO KOMIT IOTEPHHIA KOMIUIEKC (3 Xa0C- TeOMETPHYHUM, HEHpOMEpEKEeBUM OJ10-
KaMH, OJIOKOM MPOTHO3YBAHHS, 1 T.1.), SIKHiA, 30KpeMa, BKJII0Yae B ce0e HU3KY HOBUX KBAaHTOBO-/IMHA-
MIYHHX MOJICJICH JMHAMIKH TPOIIECiB 1 MOKpamieHi ab0 MPUHIIUIIOBO HOBI MPOIEIYPH Ta aJTOPUTMHU
HETHIMHOTO aHali3y Taki K MeToJ €()eKTUBHOTO KOPEISIIHHOTO iHTerpaty, GpakTaIbHANA aHaTi3,
AITOPUTMH CEPEAHBOT B3a€MHOI iH(pOpMAIlii Ta XUOHUX HAMOIMKIMX CyCiliB, MIAXiq O aHAJi3y Ha
OCHOBI Moka3HUKIB JIsmmyHOBa, eHTporis Kommoroposa, MeTo ] CyporaTHUX JaHUX, MOJIENI HEJIiHIIHO-
'O TIPOTHO3Y, CIIEKTPaJIbHI METOIN, HEUPOMEPEKEB1 AITOPUTMH TOIIO. TeOpPETUIHO BUSBIICH] CIIeHApiT
reHeparii Xxaocy, OTpUMaHi KiJIbKICHI IaH1 PO XapaKTEPUCTHUKU XaOTUIHOI TWHAMIKH, TOTIOJIOTIYHI i
JUHAMIYHI 1HBapiaHTH, 30KpeMa, mokazHuku JlsmyHosa, enrpomist Kommoroposa, Mexa nependady-
BAHOCTI Ta iHIII.

KirouoBi cjioBa: xaotnuna quHaMika, HamiBrpoinaukoBuii GaAs / GaAlAs masep, xaoc-reome-
TPUYHUAN X1

XAOTHYECKAS JMHAMUKA MOJYIIPOBOJHUKOBOI'O GaAs / GaAlAs JIASEPA:
HEJIUHENHBIA XAOC-TEOMETPHYECKU NH®OPMAIIMOHHBIN AHAJIN3

I 11 Ilpenenuya

AHHoTanusi. Ha ocHOBe yHHUBEpCAJIbHOTO Xa0C-T€OMETPUUECKOTO M MYJIBTUCUCTEMHOTO TIOAX0/a
M3y4aeTcs HU3KO U BBICOKO-pa3MepHasi TMHAMUKA TeHEpalliy Xaoca B MOIyNpoBOAHUKOBOM GaAs /
GaAlAs ma3zepHOM yCTPOWCTBE € 3ama3bIBaroOIICii 0OpaTHON CBS3BIO.

J1st Toro, 4TOOBI BRIMOIHUTE 3 (EKTUBHOE MOJEIIUPOBAHNE Xa0TUUECKON JMHAMUKH HEJIMHEHHBIX
MPOLIECCOB B MOJYMPOBOJIHUKOBBIX CUCTEMAaX U MPUOOpax pa3paboTaH KOMIIBIOTEPHBINA KOMILIEKC (C
Xa0C- TEOMETPUUYECKUM, HEHpOCeTeBbIM OIOKaMH, OJIOKOM MPOTHO3UPOBAHUS, U T.1.), KOTOPHIA, B
YaCTHOCTH, BKIIIOYAET B ce0sl Psii HOBBIX KBAHTOBO -AMHAMMYECKHX MOJEJICH AMHAMUKH MPOIECCOB
U yIy4IlIEHHbIE WU TPUHLIUIINATIBHO HOBBIE MPOLIEAYPHI U aJTOPUTMbI HETUHEIHOTO aHAIHM3a TaKue
Kak MeToJ] 3(h(hEeKTUBHOTO KOPPEISILIMOHHOTO UHTETpalia, GpaKTalbHbIM aHATH3, aITOPUTMBI CpeTHEH
B3aMMHON MH(POPMAIINH U JIOKHBIX OMMKaMIINX coceie, MOAXO0 K aHallu3y Ha OCHOBE MoKa3areneit
JIsnynoBa, sHTponus KomMoropoBa, METOA CyppOTraTHBIX JaHHBIX, MOJEIN HETUHEHHOro MPOTHO-
3a, CIIEKTpajbHbIE METObI, HEMPOCETEBbIE ANTOPUTMBI U T.J. T€OPETUYECKU BBISABICHBI CIICHAPUU
TeHepaly Xaoca, MOJIy4YeHbl KOJIMYECTBEHHBIE JaHHBIE O XapaKTePUCTHKAX XaOTHYECKON AMHAMU-
KU, TOMIOJIOTUYECKHE U TUHAMUYECKHUE WHBAPHAHTHI, B YACTHOCTH, MOKazartenu JIsmyHoBa, SHTPOIHUS
Konmoroposa, mpeaen npenckasyeMoCT! U ApyTHe.

KuoueBble ci10Ba: xaoTHueckas TMHAMHKA, MOTYNpoBOAHUKOBEIN GaAs / GaAlAs mazep, xaoc-
reOMEeTPUYECKUN TTOIXO0]
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1. Introduction

In a modern quantum electronics and laser
physics etc there are many systems and devices
(such as multi-element semiconductors and gas
lasers etc), dynamics of which can exhibit cha-
otic behaviour. These systems can be considered
in the first approximation as a grid of autogenera-
tors (quantum generators), coupled by different
way [1-9].

In [6,7] we presented an application of a new
and advanced known non-linear analysis, chaos
theory and information technology methods [6-
14] to studying non-linear dynamics of the erbi-
um one-ring fibre laser (EDFL, 20.9mV strength,
A =1550.190nm) with the control parameters: the
modulation frequency f'and dc bias voltage of the
electro-optical modulator. Technique of non-lin-
ear analysis includes a whole sets of new algo-
rithms and advanced known methods such as the
wavelet analysis, multi-fractal formalism, mutual
information approach, correlation integral analy-
sis, false nearest neighbour algorithm, Lyapu-
nov exponent’s (LE) analysis, and surrogate data
method, neural networks prediction approach etc
(see details in Refs. [6-14]).

In this paper we present the results of the
first full quantitative study of low- and high di-
mensional dynamics of a chaos generation in the
semiconductor GaAs / GaAlAs laser device with
retarded feedback within a new non-linear analy-
sis, chaos theory and information technology ap-
proach [6-11].

2. Methods of non-linear analysis and a cha-
os theory

As used non-linear analysis, chaos theory
and information technology methods to study-
ing non-linear dynamics of the laser systems
have been earlier in details presented [6-14] here
we are limited only by the key ideas. As usu-
ally, we formally consider scalar measurements
s(n) = s(t, + nAt) = s(n), where ¢ is the start time,
At is the time step, and is n the number of the
measurements. Packard et al. [15] introduced the
method of using time-delay coordinates to recon-
struct the phase space of an observed dynamical
system. The direct use of the lagged variables
s(n +1), where t is some integer to be determined,
results in a coordinate system in which the struc-
ture of orbits in phase space can be captured. First
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approach to compute 1 is based on the linear auto-
correlation function. The second method is an ap-
proach with a nonlinear concept of independence,
e.g. the average mutual information. Briefly, the
concept of mutual information can be described
as follows [5,7]. One could remind that the auto-
correlation function and average mutual informa-
tion can be considered as analogues of the linear
redundancy and general redundancy, respectively,
which was applied in the test for nonlinearity. If
a time series under consideration have an n-di-
mensional Gaussian distribution, these statistics
are theoretically equivalent.

The goal of the embedding dimension determi-
nation is to reconstruct a Euclidean space R large
enough so that the set of points d, can be unfolded
without ambiguity. There are several standard ap-
proaches to reconstruct the attractor dimension
(see, e.g., [11-17]), but let us consider in this
study two methods only. The correlation integral
analysis is one of the widely used techniques to
investigate the signatures of chaos in a time se-
ries. The analysis uses the correlation integral,
C(r), to distinguish between chaotic and stochas-
tic systems. To compute the correlation integral,
the algorithm of Grassberger and Procaccia [17]
is the most commonly used approach. According
to this algorithm, the correlation integral is

€)= lim s ;jH(r Iy, =y, )
(I<i<j<N)

where H is the Heaviside step function with
H(u) =1 for u> 0 and H(u) =0 for u <0, r is the
radius of sphere centered on y, or Y, and N is the
number of data measurements. If the time series
is characterized by an attractor, then the integral
C(r) 1s related to the radius » given by

J —lim log C(r)
i logr

: 2)

where d is correlation exponent that can be de-
termined as the slop of line in the coordinates
log C(r) versus log r by a least-squares fit of a
straight line over a certain range of 7, called the
scaling region.

If the correlation exponent attains saturation
with an increase in the embedding dimension,
then the system is generally considered to ex-
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hibit chaotic dynamics. The saturation value of
the correlation exponent is defined as the corre-
lation dimension (d,) of the attractor. The near-
est integer above the saturation value provides
the minimum or optimum embedding dimension
for reconstructing the phase-space or the number
of variables necessary to model the dynamics of
the system. On the other hand, if the correlation
exponent increases without bound with increase
in the embedding dimension, the system under
investigation is generally considered stochastic.
There are certain important limitations in the use
of the correlation integral analysis in the search
for chaos. For instance, the selection of inap-
propriate values for the parameters involved in
the method may result in an underestimation (or
overestimation) of the attractor dimension. Con-
sequently, finite and low correlation dimensions
could be observed even for a stochastic process.
To verify the results obtained by the correlation
integral analysis, we use surrogate data method.
The method of surrogate data is an approach
that makes use of the substitute data generated
in accordance to the probabilistic structure un-
derlying the original data [6-8]. This means that
the surrogate data possess some of the proper-
ties, such as the mean, the standard deviation,
the cumulative distribution function, the power
spectrum, etc., but are otherwise postulated as
random, generated according to a specific null
hypothesis. Here, the null hypothesis consists of a
candidate linear process, and the goal is to reject
the hypothesis that the original data have come
from a linear stochastic process. One reasonable
statistics suggested by Theiler et al. (look [6]) is
obtained as follows. If we denote 0, as the sta-
tistic computed for the original time series and O,
for ith surrogate series generated under the null
hypothesis and let p_and o denote, respectively,
the mean and standard deviation of the distribu-
tion of O, then the measure of significance S is
rven by Q=
c

N

N 3)

An § value of ~2 cannot be considered very
significant, whereas an S value of ~10 is highly
significant. To detect nonlinearity in the ampli-
tude level data, the one hundred realizations of
surrogate data sets were generated according to

a null hypothesis in accordance to the probabilis-
tic structure underlying the original data. Often, a
significant difference in the estimates of the cor-
relation exponents, between the original and sur-
rogate data sets, can be observed. In the case of
the original data, a saturation of the correlation
exponent is observed after a certain embedding
dimension value (i.e., 6), whereas the correla-
tion exponents computed for the surrogate data
sets continue increasing with the increasing em-
bedding dimension. The high significance values
of the statistic indicate that the null hypothesis
(the data arise from a linear stochastic process)
can be rejected and hence the original data might
have come from a nonlinear process. It is worth
consider another method for determining d, that
comes from asking the basic question addressed
in the embedding theorem: when has one elimi-
nated false crossing of the orbit with itself which
arose by virtue of having projected the attractor
into a too low dimensional space? By examining
this question in dimension one, then dimension
two, etc. until there are no incorrect or false neigh-
bours remaining, one should be able to establish,
from geometrical consideration alone, a value for
the necessary embedding dimension. Such an ap-
proach was originally described by Kennel et al.
[16].

The LE are the dynamical invariants of the
nonlinear system. In a general case, the orbits of
chaotic attractors are unpredictable, but there is
the limited predictability of chaotic physical sys-
tem, which is defined by the global and local LE
[6-9,17-21]. A negative exponent indicates a local
average rate of contraction while a positive value
indicates a local average rate of expansion. In the
chaos theory, the spectrum of LE is considered
a measure of the effect of perturbing the initial
conditions of a dynamical system. Note that both
positive and negative LE can coexist in a dissipa-
tive system, which is then chaotic. Since the LE
are defined as asymptotic average rates, they are
independent of the initial conditions, and there-
fore they do comprise an invariant measure of at-
tractor. In fact, if one manages to derive the whole
spectrum of the LE, other invariants of the sys-
tem, i.e. Kolmogorov entropy and attractor’s di-
mension can be found. The Kolmogorov entropy,
K, measures the average rate at which informa-
tion about the state is lost with time. An estimate

27



I'. IT. TIpenenuus

of this measure is the sum of the positive LE. The
inverse of the Kolmogorov entropy is equal to an
average predictability. Estimate of dimension of
the attractor is provided by the Kaplan and Yorke
conjecture [20]:

J

2

d=j+=—, “4)
R
j j+1
where j is such that §; 5 and S"; <o, and

the LE A are taken in descending order. There are
a few approaches to computing the LE. One of
them computes the whole spectrum and is based
on the Jacobi matrix of system [6]. In the case
where only observations are given and the system
function is unknown, the matrix has to be esti-
mated from the data. In this case, all the suggested
methods approximate the matrix by fitting a local
map to a sufficient number of nearby points. In
our work we use the method with the linear fitted
map proposed by Sano and Sawada [21], although
the maps with higher order polynomials can be
also used. To calculate the spectrum of the LE
from the amplitude level data, one could deter-
mine the time delay t and embed the data in the
four-dimensional space. In this point it is very im-
portant to determine the Kaplan-Yorke dimension
and compare it with the correlation dimension,
defined by the Grassberger-Procaccia algorithm.
The estimations of the Kolmogorov entropy and
average predictability can further show a limit, up
to which the amplitude level data can be on aver-
age predicted.

3. The results of chaos generation analysis
in the semiconductor GaAs / GaAlAs laser de-
vice with retarded feedback

Fischer et al [5] have carried out the experimen-
tal studying dynamics of a chaos generation in the
semiconductor GaAs / GaAlAs Hitachi HLP1400
laser; an instability is generated by means of the
retarded feedback during changing the control
parameter such as the feedback strength m (or
in fact an injection current). Of course, depend-
ing on the system m there is appeared a multi-
stability of different states with the modulation
period: T =21/(2n+1), n=0, 1,2,... The state of
n = 0 is called as a ground one. With respect to
the frequency modulation, other states are called
as the third harmonic, fifth harmonic and so on.
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In the figure 1 we list the measured data on the
time-dependent intensities for a semiconductor
laser device with feedback: a) — the time series,
which illustrates a chaotic wandering between the
ground state and the state of the third harmonic;
b) the time series for a system in a state of the
global chaotic attractor.
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a) +

50 1

-50 |-

!

-100 L l

—T

Intensity / a.u.

——
100 b) 3rd harmonic ~ 5th 1st harmonic ]
-
50
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-100 1 . 1 " I
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Time / ps

Figure 1. The time series of intensity in the GaAs/
GaAlAs Hitachi HLP1400 laser
(the measured data).

In the Table 1 we present our original data on
the correlation dimension d,, the embedding di-
mension, computed on the basis of the false near-
est neighboring points algorithm (d,) with per-
centage of false neighbors (%) which are calcu-
lated for different lag times t . The data are listed
for two regimes: I. chaos and II hyperchaos. In
Table 2 we present our original data on the Ly-
apunov’s exponents (LE), Kaplan-Yorke attractor
dimensions, the Kolmogorov entropy K, . One
can see that there are the LE positive and nega-
tive values
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Table 1.

The correlation dimension d,, the embedding

dimension, computed on the basis of the false

nearest neighboring points algorithm (d,) with

percentage of false neighbors (%) which are
calculated for different lag times t©

Chaos regime (I) Hyperchaos regime (II)
T d, (dn) T dy (dn)
58 34 5(8.1) 67 8.4 11(15)
6 2.2 4(1.05) 10 7.4 8(3.4)
8 2.2 4(1.05) 12 7.4 8(3.4)

Tabmumg 2.
the Lyapunov’s exponents (LE): A-A, the
Kaplan-Yorke attractor dimension d,

and the Kolmogorov entropy K

entr

Regime A A2 A3 Ay di, Kentr
Chaos () 0.151 0.00001 -0.188 -0.067 1.8 0.15

Hyperchaos (II) 0.517 0.192 -0.139 | -0.042 7.1 0.71

The resulting Kaplan-Yorke dimensions in
both cases are very similar to the correlation di-
mension, which is determined using the Grass-
berger-Procachia algorithm. The Kaplan-Yorke
dimension is less than the embedding dimension
that confirms the correct choice of the latter. A sce-
nario of chaos generation is in converting initially
periodic states into individual chaotic states with
increasing the parameter m through a sequence
of the period doubling bifurcations. Further there
is appeared a global chaotic attractor after the
merging individual chaotic attractors according a
few complicated scenario.
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CHAOTIC DYNAMICS OF THE SEMICONDUCTOR GaAs / GaAlAs LASER WITHIN
NONLINEAR CHAOS-GEOMETRIC INFORMATION ANALYSIS

G. P. Prepelitsa

Odessa State Environmental University, 15, Lvovskaya str., Odessa, Ukraine
e-mail: quantpre@mail.ru

Summary

Using universal chaos-geometric and multisystem approach it is studied chaotic dynamics of the
nonlinear processes in low- and high dimensional dynamics of a chaos generation in the semiconduc-
tor GaAs / GaAlAs laser device with retarded feedback. In order to make modelling chaotic dynamics
it has been constructed improved complex system (with chaos-geometric, neural-network, forecast-
ing, etc. blocks) that includes a set of new quantum-dynamic models and partially improved non-
linear analysis methods including correlation (dimension D) integral, fractal analysis, method of the
average mutual information, algorithm of the false nearest neighbours, Lyapunov exponents, scheme
of computing the Kolmogorov entropy, analysis of the power spectrum, method of the surrogate data,
method of nonlinear prediction (scheme of the predicted trajectories), neural network methods etc.
There are theoretically studied scenarios of generating chaos, obtained complete quantitative data on
the characteristics of chaotic dynamics and topological and dynamic invariants, including Lyapunov
exponents, Kolmogorov entropy, the limit of predictability and others. It is shown that the firstly aris-
ing periodic states turns into individual chaotic states and then global chaotic attractor with scenario
through period-doubling bifurcation, which then significantly modified. There are firstly presented
original data on the Lyapunov exponents (+, +), correlation dimension (chaos — 2.2; hyperchaos — 7.4),
embedding dimension , Kaplan-York dimension and Kolmogorov entropy.

Keywords: chaotic dynamics, semiconductor GaAs / GaAlAs laser, chaos-geometric approach
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XAOTHUYHA JJMHAMIKA HAIIBITPOBIJITHUKOBOI'O GaAs / GaAlAs JIABEPA:
HEJIHIMHU XAOC-TEOMETPUYHUI IHOOPMALINHUN AHAJII3

I I1. Ilpenenuys

Opnecwekuii nepKaBHUM €KOJIOTTYHHM YHIBEpCHUTET, BY/1. JIbBiBChKa, 15, Oneca, 65016, Ykpaina
e-mail: quantpre@mail.ru

Pedepar

Ha ocHOBI yHiIBepcabHOTO Xa0C-T€OMETPUYHOTO 1 MyJIBTUCUCTEMHOTO Ti/IX0/ly BUBYA€THCSI HU3b-
KO Ta BHCOKO- pO3MIpHa JMHaMIiKa T'eHepallii xaocy B HamiBOpoBigHuKoBoMy GaAs / GaAlAs na-
3epHOMY MPHUCTPOI 3 3aMi3HEHUM 3BOPOTHIM 3B’s13KOM. J[71s1 Toro, 1106 BUKOHATH €(PEeKTUBHE MOjIe-
JIOBaHHS XaOTHUYHOI JMHAMIKHM HEJIHIHHUX MPOIIECIB B HAMIBIIPOBITHUKOBUX CUCTEMAaX Ta MPHUIaaax
PO3pO0ICHO KOMIT FOTEPHHM KOMIUIEKC (3 Xa0C- FTEOMETPUYHUM, HEHPOMEPEKEBUM OJIOKaMH, OJIOKOM
MPOTHO3YBaHHS, 1 T.1.), IKUH, 30KpeMa, BKJIIOUae B ce0e HU3KY HOBUX KBAHTOBO-IMHAMIUHUX MOJIE-
Jiei TMHAMIKH MPOLECiB 1 MOKpaleHi a0o MPUHIIMIIOBO HOBI MPOLEAYPU Ta AITOPUTMHU HENIHIHHOTO
aHaJli3y Takl K MeToJ] €PEeKTUBHOTO KOPEJIALIMHOrO 1HTEerpaiy, (paKTajibHUNA aHaIi3, aIlTOPUTMU Ce-
penHboi B3aeMHOI iH(GOpMaIIii Ta XHOHUX HAHOMMKIMX CYCiiB, MiIXiJ 0 aHAII3y HAa OCHOBI ITOKa3-
HuKiB JIsmyHoBa, eHTpornis KonMoroposa, MeTo/ CypOoraTHUX JTaHHMX, MOJIENI HETIHIHHOTO MIPOTHO3Y,
CIEKTpaJIbHI METOAM, HEHPOMEPEKEBI aITOPUTMH TOIIO. TeopeTHyHO BUSBIEHI CliEHapii reHeparii
Xa0Cy, OTPUMaHI KUIBbKICHI JIaHI TIPO XapaKTEPUCTHKN XaOTHUYHOI JUHAMIKH, TOTIOJIOTIYHI 1 TMHAMIY-
Hi iHBapiaHTH, 30KpeMa, mokazHuku JlamyHnosa, entpomnis KonMoroposa, Mexa nependoaqyBaHOCTI Ta
a1, [Tokazano, 110, Mo-Tnepiie, Mo BUHUKAIOY1 MEPIOANYHI CTAaHU TIEPETBOPIOETHCS B OKPEMI Xao-
THYHI CTaHH, a TIOTIM Yy TJIO0ATBHUI aTpakTop 32 XaOTUYHUM CIIeHapieM depe3 O1dypKalii MoIBOEHHS
nepiony, siIkuil npuiiMae yckinagHeny ¢gopmy. [Ipencrapieni po3paxoBaHi YMCeNbHI 3HAYSHHS 1010
napaMeTpiB IMHAMIKH CUCTEMHM, 30KpeMma, 0 Moka3Hukam JlsmyHoBa (+, +), KOopemsiiiiHiil po3mip-
HOCTI (y peXKHUMi Xaocy - 2,2; y peKuMi rinepxaocy - 7.4), BKJIaJIeHii po3MipHOCTI, po3mipHOCTi Ka-
nnan-Kopxka, eneprii Konmvoroposa Toro.

KurouoBi ciioBa: xaotnuHa n1uHamika, HaniBrpoBinHukoBuil GaAs / GaAlAs nazep, xaoc-reome-
TPUYIHUHN TAXI]T
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APPLICATION OF TEMPERATURE SENSORS FOR IMPROVING THE DEVICE BASED
ON THE PHENOMENON OF SURFACE PLASMON RESONANCE

Yu. V. Ushenin, G. V. Dorozinsky, V. P. Maslov, T. A. Turu, N. V. Kachur

Abstract. The device based on surface plasmon resonance (SPR) is used to determine the refraction
index of liquids. At the same time, it is known that the value of this index depends on the temperature of
this liquid. Therefore, this work was aimed at investigation of possibilities to enhance accuracy of such
two-channel SPR devices by using the temperature sensors directly in each measuring cell. It has been
experimentally proved that application of miniature temperature sensors (like to thermistors) in cells
of both channels simultaneously enables to doubly reduce the error of refraction index measurements.
In the case of multi-channel devices, it seams reasonable to use an array of semiconductor thin-film
temperature sensors in the unit cell.

Keywords: surface plasmon resonance, temperature sensor, precision measurement of the refraction
index
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BUKOPUCTAHHSA CEHCOPIB TEMIIEPATYPHU J1JIA BIOCKOHAJIEHHA ITPUJIALY
HA OCHOBI sABHUIIIA TIOBEPXHEBOI'O IVIASMOHHOI'O PE3OHAHCY

1O. B. Ywenin, I B. Jlopoowcuncoxuii, B. I1. Macnos, T. A. Typy, H. B. Kauyp

AHotauis. [Ipunaa Ha OCHOBI MOBEpXHEBOrO I1a3MOHHOTO pe3oHaHcy (I1I1P) BUKOpUCTOBYIOTH
JUTSI BU3HAYCHHS TIOKa3HUKA 3aJIOMIICHHS piAuH. B Toil ke Jac BioMo, 110 el MOKa3HUK 3aJIeKUTh
BiJ] TeMneparypu 1iei pinuau. Metoro poGotu Oylio JOCTiKEHHS MOXJIMBOCTI M1ABUILIEHHS] TOYHOC-
Ti IBOKaHaJIbHOTO npuiaay Ha ocHoBi [P 3a paXyHOK BUKOPHCTAaHHSI CEHCOPIB TeMIIEPATYpH IJIs
KOHTPOJIIO TeMIepaTypu 0e3nocepeHbo B KOKHIA BUMIpIOBaJIbHIN KioBeTi. ExCiepuMeHTanbHO J0-
BEJICHO, 1110 BUKOPUCTAHHS MiHIaTIOPHUX CEHCOPIB TeMIeparypu (Ha IpUKiIali TEPMOPE3UCTOPIB) IS
BUMIPIOBAHHS TeMIIEpaTypu Oe3MocepeHb0 Ha KOKHOMY KaHalli KIOBETH JUIs BUMIPIOBAHHS IOKa3-
HUKa 32JIOMJICHHSI JO3BOJISIE€ 3MEHILIUTH MOXUOKY BUMIipIOBaHHS Maibke BaBiui. {1 6ararokaHabHUX
npunaniB [P nepcrneKTHBHUM € BUKOPUCTAHHS JIIHINKYA HAaNIBIPOBIIHUKOBUX TUTIBKOBHX CEHCOPIB
TEeMIIepaTypH B KIOBETI NPHUIIAJY.

Ki1r040Bi c/10Ba: moBepXHEBHIA IJIA3MOHHUIN PE30HAHC, CEHCOPU TEMIIEPATyPH, TOUYHICTh BUMIPIO-
BaHHsI, TOKAa3HUK 3aJIOMJICHHS

HNCITOJIBb30BAHUE CEHCOPOB TEMIIEPATYPBI 111 COBEPIIEHCTBOBAHMU A
AIIITAPATA HA OCHOBE ABJIEHUSA IOBEPXHOCTHOI'O IVIASMOHHOI'O
PE3OHAHCA

1O. B. Ywenun, I B. Jlopooxcunckuu, B. Il. Macnos, T. A. Typy, H. B. Kauyp

AnHoTauus. [Ipubop Ha OCHOBE MOBEPXHOCTHOTO IU1a3MOHHOTO pe3oHaHca (III1P) ucnons3yror
JUISL OIIPENENICHUs IIOKa3aress MPEJIOMIICHUs XKUAKOCTeH. B TO ke BpeMs U3BECTHO, 4TO 3TOT IIO-
KazaTellb 3aBUCHT OT TEMIIepaTyphl 3TOH KUAKOCTH. Llenbio paboTel OBUIO MCCIeI0BAHUE BO3MOXK-
HOCTHU TOBBILIICHUSI TOYHOCTU JBYXKaHaJbHOro nmpudopa Ha ocHoBe IIIIP 3a cueT mcmonb3oBaHUS
CEHCOPOB TEMIIEPATYPBI JJII KOHTPOJI TEMIIEPATypbl HENOCPEICTBEHHO B KaXJAOW MU3MEPUTEIILHOU
KIOBETE. DKCIEPUMEHTAIbHO JOKa3aHO, YTO UCII0JIb30BAHUE MUHHUATIOPHBIX CEHCOPOB TEMIIEPATypPhl
(Ha mpuMepe TEPMOPEZUCTOPOB) ISl U3MEPEHUS TEMIIEPATyPbl HEITOCPEACTBEHHO Ha Ka)KJJOM KaHaJje
KIOBETHI U U3MEPEHM TI0KA3aTels IIPEIOMIICHHS II03BOJIIET YMEHBIIUTD IIOTPELIHOCTh U3MEPEHUS
noutu BaBoe. s MHOrokananbHbIX npruOopos I1TTP nmepcrnieKTBHBIM SIBISIETCS UCHOIb30BAHUE JIU-
HEHMKH MMOTyTIPOBOTHUKOBBIX IJICHOUHBIX CEHCOPOB TEMIIEpPAaTyphl B KIOBETE MpHOOpa.

KuroueBble cj10Ba: MOBEPXHOCTHBIN IJIa3MOHHBIN PE30HAHC, CEHCOPBI TEMIIEPATypbl, TOYHOCTh
U3MEPEHHUs], I10Ka3aTellb [IPEJIOMIICHUS
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Introduction

The leading tendencies in development of
analytic devices require implementation of new
physical methods for measurements that are based
on up-to-date achievements in science and tech-
nique. The main requirements to these methods
are as follows: enhancement of their accuracy and
sensitivity, shortening the time for measurements,
reduction of the volume of studied substances. It
is known that optical methods possess a high op-
eration speed and enable to reach high accuracy
and sensitivity in measurements. One of the prom-
ising optical methods for analysis of various com-
pounds and micro-objects as well as processes at
the molecular level is the refractometric method
based on surface plasmon resonance (SPR) phe-
nomenon. The respective devices (SPR-devices)
are mainly designed using chemical and biologi-
cal sensors that consist of a sensitive element and
some physical transducer. As compared with tra-
ditional measuring methods, the SPR-method pro-
vides possibility to study processes of molecular
interaction in micrometer-thickness layers in the
real-time scale; low value of the sample volume
required for measurements (10 pl); the method
does not require any markers or fluorescent labels
for studying the substance (analyte).

The SPR-devices are widely used in scientific
researches, in medicine and ecological monitor-
ing [1-3], therefore, enhancement of accuracy in-
herent to these devices seems to be a topical task.

As shown in the previous works [4-6], account
of the temperature factor is essential for enhance-
ment accuracy of measurements when using the
SPR-device.

This work is aimed at improvement of SPR-
device accuracy due to use of temperature sen-
SOrs.

Devices and methods of investigation

Investigation of the temperature influence on
accuracy of measurement results was performed
using the SPR-device «Plasmon-71». The devices
of “Plasmon” series are computer-controlled op-
toelectronic small-scale two-channel refractom-
eters based on SPR for determination of the SPR
curve shift inherent to the studied analyte. Opera-
tion surface of the “Plasmon” sensitive element
is formed from a gold film with the thickness 48
to 52 nm. As a source for excitation, there used is

p-polarized light from the semiconductor injec-
tion laser diode.

Necessary conditions for plasmon excitation
are reached by changing the angle of incidence of
p-polarized light on the surface of the sensitive ele-
ment. The angular dependence of the intensity of
light reflected from the surface of the sensitive ele-
ment is the main output chacteristic in these mea-
surements and is called as the SPR curve (Fig. 1a).
The optical scheme of the device (Fig. 1b) corre-
sponds to the Kretschmann geometry and consists
of the laser diode 1, sensitive element 11, half-pen-
taprism 13, and two photodetectors 7 and 8.
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Mormalized intensity of the reflected light, rel. un.
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Angle of light incidence on the sensor surface, degree

Fig. 1. SPR curve (a) and optical scheme of the
device «Plasmon-71» (b).
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The laser diode 1 generates light with the
wavelength 850 nm. This light passes through the
half-pentaprism 13, is reflected from the surface
of the sensitive element 11, from the mirror on
the back face of the prism, from the additional
mirror 9, and falls onto photodetector 7. The gold
film is deposited onto a glass plate joined with
the retroprism by using immerse liquid. Data for
plotting the SPR curve are obtained by rotating
the retroprism and simultaneous measuring the
intensity of light reflected from the sensitive ele-
ment. The channels are formed by the measuring
cell 12 made of polymethylmetacrylate, which is
mounted on the sensitive element via the silicone
spacer. To excite surface plasmons in both chan-
nels, light from the laser diode is separated by two
beams with the prism 5. Control and stabilization
of the light intensity is provided with the photode-
tector 6 and the device electronics, respectively.
Calibration of the absolute angle is performed
with the photodetector 4 and diaphragm 2 (slot
width is close to 100 pm) by measuring the inten-
sity of light reflected from the prism front face.
Measurements of the laser light intensity and cali-
bration of the angle are provided with the separat-
ing plate 3 and diaphragm 10. Except prism, all
the elements of this optical scheme, sensitive ele-
ment and measuring cell form a separate assem-
bly — the optical unit. Angular scanning and de-
termining the minimum position of the SPR curve
are provided within the range of angles 38 to 73
degrees for rotation of the half-pentaprism on the
platform-holder with the step-motor and reducer.

To ascertain the influence of temperature di-
rectly in each channel, the authors mounted con-
tact temperature sensors consisting of platinum
temperature-sensitive elements in each measur-
ing cell (Fig. 1b, pos. 12). Used here are temper-
ature-sensitive elements M222Pt100 (Heraeus
Sensor Technology, Germany) with dimensions
2x2x1.2 mm, linear temperature characteristic
within the range from —203 up to +773 K and
initial resistance 1 kOhm at the temperature 293
K (DIN EN6075 accordingly to IEC 751). These
elements were fixed inside the case of measuring
cells by using a compound in such a way that pro-
vided thermal contact with the studied liquid.

In these experiments, we used distilled de-min-
eralized water in accord with technical conditions
TY V 24.1-31826636-004:2009 (TAB «Txopis-
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ceke», Ukraine). The refraction index and tem-
perature coefficient of distilled water were studied
in detail in [7]. This water was pumped through
the two-channel cell. Temperature of water was
measured separately in each measuring channel.
First, our measurements were performed at room
temperature (297 K). Then, the temperature was
increased up to 309.6 K, using a resistive heater
made of nichrome and installed into the cell.

To reduce the temperature influence on results
of measuring the refraction index of the studied
substance (analyte) with “Plasmon-71", we used
mathematical processing the obtained results with
the aim to compensate the temperature drift of the
operation point (minimum of the SPR curve R(0)).
Compensation of the temperature influence was
reached by multiplication of the measured value
of the angle corresponding to the SPR-minimum
by the correcting coefficient K, determined using
the formula (1):

K, = [y TK (T~ T,)] (1)
where K is the correcting coefficient for the i-th
measurement of the SPR minimum;
vy — feedback coefficient, its optimal value
vy = 0.55 provides minimum overcorrection;

TKn — temperature coefficient of the distilled wa-
ter refraction index;

TKn = —1.15-10* K" (respective shift of the op-
eration point is 34.5 ang. sec/K™");

T. — temperature of distilled water for the i-th
measurement of the SPR minimum, K;

T, — temperature of distilled water before heating
it, T,= 297 K.

Thus, the results of measurements provided
two sets of data: without thermal compensation
and with it, which enabled to determine the aver-
aged value of the SPR minimum position.

Results of experiments and discussion

The results of experiments (Fig. 2) show that
compensation of heating the distilled water when
measuring the kinetics of the SPR minimum (op-
eration point) shift with time (curve 2) essentially
decreases its deviation as compared with that in
the case when thermal compensation is absent
(curve 1).
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Fig. 2. Kinetics of the SPR minimum shift for the

distilled water when its temperature changes from

297 K up to 309.6 K: (1) without thermal compen-

sation; (2) with compensation and (3) the same
with averaging by 10 measurements.

The jump of operational point at the initial part
of the plot (2) is related with inertial character
of processes of heat transfer from liquid to the
thermal-sensitive element: the response of sur-
face plasmons on the temperature change is faster
than that of the thermal-sensitive element, which
causes overcompensation. Elimination of this un-
desired phenimenon was reached using another
(reference) channel in the measuring cell. We de-
termined the difference signal between these two
channels with additional averaging its value (by
10 consecutive values of measurements). This
way not only eliminated overcompensation but,
in addition, enabled to reduce the amplitude of
the noise track by 12 times from 3 , = 31.4 -10°
down to 6, = 2.7 -10”. In this case, the error of
measurements without compensation reached the
value 24 -10*, while in the case of compensation
it was equal to 8.7 -10* or even 2.1 -10™* after
compensation with averaging by 10 consecutive
values of measurements.

The obtained experimental values for the
temperature error are considerable as com-
pared with the detection limit of “Plasmon-71”
(dN__ = 1.8 -107), which can be explained by a
large change in temperature. In real conditions of
experiments, such a change is impossible. There-
fore, in addition we determined the temperature
drift of the operation point in the Multiple regime
for the period of measurements in conditions of

thermal compensation withoutartificial heating the
analyte. For water, the thermal drift of the opera-
tion point reached 40.64 ang. sec/K. The temporal
drift of the refraction index was —7.6:10~° min".
It enabled to determine the speed of changing the
analyte temperature, namely: 0.182 K/min. For
the time of one measurement, the temperature of
distilled water changed by the value AT=0.608 K.
The respective changes in the analyte tempera-
ture caused the absolute error in measurements
of the SPR minimum shift for the distilled water
0, = 0.76°107°, which was considerably lower
than the detection limit of SPR-device.

It means that thermal compensation reduces
the error of measuring the refraction index at least
by 3 times in the case of considerable changes in
temperature of studied substance (12.6 K) and en-
ables to enhance accuracy of measurements with
“Plasmon-71".

When using the device with larger number of
channels (from 8 to 32), it seems reasonable to
apply an array of semiconductor thin-film tem-
perature sensors instead of thermistors that have
larger dimensions and dependence of thermal
conductivity on design solution.

Conclusions

1. Developed in this work is the method that
takes into account the temperature influence
on the results of studying the substance re-
fraction index on the example of distilled wa-
ter.

2. It has been experimentally proved that appli-
cation of a miniature temperature sensors like
to thermistors for measuring the temperature
in each channel of the measuring cell when
determining the refraction index enables to
doubly reduce the error of measurements.

3. In the case of multi-channel SPR-devices, it
seems promising to use linear semiconductor
thin-film temperature sensors in the measur-
ing cell.
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Summary

The device based on surface plasmon resonance (SPR) is used to determine the refraction index of
liquids. At the same time, it is known that the value of this index depends on the temperature of this
liquid. Therefore, this work was aimed at investigation of possibilities to enhance accuracy of such
two-channel SPR devices by using the temperature sensors directly in each measuring cell. To ascer-
tain the influence of temperature directly in each channel, the authors mounted contact temperature
sensors consisting of platinum temperature-sensitive elements in each measuring cell. Used here are
temperature-sensitive elements M222Pt100 (Heraeus Sensor Technology, Germany) with dimensions
2x2x1.2 mm, linear temperature characteristic within the range from —203 up to +773 K and initial
resistance 1 kOhm at the temperature 293 K (DIN EN6075 accordingly to IEC 751). These elements
were fixed inside the case of measuring cells by using a compound in such a way that provided thermal
contact with the studied liquid First, our measurements were performed at room temperature (297 K).
Then, the temperature was increased up to 309.6 K, using a resistive heater made of nichrome and
installed into the cell. Developed in this work is the method that takes into account the temperature
influence on the results of studying the substance refraction index on the example of distilled water. It
has been experimentally proved that application of a miniature temperature sensors like to thermistors
for measuring the temperature in each channel of the measuring cell when determining the refraction
index enables to doubly reduce the error of measurements. In the case of multi-channel SPR-devices,
it seems promising to use linear semiconductor thin-film temperature sensors in the measuring cell.

Keywords: surface plasmon resonance, temperature sensor, precision measurement of the refrac-
tion index
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Pedepar

[Tpunan Ha OCHOBI TOBEPXHEBOT'O MJIA3MOHHOTO PE30HAHCY BUKOPHCTOBYIOTH JJIsi BU3HAYCHHS 0~
Ka3HMKa 3aJIOMJIEHHS piauH. B Toil e yac B1JoMO, IO 11e¥ TOKa3HUK 3aJI€KUTh B/l TEMIIEpaTypH L€l
pinuHU. MeToro poOoTH OYII0 AOCIIHKEHHS MOYKIUBOCTI TiABUIIIEHHS TOYHOCTI JIBOKAHAIBHOTO TIPH-
nany Ha ocHosi I[P 3a paxyHOK BUKOPUCTAaHHSI CEHCOPIB TEMIIEPATYpPH B BUMIPIOBAJIbHIN KIOBETI.
Jiis BU3HAUEHHS BIUIMBY TEMIIepaTypu 0e3mocepeHhO Ha KOKHOMY KaHalli HaMH OyJTd BCTaHOBIICHI
KOHTaKTHI CEHCOpPHU TeMIMepaTypy Ha OCHOBI IJIATUHOBUX TEPMOJAATUYMKIB HA KOKHY BHUMIPIOBAJIbHY
kroBeTy. [InmarunoBi Tepmonaruuku Trmy M222Pt100 (Heraeus Sensor Technology, Himeuunna) ra-
Oaputamu 2x2x1.2 MM 3 JIHINHOIO TemIepaTypHoro Xxapaktepuctukoro Bif -203 K 1o 773 K Ta no-
garkoBuM omopoMm 1 kOwm nipu temmeparypi 293 K (DIN EN6075 3rimno IEC 751). Tepmonaryuku
¢ikcyBanM y KOpIryci BUMIpIOBAJIbHOT KIOBETH KOMITayH/IOM TaKUM YHMHOM, 100 3a0€3MeunTH TeIuio-
BUH KOHTAKT 3 PIAMHOIO, IO J0CiKyBaidu. CrioyaTky BUKOHYBaJM BUMIPIOBAHHS NPU KIMHATHIN
temrepatypi (297 K), a moTiM pe3ucTUBHUM HarpiBaueM, BAKOHAHHM 3 HIXpOMY, BOYJTOBaHHM Y KIO-
BETY, BUKOHYBaJIM puMycoBe HarpiBanHs Bix 297 K 1o 309,6 K. Po3po0iieHo METOHKY sIKa BPaXxOBYy€
BIUTMB TEMIIEpaTypy Ha PE3yNbTaTh JOCITIHKEHHS TTOKa3HUKa 3aJJOMJICHHS Ha MIPHUKIIAIl TUCTHIHOBA-
HOi Bonu. ExcriepuMeHTanbHO JOBEICHO, 10 BUKOPUCTAHHS MIHIATIOPHUX CEHCOPIB TEMIEpaTypu
(Ha MpUKIIAJ1 TEPMOPE3UCTOPIB) I BUMIPIOBAHHS TEMIIEpaTypH O€310CepeIHbO Ha KOXKHOMY KaHai
KIOBETH JUISI BUMIPIOBAaHHSI TIOKa3HUKA 3aJIOMJICHHS JTO3BOJISIE 3MEHIITUTH ITOXHMOKY BUMIPIOBaHHS Maii-
xe BaBiul. [l 6aratokanansHuX npuiaais [P 3anpornoHoBaHO BUKOPUCTAHHS JIIHIAKHA HAIIBITPO-
BiJTHMKOBHX IUTIBKOBHX CEHCOPIB TEMIIEPATYPH B KIOBETI IPUIATY.

Kuio4oBi ciioBa: moBepxHEeBuUH MIIa3MOHHUM PE30HAHC, CECHCOPH TEMIIEPaTypH, TOYHICTh BUMIPIO-
BaHHS, TTOKa3HUK 3aJIOMJICHHS
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B. II. Tapmaunuk

AHoTauis. /lochipKyBanics CeKTPH eNeKTPOIFOMIHECIIeHITIT YepBOHUX (Hoc(igo-TamieBUX CBIT-
noxioniB. OKpiM OCHOBHOI CMYTH BUIIpOMiHIOBaHHS hv = 1,845 ¢B, BHABICHO 0JaTKOBY KOPOTKO-
XBHJIbOBY KOMIIOHEHTY hv = 2,206 B, icHyBaHHS sIKO1 IOB I3y €ThCS 3 IOHOPHO-aKIIENTOPHUMHU TIepe-
X0JJaMH MiX mapamMu Zn-Sn. ['010BHa 0COOMUBICTB 1€l JTiHIT — 3pOCTaHHS IHTEHCUBHOCTI MTPHU MAJIUX
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ctpyMax (10 ~ 50 MA) Ta, 3yMOBJICHE TEIJIOBUM €(EKTOM, MaJiHHSA — NMPH BeJUKUX (ToHax 90 MA).
OOroBOPIOETHCS MPUPOJIA AaHOMAIILHOTO PO3IIUPEHHS CIIEKTPAIbHUX JTiHIMH.

Kurouosi cioBa: pocdin raniro, GaP(Zn-0), cBITIOAI0/, €IEKTPOTIOMIHECIICHITIS, PEKOMOITHAITIS,
CIIEKTp, €KCUTOH, CBIYCHHS

EXCITON RADIATION PECULIARITIES OF RED GALLIUM-PHOSPHIDE LEDS

O. V. Konoreva, Ye. V. Malyi, Ya. M. Olikh, I. V. Petrenko, M. B. Pinkovska, O. 1. Radkevych,
V. P. Tartachnyk

Abstract. Electroluminescence spectra of red GaP light-emitting diodes were investigated.
Besides the main emission line hv = 1.845 eV, it was detected the additional short-wave component
hv = 2.206 eV the existence of which is connected with donor-acceptor transitions between Zn-Sn
pairs. It was observed intensity increase of this line at low currents (I < 50 mA) and fall for high
currents (I > 90 mA) due to the thermal effect. The nature of the spectral lines anomalous broadening
was discussed.

Keywords: gallium phosphide, GaP, light-emitting diode, LED, electroluminescence, EL,
recombination, spectrum, exciton, light emission

OCOBEHHOCTH DKCATOHHOTO W3JTYYEHMS KPACHBIX ®OCOUI-TAJIMEBBIX
CBETO/IMOIOB

O. B. Konopesa, E. B. Manwii, 4. M. Onux, Y. B. [lempenxo, M. b. [lunxosckas, A. U. Paokesuu,
B. Il. Tapmaunuk

AHHoTanus. VccnenoBanuch CIEKTPhI 3IEKTPOIIOMUHECIICHIINN KPACHBIX (OChUA-rayTHEeBbIX
cBeronuonoB. Kpome ocHoBHOW juHUM u3nydeHus hv = 1,845 sB, oOHapyXeHO IOMOITHHUTEIIb-
HYIO0 KOPOTKOBOJIHOBYIO KOMIOHEHTY hv = 2,206 3B, cymiecTBoBaHHE KOTOPOW CBA3aHO C JOHOPHO-
aKLENTOPHBIMU NepeXoaMu MKy mapamu Zn-Sn. HabnronaeTcst Bo3pacTranne MHTEHCUBHOCTH 3TOM
JIMHUW TpU ManbIX Tokax (10 ~ 50 MA) u manenune — npu 6oabpmux (6onee 90 MA), oOycioBIeHHOE
Ter1oBbIM 3 dexTom. OOcyKaaeTcst Npupoia aHOMaJIbHOTO YIIUPEHUS CIIEKTPAIbHBIX JTMHHM.

KuroueBnble ciioBa: ¢ochun ramms, GaP (Zn, O), cBeTonnona, 37eKTPOTFOMUHECIICHITHS, PEKOM-
OMHALINA, CIEKTP, SKCUTOH, CBEUCHUE
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Beryn

B ocHoBI npuHIMIy Aii HaiBIIPOB1IHUKOBOTO
MPUCTPOIO 3 P-N-TIEPEXOJOM JICKHUTH BHUKO-
pPUCTaHHS IMITYJIbCIB, OJU3BKHUX 32 BEIUYUHOIO
JI0 3HAYCHHSI MMOTEHIIAIBHOTO 0ap’epy Ha Mexi
p- Ta n- obnacted. 3acTOCYBaHHS CKCUTOHHUX
NPUIAAiB JTO3BOJUTH 3MEHIIUTHU M€ MOPIrT,
NpUHAKWMHI, Ha MOPSIIOK 1, B MEPCHEKTHURI,
3MIHCHUTH TepexiJ Ha AUCKPETHI €IeMEHTH
€JICKTPOHIKH HOBOTO IMOKOJIHHS — €KCUTOHHI
TPaH3UCTOPHU, MBHIKOJAIIOYI KOMYTaTOpH,
reHepaTopyu Ta iH., IKi BUKOPUCTOBYBAaTUMYTh
3HAYHO MEHINI MOTyXHocTi. Ha cporomHi
CKOHCTPYHOBaH1 1 BUKOPUCTOBYIOThCSI €KCUTOHHI
KBAHTOBI T€HEPATOPH 3 KOE(DIiliEHTOM KOPUCHOT
aiin =30% [1].

Takox cTae MOXKIIMBHM OJICP)KaHHS €KCUTOHHOT
PEYOBHHU y TPHhOX CTaHAaX — Ia3omoaiOHOMY,
piakoMy i TBEpIOMY 3 IPUHIIMIIOBO 1HIIUMH BIla-
cTUBOCTAMHU. Hampukian, skio 3a0e3neduTn
YMOBH, MPHU SKUX HOCIT CTPyMy CTaHYTh criape-
HUMH, METaJl Ha0y/Ie BIIACTUBOCTEH JIiCIEKTPHKA.
HanrekydicTh €KCUTOHHOTO Ta3y 3yMOBUTH
BI/ICYTHICTh OMOPY IPH MEPEMIIlIEeHH] €KCUTOH-
HHUX TMAKeTIB 1 BIATOBIIHE 3MCHIICHHS BTpaT
MOTYHOCTI B Ipoleci oO6poOku Ta mepenadi
iH(pOpMaLIHHIX TIOTOKIB.

BpaxoBytouu, mo y docdiai ramnirmo
peani3yrThCs pi3HI MEXaHi3MHU BHUIIPOMIHIO-
BaJIbHOT pekoMOiHaIlii, B T. 4. EKCHTOHHUH, — HOTO
MO@XHa BBa)XaTH MOJICJILHUM HaIiBIIPOBITHU-
koM. Came TOMy BiH € 3py4HUM 00’ €KTOM JJIsi
JIOCIIJDKEHHSI €EKCUTOHHUX CTaHiB. Y CBITIIONIO-
JlaX, BUTOTOBJIEHUX Ha ocHOBI GaP, peani3yersb-
Cs MEXaHi3M CBIYEHHS €KCUTOHIB, 3B’ SI3aHUX Ha
130€JIEKTPOHHUX JOMIIKax [2,3], ki, MOPIBHIHO
3 BIIBHHMHU, BOJIOJIIOTH PSIOM OCOOTHUBOCTEH.
Oxpemi 3 HUX JIOCIHIKYBAIHUCh Y TIOAaHii poOOTi.

ExcniepumeHnT

O0’exkTamMu AOCIHIJIKEHb OylIuW 4YEpBOHI
GaP-cBiTionioau, BUPOIIECHI Ha ITiKIAIMHIII,
onepkaHiii MeTogoM HYoXpanbChKOTO MUISIXOM
MOJBIMHOT PIAMHHOI €miTaKcii; 7-0011acTh CTPYK-
TypH JIETyBaJIach TEIYPOM 1 a30TOM, p-00JIacTh —
IIMHKOM Ta KHCHEM. BUMIprOBaHHS CIIEKTPIB €JIeK-

TPOJIOMiHECLEHLT 3IHCHIOBAJIOCS B 1HTEpBai
temneparyp 77 + 300 K cnexkrpomerpom BLK-C
(F1000-VIS NIR-1) Bupo6nunTea Stellar Net Inc.

it miarrazony 190 + 850 Hwm.

Pe3yabTaru
YepBoHuii KoJIip BUIIPOMiHIOBaHHS Gocdia-
raJli€eBUX CBITJIONIO/IB 3a0e3Meuy€eThCs

JIeTyBaHHAM p-00J1acTi CTPYKTYpPU KUCHEM 1 IIUH-
KoM ofiHouacHo. O0uABa aToMH, 3aiiMarouu Cycij-
Hi BY3JIM Yy I'paTIli, yTBOPIOIOTh NHOOKY MHAcTKY,
Ha SKiil 3B’s13yeThes eKcHTOH. Moro pexomGina-
s mpu T = 300 K dhopmye ninito hv = 1,797 eB.
[Ipu ximMHaTHiN Temneparypi cnektp nioga GaP
(Zn,0) Mae BUMIA MIMPOKOT aCUMETPUYHOT 0e3-
CTPYKTYpHOi cMyTH 13 MakcumymoM hv=1.797 eB

(puc. 1).
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Puc. 1. CnekTpanbHuii po3noaiil iHTEeHCMBHOCTI
cBiueHHs1 yepBoHOro cBiTs0iona nmpu T =300 K B
AianaszoHi crpymis I = 1,5 + 20 mMA.

Ha puc. 2 mnokasaHi CHEKTpU CBIYEHHS
ceitnomiona GaP (Zn, O), 3usati npu T = 77
K 1 pi3HEX cTpymMax uyepe3 p-n-nepexina
(I=1+20MA). [IyHKTHPHOIO JIIHI€IO [TOKA3aH1 PO3-
nozin [ayca 1 posmoain JlopeHiia, po3paxoBaHi 3a
napamerpamu kpuBoi I = 20 MA. Koxken cniektp
MICTUTh [BI JIIHII 3 MaKCUMyMaMH: OCHOBHY
hv, = 1,845¢B Ta nomarkosy hv,= 2,206 eB.
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Puc. 2. CnekTpu BHUNPOMIHIOBAHHSI YePBOHOI0
cBiTiiomiona, 3usATi B miama3zoni crpymiB I =1 +
20 MA nmpu T = 77 K. Jlinig JI — kpuBa po3nogiiay
Jlopenna, I' — TI'ayca mas ctpymy I = 20 mA.
Ha BcraBui JiBopyuy Bropi — TemmeparypHa
3aJIe5KHICTh  TMOJIOKEHHSI MAKCHMMYMY OCHOBHOI
CMYrd BHIIPOMIiHIOBAHHS; JIIBOPYY BHH3Y —
3aJIesKHICTh IIMPHUHU CNIEKTPaabHoi KpuBoi Al Big
TeMIepaTypu 3pa3ka.

TonoBny CMyTy OB’ SI3YIOTh 3
BHIIPOMIHIOBAaHHSIM C€KCUTOHA, 3B’S3aHOTO Ha
kommtexci Zn-O [2]. 1 mupuna mpu T = 77 K
cranoute A = 0,143 eB. Ouinka
pEeKOMOIHAIIITHOTO Yacy JKUTTS, IPOBEICHA
3rijiHo 31 criBBinHOMIEHHIM Al - At ~ h, nae pe-
synsrar 2% ~ 3107 ¢, skuil, npuHaiivHi Ha
YOTUPH TIOPSIIKM MCHINUH BIJ Yacy IKHTTS
BUIBHOTO  €KCHMTOHAa B  HaIliBIPOBIIHHUKAX
T~ 10%= 10" ¢ [4,5]. IIpu HarpiBaHHi 3paska
JI0 KIMHATHOI TEMIIepaTypu MIMpUHA JiHIT 3poc-
Tae, 1110 TSATHE 32 COOO00 3MEHIICHHS Yacy KUTTA
mo 1,7 - 10c.

Binomo, mo #na Bemuuuny Al' BmuBae
psaa  dakTopiB, cepel SKUX — BHYTPILIHBO-
KPUCTAJ4HI TOJs, CTBOpPEHI (QIyKTyauisiMu

po3noAuly AeeKTiB 1 JOMIIIOK, JWUCIOKAIlii,
TEIUIOBI KOJHMBAHHS IPaTKU Ta iH. Y HaIIoMy
BUNAJKY 11 aHOMAJIBbHO BEJIMKA IIMPUHA HE MOXKE
OyTH 3yMOBJICHOIO JIMIIE TEIJIOBUM e(exToM —
3mina temreparypu Bin 77 K go 300 K 3mintoe
AT nuie B 1,7 pasu.

[t nopiBHAHHSA BI3HAYUMO, 1110 TONEPETHBO
BH3HAUCHa HaMM IIMPUHA JIiHIT EKCUTOHA,
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3B’SI3aHOTO HA aTOMi a30Ta B 3€JICHOMY [iOIi
GaP:N npu 300 K cranosuts 0,064 eB; y mo-
Hokpucrtaimiax GaP — AI' = 0.013 eB [6]. Take
BEJIMKE PO3LUIMPEHHSI €KCUTOHHOT CMYTH Yy JlioJax
GaP (Zn, O) He Moxe OyTH JIMIIE HACIIIKOM
BIUTUBY MOJIA p-n-Tiepexony. B 3enenomy 3pasky
BOHA 3HayHO MeHma [7]. O4yeBUIHO, 11O MOSIC-
HEHHS CIIiJ IIyKaTy B Pi3HIM MPUPOJIi LEHTPIB JIO-
KaJtizaili eKCuToHa. 3yMMMHUMOCH JIETAJIbHIIIE Ha
IbOMY MHUTaHHI.

AtoMm azotry B GaP — i30BajeHTHa IoMmimika
BITHOCHO (ocdopy, TOMY BiH 13 OJHAKOBOIO
HMOBIpHICTIO 3aiiMae By3on P, sk y n-, Tak i B
p-ob6nacti, a TakoX y 30iAHEHI dYacTHHI p-n-
nepexony; posmnoaur map Zn-O TPUHIIUIIOBO
iHmui. Hacammepen, BoHH (GOpMYIOThCS JIMIIE
B P-007acTi CTPYKTYpH, MO3asIK IIMHK — OCHOBHA
aKLENTOpHA JOMIIKA 1i€i yacTuHU Aioga. Tomy
Ha MeXI 13 N-001aCTIO KOHIIEHTPAIlisi KOMILIEKCIB
Zn-O 3MEHIIYEThCS JIO HYJS, BHACHIIIOK YOTO
(hopMyeTbes iXHIN rpajii€HT.

Hpyruit BaxnuBuii ¢GakTop, mo ePeKTHBHO
BIUIMBA€E Ha IIUPHUHY JiHIT €eKCUTOHA, 3B’SI3aHOTO
Ha Zn-O, — Iie CTPYKTypa KoMIuIekca. Moro Mox-
Ha pO3DNISLIaTH SIK OKPEMY EJEKTPOHHY MaCTKY
1, BOJHOYAC, SIK CHUMETPUYHY JHIIOJIbHY MOJIe-
KyJly, YTBOpPEHY WHOHI30BaHUM JjoHOpoM O Ta
akrentopoM Zn. Tomy, konmu y GaP (N) excuton
JIOKAJI3yEThCSl JIMIIE HAa HEUTpalIbHOMY IIEHTpI
N, to y GaP (Zn, O) BiH yTpuMy€TbCs JBOMa
3aps/HDKEHUMU aroMaMu. BiaTak B OCTaHHBOMY
BUMAJKy BHOCHTHCS JIOJJATKOBA HEBU3HAYCHICTH
y €Heprito 3B’S3Ky €KCHUTOHA, IIOB’s3aHa 3
HEOTHAKOBUMHU 3HAYEHHSIMHU TUMOIBHUX
MOMEHTIB. J[iiCHO, €KCUTOH, 3B’SI3aHUI Ha JBOX
Halommkyux aromax Zn ta O, BiICTaHb MIXK SKHU-
MU CTAHOBUTb Y4 iaroHaii Kky0a, MaTuMe OLTbIIy
€Hepriio 3B’sI3Ky, HDXX BOHA MOBHMHHA OyTH JUIs
€KCHTOHA Ha JUIT0J1 3 OUILIIAM ILUIEYEM.

CyTTeBUH BHECOK Yy PpO3MIMPEHHS JIiHIT
BUIMIPOMIHIOBAaHHS TIOBHHHI ~ TakoX  JaBaTu
koiuBaHHs atoMiB Zn 1a O. [lonspHuii KoMIUIEKe
Zn-0, Ha BiAMiHy Bif HeTpagpbHOrO N, y CKIaIi
CHEeKTpy (POHOHHHX KOJIMBaHb, OKPIM aKyCTHY-
HHX T1JI0K, TOBUHEH MICTUTH ONTHYHI KOJTMBAaHHS
3HAYHO BUIIUX E€HEPTiid, 10 3yMOBUTH IlI€ OJUH
JOJIATKOBUI BHECOK 3a paxyHOK HEBU3HAYEHOCTI
ONTUYHUX YACTOT 1 BIIIOBIIHE PO3IIUPEHHS TiHI1
BUIIPOMIHIOBAHHSI.
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Crig 3a3HAYUTH TAKOXK, IO B EJICKTPUYHOMY
MOJIl  P-N-TIEpeXofly, OKpPIM BIUIUBY €(EKTy
[ltapka, 3MIHIOETbCS AOBKHHA TUI€YA IUMONb-
HO1 Mosiekynu Zn-O Ta BiIOYBAETHCSI MOMYIISIis
KonuBalIbHUX 4YacToT. Jlis o00ox ¢akropiB
3QJICKUTH BiJI MICIISI PO3TalTyBaHHS JMIONS 1 €
HEOJTHAKOBOIO JIJIsl PI3HMX BIiACTaHEW BiJ MEXKI
p-n-tiepexony. Lls o6cTaBrHA TaKOX CTBOPIOE He-
BH3HAYCHICTh CHEPTii eKCUTOHA 1 BITOMBAETHCS HA
PO3LIMPEHH] JIiHIT BUIPOMiHIOBaHHS. SIK BUIHO 3
puc. 2, popma OCHOBHOI CMyI' BUIIPOMIHIOBaH-
Ha hv = 1,845 eB y3romkyerbcs 3 po3moijaoM
layca, BmacTHBUM CcHCTeMaM, Ji€¢ PO3IIHUPEHHS
KPUBUX 3YMOBIICHE JIOTIUICPIBCBKAM 3CYyBOM
JaCTOT PYyXOMHUX BUIIPOMIHIOBauiB

Av, =v,- ‘/2ln2KT, ne M — maca 4acTUHKHU
M

KonuBaHnH: 3B’ s13aHOT0 eKCUTOHA B110YBa€THCS
paszom 3 pyxom kBazimosiekynu Zn-O. IIpote Be-
JIMKE 3HAUEHHS MAacH 3yMOBIIIOE€ Mally BEIMYUHY

. Av 16 -
BIJTHOCHOTO 3CyBy 4actor — ~ 10 i edekr

1%
0

BUSBIISIETBCS  JOBOJII CIAOKUM TIOPIBHSHO 3

EKCTIEPUMEHTAILHO BU3HAYECHUM HaMU

(A—Vz0,66, puc. 2). Omxe moIUIepiBCBKE

Vo
PO3IIUPEHHS JIiHI1, OYEBHUIHO, ICTOTHO HE BIUTUBAE
Ha IIUPUHY JiHIN.

Y wMmipy 3HIDKEHHS TeMIleparypu 3pa3ka
Yy  KOPOTKOXBWJIBOBIM ~ YacTHHI  CIIEKTpa
1IHTEHCUBHOCTI €JIEKTPOIFOMIHE CIICHIII{
YepBOHOTO Ji0fa BHHHKA€E JOJATKOBA CMyTa
BunpoMinioBanus hv, = 2,206 eB (puc. 2). Ha
puc. 3 nokasaHo ii opMy Ipu pi3HUX 3HAYECHHSAX
cTpymy uepe3 p-n-niepexia (I = 50 + 200 mA) Ta
3MiHY TIOJIOKEHHSI MAKCUMYMY BUITPOMIHIOBAHHS.

Bunno, mo 3pocTaHHS pIBHA  IHXKEKIi
CYIIPOBO/IKY€EThCS 30UTBIIEHHSM 1HTEHCUBHOCTI
CBiUEHHs Ta 3CcyBoM hv —y Oik OuIbIIKX
ereprid. Ilpu Benukux crtpymax (mpu I > 90
MA) mepeBaXHUI BIUIMB Ha BUIIPOMIHIOBAHHS
YUHUTh HarpiBaHHs 3paszka. Jlis  ormiHkH
BIJIMBY HarpiBaHHS Ai0Aa Ha TOJOXXCHHS JiHIN
BUIIPOMIHIOBAHHSI CKOPUCTAEMOCH 3aJICKHICTIO
MUPUHN 3a00pPOHEHOI 30HW BiJ TEeMIEpaTypH
[8, 9]:

E, = 2925%0,003-1.17-10°T".

Opnepxyemo:
dE GaP B
£l =18.10%-%
dTr epao

77K

3rigHo 3 HAIMMH JAaHUMU JUII OCHOBHOI JIIHIT
hv, =1.845 eB (puc. 2):

dE B
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Puc. 3. 3anexxHocTi iHTEHCHBHOCTI BUIIPOMIiHIO-
BAHHA KOPOTKOXBHUJIBOBOI CMYI' YepPBOHOIO
aioga BiJ J10BKUHM XBWJIi, OTPUMAHI NpPH Pi3HUX
piBusax imkekuii (I =50 + 200 mA, T = 77 K). Ha
BCTaBIi — 32JIeKHICTH MOJIOKEHHSI MAKCHUMYMY

KOPOTKOXBHJIbOBOI CMYTH Bi/l BeJIMUYUHMU CTPYMY.

3poOUTH TOYHIIIl OI[IHKK TEMIEpPaTypHOTO
3cyBy Jinii hv, = 2,206 ¢B BusBuiocr HeMOX-
JUBUM BHACTIIOK i1 Manoi 1HTEHCHBHOCTI Ta
3HAUHOI MIMPHHU MakcuMyMmy. [Ipore 3MinieHHs
y HOpOTHIEKHUI O1K BIIHOCHO 3CYyBY OCHOBHOL
muii hv, = 1,845 eB npu 3pocranni crpymy 1o
I =90 MA 103BOJIsI€ BUCYHYTH OJIHY 3 MOMJINBUX
Bepciit 11 moxomxkeHHs. [lopiBHIolouM oxepxa-
HUW pe3ynbTar i3 gJaHuMU poOiT [9-11], B skux
3MILICHHS CIEKTPAIbHUX JiHIA KpucTaniB GaAs
ta GaP 3ymoBrieHe pexoMOiHal€0 HA TOHOPHO-
aKLENTOPHUX Tapax, MOXKHA MPHUIYCTUTH, IO
ninisg hv, = 2.206 eB, npucyTHs 'y nociimKysa-
HUX 3pa3Kax, OB’ si3aHa 3 JIOHOPHO-AKIIETITOPHUM
MeXaHi3MOM pekombOiHarii. HaliMmoBipHIiITUMHU
KaHAMJIaTaMu [l YTBOPEHHS TaKol Mapu MOXYThb
Oytn akuentop Zn (E = 61.7 eB) Ta Hekonrp-
onpoBaHui 10HOp Sn (E = 69meB), akuil Moxe
MIPOHHUKATH 3 MPUKOHTAKTHOT 00JIacTi mpUiIay.

3 momsiy NPaKTUYHOTO BUKOPUCTAHHS JI10/T1B
GaP, Baxx;1Be 3HaYEHHSI MOXKE MaTH 3aJI€KHICTh
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CBITIIOBOT e(ekTuBHOCTI Bix crpymy. IlomiOna
3alleXHICTb, 3HATa 1pH 300 K, mae Bumsi kpuBoi
3 makcumymoM 1ipu [ = 80 + 90 MA (puc. 4).
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Puc. 4. 3anexHicTh iHTEeHCUBHOCTI BUIIPOMiHIO-
BaHHS 4YepBoHOro giona GaP Bin piBHs 30y1:KeHHsI.

[TagiHHS 1HTEHCUBHOCTI CBIYEHHS B 00OJIacTi
BEJIMKUX CTPYMIB  3YMOBJIICHE 3pOCTaHHSIM
TeMIIepaTypH J1ioa BHACIIIOK BUAUICHHS JleHII-
JlxoyneBoro Tema. 3MiHA TIOJIOKEHHS DIBHA
depMmi  3yMOBIIOE 3MiHY 3apsjiOBOTO CTaHY
napu Zn-0O, a BiTaK 1 3MEHIIEHHs WMOBIPHOCTI
3B’sI3yBaHHsI €KCUTOHA Ha IIbOMY KOMILJIEKCI.

BucnoBku

OcHOBHA cMyTra BHUIIPOMIHIOBaHHSI YE€PBOHUX
dbocdia-ramieBUX CBITIIONIOAIB XapaKTePU3YETHCS
aHOMAJIbHO BEJIHMKOIO LIUPUHOIO, 110 MOXe OyTH
3YMOBJIEHO BHYTPIIIHBOIO CTPYKTYpOIO MACTKU
Zn-O, Ha sKifi 3B’A3y€TbCs ©€KCUTOH. EHepris
3B’SI3KYy €KCUTOHA Ha qumnoiiax Zn-O 3 pi3HUMH
CJIIEKTPUYHUMHU MOMEHTaMU HEOTHAKOBA.
JlonaTkoBy HeBH3HaueHiCTh eHeprii AE BHOCHTH
TaKO)K pi3HA Opi€HTAIlisl JUIOJIB y TOJI p-n-
MEPEXOy.

Buacnigiok  OJHOCTOPOHHBOTO  JIETyBaHHS
Jlioa IIMHKOM Ta KUCHEM y 30iqHeHid oOyacTi
pP-N-CTPYKTYpPH HEBIABOPOTHO BUHUKAE Tpaii-
€HT posnoaiury map Zn-O, 1o BiAIrpae BaXxJIHBY
poiib y edeKTi pO3MUPEHHS CIEKTPaIbHOI JIiHii.
IcHyBaHHS ONTHYHOI KOMIIOHEHTH KOJIMBaHb
noJisipHoi Monekynu Zn-O mepenbadae BHECOK
y 3arajJlbHe pO3MIMPEHHS JIHIA Tpu 3MiHI
KOJTMBAJIbHUX MapaMeTpiB Map, pO3TAlIOBAHUX Y
PI3HUX TOUKAX p-N-MEPexoy.
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Y uepBonux cBimiomiogax GaP (Zn,0)
CTIEKTp BUIPOMIHIOBAaHHS, OKPIM OCHOBHOI CMY-
ru hv, = 1.845 €B, 3ymoBieH0i pekomObinariero
eKCUTOHA, 3B’s3aHOr0 Ha mapi Zn-O, MICTHTb
KOPOTKOXBHJIbOBY KOMIIOHEHTY hv, = 2.206 ¢B,
B OCHOBI MEXaHI3My BHUIPOMIHIOBaHHS SIKOi
MOXYTb OyTH JTOHOPHO-aKLENTOPHI IEpexo-
1 MK OCHOBHOIO JOMIIIIKOIO JIETYBaHHS Zn Ta
HEKOHTPOJBOBAHUM J0HOpOM Sn. ['oyloBHa oco-
OnMBICTD I1i€ JIiHIT — 3pOCTaHHA 1HTEHCUBHOCTI
npu Manux crpymax (mo 50 MA) Ta, 3yMOBIIEHE
TEIUIOBUM €(EKTOM, MaJiHHA — TPU BEITUKUX

(I>90MA).
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FEATURES OF THE RED PHOSPHIDE GALLIUM LIGHT-EMITTING DIODES’
EXCITON EMISSION

O. V. Konoreva', Ye. V. Malyi', Ya. M. Olikh’, 1. V. Petrenko’,
M. B. Pinkovska', O. I. Radkevych 3, V. P. Tartachnyk

Institute for Nuclear Researches, NAS of Ukraine, Kyiv, Ukraine
2 Institute of Semiconductor Physics NAS of Ukraine, Kyiv, Ukraine
3SE “RI of Microdevices” STC “ Institute for Single Cristals” NAS of Ukraine,
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Summary

We studied electroluminescence spectra of GaP LEDs made by double liquid epitaxy on a substrate
grown by Czochralski method. N-region of the junction was doped by nitrogen and tellurium atoms,
and p-region — by zinc and oxygen. The experiment was carried out by the spectrometer BLK-C
(F1000-VIS NIR-1) in 77 = 300 K temperature interval. Simultaneous zinc and oxygen doping is
known to provide red emission. Both atoms occupy neighboring nodes in the crystal lattice and create
a deep trap which bounds an exciton. Its recombination at 300 K forms irradiation hv = 1.797 eV. At
77 K, except the main band hv = 1.845 eV, the additional short-wave band hv = 2.206 eV was found.
It is connected with donor-acceptor transitions among Zn-Sn pairs. At low currents through the p-n-
junction (< 50 mA) this band grows, when I > 90MA emitting intensity drops.

The main luminescence band is anomalously wide and this might be connected with internal Zn-O
trap structure on which an exciton is bounded, with unequal exciton bond energy on Zn-O dipoles with
different electrical moments and with various dipole orientations in the field of p-n-junction. Due to
the one-side zinc and oxygen doping, the gradient of Zn-O pair distribution appears in the depleting
region, which influences on the spectral line broadening. Zn and O atoms vibrations are also essential.
Polar Zn-O complex, except acoustic branches in phonon spectra, ought to possess optical oscillations
with much higher energies and contributes to additional emitting broadening.

Keywords: gallium phosphide, GaP, light-emitting diode, LED, electroluminescence, EL, recom-
bination, spectrum, exciton, light emission
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OCOBJIMBOCTI EKCUTOHHOI'O BUITPOMIHIOBAHHSA YEPBOHUX ®OCPI/I-
TAJIIEBUX CBITJIOAIOAIB

O. B. Konopesa!, €. B. Manuit!, 1. M. Onix?, I. B. [lempenko’, M. b. ITinxkoscvra!, O. I. Paokesuy?,
B. II. Tapmaunux!
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Pedepar

JlocaimKyBanucs CIIEKTPH eIEKTPOTIOMIHECIIEHITT uepBoHUX GaP-cBiTin0/10/11B, BUPOIIEHUX LIS~
XOM TIOJIBIHOT PiTMHHOIT eIiTaKCil Ha IMiIKJIaIMHII, oepKaHiii MeTo1oM YoXpaabChKOT0; N-00JacTh
CTPYKTYpH JIETYBAJach TEIYPOM 1 a30TOM, p-00JacTh — IIMHKOM Ta KUCHeM. BuMiproBaHHs 3/1iHCHIO-
Bajiocs B iHTepBam temmeparyp 77 + 300 K cnekrpomerpom BLK-C (F1000-VIS NIR-1).

Binomo, 1o yepBoHmil Koip BUNpoMiHOBaHHS GaP-cBiTiomioniB 3a0e3nevuyeTbesi JeTyBaHHIM
p-00JacTi CTPYKTYpU KHUCHEM i IMHKOM oaHoudacHo. OOuaBa aroMu, 3aiiMarOyu CYCiTHI BY3JIH Y
IpaTIli, yTBOPIOIOTh IIMGOKY TACTKY, Ha SIKiii 3B’ A3yeThcs eKcuToH. Moro pexomGinamis npu T = 300
K ¢opmye BunpominroBanns 3 hv = 1,797 eB. Ilpu T = 77 K, okpim ocnoBHOi cmyru hv, = 1,845 ¢B,
BHSBJIEHO JIOJATKOBY KOPOTKOXBHUJILOBY KOMIOHEHTY hv, = 2,206 B, icHyBaHHs K01 OB’ A3y€ThCs 3
JIOHOPHO-AKIENTOPHUMH MIEPEX0jaMH MK napaMu Zn-Sn. BusiBieHo, 0 Mpu Majix cTpyMax depe3
p-n-riepexina (1o 50 MA) BoHa 3pocTae; pu Beaukux crpymax (I > 90MA) criocrepiraeThes MmaiHHS
il iIHTEHCUBHOCTI.

OcHOBHa cMyTra BUIIPOMIHIOBaHHS 4YepBOHUX (hocin-ranieBux CBITIOMIOAIB XapaKTepU3YEThCS
aHOMAaJIbHO BENTUKOIO IIUPUHOIO, 1110 MOXKe OyTH 3yMOBIIEHO BHYTPIITHBOIO CTPYKTYPOIO macTku Zn-0,
Ha SIKiii 3B’ 513y €ThCsI EKCUTOH, HEOTHAKOBOIO CHEPTI€I0 3B’ SI3Ky EKCUTOHA Ha AUTONSAX Zn-O 3 pi3HUMHU
€JIEKTPUYHUMH MOMEHTAMHU Ta P13HOIO OPIEHTALIIEI0 JUIOMIIB Y MOJI1 P-N-TIEPEXOY.

Bracnmiiok 0qHOCTOPOHHBOTO JIETYBaHHS Ji0Ja IIMHKOM Ta KMCHEM Yy 301aHeHii obnacTi  p-n-
CTPYKTYpH HEBIJIBOPOTHO BUHHUKAE I'PATIEHT po3noAilTy nap Zn-O, 110 TaKoXK BiAirpae BasKIMBY POJb
y e(dexTi po3mMpeHHs] CIEKTPaIbHOI JiHII; CYyTTEBUH BHECOK IMOBHUHHI TaKOX JaBaTH KOJWBAaHHS
aromiB Zn ta O. Ilonsgpuuii komrieke Zn-O y cnekTpi (OHOHHUX KOJIMBAaHb, OKPIM aKyCTHUYHHUX
T'JIOK, TIOBUHEH MICTHTH ONTHUYHI KOJNMBAaHHS 3HAYHO BUIUX €HEPriH, IO 3yMOBIIOE TOJATKOBUI
BHECOK y PO3IIMPEHHS JIiHI{ BUIIPOMIHIOBaHHSI.

Kurouosi ciioBa: hocdin ramito, GaP (Zn-0O), cBiTIIONi0/, €IEKTPOTIOMIHECIICHITIS, PEKOMOTHAITIS,
CIEKTp, €KCUTOH, CBIYCHHS
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HgCdTe PHOTODIODES FOR INFRARED MID-WAVELENGTH REGION

F. Sizov, Z. Tsybrii, M. Vuichyk, K. Andreyeva, M. Apatska, S. Bunchuk,
N. Dmytruk, M. Smolii

Abstract. HgCdTe photodiodes of relatively large area (@ = 0.5 mm) for mid-wave infrared
region (MWIR) were fabricated on the base of liquid phase epitaxial layers. Characteristics
of these photodiodes were estimated to be applicable as those working in background limited
performance (BLIP) mode. It was shown that in spectral range of atmospheric transparency A = 3
to 5 um obtained dynamical resistance of HgCdTe photodiodes allow to realize their detectivity
D* that are restricted by fluctuations of background radiation with specific power of photon fluxes
w,=3.310"-4.410° W/em?.

Keywords: photodiode, HgCdTe, infrared, BLIP mode
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®OTOAIOAN HgCdTe CEPEJHBOXBUJIBOBOI'O 14 ATAITA3OHY CIIEKTPA

@D. @. Cuzos, 3. ©. Luopii, M. B. Bytiuux, K. B. Auopeesa, M. B. Anamcwvka, C. I Bynuyx,
H. B. JImumpyx, M. I. Cmoniu

Amnoranisa. Buroroeneno ¢oromiomn HgCdTe cepennpoxBuiboBoro indpauepBonoro (I4) miama-
30HY CIIEKTpA 3 BEJIUKOIO IUIOLICI0 YyTIUBOro enemeHnta (@ = 0.5 MM) 3 JOBrOXBUJILOBOIO MEXKEIO
doroBiaryky A = 5 MKM Ta JOCJIiKEHO iXHi XapaKTEPUCTUKU Ha CTPYKTYpax, BAPOLMIEHHX METOIOM
pinkodasnoi enitakcii. OiHEHO XapaKTEPUCTUKU TaKuX (HOTOMIOIIB, sIKI HEOOX1MHI IJIs iX QyHKITIO-
HYBaHHS B peXXHMaX, 0OMEXEHUX (IIyKTyamisiMu MOTOKy GoToHiB (hoHOBOTO BUIpoMiHtoBaHHS (BLIP
pexxum, BLIP - background limited performance).

Kuarwuosi cioBa: ¢poromion, HgCdTe, indpauepBonuii, BLIP pexxum

OOTOANOAbI HgCdTe CPEAJHEBOJIHOBOI'O UK IMAIIA3OHA CIIEKTPA

@D. @. Cuzos, 3. ©. quopuu, H. B. Bytiuuk, E. B. Anopeesa, M. B. Anamcxkas, C. I Bynuyx,
H. B. Imumpyx, M. U. Cmonuii

Annorauus. Uzrotosnensr dorommonasr HgCdTe cpenneBonmnoBoro mudppakpacuoro (UK) mm-
ama3oHa criekTpa Oonbimoi miomaan (@ = 0.5 MM) ¢ JIIMHHOBOJIHOBOW TpaHUIEH (OTOOTBETA
A, = 5 MKM U UCCJIEIOBAaHbl HX XapaKTEPUCTUKU HAa CTPYKTYPaX, BBIPAILCHHBIX METOMOM KHIKO(as-
HOM snuTakcuu. OLIEHEHbl XapaKTePUCTUKU TaKUX (POTOAUOAO0B, HEOOXOIUMBIE ISl UX (DYHKIIMOHHU-
POBaHUS B PEXKHMAaX, OTPAaHUYCHHBIX (DIyKTyallusiMUA MOTOKa (poToHOB (oHOBOTO M3myueHus (BLIP
pexxum, BLIP - background limited performance).

Kuarwuessble caoBa: poromnon, HgCdTe, nndpakpacusiii, BLIP pexum

1. Introduction

MWIR HgCdTe photodiodes (A = 3-5 um,
T = 80 K) together with InSb photodiodes (cut-
off wavelength & = 5.6 um, T = 80 K) are find-
ing broad applications in systems of environ-
ment monitoring, fire safety, communication,
space monitoring of the Earth surface, medical
diagnostics, security and military applications
(e.g. tracking and capture of targets) etc. (see
e.g. [1-3]). IR MWIR photodiodes (on the base
of HgCdTe and InSb) are basically used at ma-
trix arrays formation with pixel dimensions up to
15%15 um and photodiodes number in the array
up to 2048x2048 (for Refs. see e.g. [3]). Along
with small area detectors in a lot of applications
are used large area photodiodes with dimensions
0 =1.25,3.2x3.2 mm [4, 5].
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Larger band gap in Hg, Cd Te
(x=0.3,r, =5 umat 80 K) compared with the
band gap of InSb (A, = 5.6 um) allows realize
much lower dark currents in HgCdTe photodiodes.
But technologies of getting high quality large
area homogeneous layers give the opportunity to
get InSb photodiodes that are restricted only by
fundamental mechanisms of current transport. In
HgCdTe large area photodiodes there exist some
additional mechanisms of “fault” currents con-
nected with structural and metallurgical defects in
layers and depletion regions (e.g heterogeneities,
Te inclusions and dislocation clusters) which limit
obtaining small dark currents in them that in turn
restrict the ultimate parameters of photodiodes
on the base of this semiconductor. It concerns
mainly long wavelength Hg  Cd Te photodiodes
(A, = 12 pm) with chemical composition x = 0.2.
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The purpose of investigations of current-
voltage characteristics, dynamical resistance and
spectral dependencies of MWIR HgCdTe pho-
todiodes performed was determination of the
minimum values of parameter R A that basically
defines the detectivity values of photodiodes op-
erating in BLIP mode. Here R is the dynamical
resistance of diodes without bias, A is the photo-
diode sensitive area.

2. Experiment and estimations

Planar n-on -p HgCdTe photodiodes were fab-
ricated by B* ion doping into epitaxial layers with
thickness d = 15 um grown by liquid-phase epi-
taxy method on Cdl_yZnyTe (y=0.03 - 0.05) sub-
strates. In this case, the lattice parameters are close
to each other that allows obtaining structures with
relatively low dislocation densities (< 10° cm?)
at the metallurgical boundary of HgCdTe and
CdZnTe. Those values of dislocation densities
weakly influence on R A parameters and excess
noises at typical photodiodes operation tempera-
tures T = 80 K [6].

With the assumption of photo-response spec-
tral characteristics of ideal photodiode for current
responsivity S, it follows an expression [7, 8]

Sp. = nq-Ah-c=nq/hv=0.806-n-1, A/W, (1)
where q is the electron charge, h is the Planck
constant, v and A are the radiation frequency and
wavelength, respectively.

For MWIR ideal photodiode  with
A=A, =5 um the maximum value of current
responsivity with typical for HgCdTe photodi-
odes quantum efficiency 7= 0.5 is S;™ =2 A/W.
For ideal photodiode the spectral responsivity

5,00 =80

max

2

Spectral responsivities of real photodiodes dif-
fer from those for ideal ones, due to dependence
on the surface quality, the depth of depletion
layer, the thickness of diode structures, etc. How-
ever, those differences are not very substantial
and for estimations of upper limit performance of
photodiodes detectivity one can use expressions
that are valid for ideal photodiodes.

For single MWIR and LWIR (long wavelength
IR) photodiodes the ultimate detectivity values

D* = (Ag-AN"2NEP = S1-(Ag-AD) M1y, )
are limited by background fluctuation noise [7,9].
Here Af is the electronic bandwidth and noise
equivalent power NEP = I_/S , the current value
defined by the background fluctuation noise.

Other one of the important noise in IR
photodiodes current 1is the thermal noise
(Johnson-Nyquist noise) I, that is defined
by dynamical photodiode dark resistance
R, = -[dl/dUD)]" _, = Pk,T/ql,, where U is the
bias voltage,  is the non-ideality factor.

For these two noises the current noise is de-

fined by
<y >=U, A =2-q-(I,+1;)-Af =

noise

=(2-q° N, A;+4k,T/R))-Af . @

Here kj, is the Boltzmann constant, noise cur-
rent connected with the background fluctuations
of the number photon fluxes
<I(p>2 =2-q>-n- 4, N, ;-Af and thermal noise

L. = (4k,T/R,)-Af , and the background number

of photon fluxes (see e.g. [7,8])

lL‘O
N, =2 2TC o, (5)
T X /14 _
“[exp( KT /1) 1]
where ¢ is the light speed, A, = 5 pum and

A, = 3 um define the spectral range of photo-
diode sensitivity, the Q. = mxsin*(0/2) is the
(field of view (FOV) that is defined by cold
diaphragm and 6, is the plane angle of view.
For Qi = 1.57 (6i = 900) the background flux
N, = 6.5:10" cm?s™ at background tempera-
ture (of the black body) T = 300 K, and for
Q. =0.21 sr (0, =30 N, =88 10" cm?s.

For these two type of noises for ideal photodi-
ode it follows

-1/2

* nqﬂ’co [ k T

D +2¢°
Ao he

R NI O

For the angles of view pointed out the detectiv-
ity at A =5 pm is D; ~ 1.5-10" cmHz">/W
D; ~4.2:10" e Hz”z/W respectively, and spe-
cific detectivity for spectral region 4 = 3-5 um
D* = 2:10" cm'Hz"/W and D* = 5.5:10"

cm Hz"*/W, respectively.

51



®. ®. Cuzos, 3. ®@. [ubpiii, M. B. Byiiuuk, K. B. Aanpeesa, M. B. Anarceka, C. I. Bynuyk....

MCT, x~0.3, d=0.5 mm, 7=80K
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Fig. 1. Current-voltage characteristics of typical
Hg, Cd Te (x~0.3,1 =S5 um) photodiodes at
T =80 K. (9 =0.5 mm).

4k, T

At << 2¢°nN,, (the values of R 4 are

0“7d

large) D:@ is defined by the second term in brack-

ets of Exp. (6) and detector is operating in BLIP
mode, that is conditioned by fluctuations in back-
ground photon fluxes.

At 4k, >> 24°nN,, (low values of R A or

0“7d
at conditions of low background photon fluxes,

e.g. in astronomical applications) the photodiode
operation is conditioned by its dynamic resistance
and diode operation is defined by thermal noise
(Johnson noise limited operation - JOLI). Also at
low R A, values, due to it poor quality, through
the photodiode will flow large currents.

With estimations of photon fluxes made above
N, ~ 6.6:10" cm™s™ (Q, = 1.57 sr (0, = 90°) and
N, = 8.8:10" ecm™s”, (€, = 0.21 sr (0, = 30,
T =300 K) the effective background load is W .=
3.3:10* W/cm? and 4.4-10° W/cm?, respectively.
For assurance MWIR photodiodes operation in
BLIP mode for given FOVs from (6) it follows
RA,>510° Q-cm?,

In Fig. 1 are shown dark current-voltage char-
acteristics for two investigated Hg, Cd Te (x =
0.3, 4, = 5 um) photodiodes of relatively large
area (0 = 0.5 mm) and in Fig. 2 their dynamical
resistance characteristics in dependence of bias.
It is seen that without bias in these photodiodes
R,A, = 3.5:10° Q-cm® and 2:10° Q-cm” and these
photodiodes can operate in BLIP mode.
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MCT, x~03, d=0.5mm, 7=80K
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Fig. 2. Dynamical resistance of typical Hg,_Cd Te
(x~ 0.3,/ =5 pm) photodiodes, T = 80 K,
0 =0.5 mm.

In Fig. 3 are shown transmission spectra of
Hg, Cd Te epitaxial layers at T = 300 K at differ-
ent parts of the chip (middle and opposite corners
of epitaxial structure on CdZnTe substrate). Such
kind of spectra usually are used for determina-
tion of detector photo-response long-wavelength
boundary A  manufactured from these layers at
50 % of transparency T__ [10].

Taking widely used expression for defining
Hg, Cd Te band gap [11]

E,(x,T)=-0302+1.93x~0.81x* +0.832x* +

()

_ 3
£5.32:107 (1-2x).| o241 ]
255247

one can determine chemical compositions in dif-
ferent points of the chip investigated. From the
optical transmission data of the opposite curves it
follows A = 4.1 pm and A = 4.17 pm that cor-
responds to Hg, A Cd Te band gap E, =03025eV
(x =0.3090) and E, = 0.2973 eV (x = 0.3045),
respectively.

At T = 80 K for these chemical compositions
E =02571 eV (A, = 4.82 pm, x = 0.3090) and
E, = 02500 eV (A, =4.96 pm, x = 0.3045), re-
spectively. It means that the spectral region of
these epitaxial layers at T= 80 K corresponds to
the atmosphere transparency region A =3 - 5 pm.
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Fig. 3. Transmission spectra of one of the
Hg, Cd Te/Cd,_Zn Te epitaxial structures in-
vestigated, T = 300 K.

3. Conclusions

It is shown that Hg, _Cd Te (x=0.3,4 =35 um
at T = 80 K) photodiodes of relatively large area
(0@ = 0.5 mm) that were obtained by B* ion doping
into HgCdTe epitaxial layers on the Cdl_yZnyTe
(y = 0.03-0.05) substrates can have characteris-
tics that prove their operation in BLIP mode in
A = 3-5 um atmospheric transparency region. In
this spectral region obtained diode dynamical re-
sistances allow realize their specific detectivities
D* > 2x10'" cmxHz"*/W that are limited only by
fluctuations in background photon fluxes at back-
ground loading W_.= 3.3-10* - 4.4-10° W/cm”.

Authors are thankful to O. Golenkov for some
estimations of diodes characteristics and Yu.
Bessmolny for providing HgCdTe epitaxial lay-
ers.
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HgCdTe PHOTODIODES FOR INFRARED MID-WAVELENGTH REGION

FE Sizov, Z. Tsybrii, M. Vuichyk, K. Andreyeva, M. Apatska, S. Bunchuk,
N. Dmytruk, M. Smolii

V. E. Lashkaryov Institute of Semiconductor Physics, Ukrainian Academy of Sciences
E-mail: tsybrii@isp.kiev.ua

Summary

The aim of this work is to demonstrate the possibility of realization of the photodiodes with a big
area of a sensitive element based on HgCdTe epitaxial layers for middle infrared spectral region with
parameters better than minimum possible values of R A (R — zero biased dynamic resistance, A —
area of photosensitive part of the photodiode), that define value of photodiode specific detectivity D*.

In this article mid wave infrared HgCdTe photodiodes of the big area of a sensitive element
(@ = 0.5 mm) with long-wavelength cutoff 4 = 5 um were fabricated and their characteristics on
the structures grown by liquid phase epitaxy method on Cdl_yZnyTe (y = 0.03 - 0.05) substrates were
investigated. Analysis of dark current-voltage characteristics of HgCdTe photodiodes manufactured
by B*ion implantation method showed values of R A = 3.5:10° Ohm-cm* and 2-10° Ohm-cm” at zero
bias. Such photodiode parameters provide their operation in background limited performance mode.
From measured spectral dependencies of infrared transmission of Hg, Cd Te epitaxial layers it was
found that spectral area of photosensitivity of these epitaxial layers with x = 0.3 at T = 80 K was in
atmospheric spectral window A = 3-5 um.

Keywords: photodiode, HgCdTe, infrared, BLIP mode
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®OTOAIOAN HgCdTe CEPEJJHBOXBUJIBOBOI'O 14 ATAITA3OHY CIIEKTPA

. @. Cuzos, 3. @. [uopiu, M. B. Byuuuk, K. B. Anopeeea, M. B. Anamcoka, C. I Bynuyx,
H. B. /[mumpyx, M. I. Cmoniu

[acTuTyT (izuku HamiBnpoBigHUKIB iM. B. €. JlamkaproBa HAH VYkpainu
E-mail: tsybrii@isp.kiev.ua

Pedepar

Merta nanoi po6OTH HOJISrae B TOMY, 1100 MOKA3aTH MOXKIIMBICTh peani3auii (PoTo10/1B 3 BEIUKOO
TUIOIIEI0 YyTIIMBOTO €JIeMEHTa Ha OCHOBI emitakciiiaux mapiB HgCdTe nns cepeqHbOXBUIHOBOTO
CIIEKTPAJILHOTO Jiana3soHy 3 MapaMeTpamu KPaIlluMH, HK MiHIMaIbHO HeoOXiaHi 3HaqeHHsa R A (R,
— IMHaMiYHUHA OIip MiOAIB NPH HYJIbOBOMY 3MILIEHHI, A, — muioma GoTouyIMBOI 4acTHHU (POTOI0-
J1a), iK1 BU3HAYAIOTh 3HAYCHHSI TUTOMOI BUSIBHOT 3/1aTHOCTI (hoTomiona D*.

B naniii po6oti BuroroieHo dotomionn HgCdTe 3 Benwkow MIomer0 4YyTIWBOTO €JIEMEHTa
(©= 0.5 MM) 3 JIOBrOXBHJILOBOIO MEKEK (DOTOBIATYKY A = 5 MKM Ta JIOCII/UKEHO iXHi Xapakre-
PUCTUKM Ha CTPYKTypax, BHPOIIEHHX METOAOM piako(dazHoi emiTakcii Ha IigKiIaaKkax Cdl_yZn Te
(y = 0.03 - 0.05). Anani3 TeMHOBUX BOJbT-aMIlepHUX xapaktepuctuk (oromioniB HgCdTe, cdop-
MOBaHUX METOJIOM 10HHOI IMIUIaHTalii B*, mokasas, 110 mpu BiJICYTHOCTI HAmpyru 3MIIIEHHS JUIs
Takux (oromionis 3HaueHHs R A =~ 3.5 -10® Om-cm? 1 2:10° Om-cm?. Taki mapameTpu HoTOIIOIB 3a-
0e31euyoTh X (YHKIIIOHYBaHHS B pEeKUMaX, OOMEXeHUX (QIIyKTyarisiMu MOToKy (oToHiB (poHOBOTO
BunpomintoBanHs (BLIP pexxum, BLIP - background limited performance). I3 BuMipsiHUX crieKTpaib-
HUX 3aJIC)KHOCTEH ONTHYHOTO MPOMYCKaHHS B iH(payepBOHii NIISHII CIIEKTpa eMmiTaKCIiHUX 1IapiB
Hg, Cd Te, Ha OCHOBI SKMX BUIOTOBJISIIUCH (HOTOMIOMM, BCTAHOBIIEHO, IO CHIEKTPaIbHa 001acTh (o-
TOYYTJIMBOCTI LUX emniTakciiiHux mapis ckiany x = 0.3 npu T = 80 K nepeOyBae y BikHI IPO30pOCTi
armocdepu A = 3-5 MKM.

Kurouosi cioBa: poromion, HgCdTe, indpauepBonuii, BLIP pexxum
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BIIJIUB YJIBTPA3BYKY HA ITIPOTIKAHHA CTPYMY
B HU3bKOOMHUX KPUCTAJIAX CdTe:Cl

A M. Onix!, M . J]. Tumourxo’, M. 1. Inawyx?, O. A. Ilapghenior?, K. C. Yavsanuyvkuir’

THeTHTYT (hi3uku HamiBnpoBigHUKiB iM. B.€. JlamkaproBa HAH VYkpainwu, np. Hayku 41, Kuis,
VYkpaina, 03028, Ten. (044)525-62-56, e-mail: jaroluk3@ukr.net, tymochko@ukr.net
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BIIJIUB YJIBTPA3BYKY HA ITIPOTIKAHHA CTPYMY
B HU3bKOOMHUX KPUCTAJIAX CdTe:Cl

A M. Onix, M .JI. Tumouxo, M. I. Inawyx, O. A. llapghenrox, K. C. Yavanuyvxuii

Anoranis. B nusbkoomunx kpucranax CdTe:Cl n-tuny (N,=10* m*) Bmepiue crnocrepexeHo
JIuHaMiuHi (in-situ, TIOBHICTIO 3BOPOTHI) aKycTtocTuMysiboBaHi (AC) 3miHM mpoBigHOCTI ©. Jljs
BU3HaueHHs MexaHi3My AC sBHII NPOBEACHO JOCTIKCHHS TEMIEpPaTypHUX 3aJICKHOCTEH
(77+300 K) xoHueHTpaii i pyXJMBOCTI €JNEKTPOHIB B ymoBax mii yabrpasByky (¥Y3) (f ~10
MHz, W ~(0,1+2,0)-10* Wt/m?) Ta kineTHku penakcanii o(t) Ipu BBIMKHEHHI Ta BUMKHEHHI Y3.
3anponoHOBaHO aKyCTO-TUCIOKAIIIHHNN MEXaHi3M, SKU TIOB'SI3yeE: a) «MUTTEBD» (t<1 sec) 3miHuU o (t)
3 TOJJATKOBUM PO3CIFOBaHHSM HOCIIB 3apsay Ha JHUCIOKAIlIIX Ta KiIacTepax TOYKOBHX JACPEKTIB, SKi
KOJMBarOThCA B Y3 modi; 6) mosrorpusaii (50+500) sec TemrmepaTypHO-3a1ekH] penakcarii o(t) €
pe3ynbraToM audy3iiHoT mepeOyI0BH TOYKOBO-AeEKTHOI CTPYKTYpH B 00’ €Mi KJIacTepa, BKIFOYAI0UH
TepeTBOPeHHs akuentoprHoro kommiekey [(VCL, )] B nelitpansnnii — [(V,72Cl )°].

Karwuosi cioBa: ynbTpasByK, TUCIIOKAIli, TETYPH KaJMito, epekT Xoa

© . M. Onix, M .JI. Tumouko, M. 1. Imamyk, O. A. [lapdentok, K. C. Vnpsautpkuii, 2016

56



Sensor Electronics and Microsystem Technologies 2016 —T. 13, Ne 1

EFFECT OF ULTRASOUND ON THE CURRENT FLOW
IN LOW-RESISTANCE CRYSTALS OF CdTe:Cl

Ya. M. Olikh, M. D. Tymochko, M. I. llashchuk, O. A. Parfenyuk and K. S. Ulyanytskiy

Abstract. The first this paper presents acousto-stimulated (AS) phenomena in low ohmic
resistance n-type CdTe:Cl monocrystals (N,=10* m?) in dynamic regime (in-situ, fully reverse). For
identification of the nature of acoustically-active defects a temperature investigations (77+300 K) of
electron concentration and mobility under ultrasound (US) influence (f ,~10 MHz, W ~(0,1-2,0)-10*
Wt/m?) and kinetics of relaxation o(t) at US-on as well as at US-off have been carried out. There were
proposed an acousto-dislocation mechanism that links: a) short-term (t<1 sec) changes o(t) — with
additional the charge carrier scattering on dislocations and clusters of point defects, that vibrate at
US field; 6) long-term (50+500) sec temperature-dependent relaxations o(t) are the result of diffusive
process of the point-defect structure modification, including transformation an acceptor complex
[(V.,7CL. )] into neutral one [(V*2Cl ")°].

Keywords: ultrasound, dislocations, CdTe monocrystals, Hall effect

BJIMSAHUE YJIBTPA3BYKA HA ITPOXOKJAEHUE TOKA
B HU3KOOMHBIX KPUCTAJIJIAX CdTe:Cl

A M. Onux, H. JI. Tumouro, M. . Hnawyx, O. A. Hapgpeniok, K. C. Yavanuyxuii

Aunnoranusi. B nuskoomubix kpuctanitax CdTe:Cl n- tuna (N=10** m”) Bnepsble 0OHapyKeHBbI
JTMHaMHUYEeCKHe (TMMOJTHOCThIO 00paTuMple) aKkyctocTuMmynupoBaHHbie (AC) U3MEHEHUs IPOBOIUMOCTH
o.Jlnsonpenenenusi mexanuzma AC siBICHUI TPOBEAECHO UCCIIE0BAHUE TEMIIEPATYPHBIX 3aBUCUMOCTEM
(77300 K) KoHIIeHTpaIluyd W TMOJBMKHOCTH DJIGKTPOHOB B YCJIOBHSX JCHCTBUA yibTpa3Byka (VY3)
(f,~10MHz, W ~(0,1-2,0)-10* Wt/m?) u KuHeTHKH penakcaluy o(t) Ipy BKIIFOYEHHH M BBIKITFOUEHUH
V3. TlpennokeH aKyCTO-AUCIOKAIIMOHHBIA MEXaHWU3M, KOTOPBIM CBS3BIBACT: a) '"MrHOBEHHBIC"
(t<1 sec) m3meHeHus o (t) ¢ TOTOTHUTEIHLHBIM PACCEMBAHUEM HOCHUTENICH 3apsijia Ha TUCIOKAIUAX U
KJIacTepax TOYEUHBIX JIe(PEeKTOB, KOTOpHIE KoneOmoTcs B Y3 nosie; 0) mmuaHOBpeMeHHbIe (50+500) sec
TEeMITIepaTypHO-3aBUCHMBIC pellakcariuu o(t) sSBISIOTCS pe3yibratoM AU y3UOHHON MepecTpOrKH
TOYEUHO-/1e(DEKTHOM CTPYKTYphl BHYTPH KJIacTepa, BKJIoYas MpeBpalleHe aKIeNTOPHOrO KOMILJIEKCa
[(V.,"CL.")] B neiitpansubiii — [(V2CL )°].

KutoueBble cjioBa: ynbsTpa3ByK, TUCIOKALUMH, TEIUTYpUT Kaamus, ¢ dext Xomnna
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1. Beryn

MOHOKpHUCTATN TENYypUAY KaaMil0 BHKOPHC-
TOBYIOTBCSL JJIi BUPOOHUIITBA HEOXOJIOMKYBa-
HUX JETEKTOpiB X- Ta Y-BUIPOMIHIOBAHHS IS
pamiaifHOro MOHITOPHHTY HaBKOJIHUIIIHHOTO Ce-
penoBuia. LlikaBuMu A7ist MPaKTUYHOTO 3aCTOCY-
BaHHS € KPUCTAIH 3 JOMIIIKOIO XJIOPY, SKa MOXKE
3aMilaTi TeIyp Yy By3jiax IpaTku abo B mapi 3
BAaKaHCIsIMM KaJMIil0 YTBOPIOBAaTH MeTacTaOUIbHI
komrutekcH [1,2]. [TpoBigHIiCTh y JeTOBaHUX KPH-
cranax CdTe:Cl BuzHagaeThCs CKIIATHUMU eeK-
TaM{ KOMIIGHCAIIli 32 y4acTio K BJIACHUX, TaK 1
BBEJICHUX Je()EKTIB Ta KOMIUICKCIB Ha 1X OCHOBI.

Jis  TmoKpamieHHsT  CTPYKTYPHOI  SIKOCTI
kpuctanis A,B, BUKOPUCTOBYIOTH pi3Hi (izuuHi
00pOOKH: Y-ONpPOMIHEHHS, TEPMIYHUH BiJma,
00poOky y Boani, HBU-onpoMiHeHHs, a Takox
yasTpa3BykoBy (V3) o0pobky [3,4]. Bpaxosy-
104M BEJIUKY TIyCTHHY auciokauii (p,~10"m)
1 BHUCOKY €(EeKTHBHICTh aKyCTO-IMCIOKaIlIHHOI
B3aeMO/ii, Y3 BUABIAETHCA HAHOUIBII MPOCTUM
13 IMepeNiueHuX BUINE 30BHIIIHIX i, 1 MOXe
MPU3BOAUTH 10 TpaHChOpMaIlii JOMIIIKOBO-/e-
(heKTHUX KOMIUJIEKCIB Ta BIAMOBIIHOT 3aJIUIIIKOBOT
3MIHU €NEKTPOQI3NIHUX MapaMeTpiB HaIiBIPO-
BiguukoBux kpucranis A B, (CdS, ZnS, CdTe,
ZnCdTe, CdHgTe) [3]. OcHOBHOIO MOAEILTIO, SIKa
MOSICHIOE TIi 3MiHH, € nuciokamiifHa. [lommpen-
HSl 1HTEHCUBHOI Y3 XBWJII BUKIIMKA€ KOJMBaH-
HSl JAMCIIOKAIlil; MPUYOMY, TIPH IHTEHCUBHOCTSIX
W ~10* Wt-m? u p, ~10'"" m™ akycToCTUMYJIbO-
BaHa (AC) mepeOymoBa aedeKTiB BigOyBaeThCA
(dakTHUHO y BChOMY 00’€Mi 3pa3ka. BBakaeTbes,
10 M Jiero Y3 XBUJI BiIOyBAEThCS «3aXOIJICH-
HS» Y «3BUIBHEHHS» EJCKTPUYHO aKTUBHHUX
TOYKOBHX Ne(EKTiB 3 IUCIOKAIIi, SIKi € JJIsl HUX
«crokammu» [3,5]. BigmiTumo, 1m0, B 3aleKHOC-
Ti BIJ CTaHy JOMIIIKOBO-AC(HEKTHOI CTPYKTypH
(AAC) 1 mapametpiB Y3 XBuli, HA EKCIEPUMEHTI
MOXYTh pPEalli30BYBATUCS K 3aJUIIKOBI 3MIHH,
TaK 1 TAMYACOBI, 5IK1 CIIOCTEPITalOTHCS JIUIIE TTi/T
qac aii ¥Y3.

OcCoOnMBICTIO AOCHTIKYBaHUX HH3BKOOMHHUX
3paszkiB CdTe:Cl 3 Touku 30py aii V3 € He TiIb-
KM BHCOKa ., aJI€ i PI3HOMAHITHITHICTh Je(peK-
THUX KOMIUICKCIB, 110 MicTATh Aomimky Cl. Bi-
JIOMO, IO B KpPHCTalaX 3 BUCOKOI MPOBITHICTIO
KOHIIGHTpAIlisl JOHOPHHUX IIEHTPIB ClTe*>VC dz'.
[Ipu upomy uactmHa artomiB Cl 3HaXOOUTHCA
Ha akuentopuux [(V>Cl *)] Ta HeHTpanbHuX

S8

(V. 72CL)°, (V,CL.")" xommiekcax. Ille uac-
tuHa aromiB Cl 3axorsieHa Ha oOipBaHi 3B’ SI3KH
Ha faucnokanisax. OTxe, B yMoBax Y3 HaBaHTa-
*KeHHs Taka ckinaaHa JIJIC kpucrana B pe3yinb-
tati AC 3poctanHsa koedimienTa audysii okpe-
MHUX TOYKOBUX JE(HEKTIB (MOXKIIMBE 301JIBIITICHHS
koedimienta audysii maibke y 10° pa3 [6]) moxke
CTaBaTH CYTTEBO JIAOUIbHOIO HABITh MPU HU3BKHUX
temneparypax (<300 K), mo Burnsgae crnpusr-
muBuM Uit gocnimpkenas AC edekriB. B maniid
poOOTI OCHOBHY yBary MpUIIJIEHO JTUHAMIYHUM
AC 3minam enextpodizuunux (E®) BnactuBoc-
teit 3pazkiB CdTe:Cl, MexaHi3M SKHUX 3aJIHIIAETh-
csl MasioBUBYeHUM. CaMe TUHAMIYHUNA PeXUM i1
VY3, konu mae miciie 3BOPOTHIN XapakTep BHUSB-
JICHUX 3MiH TMPOBITHOCTI, /J03BOJISIE METOAMYHO
BIJICJTIIKOBYBaTH NEPEXiJHI MPOIECH 1 KIHETUKY
pemakcartii [4].

2. 3pa3ku Ta eKCllepUMEHT

Y pobori AOCHiKEHO BINIMB Y3 Ha
eJIeKTPO(I3UYHI  XapaKTEPUCTHKH 00’ €MHHX
MOHOKPHUCTATIUHUX 3pa3KiB (po3mip

~ 2x3x8 mm?’) CdTe:Cl. Kpucranu tenypumy
KagMmiro Oyld OTpHMaHi BEPTHUKAJIBHUM METO-
oM bpimkMeHa py HU3BKUX 3HAYEHHSX THUCKY
napiB kaaMio B ammyni [7]. Konuentpamist po-
MIIIKHK XJI0py Y po3miasi cknagana N "=10*m?.
®opMyBaHHS OMIYHUX KOHTAKTIB 3111 CHIOBAJIOCH
METOIOM TE€PMOBAKYYMHOTO HAIMJIECHHS 1H/II0 32
temneparypu 175°C. [{ns BuzHauenns E® napa-
MeTpiB (KOHIIEHTpALii N Ta pyXJIUBOCTI L HOCIIB
CTpyMy) B aiana3oni remmneparyp 77+300 K Buko-
pHUCTaHO MeToJ] X0JUIa B pEKUMI MOCTIHHUX €JIeK-
TPUYHOTO 1 MarHiTHOTO MOMiB. /{7151 BUMipIOBaHHS
E® mapamerpiB B ymoBax Y3 HaBaHTa)KCHHs
(MeTon aKycToxojijla) BHUKOPHUCTOBYBABCS a30T-
HUM KplocTar, oOlaJHaHUI aKyCTUYHUMHU eJle-
MeHTamu. Lle 103BOMsAI0 MOCHiIOBHO MPOBOAUTH
BUMIPIOBaHHS Ha OTHOMY 3Pa3Ky 3 pi3HUM CTaHOM
JJIC, ax y BUXITHOMY, TaK 1 B aKyCTHIHO 30ype-
HOMY, BiAmoBinHo [8]. BBemeHHs B 3pa3ok mo-
3M0BKHIX Y3 XBuIb (dactotoro ~10 MHz, inTen-
cuBHicTiO 710 2°10* Wt/m?) 3aificHioBasoCs yepes
nienekTpuyHy OydepHy IacTuHy 3a JOMOMOTOI0
I’ €30€JIEKTPHUYHOTO MIEPETBOPIOBAYA — IUIACTHHU
HiobOara miTito (Y+36°)-3pi3y, Ha Ky MoJaBaBCs
cuHycoinanesHui curnan Big BU reneparopa (1uB.
BCTaBKy Ha pHc.1l). TouHiCTh BUMIPIOBAaHHS €JIEK-
TpuuHKUX curHamis ~10° V, remneparypu ~0,1 K.
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3MiHa TeMIepaTypy 3pa3Ka IpU BUMIPIOBAHHIX
B yMOBax Y3 HaBaHTQXCHHS BIIPOIOBXK dYaCy
BUMIPIOBAHHS OKPEMOI €KCIIEPUMEHTAIBHOI TOY-
KM He nepesuiryBana 2+3 K.

17.2
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| (US 2
16.8 L 72 7
A 5 ﬁ 3
; HF
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= SEEE s u o n
5 164- 1885 p armm s
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Puc. 1. CdTe:Cl. TemneparypHi 3aJie:kHOCTI
KOHIeHTpauii HOCiiB 3apsigy: cBiT/Ii TOUukH — 0e3
V3; 3aremMHeHi Touku — mig gicro Y3 HaBaHTaKeH-
s W 22-10* Wt/m’. Ha BcTaBui cxema aKycTH4-
HOro By3jaa: 1 — 3pa3ok; 2 — OydepHa NMJIACTHHA ;

3 — m’e30eJIeKTPHYHHUIA TepeTBOPIOBAY.

3. Pe3yabTarTu Ta iX 00roBopeHHs

Bcranosneno, mo crnocrepexyBani AC 3wmi-
Hu xoepiumienra Xomna R, Ta NPOBIAHOCTI G
3BopoTHI. [Ipu BBiIMKHEHHI Y3 Ta Mmic/Is MPUITH-
HEHHS aKyCTUYHOI il BiAOyBaeThCS TOBIIbHE
(50+500) sec, 3amexHO BiJ TeMIEpaTypu 3pa3ka
Ta IHTEHCUBHOCTI Y 3) BCTAaHOBJICHHS ITapaMeTpPiB
3pasKa Ta iX IOBEpHEHHS B TIOYATKOBHM CTaH, Bif-
noBiaHo. Ha puc.1-3 npuBeneHi Bxke piBHOBaXKHI
(3pemakcoBaHi) 3HAUEHHS IMapaMeTpiB.

3.1. Temnepamyphi 3anexcnocmi KoHUeH-
mpauyii nociie 3apaoy

Ha puc. 1 mpencraBieHo TemmneparypHy 3a-
JIEKHICTh KOHLEHTpauii enekTpoHiB n. Kpusa 1
BIJINOBI1/Ia€ BUX1THAM XapaKTePUCTUKAM KpHUCTa-
ay — 6e3 nii V3. [Ipu Y3 HaBaHTa)XeHH1 (KpuBa 2)
KOHILIEHTpAIIlsl €JIEKTPOHIB 30UIbIIY€EThCA — MU
KIMHaTHUX TeMIepaTypax HECyTTEBO, aje HpHu
MOHMKEHH] 10 a30THUX Temmeparyp AC 3MiHK
csaraiotb ~20%. 3ayBaxkumo, mo n(7) sx y BU-
X1JHOMY 3pa3Ky, Tak 1 mij aiero Y3 HaBaHTaKCH-
HS y BCii TemreparypHiid o01acTi BUMipIOBaHHS
ci1abo 3aJIeXUTh Bl TEMIEpaTypH, L0 Xapak-

TEPHO JUIS OOJIACTI BUCHAXEHHS JIOMIIIKOBOTO
JIOHOPHOT'O PiBHS, 10HI3allis SIKOTO BIANOBIJIAE 32
YTBOPEHHSI BIJIbHUX €JIGKTPOHIB Yy 30HI IMPOBI-
HocTi CdTe [10]. Ockinbku BUCHa)KEHHS €HEepre-
TUYHOTO PIBHS MPOSBISETHCS BXKE NMPU HU3BKUX
temriepatypax (7=77 K), To Mmo)kHa BBa)kaTH, 110
IMOMHA 3aJsITaHHS MUJIKOTO TOHOPHOTO PIBHSA Y
nociipkyBanux kpucranax CdTe:Cl craHoBUTH
<0,01 eV. 3rigHo miTepaTypHUX AaHUX TaKHH
CHEpPreTUYHUI piBEHb BIMNOBIJA€ 130IbOBAHOMY
ToukoBomy sedexry Cl * [9]. Hesnauni Temme-
parypHi 3minu n(7) Ta JesKe 3pOCTaHHA il Be-
JUYUHH B 00J1aCTi HU3BKUX TeMIeparyp Hpu il
V3 MOXyTb OyTH 3yMOBJIEHI SIK 3MIHOIO 3HAUYCHHS
X0JT-(hakTopa BHACHIOK 3aJIe)KHOCTI HOTO Be-
JMYUHM BiJl MexaHi3Mmy poscitoBaHHs [10], Tak i
nonatkoBuM AC 3BUTBHEHHSIM €JIEKTPOHIB 3 JHC-
JIOKaIlii Ta mpu TpaHcdopmarlii MeTacTablIbHIX
aKIENTOpHUX JAe(eKTiB B HEUTpaJbHHUN CTaH
(1UB. HUXKYE).

3.0
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o = with US
- 2.9 e
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e pu EmEN DHEE{LD‘DDD
E 2 D_.E" o ...ii'iEDUD
] o = L r‘.‘E.ID
é 2.8 .|:|'.. l.-..____1*
.o = 4
a
=L - 0%
DD
2,71 1
T ' T ' T
1.8 20 22 2.4
Ig (T, K)

Puc. 2. CdTe:Cl. TemmneparypHi 3aJje:kHOCTI
X0JLTiBCbKOI PYyXJIHBOCTI HOCIIB 3apsny 0e3 (cBiTui
Touku 1) Ta npu aii Y3 HaBaHTa:keHHsI (3aTeMHEeHi
Touku 2). KpuBa 1* — po3paxoBana 3 BpaxyBaH-
HSIM PO3CiIOBaHHSI €JIEKTPOHIB Ha TEMJIOBHX KO-
JIMBAHHAX KPHUCTAJIYHOI I'PAaTKH Ta iOHi30BaHUX
pomimkax (V, = 7,6:10"cm™); kpusa 2* — pospa-
XOBaHA 3 BPAaXyBaHHSIM PO3CilOBaHHSI eJIEKTPOHIB
HA TENJOBUX KOJHUBAHHAX KPHCTAJIYHOI rpart-
KH, ioHi30oBaHux gomimkax (N, = 5,0-10"cm™) Ta

1’ €30€JeKTPUIHOMY MOTEHIiaTi.
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Puc. 3. CdTe:Cl. Yacosi 3ajieskHOCTI MATOMOI
ejexkTponposinHocTi 3pa3ka CdTe:Cl npu pizHux
TeMIlepaTypax npu BBiMKHeHHI Y3 HaBaHTaMeH-

~2-10¢ 2 ; .
st W 22-10° Wt/m’, cepisi BepxHix kpuBux(a) Ta
NMpU BUMKHEHHi, BHU3Y (0), BiAmoBiaHoO.

3.2. TemnepamypHni 3anexcnocmi pyxaueoc-
mi Hociie 3apady

Ha puc. 2 npuBeneHi TeMIepaTypHi 3ajex-
HOCTI PyXJIMBOCTI €NeKTpoHiB i, (T) K npu Bij-
cytHocti Y3 (kpuBa 1), Tak 1 mig miero Y3 Ha-
BaHTaXEHHs (KpuBa 2). 3 pPUCYHKa BHUJHO, LIO
nomupeHHst Y3 XBWIII y KPUCTaJl ICTOTHO BILIH-
Bae Ha W, "*(7) B 001acTi HU3BKUX TEMIIEPATYD,
INPUBOJSYM 10 3HAYHOTO 30UIBIIEHHS BEJIUYMHU
u,. HaBmaku, B oGnacti Temneparyp OMHM3bKHX
o KiMHaTHOI Tipu 11i Y3 crocTepiraerbes aes-
K€ 3HWKEHHS | ,. Bimsmaummo, 1o npuseneHi
pe3ynbTatd 100pe KOPEToITh 3 JaHUMHU JI0-
chikenb BBy Y3 Ha p(7) y KpucTamax
Cd Hg,_ Te[11,12].

Takox HEOOX1THO MiJKPECTUTH, IO 3HAYCHHS
PYXJIMBOCTI HaBITh NMPH KIMHATHUX TeMIIEpary-
pax BUSBIISIOTHCS JEII0 HU3bKUMHU, 1110 CBIIYUTH
PO 3HAYHUN BKJIAJl PO3CIIOBAaHHS HOCIIB 3apsry
Ha HEOJHOPIIHOCTSAX KPHUCTAITy, OOYMOBJICHHUX
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knactepamu gomimok B CdTe:Cl [13, 14]. Ilu-
TaHHsI BpaXyBaHHS TaKOTO PO3CIIOBAaHHS B HAIIIUX
3paskax norpedye JA0AaTKOBOTO TOCHiKeHHs. B
JaHii poOOTi ISt IKICHUX OIIHOK BIUTMBY Y3 Ha
JJC xpucrana (HopMaJbHO BHKOPUCTAHO KJa-
CHUYHY MOJIEJIb OJTHOPIAHOTO HAITiBIPOBITHHKA.

Ha excnepumenTanbHil 3anexxHocTi 1 crmo-
CTEepIraloThCsl JIBI BIAMIHHI TeMIlepaTypHi Ji-
naHkd P (7), [Ki 3arajoM BIATOBIAKOTH OCHO-
BHUM MeEXaHi3MaM pO3CiIOBaHHS HOCIIB 3apsay
B HamiBnposigaukax [10]. B obGmacti HM3BKHX
temriepatyp (7<150 K) mepeBaxkarouum € po3ci-
IOBaHHS Ha 10HI30BaHMUX IOMIIIKAX, a B 00JIaCTI
TeMIiepatyp Onm3pkux 10 kiMHaTHOT (7>180K) —
Ha TEIJIOBUX KOJIMBAaHHSAX KPHUCTANIIYHOI IPATKU.
JiiicHO, 3 ypaxyBaHHSM IIMX JIBOX MEXaHi3MiB
PO3CIFOBaHHS BIA€THCS 330BLIBHO OMMCATH EKC-
nepument W (7) (puc.2, kpusa 1%). Halikparue
CHIBMAIHHS €KCIIEPUMEHTAIBHOI Ta po3paxoBa-
HOI KpuBHUX | Ta 1* BUXOAWUTH NpHU BUKOpHUCTA-
HUX 3HaYeHHAX 7~2,7-10”m” Ta N=7,6:10*m>
(N,- KOHIIEHTpallisi 10HI30BaHUX JOMIIIOK B MO-
neni bpykca-Xeppinra). Kpusa 2, orpumana npu
V3 HaBaHTaxeHHI. [Ipu BUCOKHX TeMmIieparypax
(T>150 K) xapakrep 3minu p**(7) He 3MIHIOETD-
Csl, JIUIIE CTIOCTEPIraeThCs JAesIKe 3MEHIIICHHS Be-
mmuunM [ (7). B Toi e uac B 00macTi HU3bKUX
temneparyp (7<140 K) npu nii Y3 cnocrepira-
€Tbes 30inbIIeHns Benuunnn W, “(7), ska crae
NPaKTUYHO HE3alie)KHOI Bin Temmeparypu. Lle
O3HAa4Yae, 10 MpH Y3 HaBaHTAKEHHI BiA0yBa€eThCS
MI€BHA 3MiHa OCHOBHUX MEXaHI13MiB pO3CIIOBaHHS
HOCIiB 3apsmy.

Jlis 3aI0BUTBHOTO y3TO/DKEHHS PO3paxoBa-
HOI KpHBOT 2" 3 EKCIIEPUMEHTAIILHOIO 3aJIeXKHIC-
TIO 2 B oOnacti Bucokux Temmeparyp (7>200 K)
npoBeneHnid  pospaxyHok W *"(7) 3 ¢dopmain-
HUM 3aJTy4eHHSIM JIOIATKOBOTO PO3CIIOBAaHHS Ha
1’ €30€JICKTPUYHOMY TTOTEHITial (uphZAT”Z, Ie
A-nesaxuii epekTuBHUN KoeilieHT, SIKUM Tpak-
TUYHO HE 3aJICKUTh B TeMIEparypH, Imijaoupa-
€THCS TIPU PO3PAXyHKY) JO3BOJIUB OTPUMATHU 3a-
JIOBUTBHE Y3TOMKEHHST pO3paxoBaHoi KpuBoi 2° 3
€KCIEPUMEHTAJIbHOIO 3aJIEKHICTIO 2. 3ayBaxH-
MO, 110 KOHKPETHHH PO3paxyHOK A—KoedillieH-
Ta Ui BUMagKy Y3 30ypeHoi (hOHOHHOI cucte-
MU KpHCTaJa HE MPEICTABISETHCS MOKITUBHUM.
Jlns Hu3bkoTemneparypHoi obmacti (7<150 K)
BBA)KAETHCS, 110 OCHOBHUM 3aJIUINAETHCS PO3Ci-
IOBAHHS Ha 10HI30BAHUX JOMILIKAX 1 y BUIAAKY
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nii ¥3. Ilpu pomy minibpana KOHLIEHTpAIis LeH-
TpiB poscitoBanHs craHoBuza N,*=5,0-10* m™.
[TopiBHtOrOUM TmmiiOpaHi 3HAYEHHS KOHIICHTpA-
il 10HI30BaHUX JIOMINIOK y BHUXIIHOMY 3pa3-
Ky (N=7,6:10° m”) Ta npu Y3 HaBaHTaKeHHi
(NV,*=5,0-10* m™) MO’XHa JIOMYCTUTH, IO YACTHU-
Ha TOUKOBUX JeekTiB (AN =N -N*) nepedymo-
ByeThes. [IpaBnonoibHo BBakaTH, 1110 3MEHIIECH-
Ha N, npu 30epexeHH] Maiike NOCTIHHOrO 3Ha-
YeHHsI KOHIICHTpAIlii HOCI1B 3apsay (3riHo puc.l
He nepesuinye 5-10°! m?), 3yMOBIIEHE TOJIOBHUM
YUHOM YTBOPEHHsSM TpHu Y3 nii HEHTpanmbHUX
KOMIUIEKCIB 32 y4YacTIO ITMOOKHX EJIeKTPUYHO-
aKTHBHHX IIEHTPIB JTOHOPHOTO Ta aKIENTOPHOTO
tumy [15]. Tlpu oMy 10AaTKOBE PO3CIFOBAHHS
HA HEUTpaNbHUX KOMILUIEKCAX, YTBOPEHUX TIpHU
V3, He KOMIEHCYy€e 3MiHY €(pEeKTUBHOCTI PO3Ci-
IOBaHHS B pPE3yJbTaTi 3MEHILEHHS KOHIICHTpaIlii
10HI30BaHUX JIOMIIIIOK.

3.3. Penakcauisn npogionocmi npu 66iMKHeH-
Hi ma 6UMKHEHHI YITbMPA3GYKY

Ha puc.3 npuBeneHi yacoBi 3MIHH 3aJI€KHOC-
TeW MUTOMOI E€JIEKTPONMPOBITHOCTI ¢ (7) 3pa3ka
JUI PI3HUX TEMIIeparyp MpH BBIMKHEHHI Y3 Ha-
BaHTaXXEHHS (cepis BEpXHIX KPUBUX) Ta IIPHU HOTO
BUMKHEHHI (BHHU3Y), BIMOBITHO. XapakTep pe-
nakcauii o (f), IK Ipy BBIMKHEHH1 Y3, TaK 1 mpu
HOT0 BUMKHEHHI Ma€ 3BOPOTHHH Xapakrep. 3a-
rajbHa TPUBAJICTh peJlakcarlii Jemo 3pocTae 3i
3HWKEHHSM TEMIIepaTypH 3pa3ka i CBIIYUTh MPO
nosroTpuBaii mexanismu AC nepedymosu JIJIC
kpuctana. [Ipuuomy, sik Bxe Bii3HaYan0Cs BUIIIE,
HABITh JIOBrodacHe Y3 HaBaHTAXXCHH 3pa3Ka He
MPU3BOIUTH JI0 3AJIMIIKOBOI 3MIHHM IapaMeTpiB
kpuctainy. [Ipu OUTbII AeTaTbHOMY PO3TIIS/II BH-
nHO, o AC penakcatlis o (f) 3arajaom He SBIIsI-
€THCSI MOHOTOHHOIO, a BIJIOYBA€ETHCS, SIK MIHIMYM,
B 1Bi cramii. JlificHo, B MOMEHT Y3 BBIMKHEHHS
(BUMKHEHHSI) CIIOYaTKy BiJIOyBa€ThCS CTPUOKO-
noJi0Ha 3MiHa o (), SIKa B MOJAJIbIIOMY IEPEXo-
IUTh B JIOBIOTPUBAJy MOHOTOHHY peJlaKcallilo.
HaGmmkeHi OIIHKM TpPUBAJIOCTI HepIioi cranii
naroTh 3Ha4eHHs 7,<1,0 sec. B Toii e 9ac Tpusa-
JiCTh Apyroi crafii T, cknanae (50+500) sec.

AHami3 MOYaTKOBHX MUISTHOK pelaKcaIliiHuX
KPUBUX Ha JPYTid cramii o, (f), OTpUMaHuX MpH
HU3bKUX Temmeparypax 79+109 K, mnoka3as,
[0 BOHU MOXYTh OyTH ONMUCAHI E€KCIIOHEHIIIH-
HOIO 3aNIEKHICTIO o ()=0, exp(-t/T) (puc. 4), ne

0, —€IIEKTPOTIPOBIHICTL 3pa3sKa B PIBHOBaXKHHX
yMoOBaxX, T — "ac penakcamii. l{e mamo 3mory Bu-
3HAUUTH 3HAYCHHS 7 MPH PI3HUX TEMIepaTypax.
[ToGynoBana 3anexwuicts lg t =f (10°/T) (BcTas-
Ka Ha puc.4) € JiHINHOWO, 110 BKa3y€ Ha €KCIO-
HEHUIAHUA Xapaktep 3minu T(1)=T, exp(Wp/k]),
ne W, — eHepris akTuBalii rnporecy. Buznauena
13 BKa3aHOi 3aJIeKHOCT1 BEeJIMYMHA Wp BUSABWIA-
cs1 mpubmmsHo piBHOIO 0,02 eV. [/[BoxcTamiiHuii
xapakrep AC 3min E® mapamerpis B CdTe:Cl
TOBOPUTH MpO ABa MexaHizMu nepedynosu JJ1C
KpHcTana. BBaxxaemo, 1110 32 «(MUTTEBD» CTPUOKO-
nofi0H1 3MiHM o(?), Ha ski npunanae ~(10+-20)%
3aranbHuX AC 3MiH O, BIJMOBIJAIOTh aKyCTOAK-
TUBHI MeTacTabunpH1 (mpu aii ¥Y3) kmactepu ae-
¢exTiB. B siKoCTi Takux 1edeKTiB MOXKYTh OyTH
JUCIIOKAIiHI Ki1acTepy (HEOAHOPIIHOCTI), SIK1 B
yMoBax Y3 HaBaHTaXEHHsS 3MIHIOIOTh SIK PO3MIp,
TaK 1 MOTEHINal, a BiIMOBIIHO i e(pEeKTUBHICTH
PO3CiIOBaHHS Ha HMX HOCIIB 3apsiay. MoxiIuBo
WPSO,OZ eV — BelnynHa MOTeHI1aIbHOTOo 6ap’epy,
10 XapaKTepU3y€e HEOAHOPITHOCTI.
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Puc. 4. CdTe:Cl. IloyarkoBi xinsinku o,(t) npu
BBiMKHeHHI Y3 naBanTaxenns W =2-10° Wt/m’ 3a
79, 98 Ta 111 K, BinnoBinno. Ha BcTaBui Temnepa-
TYPHA 32JI€KHICTH XapaKTePHOI YacoBOi CTAJION T,

B Toli ke wac 3a JOBroTpuBali penakcamii
o (1), Ha Hally TyMKY, BIANOBIAAIOTh AU(Dy31HHI
AC mporuecu, B SKMX BH3HaYalbHA pPONb Haje-
KUTH JUCIOKaIlisM. e MoKyTh OyTH sIK ITpoliecu
«3aXOTUICHHS» UM «3BITHHEHHSD) PYXJIUBUX €JICK-
TPUYHO-AaKTHBHUX TOYKOBHX JE(EKTIB 3 IUCIIO-
Kaiii [5,11,12]; moxknuBa i mpuckopena nudy3is
OKPEMHX TOYKOBUX J1e(heKTiB B30BXK (200 B OKO-
JI1) TUCIIOKAIlii, 0 IHTEHCUBHO KOJUBAETHCS TIiJT
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nieto Y3 [6, 12]. [Iuranus notpedye 10IaTKOBO-
ro BuB4YeHHs. [IpoTe mpuBeneH1 HUXKYE YUCIIOBI
OIIIHKM Ha OCHOBI po3paxyHKiB ED mapamerpis 3
HAIINX eKCIIEPUMEHTAILHUX JIaHUX MiATBEPIKY-
I0Th IO MojeNb. Haramaemo, 1o 3araibHa KOH-
[EHTpaIlis JOMIIIKHA XJIOPY B PO3IUIaBI CKJaaaa
NCIOSIO24 m>. BBaxxaeMo, 110 pO3MO/ILJI JIETOBAHOT
JOMIIIKA MDK J€(EeKTHUMHU KOMILJIEKCAMH, SKI
MicTaTh atomu Cl, HACTYITHUI: a) YacTHHA aTOMiB
CI cTBOproe i3ompoBanuii Toukosui nedexr Cl, 7,
SIKWi1, B OCHOBHOMY, BU3Ha4a€ JIOHOPHUH PIBCHb
N, (E.-0,01 eV)[1,2]; 6) yactuna aromis Cl 3Ha-
xonuthes Ha akuentopuux [(V CL *)] Ta Heil-
tpanbuux (V. *2CL "), (V CL_ ")’ xommuekcax
N ; B) wactuna aromis Cl 3axoruiena Ha o0ipBaHi
3B’A3KM Ha auciokanisx N *. To6To:
N¢,=Np+ Ng+ Ne™ ey
BBaskaeMo, 1o OCHOBHHMM MexaHizMoM AC
nepedynoBu JIJIC € npueananns atroma Cl 10 ak-
[ENTOPHOTO KOMIUIEKCY:

[(Ved Clz ) 1HCI™ — [(Vea 2C1;,)°1 (2)

B pesynbrari miei AC XxiMiuHOI peakiiii KOH-
IEHTpaIlis 10HI30BaHUX JIOMIIIOK 3MEHITYETh-
cs, sk Oyno moka3aHo Bumle (AuB.m.3.2), Ha
AN, =N - N*= 2,6:10% m>. Ilpu upomy s
peamizamii peakmii (2) mOTPiOHO IIE CTITBKH XK
aromiB Cl. Ockinbku n, npu Y3 HaBaHTaKeH-
Hl (paKTMYHO HE 3MEHUIYETHCS, @ HABITH JIELIO
(ma ~20%) 3pocrae, HEOOXITHO WIyKaTH 1HIII
mkepena rux aromiB Cl. Ilpuiimaemo, mo Ta-
KHM JDKEPEJIOM SIBJISIFOTBCSI JMCIIOKAIIil; OTKe
MOJXKHa BBakartd, mo N "=AN=2,6:10"m>.
Jamni, BpaxoBylOUM IO Y BHXIZHOMY 3pa3-
Ky N'=n+2N =N, +N=7,6:10"m>, a n =N -
N ~2,7-10* m?, 3naxoaumo, mo N, =3,9-10> m™
ta N =3,7-10% m”. Takum uunom, sriguo (1)
orpumyemo: N =3,9:-10” m>+3,7-10% m>+2,6-
10%2m=~10,2-10** m, mo Maii>ke BifmoBijgac 3a-
JaHI} BUXIIHIA KOHIICHTpAIli JeTyI040il JOMIII-
KH.

[Ipun BuMKHEHHI Y3 HaBaHTa)XCHHS Ma€ CIIO-
cTepiraTucs 3BOPOTHH IMPOILEC, OCKUIBKU Bipo-
TIHICTh YTBOPEHHSI AKLENITOPHOTO KOMILJIEKCY
[(V.,7CL.')] B piBHOBaxkHOMY cTaHi (0e3 V3)
3Ha4Ho Ginbma yum [(V 2CL )] [1,15].
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4. BucHOBKH

BusiBneno moBrorpuBaiii  aKyCTOCTUMYJIBO-
BaHi 3minn E® mapamerpiB kpucrani CdTe:Cl,
SK1 TIPOSIBISIFOTHCS TUTBKK i yac aii Y3. AHaui3
TEMIEPATYPHUX XapaKTePUCTUK KOHIEHTpalii Ta
XOJUTIBCHKOI PYXJIMBOCTI HOCIIB 3apsay IMOKa3as,
110 OCHOBHUMH MeXaHi3MaMH PO3CiIOBaHHS HOCI-
B 3apsAy y BUXITHUX 3pa3KkaxX € pO3CIFOBaHHS HA
TEIUIOBUX KOJIMBAaHHSIX KPHUCTAJIIUHOI I'PaTKU Ta
ioHI30BaHMX aomimkax. [Ipu Y3 HaBaHTaxeHHI
y kpuctanax CdTe:Cl 3rimHo po3paxyHKiB 3MEH-
LIYEThCS PO3CIIOBAHHS HOCIIB 3apsay Ha 10HI30-
BaHUX JIOMIIIKaX Ta CTA€ BArOMIIIIUM PO3CIIOBAH-
HS Ha aKyCTHYHHUX (POHOHAX 30ypEeHOTO KpUCTAITY.
JBoxcraniitauii xapakrep AC 3min E® napame-
tpiB B CdTe:Cl cBimunTh mpo ABa MEXaHi3MU Tie-
pedynosu J1JIC kpucrana. [Ipuaomy 3a «MUTTE-
B1» cTpUOKONOAiIOHI 3MiHU 0(f), HA SIKI TpUTIAAAEe
~(10+20)% 3aranpaux AC 3MiH S, BIAIOBIIAIOTH
AC edexrtu, OB’ s13aH1 3 PO3CIIOBaHHAIM Ha JHC-
JIOKAIIMHUX KJIACTEpaxX TOYKOBHX NE(EKTiB, IO
30ypIOIOTbCS B MOMEHT BKJIFOUCHHS/BUMKHEH-
Ha ¥Y3. B Toli e Jac 3a TOBroTpuBalli peliakca-
uii o(¢) Bignosinawth audysiitai AC mporecu B
00’€eMi KJacTepiB, B pe3yJIbTaTi SIKUX BiZJOyBa€Th-
cs mepepo3noAit qomimkoBux aromis Cl 1 TpaHc-
(dopmarrisi 3apsIKeHUX aKIENTOPHUX KOMIUICKIB
[(V.7CL. )] B neiirpansni (V2CL ")’ [1,2 ].

5. Cniicox BUKOPUCTAHOI JIiTepaTypu

1. D. V. Korbutyak, S. V. Mel’nichuk,
E. V. Korbut, and M. M. Borisyuk, Cad-
mium Telluride: Impurity Defect States
and Detector Properties. Ivan Fedoriv,
K. 198 s. (2000).

2. N. V. Agrinskaja and V. V. Shashkova.
Metastabil’nye tsentry v nizkoomnyh
kristallah CdTe:Cl n-tipa // Fiz. Tekh.
Poluprov. 24(4), pp.697-701 (1990).

3. Ya. M. Olikh and O. Ya. Olikh. Active
ultrasound effects and their future usage
in sensor electronics // Sens. elektron.
mikrosist. tehnol. Nel, pp.19-29 (2004).

4. Ya. M. Olikh and M. D. Tymochko.
In situ observation of the relaxation of
conductivity in y-irradiated n-type sili-
con under the action of ultrasound puls-
es // Tech. Phys. Lett. 37(1), pp. 37-40
(2011).

5. A. 1. Vlasenko, Ya. M. Olikh, and



Sensor Electronics and Microsystem Technologies 2016 —T. 13, Ne 1

10.

I1.

R. K. Savkina. Akustostimulirovan-
naya aktivatsiya svyazannyh defektov v
tverdykh rastvorakh // Fiz. Tekh. Polu-
prov. 33(2), pp.410—414 (1999).

Ya. M. Olikh and Yu. I. Shavlyuk.
Akustostimulirovannoe podavlenie
shuma v kristallakh Cd,Hg, , Te // Fiz.
Tverd. Tela 38(11), pp.3365-3371
(1996).

M. 1 Ilashchuk, V. V. Matlak,
O. A. Parfenyuk, A. V. Savits’ky,
A. 1. Skytsko. Vliyanie neodnorodnostej
na elektrofizicheskie svojstva CdTe:Ge
/" Ukr. J. Phys. 31(1), pp.126-128
(1986).

Ya. M. Olikh and R. K. Savkina.
Akustostymul’ovanyj zsuv temperatury
inversiyi znaka koefitsiyenta Kholla
u radiatsijno-legovanykh krystalakh
germaniyu // Ukr. J. Phys. 42(11-12),
pp-1385-1389 (1997).

O. A. Matveev and A. 1. Terent’ev.
Osnovnye printsipy poslerostovogo
otzhiga CdTe:Cl dlya polucheniya
poluizoliruyushchih kristallov // Fiz.
Tekh. Poluprov. 34(11), pp. 1316 -1321
(2000).

Physics and  Chemistry A"BV
compounds: Trans. from English ed.
S.A Medvedev. Mir, M. 624 s. (1970).
A. 1. Vlasenko, Ya. M. Olikh,
and R. K. Savkina. Podvizhnost’

12.

13.

14.

15.

nositelej zaryada v kristallakh
n-Cd Hg,_Te v usloviyah dinami-
cheskogo  ul’trazvukovogo  nagru-
zheniya // Fiz. Tekh. Poluprov. 34(6),
pp. 670-676 (2000).

Ya. M. Olikh, S. E. Ostapov, and
M. D. Tymochko. Influence of ultrason-
ic treatment on electrophysical proper-
ties of HgMnTe and HgCdMnTe single
crystals // Ukr. J. Phys. 50(10), pp.1145-
1152 (2005).

M. V. Alekseenko, E. N. Arkad’eva,
and O. A. Matveev. O vliyanii
neodnorodnostej na  podvizhnost’
elektronov v telluride kadmiya // Fiz.
Tekh. Poluprov. 4(2), pp. 414-416
(1970).

O. A. Matveev and A. I. Terent’ev.
Samokompensatsiya v CdTe<CIl> v us-
loviyah fazovogo ravnovesiya kristall-
par kadmiya tellura // Fiz. Tekh. Polu-
prov. 32(2), pp.159-165 (1998).

Ya. M. Olikh, M. D. Tymochko,
M.I Ilashchuk. Metastabil’nyy
kharakter diyi akustychnoyi khvyli
na elektrychnu providnist” CdTe:Cl //
Tezy dopovidey 6-yi Mizhnarodnoyi
naukovo-tekhnichnoyi  konferentsiyi
“Sensorna elektronika ta mikrosystemni
tekhnologiji” (SEMST-6). Odesa, p. 99
(2014).

Crarrs Hagiinuia q1o peaakiii 29.12.2015 p.

63



. M. Onix, M . Tumouko, M. 1. Inamyk, O. A. ITapdentok, K. C. Ynpsaunbkuit

PACS: 62;71;72:43.35. Ty
UDC 621.315.592.2, 534.27

EFFECT OF ULTRASOUND ON THE CURRENT FLOW
IN LOW-RESISTANCE CRYSTALS OF CdTe:Cl

Ya. M. Olikh', M. D. Tymochko', M. 1. llashchuk?, O. A. Parfenyuk* and K. S. Ulyanytskiy*

V. E. Lashkaryov Institute of Semiconductor Physics, NAS of Ukraine, pr. Nauky 41, Kyiv,
Ukraine, 03028. Phone: (044)525-62-56, e-mail: jaroluk3@ukr.net, tymochko@ukr.net.
2Yuriy Fedkovych Chernivtsi National University, Kotsjubyns’kogo st., 2, Chernivtsi, Ukraine,
58012, e-mail: m.ilashchuk@chnu.edu.ua, o.parfenyuk@chnu.edu.ua.

Summary

For the purpose of identification of the ultrasound (US) dynamic action on the electro-physical
(EPh) parameters of semiconductor crystals CdTe:Cl (N,=10'® cm™) the temperature investigations
(77300 K) of Hall effect and relaxation processes of the conductivity o(f) at US switching-on as
well as at US switching-off (f, =10 MHz, W ~10* Wt/m?) have been carried out. For the first time
the long-term acousto-stimulated (AS) changes of the electron concentration and Hall mobility have
been found out that can be seen only during the US influence. Analysis of temperature characteristics
showed that the main mechanisms of carrier scattering in the initial samples are scattering on thermal
vibrations of crystal lattice and ionized impurities. With ultrasound loading an additional carrier
scattering on piezoelectric potential, US oscillating dislocations and point-defect clusters takes place.
Two-stage nature of the AS changes o(¢) indicates the two mechanisms of impurity-defect structure of
the crystal rebuilding. Moreover, for “instantaneous” jump-like changes o(¢), that account~(10+20)%
overall AS changes a(7) correspond to effects associated with scattering by dislocations. At the same
time, diffusion AS processes inside of clusters are responsible for the long-term relaxation o(¢), in the
results of which a redistribution of impurity atoms CI and a transformation of the charged acceptor
complexes [(V_7Cl_")] into neutral [(V>2Cl_*)°] take place.

Keywords: ultrasound, dislocations, CdTe monocrystals, Hall effect
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BIIJIUB VJIBTPA3ZBYKY HA TIPOTIKAHHSA CTPYMY
B HU3bKOOMHUX KPUCTAJIAX CdTe:Cl

A. M. Onix', M. /. Tumouxo', M. I. Inawyx?, O. A. [lapgenror®, K. C. Vivsanuyvruii®

THCeTHTYT (hi3uKu HamiBOpoBigHUKiB iM. B.€. JlamkaproBa HAH Ykpainu, np. Hayku 41, Kuis,
VYkpaina, 03028, Ten. (044)525-62-56, e-mail: jaroluk3@ukr.net, tymochko@ukr.net.
*YepHiBelbKHii HallioHAIbHUH yHiBepcuTeT im. H0. denproBuua, Byi. Komoouncskoro, 2, YepHisiii,
VYkpaina, 58012, e-mail: m.ilashchuk@chnu.edu.ua, o.parfenyuk@chnu.edu.ua.

Pedepar

3 METOI0 BUSICHEHHSI MEXaH13My AMHAMIYHO1 1ii ynbsTpa3ByKy (Y3) Ha enekTpodi3uyHi mapameTpu
HaniBnposignukosux kpucranis CdTe:Cl (N ~=10" cm?) nposeneno Temneparypsi (77300 K) mo-
cIlliJKeHHs eekTy XoJla Ta KIHETUKH peJlakcallii eIeKTPOIPOBIIHOCTI o(f) pu BBIMKHEHHI Ta BU-
mkHenHi Y3 (f, <10 MHz, W ~10* Wt/m?). Biiepiue BusBI€HO J0BrOTpUBali aKyCTOCTUMYJIbOBAHI
(AC) 3MiHM KOHIIEHTpALi Ta XOJUIIBCHKOI PYyXJIMBOCTI HOCIIB 3apsy, SKi MPOSIBISIOTHCS TUTBKH Mif
yac Y3 nii. AHaii3 TeMIepaTypHUX XapaKTePUCTUK TMOKa3aB, M0 OCHOBHHUMH MEXaHI3MaMU pPO3Ci-
I0OBaHHS HOCIIB 3apsAly y BUXIJIHUX 3pa3KaxX € pO3CIIOBaHHS Ha TEIJIOBUX KOJIMBAHHSAX KPUCTATIUYHOT
rpaTKu Ta i0HI30BaHUX jAoMimkax. [Ipu V3 HaBaHTakeHHI BUHHKAE JOAATKOBE PO3CIIOBAHHS HOCIIB
3apsAly Ha T’ €30€JIEKTPUYHOMY TOTEHITIaMl, JUCIOKAIISIX Ta KJIacTepax TOUKOBUX JIe(PEKTIB, sIKI BU-
MYIICHO KOJIMBalOThCs B Y3 momi. J[Boxcraniitauii xapakrep AC 3MiHM ¢ () CBIAYUTH MMPO JBA MeXa-
Hi3MU 11epeOy10BH JOMIIIKOBO-/1e()eKTHOI CTPYKTYpH KpucTaa. [IpuuoMy 3a «MUTTEBI» CTPUOKOIIO-
ni6H1 3MiHH o(f), 0 cTaHoBIATE ~(10+20)% Bcix AC 3MiH o(f) BIANOBIIal0Th €PEKTH, TIOB’sI3aHI 3
PO3CIIOBaHHSM Ha TUCTIOKAIlIAX. B Tol ke yac 3a JoBrorpuBali penakcaiii o(f) BianoBigawTs 1udy-
3iiiH1 AC mpoliecu B KJacTepiB, B pe3ynbTari SKUX BiA0OYBa€ThCs MEPEPO3NOILT JOMIIIKOBIX aTOMIB
Cl i Tpancopmaris 3apsakenux akuentopuux kommuekis [(V, >CL )] B neiirpansui(V, >2CL *)°.

KurouoBi ciioBa: ynbTpasByk, qUCIOKalii, Tenypu kKaaMmito, edexr Xomna
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PO3POBEKA MATEMATUYHOI MOJIEJI IOTEHIIOMETPUYHOI'O BIOCEHCOPY
HA OCHOBI 3BOPOTHOI'O IHI'TBYBAHHSA AHETUJIXOJIHECTEPA3U J1JI5A
BU3HAYEHHSA A®JATOKCHUHY B1

K. B. Cmenypcovka, C. B. /[310e6uu

AHoranis. B naniii po6oti po3po0IeHO MaTeMaTUYHY MOJIEh TOTEHI[IOMETPUIHOTO OI0CCHCOPY
Ha OCHOBI 3BOPOTHOTO iHTiIOyBaHHS alETHIIXOJIiHECTEepa3u AJIsi BU3HaueHHs aduatoxkcuny Bl. Jlms
Bajiamii MojeNi Ta TMOPIBHSHHS BHKOPUCTAHO ICHYIOYHH TOTEHI[IOMETPUYHUN OiOCEHCOp Ha
OCHOBI 1IMMOOUTI30BaHOI alleTIIIXONMiHeCTepa3u. MareMaTidHa MOJEIbh NPECTaBIICEHA CHUCTEMOIO
TuQepeHIifHIX PIBHSIHB, K1 OMUCYIOTh TMHAMIKY O10XIMIYHHX peaklliii, Ha SKUX IPYHTYEThCS poOoTa
6ioceHcopy. KoxxHe piBHSHHS ONHCy€e KOHIEHTpAIl pepMeHTy, cyocTpary, iHTri0iTopy, MpoayKTy abo
KOHIIEHTpaIlii (epMeHT-CyOCcTpaTHOro, (epMeHT-iHTIOITOpHOTO, (hepMeHT-cyOCTpaT-iHTi0iTOPHOTO
KOMITJICKCIB B 3aJICKHOCTI B 4yacy. CucTemMa po3B’s3aHa YUCENIBHO 3a JIOTIOMOTOK) MPOTPAMHOTO
3abe3neuenHs Wolfram Mathematica. BxinHumu mapaMeTpaMu CUCTEMH € MOYaTKOBI KOHIIEHTpAIIii
depmenTy, cyocTpary Ta iHriditopy (2x10° M anermnxoninecrepasu, 4x 10~ M aneTHiIxoliH XJIopumay
ta 0,2 MKkr/min aduatokcuay Bl BiAMOBIAHO), SKi € eKCTIEPUMEHTAIBHO po3paxoBaHUMU. KoHCTaHTH
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MIBUIKOCTEH (pepMEHTATMBHUX peakiii mimiOpaHi Tak, 00 MOJENIOBaHHS BIATYKY OioceHCOpy
BiJNOBiaI0 ekcriepuMeHTy. [lokazaHo, 1mo po3pobieHa KiHETHYHA MOJENb JO3BOJISIE aJeKBAaTHO
ornucaTu poboTy pealbHOrO MOTEHIIIOMETPHUYHOTO 610CEHCOPY .

KurouoBi ciioBa: mareMaTnuHa MOJeIb, 010CEHCOP, alleTHIIXONiHeCTepa3a, 1HT10ITOPHIUN aHaTi3,
¢depmeHTaTUBHA KiHETHKA, adnaTokcud Bl

DEVELOPMENT OF MATHEMATICAL MODEL OF POTENTIOMETRIC BIOSENSOR
BASED ON THE REVERSIBLE ACETYLCHOLINESTERASE INHIBITION FOR
AFLATOXIN B1 DETERMINATION

K. Stepurska, S. Dzyadevych

Abstract. This work presents a mathematical model of a potentiometric biosensor based on the
reversible acetylcholinesterase inhibition for aflatoxin B1 determination. An actual potentiometric
biosensor based on immobilized acetylcholinesterase was used in this work for comparison with
a mathematical model and validation. The mathematical model is described by a system of rate
equations, presenting the dynamics of biochemical reactions in the biosensor. Each equation describes
concentrations of the enzyme, substrate, inhibitor, product, or concentrations of enzyme-substrate,
enzyme- inhibitor, enzyme-substrate- inhibitor complexes as a function of time. The system is solved
numerically using Wolfram Mathematica software. Initial concentration of the enzyme, substrate and
inhibitor act as boundary conditions for the system of rate equations. The concentrations have been
calculated from the experimental conditions: 2 x 10 M acetylcholinesterase, 4 x 10 M acetylcholine
chloride, and 0.2 mg / ml of aflatoxin B1 for the enzyme, substrate, and inhibitor respectively). The
rate constants have been chosen to fit the experimental response. It is shown that the kinetic model
developed allows to reproduce the performance of a real potentiometric biosensor.

Keywords: mathematical model, biosensor, inhibitory analysis, enzyme kinetics, aflatoxin B1

PA3PABOTKA MATEMATUYECKOW MOJEJN HOTEHIIUOMETPUYECKOI'O
BUOCEHCOPA HA OCHOBE OBPATUMOI'O HHI' MBUPOBAHUA
AHETHIIXOJIMHICTEPA3U V1A OITPEJAEJEHUA A®JIATOKCHUHA B1

E. B. Cmenypcxas, C. B. [[310esuy

AHHoTauus. B nanHoii poboTe pazpaboraHa MareMaTHUecKas MOJENb MOTEHIIMOMETPHUECKOTO
OuoceHcopa Ha OCHOBE OOpPAaTUMOTrO WHTMOMPOBAHHUS AalETHIIXOIUHACTEPA3bl Ul OIpeeSICHUS
adnaroxcuna B1. Jlnsg Banuganuu Moznenu U CpaBHEHHS MCIIOIB30BAHO CYIIECTBYIOIIUI OHOCEHCOD
Ha OCHOBE MMMOOMJIM30BAaHHOW alleTHIIXOJMMHACTEpa3bl. Maremarndeckas MOJENb IpelcTaBlieHa
cucreMoi iuhepeHnanbHBIX ypaBHEHUH, KOTOPBIE OMUCHIBAIOT JUHAMUKY OMOXHUMUYECKHX PEaKLni,
Ha KOTOPBIX OCHOBBIBaeTCs pabora OmoceHcopa. Kaxmoe ypaBHEHHE OMMCHIBAECT KOHILIEHTPAIIUH
depmenra, cyocTpara, ”HTHOMTOpA, MPOAYKTA MIIM KOHIIEHTpAIK (pepMeHT-cyOCcTpaTHOro, (hepMeHT-
MHTUOUTOPHOTO, (epMEHT-CYyOCTpaT-UHI'MOUTOPHOTO KOMIUIEKCOB B 3aBUCHMOCTH OT BPEMEHHU.
Cucrtema pelieHa YMCIEHHO IMPH MOMOIIM IMporpamMmHoro obecrneuenuss Wolfram Mathematica.
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Bxomuble mapameTpsl CHCTEMBI SIBISIOTCS HadallbHbIE KOHIGHTpamuu ¢epMeHTa, cyocTpara |
uHruouTopa. OHU PaCCYMTaHBI IKCIIEPUMEHTAIBHO U COCTABISIIOT 2x 10~ M aneTHiIxonuHicTepassl,
4x10° M anerwnxonuH xjopuaa u 0,2 Mkr/mn admaroxkcuny Bl coorBercTBeHHO. KOHCTaHTBI
CKOpOCTeH (hepMEHTATUBHBIX pEaKIuil MoJ00paHbl TAKUM 00pa3oM, YTOOBI MOJCTUPOBAHNE OTKIIHKA
OroceHcopa COOTBETCTBOBAJIO IKcIiepuMeHTy. [Tokazano, yTo pa3paboTaHHas KWHETHYECKasi MOJIEIb
MO3BOJISIET a/IEKBAaTHO OMUCATh PabOTy peajbHOIO MOTEHIIMOMETPHUIECKOTO OHOCEHCODa.

KiroueBble ci10Ba: MaTemMaTuueckas Mojiesb, OMOCEHCOP, alleTUIXOIUHACTEPa3a, MHTrHOUTOPHBIN
aHanu3, pepMeHTaTUBHAsI KWHETHKA, aduarokcuH Bl

1. Betyn

BuxopucTanHs MareMaTudHOTO MOICTIOBAHHS
Moxe OyTH KOPUCHUM 1HCTPYMEHTOM JUIs1 Kpallloro
pO3yMiHHS 010XIMIYHHX TMPOIECIB Ta MIUPOKO
BUKOPUCTOBYETHCS JJIs1 ONITUMI3AIis aHATI THIHIX
XapakTepucTuk 6iocencopis. [lounHaroui 3 cimae-
CATHUX POKIB Ta JIO ChOTOJHI, pi3HI MaTeMaTHUYH1
Moeni Oy po3po0iieHi Ta YCIIITHO 3aCTOCOBaH1
ISt orrtuMi3aiii pobotu 6iocencopis [1-3]. Tak,
HaNpUKJIaI, 32 OCTaHHi I’ ATh pokiB S. Loghambal,
L. Rajendran ta iH. 3anpONOHYBalIu ACKIIbKA
MaTeMaTHYHUX MOJENIeH ISl aMIIepPMETPHIHOTO
€JeKTpoa 3 iMMOOTI30BaHUM (EPMEHTOM Ha
OCHOBI1 HENIHIHHUX NU(PEPEeHUIHHUX PIBHIHB,
SK1 OIUCYIOTh KiHETHKY Mixasica-MeHTeHa Ta
nudysito [4-5], a Takok MaTeMaTUYHY MOJICIb
aMIIEPOMETPUYHOTO Ta MOTEHIIIOMETPHUYHOTO
61oceHcopiB [6]. B ux Moensix BUKOPUCTOBYIOTh
METOJl TOMOTOTIYHUX 30ypeHb JJIs1 BUPIMICHHS
CUCTEMHU DPiBHSHBb B YMOBaX CTaI[iOHAPHOCTI.
ASeris 1 cCrIiBaBTOPH ONMKCAIN MaTeMaTUUH1 MOJIENI
aMIIepPMETPUYHUX Ol0CeHCOPIB [7-8], B AKUX 3Mi-
HIOIOYH BXIJHI mapameTpu (Taki sSIK KOHLEHTpa-
IiS peareHTiB, KIHETUYHI KOHCTAHTH Ta TOBIIMHA
MeMOpaHH), iM BJAJI0Ch TOJIMIIATH YyTIUBICTh
po3pobiennx 6ioceHcopiB. B mux mMomensx as
BUPILIEHHS] CUCTEMU PIBHAHb BUKOPHCTOBYBa-
JIU METOJ KIHIICBUX PI3HMIIL MPHU CTAIlIOHAPHUX
Ta HecTamioHapHuUX ymoBax. I[lepeBaxHa
OUTBLIICT PO3POOIEHUX MaTeMaTUYHUX MOJIeIen
OMHUCYIOTh GEPMEHTHI O10CEHCOPH MIJIsT IPSMOTO
BU3HaueHHs cyOctpary. Ha psny 3 uum, octanHi
POKH CIIOCTEPITaEThCS TEHACHIIISI POCTY PO3POOOK
010CEHCOPIB HAa OCHOBI IHT10ITOPHOTO aHAII3Y
[9-10]. binsmoio Mmipoio Taki GioceHcOpH
BUKOPHCTOBYIOTHCSI B €KOJIOTTYHOMY MOHITOPUHTY
JUTS IETEKTYBaHHS TOKCUYHUX PEYOBUH, TAKUX SIK
MECTUIIN/IN, 10HA BOKKUX METaJiB, aQIaTOKCHHU
too [11-12]. Ha croronni po3po06iieHO 30BCIM
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HE3HAYHY KUIBKICTh MAaTEMAaTHYHUX MOJIETICH poOOTH
010CEHCOPIB TAKOTO THITY. 3 HUX MOXKHA BUAUTUTU
MareMaTHyHy MOJIeNIb POOOTH TITFOKO30KCHIa3HOTO
OioceHcopa I BU3HaUeHH 10HIB pTyTi [13]. B
1iil MOJIEeNi crCTeMa PIBHSHB, 110 OMHCYE AUQY3I0
Ta (pepMEHTATUBHI HENHINHI peakili 3B’s3aH1 3
KiHeTHKOI0 Muxaemica-MeHTeHa, MoaudikoBaHa 3
ypaxyBaHHSIM HE3BOPOTHOTO 1HTiOyBaHHSL.

Jlana poOoTa mnpucBsueHa po3pobOIui
MaTeMaTUYHOI MOJIei po3po0JeHOT0 paHime
alleTUIIXOJIIHEeCTepa3Horo 6i0CeHCopy Ha OCHOBI
10H-ceNeKTUBHUX NoboBuX Tpanzucropax (ICIIT)
JUTSL 1HT10ITOPHOTO BU3HA4YEHHS aduiaTokcuHy Bl
(ADB1) [14]. IlutanHs € BKpall aKTyaJIbHHUM,
3 orsiny Ha Te o ADPBI € BUCOKOTOKCMYHOIO
Ta KaHIIEPOTEHHOIO JJIsl JIOAUHHU Ta TBAPUHU
CTIOJTYKOIO, SIKY TIPOAYKYIOTh JIEsIKi IUTICHSABI TPUOU
pony Aspergillus. Taki rpubn 1HOIKYIOTh ITUPOKHIA
CIIEKTp MPOAYKTIB Xap4yyBaHHS Ta KOPMIB MpHU
HEBIMOBIIHMNX YMOBax iX 30epiranHHs (BUCOKa
TeMmIeparypa, MiJIBUIIeHa BOJIOTICTbh TOWIO).
3acTocyBaHHSI MaTe€MaTUYHOTO MOJEIIOBAHHS
JUIS ONITHMI3allil aHATITUYHUX XapaKTePUCTHUK
6loceHcopy B MOJAJIBIIOMY JACTh 3MOTY 3BECTU
10 MIHIMyMY TpOBEJICHHs JabopaTOpHUX
€KCIIEPUMEHTIB 13 TOKCHYHIUMH PEYOBHHAMH IS
1100py ONTUMAJIHUX KOHLIEHTpALlil KOMITIOHEHTIB.

2. Marepiaam i MmeToau

2.1. Ilomenyiomempuynuii OioceHcop Ha OCHOBI
ayemunxoninecmpepasu

Jnsa Bamigamii MmatremMaTudHoi Mojeni y
po0OTi BUKOPHUCTOBYBAJIN PO3pOOIECHUN paHilie
6iocencop [14]. B akocTi 010CETEKTUBHOTO
eJIeMEHTY 0i0CEHCOPY BUKOPHUCTOBYBAJHU
dbepment anerunxoninecrepady (AuXE) i3
Electrophorus electricus (EC 3.1.1.7) aktus-
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HicTIO 518 om. akT./Mr, iMMOO1JII30BaHUHN Ha
MOBEPXHIO TIOTEHITIOMETPUYHOTO ITEPETBO-PIOBAYA
MOMEpPEYHOI0 3IMHMBKOI0 Y HACHYEHHUX IMapax
IJyTapoBOTo ajpjaeriny. B sikocTi moTeHmio-
METPUYHUX IEPETBOPIOBAYIiB BUKOPHCTOBYBAIN
napy iICHTUYHHUX 10H-CEJIEKTUBHUX IOJIBOBUX
TPaH3HUCTOPIB P-TUILY 3 UyTAHUBICTIO 35-40 MKA /
pH po3mimienux Ha OHOMY KpUCTAIi.

2.2. Mamemamuune mooentoeans

Cucrema mudepeHIitHuX PiIBHSAHB, KA OTIHCYE
MaTeMaTU4YHY MOJelb poOOTH po3poOIIeHOTO
0ioceHCcOpy, poO3B’si3yBajlach YUCEIbHO 3a
JIOTIOMOTOI0 TTporpamMHoro 3abe3mnedenns Wolfram
Mathematica 10. Takox y 1iii mporpami Oynu
noOy/10BaH1 MOJEJIbHI BIATYKH O10CE€HCOpY, SKI
MOPIBHSIHO 13 EKCIIEPUMEHTAIbHUMU JTaHUMHU.

3. Pe3yabTaTn T2 00rOBOPEHHA

[Ipu iHTi6iTOpHOMY BH3HauYCHI adIaTOKCUHY
B1 3a nonomoroio AuXE-GioceHcopy Ha OCHOBI
10H-CEJIEeKTUBHUX IMOJbOBUX TPaH3UCTOPIB
GbyHKIIIOHYBaHHS OioceHcOpa YMOBHO
MOKHA MOAUTUTH Ha HAcCTymHi etanu (puc. 1):
oTpuMaHHs 6a30Boi miHii (0), BiAryk Ha pobouy
KOHIICHTPAITIF0 alleTUIXOiH Xxjaopuny (AnXX)
sk cyocrpary (), Ta Biaryk Ha aduatoxkcus B1 sk
uri6iTopa (I1).

Puc. 1. CxemaTtuuHe 300pa:kenns poooru AuXE-
oiocencopy Ha ocHoBi ICIIT npu inridiropaomy
BU3HaYeHHi ADBI.

Po6ora AuXE-6ioceHcopa mepmr 3a Bce
IPYHTYETHCSI HAa HACTYNHIH (epMeHTaTUBHIN
peakiiii, sika NpoTikae y OIOCENEeKTHUBHIN
MeMOpaHi:

CH, 0 AnXE
CH, O NCH,-CH,-0--CH, 4 a0
CHy AuetunxoniH
(*)
AXE oy,
— > CH,2N\N* -CH,-CH,OH 4+ CH,-COO" + H*
CH;

Ha nynpoBOoMy erami, Koy Oi0CEIeKTUBHA
MeMOpaHa 3HAXOJUTHCS B KOHTAKTI TUIBKU 3
pobounm Oydepom, B MeMOpaHi HE BiIOyBaEThCS
HISIKMX PEaKIIiii, a CHTHaJI 610ceHcopa Bi1oOpaxae
«6a3oBy niHito» (puc.l, eran 0). Ha nepmomy
eTari BiiOyBaeThCsl hepMeHTaTUBHA peakiis (*)
3a y4acTio cyOcTpaTa, sIKUi JoJalTh y pobody
KOMIipKy. B pesynbTari 11i€i peakiiii yTBOPIOEThCS
IPOIYKT (IPOTOH), B PE3Y/IBTaTi YOTO 3MIHIOETHCS
JIOKaJbHA KOHIEHTpAllisl 10HIB B IPUETEKTPOAHIN
o0macTi, MO0 pPeecTPYEThCS MOTEHIIIOMETPHYHUM
neperBoproBaueM. Ll 3MiHa Bi3yali3yeTbcs
y BUIJIAAI BiATyKy Ha cyOctpar (puc.l, etan
). Ha npyromy eramni po6oTu 6ioceHcopy, mpu
JI0/1aBaHHI1 Y BUMIPIOBAJIbHY KOMIPKY a()IaTOKCHHY
B1, sxuit € 3BopoTHiM 1Hri6itopom AuXE,
BiZI0yBa€eThCS peakiis 1Hr10yBaHHS (EpPMEHTY.
3a miteparypHuMu naHuMu [15] MexaHI3M
inrioyBanHs AuXE adnarokcunom B1 BigHOCATH
JI0 3MIIIAHOTO THUIY 1HT10yBaHHS, SIKUH MOXHA
cxeMaTuyHo 300pa3utu Ha Puc. 2:

O Ot

+

Puc. 2. CxemaTu4He mpeacTaBJIeHHS MPOXOIKeHHS

(epmenTaTuBHOI peakuii 3a ydacTio (epMeHTY

(E), cyoctpary (S) Ta 3BOpPOTHOro iHridiTOpPY

(I) 3mimanoro Tumy, fiIka BHKOPHCTOBYETHCH Y

noreHuioMmerpuynomy diocencopi Ha ocHoBi AXE
npu inriditopaomy BuzHaueHni A@BI.

69



K. B. Crenypceka, C. B. JI3sa1eBuu

Ha Puc. 2 k Ta k' — KOHCTaHTH MBUAKOCTEN
npsiMoi Ta 3BOPOTHOI peakiii yTBOpeHHS
xomriekcy (ES), kp — KOHCTAHTa IIBUIKOCTI (Vp)
yTBOpenHs nponykry (P), a k;, ta k', — xoncranTu
IIBUJKOCTEH TpsIMOi Ta 3BOPOTHOI peakiii
yTBOopeHHs KomIuiekcy (EI).

I{r0 cucTeMy MOXHa ONMUCATHU HACTYITHOIO
CUCTEMOIO TU(PEPEHLINHNX PIBHSIHD:

9O — ey (95 (£) — kime (D) + g (O) +

+ ke () + kpnes

dnes(t) —
dt

(1.1)

ksne(t)ns(t) - ks'nes(t) - akines(t)ni(t) +

+ aki’nesi(t) - kpnes(t)

290 — fyng (O (6) = k(1) — ks (Ons(0) +
+ aks’nesi(t) + ﬁkpneis(t)

(1.3)

d esi
Lt = rhines ()0 (E) — Akyrmesi () + aksngy(E)ng(£) —

— akgnesi () — Bkpneis(t) (1.4)
% = —kgn(Ong(t) — aksny (Ong(t) + kgmes(t)

+ akgn,g(t) (1.5)
PO = mg (Oi(6) — akines (O () + kymei(6) +

+ aknegi (t) (1.6)
dnst(t) = kpnes(t) + Bhpngs(t), (1.7)

e ks, ks,, k., kl., Ta kp — BIAIIOBiHI KOHCTAHTH
IIBUIKOCTI peaKiiiii yTBOPEHHs KOMILIEKCIB, 0. U 3
— KOHCTAHTH, YHCEIIbHE 3HAYCHHS IKUX BU3HAYAE
iHri0yBaHHs 200 aKTUBYBAaHHS (DEpMEHTY;

My N My Ny N Ry T — KOHIIEHTpaIii
bepmeHTy, cyocTpaty, 1Hr161TOpY, NPOAYKTY,
a TakoxX QepmeHT-cyOcTpaTHOTO, hEpPMEHT-
iHrid6iTopnoro ta ¢epmeHT-cybCcTpaT-
IHT101TOPHOTO KOMTIJIEKCIB BIAMOBIIHO, SKi
3MIHIOIOTHCS 3 YaCOM. 3MiHa B Yaci KOHIIEHTpaIlii
NPOAYKTY 71, HPAMO nponopiiiHa BIATYKY
6ioceHcopy.

BpaxoByeThCcsi Takoxk, IO B CHCTEMIi
30epiraeTbcs MOCTiHA 3arajibHa KOHLIEHTpAIis
pepmenty E, Takum 4ynHOM B Oyab-saKul MO-
MEHT 4acy cyMa KoHIeHTpaiiil BinbHOro (E) Ta
3B’ s3a”oro (ES), (EI), (ESI) dbepmenty nopiBHio€e
(E) + (ES) + (EI) +(ESI) =E,

Ha nynpoBOMYy eTari MOJIENIOBaHHS 331a10ThCS
HacTynHi noyarkosi ymosu 7 (0) = n.(0) = n, 0)=
n, (0)=n_(0)=n(0)=0, ToOTO KOJIK B CHCTEMI
HeMae cyOcTpary Ta iHTi01TOpY, a JIUIIe BBOJUTHCS
MOYaTKOBa KOHIICHTpAIlisl GepMeHTY Y poOouiit
MeMOpaHni 6ioceHcopa. [Ipu 3agaHnx moyaTKOBUX
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yMOBaxX Ta 3aJaHUX MapaMeTpax 3HaXOASAThCS
PO3B’SI3KH CUCTEMH, Ta Oyay€eThCs MOX1THA np(t),
10 Biamosizarume 0a30BiH HiHII.

Ha nmepiomy erarii cucreMa po3B’si3y€ThCsl IPpU
MOYaTKOBUX YMOBAX, K1 33JJal0ThCSI PO3B’ I3KaMHU
CHUCTEMHU HYJIBOBOTO €TaIlly, a TAaKOX 3aJa€ThCs
MmoyaTkoBa KOHIIEHTpalis cyOcTpary, mio
nofaeTbes y podouy komipky. IloxinHa po3s’s3Ky
np(t) NP TAaKUX YMOBaxX Oyjie BiJIMOBIAATH BIATYKY
Ha cyOcTpar.

Hapemti, Ha apyromy eTami MOAEIIOETHCS
BIJI'YK Ha 1HTI0ITOP, TIPH IMiICTAHOBIII MOTIEPEIHIX
PO3B’SI3KIB Ta MOYATKOBOT KOHLIEHTpALi] IHT101TOpY
n(t), AKa BiIOMa 32 yMOBAaMH E€KCIIEPUMEHTY.

Jlnst Bammimamii po3po0aeHoi MoJIeni y CucTeMy
piBHsAHb (1) Oynu mizcTaBieHi peasibHi HTapaMeTpH:
poboya KOHIIEHTpaLlisl CyOCTpaTy Ta KOHLEHTpALIis
1HT101TOpY, a TaKOX KOHIEHTpaIis GepMEeHTY
B OiocenexkTuBHIN MemOpani. B peanbHOMYy
€KCIIEPUMEHTI B SIKOCTI poOOY0i KOHLIEHTpaLil
cyOcTpary BukopuctoByBaiu 4x10° M AnXX.
MopenbHi kKoHIeHTpamii iHriditopy — A®BI1
cxkinaganu 0,2 mxr/mi, 0.4 mxr/mi, 0,6 MKr/mii,
2 Mkr/mi, 4 mxr/mi, 10 mxr/min, 40 mxr/min. Jlns
HOpMaJTi3alii BXiTHUX TapaMeTpiB Ta MPUBEICHHIO
10 OJHAKOBUX ONMHUIL BUMIPIOBAHHS, IIi
KOHIICHTpaIlii OyIu mepepaxoBaHi Ta CKiajain
0,64x10° M, 1,28x10° M, 1,92x10° M, 6,4x10°
M, 12,8x10° M, 32,02x10° M, 128,09x10° M.
Takox Oyna oIliHeHa KOHIEHTpaIlisl (epMEHTY
y 0iocenekTuBHiil MeMmOpaHi OioceHcopy.
06’eM onHiel MmeMOpaHu 010CEHCOpPY CTAaHOBUTH
npubauzuo 0,03 wmka, mo Bianmosimae 0,03
Mmr. bepyuun no yBaru toii ¢akr, mo memOpana
mictuth 1% AuXE, MmoxHa po3paxyBaTu Macy
dbepmeHTy y MeMmOpaHi, sika ctaHoBmia 0,3x10°T.
Monspuaa maca AuXE Bimoma ta cranoButh 280
k/la, a6o 280x10° r/monb (T.s1. 1 JJa = 1 r/mMois).
3Harouu Macy Ta MOJISIpHY Macy (hepMeHTY, MOXKHA
pO3paxyBaTH KUIBKICTh PEYOBHHHU (DEPMEHTY, sIKa
cragoBuTh 1,0x107'?2  Moub. SAKIO MOXIIATH
I[I0 BEJIMUYMHY Ha BiloMUH 00’eM MeMOpaHH,
MaTUMEMO MOJISIPHY KOHIIEHTPAIIiIO, SIKy MOXKHA
BHKOPHUCTOBYBATH I MOJICJIIOBaHHs. Takum
YUHOM, MOJSIpHA KOHIEHTpalis GepMeHTy B
MeMOpaHi CTaHOBUTB O13bK0 2% 107 M.

bioxiMi4H1 KOHCTAaHTH MBHAKOCTI peakiii
k BaXko oTpuMaTHu MPSAMO 3 €KCIIEPUMEHTY.
B manomy gociikeHHI Ii KOHCTaHTH Oynu
mii0paHi TaKUM YMHOM, 100 MOJIETTEHUN BIATYK
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CHIBIAJaB 13 €KCIEPUMEHTAIbHUMH BiATyKaMu
(Puc. 3). Bcranosneno, mo crabdiapHa podoTa
OioceHcopy (MpH TaHUX KOHIIEHTpaIis pepMeHTy,
cyOcTpaTty Ta iHri0iTopa) MOCITAa€EThCS MPHU
oOmexeHoMy OajlaHci Mk nmapamerpamu k. B
Hamomy Bunaaky k, = 100 k, To6To iHribitop y
CTO pa3iB aKTUBHIIIE B3a€MOJI€ 3 (PEPMEHTOM,
Hix cyoerpar. k, = 10" k, k.= 0.01 k_ 110 o3Ha4ae
HEe3HayH1 MBUAKOCTI po3naay komruiekciB (EI) Ta
(ES) BiZHOCHO MIBUAKOCTI X CTBOPEHHSI.

InTencuBHicTh, yM of

P atonaions TN
250 onry Aok KA KAAAARY

® ExcnepumeHT

*  Moje/mroBaHHs

» Yac, xB

FAKAARNROKA

Puc. 3. CumyJisinist po00TH NOTEHIIOMETPUYHOTO
O0iocencopy Ha ocHoBi AuXE metonom kine-
THYHUX PiBHAHb 3 BUKOPUCTAHHIM CHCTEMH
audepenniitnux pisusaub (1); T — roraBanns 4x103
M AuXX, II — nogaBanust 0,2 mxr/mJ (0,64x106 M)

A®DBI.

3 Puc. 3 BusHO, 1110 BUOpaHi HAMM MapamMeTpu
JUIST KIHETHYHOT Mojeni poOoTu OioceHcopy
JO3BOJIAIOTH OTPUMATH CHUMYIJIAIIIO BIATYKIB Ha
cyOctpar i 1Hrioitop (puc. 3, CMHI TOYKH) Ta-
KHM YMHOM, 11100 BOHA BIIOBiaa pe3ynbraraM
pealbHOTO eKCIepUMEHTY (puc. 3, YepBOHI TOY-

4. BUCHOBKH Ta NMepcneKTUBH

B nmanomy nociimxenHi po3po0iaeHo MaTeMa-
THYHY MOJEJIb POOOTH MOTEHIIIOMETPUUIHOTO
0610ceHcopy Ha OCHOBI 3BOPOTHOTO 1HTiOyBaHHs
dbepmenty AuXE, ska 0a3yeTbcsi Ha TPUHIIUATIAX

KIHETUKU (EepMEHTATHUBHUX peakUii, sAKi
B1/10yBarOThCsl B MeMOpaHi 6ioceHcopa.

OOuuciieHi moYaTkoBi1 mapaMeTpu (KOHIICH-
Tpauii ¢pepmeHty, cyocTpary Ta iHribitTopa), Ta
MPOBE/ICHA OIlIHKA Ta Mi01p KOHCTAHT MIBUIKOCTI
(hepmenTaTUBHUX peakiliid. Po3poOka 1iei momerni
Ja€ 3MOTYy Kpalie 3po3yMiTH (pepMeHTaTUBHI
npouecH, 1o JexaTb B OCHOBI poboTu
dbepmeHTHOTO OioceHcopa. Po3BuTKOM maHOi
po6oTu Moxke OyTH BpaxyBaHHSA AUDY31HHUX
MporieciB B 010CENEeKTHUBHIA MeMOpaHi.

IMopsika

Pobora BukoHaHa 3a (iHAHCOBOI MIATPUMKHU
HAH VYkpainu B pamkax KOMIUIEKCHOI HayKOBO-
TexHiuHO1 nmporpamu «CeHCOpHI mpuiIagu
IJIsT MEJUKO-EKOJIOTIYHUX Ta MPOMHCIOBO-
TEXHOJIOTIYHUX MOTped: METpoJoTiuHE
3a0e3MmeYeH sl Ta JOCIiHA eKCILTyaTaIlisn.

ABtopu Takox BasuHi Ceprito I'puainy
(VuiBepcuter Yeiik @opect, Bincron-Canewm, I1iB-
niuna Kapomnina, CIIA) 3a ineliHe HaTXHEHHS Ta
MIATPUMKY.
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DEVELOPMENT OF MATHEMATICAL MODEL OF POTENTIOMETRIC
BIOSENSOR BASED ON THE REVERSIBLE ACETYLCHOLINESTERASE INHIBITION
FOR AFLATOXIN B1 DETERMINATION

K. Stepurska'?3, S. Dzyadevych'?

nstitute of High Technologies, Taras Shevchenko National University of Kyiv,
64 Volodymyrska str., 01003, Kyiv, Ukraine
?Institute of Molecular Biology and Genetics, NAS of Ukraine, 150 Zabolotnogo str., 03680,
Kyiv, Ukraine
3 Institute of Analytical Sciences, UMR5280 CNRS/UCBL/ENS, 5 rue de la Doua, 69100,
Villeurbanne, France

Summary

Mathematical modeling is widely used for optimization of the analytical characteristics of biosen-
sors. Usage of the biosensors based on enzyme inhibition effect for environmental monitoring is the
recent trend that makes their studies a very topical task. Aflatoxin B1 is a highly toxic and carcinogenic
secondary metabolite of a fungus Aspergillus. It contaminates a wide range of foodstuff and poses a
threat to human and animal health. Method of rate equations can be a powerful tool in this research.

The aim of this study is to develop a mathematical model of a potentiometric biosensor based on
the reversible acetylcholinesterase inhibition for aflatoxin B1 determination.

Methods. Wolfram Mathematica software was used for a mathematical modeling. An actual poten-
tiometric biosensor based on immobilized acetylcholinesterase was used in this work for a mathematical
model validation.

Results. The mathematical model is described by a system of rate equations, presenting the dynam-
ics of biochemical reactions in the biosensor. Each equation describes concentrations of the enzyme,
substrate, inhibitor, product, or concentrations of enzyme-substrate, enzyme- inhibitor, enzyme-
substrate-inhibitor complexes as a function of time. Initial concentration of the enzyme, substrate and
inhibitor acts as boundary conditions for the system of rate equations. The concentrations have been
calculated from the experimental conditions: 2x10~° M acetylcholinesterase, 4x10° M acetylcholine
chloride, and 0.2 mg/ml of aflatoxin B1 for the enzyme, substrate, and inhibitor respectively. The rate
constants have been chosen to fit the experimental response.

Conclusions. It is shown that the results of modeling are in good correlation with the experimental
data and the developed kinetic model allows to adequately describe the work of real potentiometric
biosensor. For the future development of this work the diffusion processes in the bioselective membrane
may be considered.

Keywords: mathematical model, biosensor, inhibitory analysis, enzyme kinetics, aflatoxin Bl
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PO3POBKA MATEMATUYHOI MOJIEJI IOTEHIIOMETPUYHOI'O BIOCEHCOPY
HA OCHOBI 3BOPOTHOI'O IH'NIBYBAHHSA AHETUJIXOJIHECTEPA3U J1JIsA
BU3HAYEHHA A®JATOKCHHY B1

K. B. Cmenypcoka'??, C. B. /[30e6uu’?’

TaetuTyT Bucokux texnonorii KHY im. Tapaca IlleBuenka, Byin. Bononumupceka, 64, Kuie, 01003,
VYkpaina,
2[HcTHTYT MOJNIeKyJIsipHOI Oiosorii i renetuku HAH Ykpainu, Byn. 3a6osnotroro, 150, Kuis,
03143, VkpaiHna,
3THCTHUTYT aHANITHYHKUX HayK YHiBepcurety Jliony im. Kiona Bepnapa, By:. Jls [lya, 5,
Binmnep6ann, 69100, ®paniis

Pedepar

MaremaTuuHe MOJAEIIOBAHHSA LIMPOKO BUKOPUCTOBYETHCS I ONTHUMI3aAIii aHATITUUHUX
XapakTepucTuk 6iocencopiB. OcTaHHi TeHICHIIT y po3podii GhepMeHTHHUX Gi0CEHCOPiB Ha OCHOBI
IHT101ITOPHOTO aHATI3Y ISl MOHITOPUHTY HAaBKOJHMIIIHHOTO CEPEOBHUINA POOIATH 1€ TOCIIHKCHHS
Jyke akTyaiabHuM. AdriatokcuH Bl € BUCOKOTOKCMYHMM Ta KaHLIEPOr€HHUM BTOPMHHUM METa00IITOM
wricHsABoOro rpuda pony Aspergillus. Bin 3a0pynHIO€ MUPOKUN CHEKTP XapyOBUX MPOIYKTIB Ta
CTAaHOBUTH CYTTEBY 3arpo3y JJIs 310POB’Sl JIFOJMHH Ta TBAPUHU. METOI KIHETHYHUX PIBHSIHD MOXKE
OyTH TIOTY>KHUM 1HCTPYMEHTOM Yy ITbOMY JOCJIIIPKEHHI.

MeTor0 JaHOTO AOCIHIKEHHS € po3po0Ka MaTeMaTHYHOI MOJIENI OTEHIIIOMETPUYHOro GioceHcopa
Ha OCHOBI 3BOPOTHOTO 1HIOYBaHHSI alleTUIIXOJIIHECTepas3H Jylsl BU3HaYeHHs aduatokcuny Bl.

Meroau nocnimkeHHs. s MaTeMaTHYHOTO MOJIETTFOBAHHS BUKOPHCTAHO MPOrpaMHe 3a0e31eYeHHS
Wolfram Mathematica. J{yis Basigarii Moziesi BAKOPUCTAHO ICHYIOUHH NOTEHIIIOMETPHYHHNA 010CEHCOP
Ha OCHOBI IMMOO1JT130BaHO1 alleTUIIXOJIIHECTEPa3H.

Pesynbprati nocnijkeHHs. MareMaTnuHa MOJelNb NPEJCTaBIeHa CUCTEMOIO AU(pepeHIiHNX
PIBHSIHB, SIKI ONUCYIOTH AMHAMIKY Ol0XIMIUHUX PEaKIliid, Ha SKUX IPYHTYETbCA poboTa GioceHcopy.
KoxHe piBHSHHS onKCy€e KOHLEHTpaLli pepMeHTY, CyOcTpary, IHr101TopY, NPOAYKTY a00 KOHLIEHTpaIil
dbepMeHT-cyOCcTpaTHOTO, (hepMEHT-1HT10ITOPHOTO, PEePMEHT-CYOCTPaT-1HT10ITOPHOTO KOMILICKCIB
B 3aJIEKHOCTI BiJ yacy. BXiTHUMU mapaMeTpaMu CHUCTEMH € IOYaTKOBI KOHIICHTpalil (pepMeHTy,
cybctpary Ta iHriditopy (2x10° M anernnxominecrepasu, 4x10- M arermixoinid xiaopuay Ta 0,2 MKr/
M1 adatokcuHy B1 BianoBisiHO), SIKi € eKCIIEPUMEHTAIbHO po3paxoBaHUMHU. KOHCTaHTH MIBUIKOCTEH
(dbepMeHTAaTUBHUX peakuiil minibpaHi Tak, mod MojeNoBaHHs BIATyKy 0ioceHCOpy BiJNOBigaIo
eKCTIEPIMEHTY.

VY3arasbHeHHs Ta BUCHOBKH. [loka3zaHo, 1110 pe3yabTaTH MOJENIOBAHHS 3HAXOAATHCSA Y XOPOIIii
KOpeJsLii 3 eKCIIepUMEeHTATbHUMHU TaHUMHU, a po3po0sieHa KiHeTUYHa MOJIEINb JT03BOJISIE JeKBAaTHO
OIHCAaTH POOOTY peasibHOTIO MOTEHIIOMETPUUHOT0 O10ceHcopy. Po3BuTKOM aHOi poOoTH MOke OyTH
BpaxyBaHHS TU(]y31HHUX MPOIIECiB B 010CEIEKTUBHINA MeMOpaHi.

KirouoBi cioBa: MaremMaTiHuHa MOJeNb, 610CEHCOP, alleTHIXOMIHeCTepasa, IHri0ITOpHU aHamis3,
(dbepmeHTaTHBHA KiHETHKA, adutaTrokcuH B1
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MYJIBTUBUOCEHCOPHASA AMIIEPOMETPUYECKASA CUCTEMA C
JNODOEPEHIHUAJIBHBIM PEXKUMOM U3SMEPEHUSA TOKOB

B. I’ Menvnux, A. /1. Bacunenxo, C. B. /[3a0esuu, JI. B. IlIxomosa, JI. H. Cemenvluesa

AHHoTanus. B cratbe paccMarpuBaeTcsi BO3MOKHOCTb MOBBILIEHHSI YyBCTBUTEIBHOCTH U TIOME-
XO0yCTOMYMBOCTH aMIIEPOMETPUIECKUX OMOCEHCOPHBIX CHCTEM ITyTeM MpUMeHeHUs T depeHIraib-
HOTo MeTozia u3MepeHuil. [IpenoxkeHsl CTpYKTypHbIE U aJTOPUTMUYECKUE PEIICHUS ISl YMEHbIIIEe-
HUS BIMSIHUSI UMEIOIIMXCSI B U3MEPUTEIIbHOM KaHajle MCTOUYHUKOB MorpenrHocreil. Pazpaboran mno-
TEHIIMOCTAT MYJIBTHONOCEHCOPHOW aMIIepOMETPUUYECKON cHCTEMBI ¢ TU((HEePEHIIHATBHBIM PEKUMOM
U3MEpPEHHs] M aBTOMAaTHU3MPOBAHHOM HACTPONKOH. DKCIIEPUMEHTAIBHO HCCIIEAOBAHO IOAABIICHUE
cuH(]a3HBIX TOMEX Ha U PepeHIINaTLHOM CEHCOPE.

KiroueBsble cjioBa: MyasTHOMOCEHCOP, aMIiepoMeTpus, nuddepeHInaibHbIe H3MEPEHHUs, TTIOMe-
X0yCTOWYHUBOCTh
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MVYJIBTUBIOCEHCOPHA AMIIEPOMETPUYHA CUCTEMA 3 JIU®EPEHIIIAJIBHUM
PEKUMOM BUMIPIOBAHHSA CTPYMIB

B. I’ Menvnux, O. /. Bacunenxo, C. B. /[3a0esuu, JI. B. IlIkomosa, JI. M. Cemenuuesa

AHoOTauis. Y cTaTTi pO3MISAA€THCS MOMXKIIUBICTD ITiIBUIICHHS Yy TIIMBOCTI Ta 3aBa0CTIHKOCTI aM-
NEPOMETPUYHHIX O10CEHCOPHHUX CHCTEM IUISTXOM 3aCTOCYBaHHS JU(EPEHIIaTbHOTO METOy BUMIpIO-
BaHb. 3alIPONOHOBAHI CTPYKTYPHIi 1 aITOPUTMIYHI PIllICHHS JJIs1 3MEHIICHHS BIUIMBY HAasBHUX B BU-
MipIOBAJILHOMY KaHaJi pKepen MoXuOok. [IpakTuaHuM pe3ynbTaroM po3poOKH € MOTEHIIHOCTAT IS
MYJIBTHOI0CEHCOPHOT aMIIEPOMETPUYHOI CHCTEMH 3 TU(EPEHIIaIbHUM PEeXHUMOM BUMIPIOBaHHS Ta
aBTOMAaTH30BAaHUM HaJAaIITyBaHHSIM. EKCIIepIMEHTANbHO TOCIIHKEHO MPUIYIICHHS CUH(a3HUX 3a-
Ba/1 Ha TU(EPEHIiaIbHOMY CEHCOPI.

KirwouoBi cioBa: mynpTHOiOCeHCOp, aMIIepoMeTpisi, TUQepeHIiitHi BUMIpIOBaHHS, 3aBaIOCTiii-
KiCTh

AMPEROMETRIC MULTIBIOSENSOR SYSTEM WITH DIFFERENTIAL MODE OF
MEASUREMENT OF CURRENTS

V. G. Melnyk, A. D. Vasylenko, S. V. Dzyadevych, L. V. Shkotova, L. N. Semenycheva

Abstract. A possibilities of increasing the sensitivity and immunity amperometric biosensor
systems by applying the differential method of measurement have been discussed. The structural
and algorithmic solutions are proposed for reducing the impact of existing sources of errors in the
measuring channel. The potentiostat for amperometric multibiosensor system with differential mode
of measurement and automatized adjusting has been developed. The suppression of common mode

noise on the differential sensor was experimentally investigated.
Keywords: multibiosensor, amperometry, differential measurements, noise immunity

BBenenune

B ocHOBe paboThI aMIepoOMEeTpUIECKUX (ep-
MEHTHBIX OMOCEHCOPOB JIEKHUT HU3MEpPEHHE KOH-
LEHTPAIMHU €CTECTBEHHBIX CyOCTPaToOB MM IPO-
IYKTOB (EPMEHTAaTUBHOW pEAKLUH, KOTOpHIE
SBJISIFOTCS AJIEKTPOAKTUBHBIMU YaCTHUIIAMU, U UX
KOHIEHTpAIMsI MOXET OBbIThb HENOCPEICTBEHHO
U3MepeHa C MOMOIIBI0 TPEXAIEKTPOIAHON 3JIeK-
TPOXUMHUYECKOW STYEHKHU C aMIIEpOMETPUUECKUM
npeoOpasosateneM [1...4]. OcHOBHbIMH NTpOOIIE-
MaMH UCIIOJIE30BaHUA aMIICPOMETPUUICCKUX ouo-
CEHCOPOB SIBJISIIOTCS HEOOXOAUMOCThH IOCTOSIH-
HOW MOAKAMMOPOBKHU JATYMKOB M KOPPEKIIMH MH-
q)OpMaTI/IBHOFO CUrHalia, a TakKKeC y4cTa BJIUAHUA
AIIEKTPOAKTUBHBIX HHTEP(EPUPYIOMINX YACTHII,
TaKHX KaK aCKOpOMHOBAsI KUCJIOTa, MOYEBast KUC-
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JI0Ta, IyTaTUOH U IPYTHX, KOTOPBIE OKUCIISAIOTCS
Ha TIOBEPXHOCTU TpeoOpas3oBaresst M AT J10-
MOJIHUTENIbHBIN, HE (QEepMEHTAaTUBHBIA OTKIIUK,
UCKaKAIOUIUHA, TaKUM 00pa3oM, MOJIE3HbIH cur-
Haj OuoceHcopa [5].

Oco0eHHOCTBIO Pa3pabOTOK OHMOCEHCOPHBIX
CHUCTEM DJIEKTPOXMMHUYECKOTO THIIA SIBJIAECTCS HE-
00XOIUMOCTb JOCTH)KEHHUSI OU€Hb BBICOKHX UYB-
CTBUTEJIBHOCTEN JIEKTPOHHOIO U3MEPUTEIBHOIO
kaHana. [Ipu sTom, kpoMe BiusHUS UHTEpDEpH-
PYIOILMX YacTUL, Ha pe3yJbTarax H3MEpPEHUM
CKa3bIBACTCS LEJIbI KOMILJIEKC UHBIX [TOMEX, BbI-
3BaHHBIX KaK IEKTPOMAarHUTHBIMHU IIPOLECCAMU
B 3JIEKTPUUYECKHX LIETSIX U IEKTPOHHBIX KOMIIO-
HEHTaX CXEMbI (3JIEKTPUYECKHUE LIYMbl U HABOA-
KU, Apeiidbl HyJael 1 KOHTaKTHbIE TOTEHLIUAIbI),
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Tak U (PU3UKO - XUMHUYECKUMH IPOLECCAaMH B
U3MEPUTENBHON suelike (u3MeHeHue (hoHOBOM
ANIEKTPONPOBOAHOCTH PACTBOPOB 3a CUET U3Me-
HEHMs KOHIIeHTpauuu OydepHoro pactBopa, pH
U TEeMIlepaTypbl, Hajluuue HEUMH(POPMATUBHBIX
apaMeTpOB CUCTEMBI JIEKTPOJ] - PACTBOP, BIIU-
SIOLINX Ha CTAOMIIBHOCTh COCTOSTHHSI ITOBEPXHO-
CTEH EeKTPoNoB [6]).

Pemnte panHyto mpoOiieMy MOKHO HCIOJIb-
3ya auddepeHnnanbHbIil METO, TIPU KOTOPOM B
AIEKTPOXMMHUYECKON SYEHKEe MMEETCs mapa pa-
O0YMX SIEKTPOJIOB: aKTHBHBIA M MacCUBHBIA. B
IIPOLECCE M3MEPEHUsl ONpENENIeTcs Pa3HOCTh
TOKOBBIX CHTHAJOB OT aKTUBHOIO AJIEKTpOJa C
(dbepMeHTHOM MeMOpaHOW M MIECHTUYHOIO eMy
ANIEKTpoJa ¢ MeMOpaHOH, He comepkamieit dep-
MEHTa, YTO MO3BOJISIET OTCeYb HEUH(POpPMaTHUB-
Hble OTKJIIMKM Ha MHTep(epupyrolue BelulecTa
U japyrue cuHdasHble Tnomexu. B mocnemnue
roJibl TaKWe METObl ObLIN YCIIELUIHO PUMEHEHBI
B OMOCEHCOPHBIX CHUCTEMax KOHIYKTOMETpHYe-
CKOro tumna. Yro KacaeTcsi aMIepOMETPUUYECKUX
CUCTEM, TO MPUMEHEHHUE B HUX IuddepeHmaib-
HBIX METO/I0B U3MEPEHUH TaKkKe BO3MOXKHO, €CIIN
o0ecrneynTh HMJISHTHUYHOCTh IPeoOpa3oBaHUs
OJIMHAKOBBIX XMMHUYECKHX BO3/AEUCTBUN Ha JIBYyX
paboumx SIEKTpoJax B OJHON HIEKTPOXHUMHYE-
CKOU sTYEHKE.

Llenbto 3TOI paboThl sBISETCS pa3padOTKa
CTPYKTYp aMIEepOMETPUYECKHX OMOCEHCOPHBIX
KaHaJoB, IIO3BOJIIOLIMX PEIIUTh HEKOTOPbIE
crenpuueckrue BOMPOCHl u3MepeHuil nudde-
pEeHLIMAIbHBIM METOJIOM, a TAKXKe pa3paboTKa am-
MIEPOMETPUUYECKOTO KaHala MYJIBTUCEHCOPHOIO

aHajM3aropa A NPAaKTHUYECKOTrOo NPUMEHEHHS,
HMMEIOLIET0 peXUMbl AUPPepeHInanbHbIX U3MeE-
peHU ¢ aBTOMATHYECKOW OaJaHCHPOBKOW CHH-
(ha3HBIX CUTHAJIOB.

Oobecneyenne auddepeHIUATBLHBIX H3Me-
PeHuii B aMIepoMeTPpH4YeCcKOM KaHase

Ha Puc.] mpuBenena QyHKUHMOHANIbHAs CXe-
Ma aMIlepOMEeTpUUYEcKoro kaHama c¢ auddepeH-
IUAIBHBIM H3MEPEHHEM TOKOB JBYX paboumx
AJIEKTPOJIOB JIEKTpOXUMHUYecKon sueitku (DX).
Ora cxeMa OCHOBaHAa Ha 0a30BBIX MPHUHIIMIIAX
IIOCTPOEHUSI aMIIEPOMETPUUECKHX CHUCTEM U
KOHKPETHBIX TEXHUYECKUX pEILIEHUsX, pa3pado-
TaHHBIX paHee [7, 8]. fueiika COCTOUT U3 KIO-
BEThl C HOPMHUPOBAHHBEIM 00beMOM OydepHOro
pacTBopa, B KOTOpPOH pacmoioKeHa IUIaHapHast
ANEKTPOHAs cucTeMa ¢ ByMs padounmu (PD) u
BcriomorareiabHbIM (BD) anekrpomamu, a Takxke
anektpoaom cpaHenus: (9C). Ha ogun u3 pa-
O6ounx anmekTponoB (PDa) HaHOCHUTCS akTHBHas
ouocenektuBHas MemOpana (AM), a Ha apyroi
(POn) - maccuBnHas membpana (IIM). Ilpu noa-
TOTOBKE OMOCEHCOPHOM CHCTEMBI K BBIITOJIIHEHHUIO
M3MEpPEHUI yCTaHABIMBACTCS TIOTEHITHAN Oydep-
HOTO PacTBOpa MO OTHOUICHHUIO K pabOYUM 3JIeK-
TpoAaMm (B JaHHOW cXxeMe MOTEHIIMAI MOCIEeTHUX
paBer 0), KOTOpbIi oOecreunBaeT HEKOTOPBIi
(hOoHOBBIN TOK uepe3 pabouue AMEeKTPobl. 3aaa-
HUE U MOAJep)KaHuEe He0OXOJUMOTO MOTeHIIHAaa
ocyuiecTBisiercss noreHuuocraroM I, xoropsii
peann30BaH Ha ONEPAIMOHHBIX yeunuTensix OY4
u OV5. OY4 BemonHsAeT PyHKIUIO ITOBTOPUTEIIS
HaIPSDKEHUS ¢ OUYE€Hb BBICOKUM BXOJIHBIM COIIPO-

IITH1 RD1
—=( In - j&_
[0)51
> U1 R1
|_POn
N R3

[—IIM

[——P3a

~ AM :

(0%
0y3 4

Jisus

Kopn pex.

UBBIX.

KC

Kop guam.

Puc. 1. ®yHknnoHajJbHAasA cXeMa aMIIepOMeTPHYECKOro KaHaJia ¢ AuddepeHInaTbHBIM H3MepeHHeM
TOKOB JIBYX Pa004MX 3J1eKTPOIOB 3JTeKTPOXUMHUYECKOI A9elKH.
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TUBJIGHUEM, YTO OOECIEYMBAET HEUCKAKEHHYIO
nepegayy MOTEHIMajga pacTBOpa Ha CXEMy CpaB-
HEHMS, peajii30BaHHYI0 Ha pe3uctopax RS, R6 u
onepanoHHoM ycwiutene OYS. B aroil cxeme
MOTEHLMAaJ] PACTBOPA CPAaBHUBAETCS C HarpsiKe-
HUEM ynpasieHus >tuM norediuanom U . K
BbIxoy ycunurtens OYS monkitoueH BcrnoMora-
TeIbHBIN AMeKTpoa BD n3MeputenbHoll suerku,
KOTOpBIN popmupyeT nmoTeHnan pactsopa. [loa-
JIep>KaHUe HYKHOUM BEJIMYUHBI 3TOrO MOTEHIMAIA
MIPOBOJUTCS IO IIENMU OOpaTHOM CBSI3U, COCTOSI-
e u3 OC u noBropuTens HanpskeHus OY4.,

B mpouecce n3MepeHuil B KIOBETY BBOJIUTCS
HOPMHPOBaHHBIN 00beM aHamuTa AH., YTO BBI-
3bIBAET OMOXMMHYECKYIO PEaKIHI0 B aKTHUBHOMU
memOpane. Hocurenu snexkrpuyeckoro 3apsja,
MOSIBUBIIMECS] BOJIM3M IOBEPXHOCTU pabovero
AIIEKTpOJia B pE3yjbTaTe pPEaKIHH, BBI3BIBAIOT
YBEIMUEHUE TOKA 4Yepe3 3ToT 3ekTpon. Ecnm
MIPU  BBIMOJHEHUU HW3MEPUTEIBHBIX OIEpaIuid
MeHsieTcsl Temreparypa, pH wunu nedcTByroT
npyrue (akTopbl, U3MEHSIONINE TOKU Yepe3 pa-
Ooune BJIEeKTPOJbl HE3aBUCHMO OT MPOAYKTOB
peaKIuu B aKTHBHOW MeMOpaHe (cuH(pa3Has 1o-
Mexa Ha padovMx 3JEKTpOoAax), TO MPOH30UIET
OJIMHAKOBOE M3MEHEHHE HayaJbHOI'O TOKa yepe3
o0a pabouux snekTpoaa. OTMETUM, YTO ITO U3-
MEHEHUE OyJIeT OJMHAKOBBIM MPH YCJIOBHH, UTO
paboure 31eKTpo/bl UAECHTUYHBI. TOKH, IpOTe-
Kalolllue Yepe3 MacCUBHBIN U aKTUBHBINA paboune
anekTpoabl XS, mpeBpalaTcss B HAMPS>KEHUS
(coorBerctBenno Ul u U2) ¢ momomipio mpeo0d-
pazoBareneit Tok - Hanpsbkenue [ITH1 u ITTH2
Ha onepauuoHHbIX yemnrensx OY1 u OVY2. Ko-
b dunreHT npeodpa3zoBaHus ONPEACIIICTCS 3HA-
YEHUAMH CONMpOTHBIICHUH R u R ) B memsx 00-
paTHOM CBSI3U yCUIIUTENEH. DTU CONPOTUBICHUS
OTIPENENAIOT JUana3oH U3MEPEHUs] TOKOB U MO-
T'YT COINIACOBAaHHO MEPEKII0YAThCS KOMMYTaTopa-
MU 1I0J] yIIpaBiieHueM koaa nuanazona (Kog D).
st kaxxnoro nuanasona R, =R . [Ipu nsmene-
HUU Auana3oHa Ko GHUImeHTs mpeoOpa3oBaHus
n3MeHsTed B 10 pa3. BeixoaHble HampspkeHUs
[ITH noctymnaroT Ha BX0bl 1udPpepeHInaIbHOTO
npeoOpazosarens JI1 (ycummrens OY3), Ha BbI-
xoze Kotoporo popmupyercs curnan Uy, ., Tpo-
MOPLUUOHAJIbHBIN Pa3HOCTH TOKOB pabO4MX AJIEK-
TponoB. [Ipu paBeHcTBe 3THX TOKOB ((hOHOBBIX
WJIM BBI3BAHHBIX CHH(a3HOi nmomexoi) U, = 0.
Ecnu npenedpeus HengeanbHocteio OY3, To ero

78

BBIXOHHOﬁ CUTHAJT OIIPCACITIACTCA BhIPAKCHUCM!

R [ R R
UBb[XA_U2R3+R4[1+R1J UlRl‘

[Ipu ycnosuu R3 / R4 = R1 / R2 370 BBIpaxe-
HHE yNpOIIaeTcs:

UBbIXA:(UZ_Ul) & ’

R

Bxomnoe comporuBnenue mpocroro audde-
pPEHIMAIIBHOTO IpeoOpa3oBaTelis, MpeacTaBieH-
HOTO Ha 3Toi cxeme HeOombInoe (omnpeaensercs
COINPOTUBJIEHUSIMH PE3UCTOPOB), OTUETO €r0 KO-
¢ urmenT npeodpazoBaHus K, 1 nonasienne
CHH(]A3HON NMOMEXH MOTYT 3aBHCEThb OT BBIXO-
HbIX conporusienuii IITH. ITockonbky mocinen-
HUE NMPUMEPHO PaBHBI MEXKIY COOOM, TO MpH KO-
s urmenTe npeodpazoBaHus paBHOM 1, 11eie-
coobpaszHo BeiOupars R1 = R2 = R3 = R4, uto
JIETIAeT TaKyl0 3aBUCUMOCTh MUHUMAJIBbHOM.

Ha BbIX0OJ M3MEpUTENBHOIO KaHajla MOTYT I10-
crynath Hanpsbkenust U, u U, 1i1st peructpanin
aOCONIIOTHBIX 3HAYEHUIl TOKOB uepe3 paboune
3JIEKTPOABI, Pa3HOCTHBIM curnan U, WK Hy-
JeBOE HaNpsHKEHUE, YTO HEOOXOIUMO Ui TOY-
HOTO OIpE/ENICHUs] CMELEHUN HyJs yKa3aHHbIX
curHanoB. IlepekitoueHre BBIBOAUMBIX CHTHa-
J0B ocyuiectBisercs kommyTtaropom KC, koro-
PBIi yIpaBIseTCs KOJIOM peXUMa U3MEPEHUSI.

OKCHEepUMEHTAIIbHBIE UCCIIEA0BAHMS IIEKTPO-
XUMHUYECKUX SUYECK C TUIAHAPHBIMU 3JIEKTPOIHBI-
MU CHCTEMaMH, HM3rOTOBJICHHBIMU H3 pa3iny-
HBIX MarepuasoB (30JI0TO, HUKEJb, YIVIEPOA) U
UMEIOIIMMHU Pa3IMYHYI0 TOMOJOTHIO, TOKa3aly,
YTO BEJIMYMHBI IPUPOCTOB TOKOB yepe3 padboune
ANIEKTPOJbl IPU OJMHAKOBBIX H3MEHEHMSAX CO-
ctaBa Oy(hepHOTO pacTBOpa MOTYT CYIIECTBEHHO
otnu4arbes [6]. Ha TOkuM 21€KTpogoB BIUSET U
COCTOSIHME MX MOBEpXHOCTEH (Hanmuyue 3arpss-
HeHul, okcunoB). [Tpu usmepenusix B muddepeH-
LMAJIbHOM PEKUME H3MEHEHHE TOKa aKTUBHOTO
ANIEKTPOIa OIPENEIIAeTCs] TAKKE BBIXOJOM IIPO-
JTYKTOB OMOXMMHUYECKON pEeaKLUH B CEIEKTUBHON
MeMOpane (AM). Bennunna 3toro BeIxoaa (Jio-
KaJbHOE M3MEHEHHE KOHILIEHTPALUU HOCHUTENEH
3apsiia B Oy(depHOM pacTBOpe) B CBOIO O4epeb
3aBUCHUT OT CBOMCTB KOHKPETHOro o0Opa3la MeM-
OpaHbl 1 MOXKET U3MEHSATHCS BO BPEMEHHU.

VYkazaHHbIE OOCTOSITENbCTBA JETAIOT HEO0O-
XOMMBIMH KaJTHOPOBKH BEIUYWHBI JuddepeH-
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LAAJLHOTO OTKJIMKA (YyBCTBUTEJIBHOCTU) H3MeE-
pUTENBHOTO KaHajla. B cxeMme, mpenacTaBieHHON
Ha Puc.2, ayis aToro nmpuMeHeH 0oJiee CIOXKHBIN
muddepenmanbHbi mpeodpasosarens (I1) Ha
onepauoHHbIX yeuiurensix OY3 - OVS ¢ koad-
(bUIIMEeHTOM Tiepeaun K- Ipu ycnoumu: R7/R6
= R5/R4 3nauenwue K, onpenensiercs u3 BbIpa-
JKCHUS:

_ UBb[XA :&

Kﬂn_Uz_Ul R4[—R2+R3+1J .

R,

B kauectBe pesuctopoB R2 u R1 moryr uc-
MOJIB30BATHCSI COOTBETCTBEHHO MOCTOSTHHAS TIPO-
BoguMmocTh Ge = 1/R2 mepemuorkaromiero [[Alla
¢ Marpuuei R - 2R u ero perynupyemasi mpoBo-
mumocts Gv = 1/R1.

B »TOM ciiyyae npuBeneHHOE BbIIIE BbIpaXke-
HUE IPUHUMAET BU/I;

K= Ilis |:(R2+R3)GV+1:|'

4

Taxum obpasom, K, MOXKET H3MEHATECS OT
0 mo 1 mpomopumonansHo otHommeHuo Gv/Ge.
Tpebyemoe otHomenne Gv/Gec ycTaHABIUBACTCS
(opMHpPOBaHUEM COOTBETCTBYIOUIETO 3HAYCHUS
kona ympasnenus LAIl. Eciu ycnoBust mpume-
HeHUs Mpudopa He TPeOYyIOT YacTOl peryiupoB-
Ki KO3 UIMEeHTa YCHIICHHUs IMpeoOpa3zoBaTesis
(PerVYc), B xauectBe pesuctopa R1 moxer mpu-
MEHSTHCS IEPEMEHHBIN PE3UCTOP.

Eme ogHuM mnpeuMyIIiecTBOM ONUCAHHOTO
muddepeHnnanbHOro npeodpa3oBarest SBISET-
Csl BBICOKOE BXOJIHOE€ COIPOTHUBJIEHHE, YTO 00e-
CTIEYMBAET BBICOKHH KO3()(UIIMEHT TOAaBICHHUS
cuH(pa3HOIl NOMEXH HE3aBUCHUMO OT BBIXOJIHBIX
conporuBienuid [1TH.

PaccMoTpeHHBIE BbIIIE CXEMBI aMIIEPOMETPH-
YECKUX KaHAJIOB MOTYT 00€CIEUUTh CTA0MIIbHYIO
¢byHKIMIO peoOpa3oBaHus U BHICOKOE IMOJaBIe-
HUe cuH(pa3HbBIX MoMex B auddepeHrnaibHOM
peXUME U3MEPEHMsI TOJbKO IMPHU JIOCTATOUYHOM
UJACHTUYHOCTH (YHKIMHA TpeoOpazoBaHUS KOH-
LEHTpAIMM HOCHUTENIEeH B TOKU Al o0oux pabo-
quX 37eKTpo0B. OHAKO B peajbHBIX MIPUOOpax,
0COOEHHO C TUTaHAPHBIMU JJIEKTPOIHBIMH CUCTE-
MaMH, 3TO YCJIOBHE HE BCerja 00ecreunBaeTCs.
Bonee Toro, B mporiecce 3KcITyaTaiii CEHCOPOB
9TH QYHKIMH MpeoOpa3oBaHUsI MOTYT MEHSATHCS
[6]. B pe3ynbrare u3MeHsIOTCS 3HAYCHHs (POHO-
BbIX TOKOB aKTHMBHOTO U ITAaCCUBHOTO 3JIEKTPO/IOB
U BEJIMYUHBI OTKJIMKOB, MOMYyYaeMBIX MpPU IPO-
TEeKaHUU OMOXMMUYECKOH PeaKkuy Ha aKTHBHOM
pabouem smektposne. MsmMenenne pOHOBBIX TOKOB
NPUBOAMT K JpeiidaM HayanbHBIX 3HAYEHHUH Ha-
npspkennid U, v U, (1o nopayu ananuta B 9X ).
K stum apeiidam 106aBISIFOTCS U CMEIICHUS HY-
nent OY1 u OY2.

Ha Puc.3 npencraBineHa cxema aMrepoMeTpH-
YEeCKOro KaHaljla, B KOTOPOM KpoMe KaJMOpOBKU
YYBCTBUTEILHOCTH MOXKET MPOBOAUTHCS OanaH-
CHpPOBKa TIOJIOKEHHs (COBMEIICHHE) HYJIEBBIX
JUHUM, OTpa)KaloUMX HM3MEHEHHUsS BO BPEMEHU
HavanbHbIX 3Hauennd U, u U, a Takxke Oanan-

AH_~>O In 1 IITH1 ,» RD
Ia ()%}

RD2

:

H2

U2

!

oy2

Kox pex.

UBBIX.

KC

Kop nuam.

Per.ycunenus

Puc. 2. dynknmnonaabHas cxema 1ugdepeHIuaIbLHOr0 aMIepoOMeTPHYeCKOro KaHaIa ¢ KaaudpoB-
KO¥ BeJIMYMHBI U] PepeHnaTbHOr0 0TKINKA.
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CUPOBKAa BEJIMYMH OTKJIMKOB 3THUX HAINPSIKEHUU
Ha OJINHAKOBOE CUH(a3HOE BO3/IEHCTBHE HA AJIEK-
Tpozel PO, n PO,

Jliist BeITONTHEHUS 3TUX (DYHKIMN B CXEMY BBe-
JIEHbI UTHBEPTOP HANPSDKEHUS Ha ONEepariOHHOM
yeumutene OV4 ¢ koaddUIMEHTOM Tepenadn
«-1» ¥ HHBEPTOP C perynIupyeMbiM ko3 HuImeH-
tom niepenaun ot —(1 — K) go —(1 + K). 3nauenue
K ompenensieTcss MakcuManbHO BO3MOKHBIM pas3-
JUYUEM BEJIMYUH OTKJIMKOB OT aKTUBHOIO M Tac-
CUBHOTO 3JIEKTPOJIOB IIPU OJMHAKOBBIX BO3/EH-
CTBUSIX. Perynmupyemblii MHBEPTOp peaan3yercs
Ha ocHoBe ymMHOXaromiero L{AIT u onepanonHo-
ro ycwmresnss OY 3. C moMONIbI0 PerympyemMoro
JEUTENS] HalPsDKEHUS!, COCTOSIIETO U3 MOTEHITH-
ometrpa Rb u pesucropoB R1, R3, ocymectsis-
ercs OanaHCMpOBKa HavyalbHbIX 3HavYeHWi U, u
U,. Ilpu sTOoM KO3(h(ULIHMEHT TEpenaun PeryIu-
PYEMOro UHBEPTOpa YCTAHABIUBAETCS PaBHBIM 1.
OTOMY COCTOSIHUIO MOXKET COOTBETCTBOBATH KOJI
ynpasnenus LAII ¢ nynem B crapmiem paspsiie
U eIMHULIAMH B JIPYTUX pa3psliax, €Cclu COIpo-
TUBJICHUE JIOMOJIHUTEIBHOTO pesuctopa Rk co-
OTBETCTBYET MOCTOSSHHOMY conpoTuBiieHust [{ATI
(1/Gc).

[Tocne GanaHCHPOBKM HAYaJbHBIX 3HAYEHUN
U, 1 U, B 2JIEKTPOXUMHYECKYIO TUEHKY BBOIUTCS
HEKOTOpPOE KOJIMYECTBO BEILIECTBA, KOTOPOE BBI-
3bIBAET OJMHAKOBBIE 3JIEKTPOXMMHYECKHE IpO-
1ecchl Ha 00OMX paboyMx HSJIEKTpoAax. Takum
BEIIICCTBOM MOXKET OBbITh, HANPUMEDP, MEPEKUCH
Bostopona. Ilocie storo noOMBarOTCS HYJIEBOTO
3HaueHMs curHaia Ha Beixone JII perynupoBkoit
xona ympasieHust L[AIl («bamaHC OTKIMKOBY).

VY3en muddepeHnmanpbHOro nmpeodpazoBarens B
ITON CXeME MOKET OBbITh BBIIOJIHEH aHAJIOTUYHO
paccMOTpEeHHOMY B cxeme Ha Puc.2 mwnm ¢ wuc-
I10JIb30BAHUEM HMHTETPATILHOTO MHCTPYMEHTAb-
Horo ycuiurens (MY). PerynupoBka ycuiieHus
JII ocymiecTBisieTcss moTeHImomMeTpom Ry mpu
KaJOpOBKE M3MEPUTENILHOTO KaHaia 1Mo o0pas-
HOBBIM pacTBopaM. Jlyig storo B OXS moparot
COOTBETCTBYIOILIUI aHAJIUT C U3BECTHOW KOHIICH-
Tpauuei. 1Ipu nomyyeHun OTKIMKA PEryaupyroT
BEJIMYNHY UBbIX , € TIOMOIIBIO Ry JIO TIOJIYYEHHUS
HOPMHUPOBAHHOTO €0 3HAYEHMsI, TPUHATOTO CO-
OTBETCTBYIOIIMM KOHIIEHTPAL[MHN AHAJIUTA.

B MHOrokaHaJibHOW aMIIEpOMETPUYECKON CH-
CTeMe pean3oBaTh MeToA AuQQepeHnnaIbHON
aMIIEPOMETPUN BO3MOXKHO TAKKE aJrOpUTMHUYE-
cku. [lnst sToro HeoOXoAMMO MOAM(DHUIMPOBATH
nporpaMMHOe 00OecredeHre BEpPXHEro YpOBHS,
00eCreYrB B HEM PEXXHUM OIPEICIEHUs] pAa3HOCTH
TOKOB B JIByX IPOU3BOJIBHO BHIOPAHHBIX KaHajaX
u3MepeHust (T.e. pa3HOCTH TOKOB MPOU3BOJIBHOU
napel pabouux anekTponoB). Hampumep, wuc-
T0JIB3YsI AMIIEPOMETPHUECKYIO STUEHKY C YEThIPb-
Msi pabOuMMU ANIEKTPOJAMHU MOYKHO TOIYYHUTH 2
muddepeHnraIbHbIX KaHaa.

OcHOBHOU TIPOOJIEMO aNTOPUTMUYECKON pe-
anuzanuu auddepeHnuanbHOR aMIIepOMETPUH,
TaK )K€, KaKk M B Cllydyae €€ alrnapaTHOM peaju-
3alUM, SABISETCS HEUACHTUYHOCTb (YHKLIUN
npeoOpa3oBaHusl B KaHallaX H3MEPEHHUsS] TOKOB
pabounx 37eKTpoaoB, obpasyrwomux nuddepen-
nuanpHyto napy. s pemeHus 3Toi mpoOaemMsl
nporpaMMHoe oOecrieueHre OMOCEHCOPHOU CH-
CTEMBI JIOMNOJHIETCS MOAIpOrpaMMaMu MaTema-
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Puc. 3. AMnepoMeTpruecKuii KaHaJ ¢ KAJTUOPOBKOii BeJnunHbl TuddepeHIIuaILHOro OTKJINKA, 0a-
JIAHCUPOBKOH 110J10;KeHHs] HYJIeBbIX JIMHUI M U3MEHEeHUIl TOKOB Pado4nX 3JIEeKTPOAOB IPU BO31eiCTBUM
cuH(pa3Hoi moMexu.
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TUYECKONW 00pabOTKU NaHHBIX, KOTOPbIE KOPPEK-
TUPYIOT pa3jiM4usl CMEUICHUN HYJS U KPYTHU3HBI
XapaKTepUCTUKU B KaHaJlaX MpeoOpa3oBaHUs TO-
KOB 3JIeKTpoJIoB. PaboTa 3THX moanmporpaMm ui-
JOCTpUpPYETCs HA puc. 4.

B paGoueMm pexxuMe 3TH MOAIPOrpaMMBl OCy-
IIECTBIISIIOT COBMEIICHNUE Oa30BbIX JINHUH MIPH pe-
THCTPAllU CUTHAJIOB, MMOCTYHAIOIIUX C AIIEKTPO-
noB nuddepeHIraIbHON Maphl, U 0aTaHCUPOBKY
0TOOpaXkKaeMbIX NMPHUPAIIEHUH 3TUX CUTHAJIOB IPU
OJTMHAKOBBIX BO3JCHCTBUSAX HA 3TH AIIEKTPOJBI.
Peanuzanus anropurMuyeckoro meroaa audde-
PEHLIMATBHON aMIIEpOMETPUH JIEMOHCTPUPYETCS
Ha puc. 5.

Henocrarkamu anropurMudeckoil peasnusa-
i auddepeHnnanbHOr0 Metofa  SBISIOTCS:
HEBO3MO)KHOCTD TTOJIABJICHHS TUHAMHYECKUX T10-
MeX (HarmpuMep, UMIYJIbCHBIX 3JEKTPUYECKHX),
YTO BUJIHO Ha PHC. 5, MOCKOJbKY aHAJIOTO-IU}-
poBoe TpeoOpa3oBaHUE CHTHAJIOB OT pPabounx
ANIEKTPOJIOB B M3MEPHUTEIBHOM KaHajle OOBIUHO
(75 ynpouieHust ycTpoicTBa) MPOUCXOIUT IIO-
0Yepe/IHO, CO CIBUTOM BO BPEMEHH; H (YTO Bax-
HEe) - HEBO3MO)KHOCTb JIONIOJTHUTEIBHOTO yCHJIe-
HUs TuddepeHIranbHoro curnaia. Bee npenumy-
IIeCTBAa 3TOTO METO/Ia IIPH MPOCTOTE aNIaparypbl
U3MEPUTENIBHOTO KaHala MOXKHO MOJIy4UTh, KOM-
OMHUpYS annaparHble U TPOTrPaMMHBIE CIIOCOOBI
OaJIaHCUPOBKH CHUTHAJIOB OT JIEKTPOIOB aAudde-
PEHLIMAIBHOM Mapsbl.

[HoTrenumocrar 1 MyJIbTHOHOCEHCOPHOIO
aMIepoMeTpHU-4ecKOro anaauszaropa c nugde-
PEHIMAJIBHBIM PeKUMOM H3MepeHHUid

QyHKIMOHAIbHASA CXeMa JOCTAaTOYHO IIPO-
cToro OJ0Ka MOTEHIIMOCTATa JUIsl MyJIBTHOUOCEH-
COpPHOIO aMIIEPOMETPUYECKOTO aHaJIU3aropa ¢
aBTOMAaTHUYECKOW OaraHCUpOBKOW nuddepeHm-
aJIbHBIX KaHAJIOB, KOTOPbIM pacCUMTaH Ha IMpPaK-
THYECKOE MPUMEHEHHE C YHU(PHULIUPOBAHHBIM H3-
MEPUTEIbHO-YIPABISIONIMM 0a30BbIM MOAYJIEM
[9, 10], mpencraBiena Ha puc. 6.

DnekTpoxumudeckas sdeiika (OXS) c de-
TBIpbMsI PabOUYMMU AJIEKTPOJAMH  YIIPaBIISETCS
aHAJIOTUYHO OINMCAHHBIM BBIIIE CXEMaM oIlepa-
unoHHbIMU yeunutenssMu OY'1 u OY2. [lokasan-
Has Ha 3ToM cxeMme menodka R1C2 coyxut mis
YIAy4IIeHUs] JWHAMHKH DPETYJIUpOBaHMs Harps-
KEHUSI B PACTBOpE NPHU M3MEHEHUH YIPABIISIO-
niero HamnpsbkeHus noreHuuocrara Uynp. biok
MOTEHIIMOCTAaTa COAEPKUT 2 UAECHTUYHBIX KaHala
muddepennmanbabix n3mepennit KU1 u KJAN2,
KOTOpbIE€ BKIJIIOUAOT: mpeodpazoBarenu (0OY3,4)
TOKOB paboumx anekTponos PO1...4 B Hampsixke-
HUS ¢ TIepeKiIroueHneM (KoJoBbIM curHaiom DI)
MacmTaba mpeoOpa3oBaHMs HA MOATUANA30HAX
(R3, 4); 2 unBepropa, Heperynmupyembii OY7 u
perynupyemsiii ¢ nomouisto LHAIT OV 6; uncrpy-
MeHTanbHbIN ycuimtenb OYS8 ¢ nuddepenim-
aJbHBIMHU BXOJAaMH M DPETYIUPOBKOW YCHUJIEHHS
nepemeHHbIM pesuctopoM R8. Ha Beixonsr KN
HOCTYIAlOT HOPMUPOBAHHBIE 110 MOJIUAa30HaM

Puc. 4. UamocTpanusi paéoThl MOANMPOrPaMM MaTeMaTH4ecKoii 00padoTKH TaHHBIX, KOPPEKTUPYIO-
IUX PA3JINYUsl CMeIleHHil HYJIsI 1 KPYTH3HBI XapaKTEePUCTHK KAHAJIOB NMPeodpa3oBaHus TOKOB PaGoumnx
3J1eKTPOIOB.
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Puc. 5. JleMoHcTpanus peaju3auuu aJJrOPpUTMUYECKOro Metoaa JuddepeHnuaibHoi
aMIepoMeTpHuu.

HaNpsDKEHUs,, NPONOPIUOHAIbHBIE Tokam PO
(I1...14), a Takke HaNpsDKEHUS, TIPOMTOPIIMOHAIb-
HbI€ pa3HUIIAM TOKOB Map pabouyux 3JIeKTPOJOB
muddepennmranbHbx kananos (12 — 11 u 14 —13).

bamancupoBka muddepeHmaibHOT0 KaHa-
J1a BBINOJIHSETCS aBTOMATUYECKU KOHTPOJIIEPOM
0a30BOro MOAYJISl MyTEM PETYIMPOBaHUS IPOBO-
numoctu LAIL Jlns 3anucu B LIAII ynpasisto-
IIUX KOJOB, KOTOpBIE MOCTYNAlOT B BHJE Oaiira
nanabix DB mpu 6anancuposke, Ha KM nona-
torcst curHanbel CS «BbIOOp Kpuctamia»y U WR
«3aIUCh», KOTOPbIE POPMUPYIOTCS IOTUUECKUMU
aneMmenTamu «2U-HE» 13 curnanos ynpasieHus
KaHajtaMu uaMepenusi Ak, Bk, Ck, koTopsie 1o-
CTyHaroT Ha OJIOK NOTEHIIMOCTaTa OT KOHTPOJLJIe-
pa 06a30BOr0 M3MEPHUTEIBHOTO MOMYNs. BbIxoa-
HOM curHan noreHuuocrtara UBBIX Moiydaercs
celekuuel BbIXOAHBIX HampspkeHud KJHM1,2
xommyTaropom K. Ero nepBbie 4 cocrosHus mo-
3BOJISIFOT MOJIYYUTh AOCOIOTHBIE 3HAYEHUS TOKOB
1...4-ro pabo4ux 31EKTPOAOB COOTBETCTBEHHO, a
2 MOCHEeAYIOIMNUX — Pa3HUILy TOKOB 2-ro U 1-ro,
4-ro u 3-ro KaHaJOB.

IIpu pabGore B nuddepeHIHaTbHOM PEXU-
Me COBMeEIEeHHE 0a30BBIX JMHHUN OTOOPaKEHHUS
TOKOB AJIEKTPOAOB Au(depeHIInaIbHON  Maphl
IPOU3BOJUTCS AJITOPUTMHUYECKU, LU(PPOBOH 00-
paboTKOW BBIXOAHBIX CHUTHAJIOB OJIOKA MOTEHIH-
ocTata TpU PaBEHCTBE KOA(P(HUIIMEHTOB MPeoo-
pazoBanus uHBepropoB OY6, 7. banancupoBka
aMIUINTY/l OTKJIMKOB IIPH OJUHAKOBBIX AJIEKTPO-
XUMHUUYECKUX BO3JCHCTBHUSX HA 3TH AJIEKTPOJIBI
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NPOM3BOAMTCS alIapaTHBIM CIIOCOOOM, aBTOMa-
TUYECKH, C TIOMOILIbI0 KOHTpoILIepa 6a30BOT0 MO-
TyJis, IIyTEM peryaupoBku mpoBogumoctu [[ATIL.
YcraHOBKa HY)KHOW YyBCTBHTEIBHOCTH TU(de-
pPEHIIMAILHOTO KaHala W KaIuOpoBKa (HOPMH-
pOBaHME) AMILTUTY OTKJIMKOB MO 0OOpa3lOBBIM
pacTBOpaM OCYIIECTBISICTCS aNapaTHbIM CIIO-
cobom — perynupoBkoi R8 (rpy0o, nmpu Hamaake
npubopa), ¥ aNTOPUTMHUECKH — YMHOXXEHHUEM
UX Ha BBIUYMCICHHBIH KO(P(OUIIMEHT KOHTPOILIe-
poM npubopa WK YIPaBISIOMKUM KOMIBIOTEPOM
(TouHo, B mporecce u3MepeHuit). B menom mpo-
IIeCC U3MEPEHUS OCYIIECTBISIETCS B ITOJTyaBTOMA-
TUYECKOM PEXHUME MPOCTHIMU KOMaH/IaMH OIepa-
TOpA.

Crnenyer OTMETHTBH, YTO HAJMYHE ABTOMATH-
yeckoil 1udpoBoit OamaHcupoBku auddepen-
[MATbHBIX KAHAJIOB TMO3BOJIIET OCYIIECTBIATH
JIMAarHOCTUKY COCTOSIHHSL PaOOYHMX 3JIEKTPOIOB
AIEKTPOXUMHUYECKON SUYEUKH HETTOCPEICTBEHHO B
Iporecce U3MEPEeHHii, UTO OYEHb BaXKHO JUIs 00e-
CTIEYCHUSI METPOJIOTHUECKON HaJIe)KHOCTH amIie-
POMETPUYECKOM CUCTEMBI.

Onenka creneHu MoAaBlIeHUs HeuHpopma-
TUBHBIX COCTABIISIONINX BBIXOAHOTO CHTHaja
nuddepeHIaIbHOTO KaHaja OT CHH(pA3HBIX BO3-
JIeMCTBUI HCCIe10Ballach C MOMOIIBIO 3JIEKTPH-
YEeCKOro 3KBUBaJeHTa DX, KOTOpPBIA MOXKET re-
HEPUPOBATh PETYIUPYEMbIE TOKH PabOYUX AIIEK-
TpoaoB B auanazone 0 ... 20 HA. B xozxe tectu-
poBaHusI Ha pabodHe AIIEKTPOAbI, 00pa3yroIIHe
muddepeHnranbay0 napy, mojaaBaauch Toku 11
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u 12, xoropeie ommyanucek Ha 30 - 40% 11t Mo-
JIEIUPOBAHUS PA3HHULIBI YyBCTBUTEJILHOCTEHN Ka-
HAJOB M3-32 HEUJEHTHUYHOCTH JJIEKTPOAOB HIIU
JIPYTUX 3JIEMEHTOB cXeMbl. DUKCUPOBAIHUCH OT-
KJIMKA 0 KaHajaM OmpefesieHus: abCONIIOTHBIX
3HaueHui TokoB Il m I2, a Takke pazHOCTHBIN
curnan 12-11. Koadduument ycunenust pasHoct-
HOTO curHaia umen 3Hadenue 5. [Ipu omHOBpe-
MEHHOM JIEWCTBUHU YKa3aHHBIX TOKOB 3TOT CUTHAII
NPUBOIWIN K HYJCBOMY 3HAYCHMIO HIIEMEHTOM
0alaHCUPOBKH MMOTEHLIUOCTATA.

3¢
I
pad P33 ’39592%[

J XA

[Tocne GanaHCUPOBKU U3MEPSIICS OCTATOYHBIH
nuddepeHInaIbHbId BBIXOJAHON CUTHAI M CHUT-
HaJlbl Ha BBIXOZIE MOTEHIHOCTATa MpH JIeHCTBUU
TOJIBKO o1HOTO U3 ToKOB (I1 min 12). Ilo pe3yns-
TaTaM MHOTOKPATHOT'O BBIMOJHEHUS YKa3aHHBIX
orepanuii BO3MOXKHAs CTENIEeHb MO/IaBICHUs CUH-
(azHolt momexu orneHuBaeTcs mpumepro B 100 ...
200 pa3 (6e3 yudera neiictBus nomex). Juarpam-
Ma HKCIIEPUMEHTAIBHO MOJTY4YEHHBIX PE3yJIbTaTOB
IIpU TECTUPOBAHMUM NpeACTaBiIeHa Ha puc. 7. Ha
Hel B BHJIE CTOJIOLIOB IPEACTaBICHBI 3 TPOHKU
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Puc. 6. ®yHKIMOHA/IbLHASI CXeMa OJI0KA MOTEHHHOCTATA JIJIs MYJIbTHOHOCEHCOPHOTO aMIIEPOMETPH-
YeCKOr0 AaHAJIH3aTOPa ¢ ABTOMATHYECKOii 62/ 1aHCHPOBKOIi 1H(depeHHATBHBIX KAHAJIOB.
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Puc. 7. luarpaMma 3KCIIePUMEHTAJIbLHO MOJIYy4EHHBIX Pe3yJIbTATOB NPU TeCTUPOBAaHUH AU depeHiu-
AJILHOTO MYJIbTHOHOCEHCOPHOI'0 AMIIEPOMETPHYECKOI0 AHAJIHU3ATOPA.
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OTKITUKOB, TIOJTYYEHHBIX C IMOMOIIHIO YKBUBAJICH-
ta DXJS. B xaxmoi n3 Hux 1-M U 2-i cTOJIOLBI
(ciieBa HampaBO) COOTBETCTBYIOT a0COJIOTHBIM
3HaueHusM TokoB I1 u 12, a 3-ii coorBercTBYET
ux pasHuue Al, ycuneHnHot B 5 pa3. B nmepBbix
2-X TPOMKAX TOK B OJTHOM M3 3JIEKTPOJOB OTCYT-
cTBOoBajl. B 3-ii Tpoiike ObutM moOAaHBI 00a TOKa
u, 3a cyeT OamaHCUPOBKH IUDPepeHINaTBHOTO
KaHajia, CUTHAJ Ha €ro BBIXO/E OKa3ajcs OIU30K
K HyI0. BennuuHbl M3MEPEHHBIX OTKJIMKOB Ha
puc.7 yka3zaHbl B HAHOAMIIepax.

Kpome skcniepuMeHTaIbHBIX UCCIEIOBAHUHN C
HKBUBAJIEHTOM DXS, ObUIO MPOBEACHO TECTUPO-
BaHue JudepeHuanbHON aMIepOMETPUICCKON
CUCTEMBI C PEAIbHOM IIEKTPOXUMHUUYECKON SAYeH-
ko. Jl7st co3nmanus cuH(pa3zHOro HeMH(POPMAaTHB-
HOTO BO3JICHCTBHS WCIIOJIB30BAJICS OOpa3IOBBIN
pacTBOp MepeKkucu Bojioposia. Pe3ynbraTsl TeCcTH-
pOBaHMS TOKa3aJdl BO3MOXKHOCTb MOJABJICHUS
HeMH(GOPMATUBHOTO CUTHAJA B YCIOBUAX peaib-
HBIX U3MepeHui Oomee yeM B 10 pas.

BriBoabI

PaccMoTpeHHbIe CTPYKTYpHBIE U aITOPUTMHU-
4eCKHE METO/IbI peIlIeH!s TPO0JIeM, CBA3aHHBIX C
npUMeHeHHeM an(p(HepeHInalIbHOIO amMmIepome-
TPUUYECKOTO METO/Ia B OMOCEHCOPHBIX CHUCTEMAX,
MO3BOJIMJIM ONTUMHU3HUPOBATH CTPYKTYpYy IOTEH-
LMOCTaTa U aJrOPUTM BBIIIOJHEHUS U3MEPEHUM.
[Toxazano, uro B auddepeHnnaibHOM pexuMe
Ha | — 2 mopsKa CHUXKAETCS BIUSIHUE [TOMEX OT
HEMH()OPMATUBHBIX MapaMETPOB CPE/Ibl U3MeEpe-
HUH ¥ IpyruX CHH(]A3HBIX MOMEX, MOBBIIIAS TEM
CaMbIM DPEAJIbHYI0 UyBCTBUTEIIBHOCTh U pa3pe-
MIAIOITYI0 CITIOCOOHOCTH MpUOopa.

PazpaGoran MoTEHIMOCTAT MYJIBTUCEHCOPHO-
r0 aMIIEpOMETPUYECKOIO AHAIM3ATOPA, KOTOPBIN
obecrieunBaeT 4 HE3aBUCUMBIX KaHasa U3MEpeHUH
TOKOB U 2 KaHajla U3MEPEHUI pa3HMIbI TOKOB B
JByX napax pabounx s1ekrponos IXS. [Tokazana
BO3MO)KHOCTb CO3IaHUSI HENOPOrOro, CEpHMHO-
MPUTOAHOTO, MYJIBTHOMOCEHCOPHOIO amIlepoMe-
TPUUECKOT'0 aHAJIN3aTOPa, KOTOPBI 10 XapaKTepu-
CTHKaM IPEBBIIIAET U3BECTHBIE AHAJIOTHU.

Pabora BeImONMHEHa Onaromapsi (puHAHCOBOM
nogaepxke HAH VYkpanHbl B pamkax KOMILIEKC-
HOM Hay4yHO — TexHu4eckod mporpammel HAH
Vikpaunsl «CeHcOpHblE MPUOOPHI ISl MEIUKO—
HKOJIOTMYECKUX M NPOMBIILIEHHO—TEXHOJIOTNYE-
CKUX MOTPEOHOCTEN: MeTposiornyeckoe obecre-
YEHHE U OIBITHASI DKCILTyaTalus.
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AMPEROMETRIC MULTBIOSENSOR SYSTEM WITH DIFFERENTIAL MODE OF
MEASUREMENT OF THE CURRENTS
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Summary

The aim of the work is development of the amperometric biosensor systems based on differential
method of measurements of local differences of electrochemical processes in the two biochemical
membranes: the working (active) and the reference (passive) ones. Structural and algorithmic methods
to improve accuracy, functionality, and other technical, economic and operational characteristics of
measuring instruments, and methods of physical modeling a process of measurement have been ap-
plied in the studies. A variants of the potentiostat for amperometric biosensor system of differential
type with the sensor which is formed by the couple working electrodes of the electrochemical cell
were presented. The possibilities of balancing of the measuring channel by using hardware and soft-
ware are discussed. The consideration performed of the structure and algorithm of the multisensor
analyzer that has multiple differential channels with automatic balancing, which allows diagnosing
the usefulness of the sensors. The suppression of influence of the noninformative factors on the results
of measurements difference of currents pair of working electrodes in differential mode have been
improved and the ability provided to simultaneously receive the absolute values of these currents.
The advantages and disadvantages of the presented technical solutions were analysed, given advice
on their use depending on the characteristics of the studied biochemical reactions and other require-
ments for the measurement system. The experimental research results are given of the common-mode
signal suppression degree on the differential input of the channel. The developed technical solutions
are aimed to creation of the portable multibiosensor amperometric analyzers based on previously
created standardized measurement modules, which will be suitable for mass production and practical
application.

Keywords: multibiosensor, amperometry, differential measurements, noise immunity
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MYJIbTUBIOCEHCOPHA AMIIEPOMETPUYHA CUCTEMA 3
JNOPEPEHIITAJIBHUM PEXKUMOM BUMIPIOBAHHSA CTPYMIB

B. I’ Menvuux!, O. JI. Bacunenxo!, C. B. [[3a0esuy?, JI. B. [lIxomosa?, JI. M. Cemenuuesa’

Mucturyt enekrponunamiku HAH Ykpaiuu, npoci. [lepemoru, 56, 03680, m. Kuis, YkpaiHa,
ten.: +(380) 44 3662511, e-mail: melnik@ied.org.ua
[HcTuTyT MOnekynsipHoi Gionorii Ta reneruku HAH Ykpainu, Byn. 3a6onornoro, 150, 03680,
M. KuiB, Ykpaina, ten.: +(380) 44 200 03 28, e-mail: dzyad@yahoo.com

Pedepar

Mertoro poboTu € po3podKa amMIepoOMETPUYHUX OIOCEHCOPHUX CHCTEM, 3aCHOBAaHMX Ha aude-
pPEHITIaTLHOMY METOJII BUMIpPiB JIOKAIBHUX BIIMIHHOCTEH MPOTIKAHHS €JIEKTPOXIMIYHUX MPOIIECIB B
JBOX O10XIMIYHMX MeMOpaHax: poOouiil (akTHBHIN) 1 pedepeHcHil (macuBHii). [Ipu qocaimkeHHIX
3aCTOCOBYBAJIUCS] CTPYKTYpHI Ta aNTOPUTMIUHI METOJH IiIBUIICHHS TOYHOCTI, PO3MIMPEHHS (DyHK-
[IOHAJLHUX MOYKJIMBOCTEH, TTOJIIIIICHHS TEXHIKO-CKOHOMIYHUX Ta EKCIUTyaTallliHUX XapaKTEPUCTHK
3ac001B BUMIPIOBaHb, a TAKOXX METO/IU (pI3UYHOTO MOJIEIIOBAHHSI MpoleciB BuMiptoBanHs. [Ipencras-
JIeH1 BapiaHTH MOOYIOBU MOTEHIIOCTaTy 010CEHCOPHOI CHCTEMH aMIEepOMETPUYHOrO THUITy 3 aude-
PEHIIAILBHUM CEHCOPOM, IO YTBOPIOETHCS MapOl0 POOOYUX EIEKTPOIIB €IEKTPOXIMIYHOI KOMIPKH.
Po3misiHyTO MOXKIMBOCTI OajlaHCYBaHHS BUMIPIOBAJILHOTO KaHAy allapaTHUMM Ta MPOrpaMHUMH 3a-
cobamu. Po3po0iieHo CTPYKTYpY 1 alTOPUTM POOOTH MYJIETUCEHCOPHOTO aHAIi3aTopa, 10 Ma€ KiJlbKa
nrdepeHIiabHUX KaHaJiB 3 aBTOMAaTUYHUM OaJlaHCYBaHHSM, B SIKOMY MOXKJIMBO OJHOYACHO IMPOBO-
JUTH JIIarHOCTUKY NMPHUIATHOCTI CEHCOpPiB. 3a0e31eUeHo MOKpallleHe NPUTrHIYeHHs BIUIMBIB HeiH(pop-
MaTHBHUX YHHHHKIB CEPEIOBUIIA HA PE3YJIETATH BUMIPIOBAHb PI3HUII CTPYMIB MMapu poOOYHX EJICK-
TPOIiB B TU(EPEHIIIMHOMY PEXKHUMI 1 MOXKJIMBICTH OTHOYACHO OTPUMYBATH aOCONIOTHI 3HAYEHHS ITHX
cTpyMiB. [IpoananizoBaHO mepeBard i HEJJOMIKU MPEACTABICHUX TEXHIYHUX PILIEHb, 1aHO PEKOMEH-
Jarii moao X BUKOPUCTAHHS B 3aJIEKHOCTI BiJI 0COOIMBOCTEH JTOCHTIHKYBaHUX O10XIMIYHUX peaKIliif
Ta IHIIUX BUMOT JI0 BUMIPIOBaJILHOI cUcTeMU. [IpoBeieHo excriepuMeHTaabHI JOCTIPKEHHS CTyeHS
NPUTHIYEHHS CHH(a3HUX 3aBajl Ha BXOJ AudepeHLiHoro kaHaay. TexHiuH1 pillleHHs, 1o po3pobiie-
Hi, HaIllJICHI HA CTBOPEHHS MOPTATUBHOTO MYJIBTHOIOCEHCOPHOTO aHali3aTropa aMIepOMETPHUIHOTO
TUITYy Ha OCHOBI paHilie po3poOsieHux YHi(pikoBaHUX 0a30BHX BUMIPIOBAJILHUX MOIYIIB, SIKHH Oye
NPUIATHUH 1O cepiiHOro BUPOOHUITBA 1 IPAKTUYHOTO 3aCTOCYBAaHHS.

Kirouosi ciaoBa: mynsTHOIOCEHCOp, amriepoMeTpis, AudepeHiiiiHi BUMipIOBaHHS, 3aBaJ0CTii-
KICTh
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PO3POBKA AMIIEPOMETPUYHOI'O BIOCEHCOPA HA OCHOBI
JJAKTATOKCUIA3U 1JIA BUSHAYEHHSA JTIAKTATY

A. B. Tononvuikosa, I. C. Kyuepenxo, JI. B. [llkomosa, 1. I. Xomenxo, C. B. /[3a0esuu,
O. O. Conoamxin

AmnHorauisi. byio po3po6ieHo amnepoMeTpuaHU 010CEHCOP sl BU3HAUYCHHS KOHIICHTPAIIi1 JTaKTaTy.
Ax GlocenekTUBHUI eneMeHT OioceHcopa BHCTyHaB (DEpMEHT JaKTaTOKCHAa3a, KoiMMOOLTi30BaHA
3 OMYa4rM CUPOBATKOBUM allbOYMIHOM 3a JOIOMOTOI KOBAJEHTHOI 3IMWBKHU TIyTapalibJeriioM Ha
MMOBEPXHI aMIIEPOMETPUYHOTO MEepeTBOpIOBava. SIK mepeTBOproBayul BUCTYMHAIH TIJIATHHOBI JTUCKOBI
enexrpoau (d = 500 mxm ). Po3poGiennii 6ioceHCOp TeMOHCTPYBAB BUCOKY Yy TJIMBICTB JI0 JIAKTATY,
3 MIHIMaJILHOIO MEXXEI0 BU3HaueHHs - 3 MKM. JliHiliHMii miama3oH po6otu 6i0ceHcopa CTaHOBUB BiJl
5 MM no 300-350 MxM nakrary. [loka3aHo, 110 3aMpONIOHOBaHHMI 010CEHCOP XapaKTEPH3yBaBCs
BHCOKOIO BIJITBOPIOBAHICTIO BIATYKIB TPOTATOM KIUIBKOX TOAWH O€3MEepPEepBHOTO BUMIPIOBAHHS, 3
noxu6koro BumiproBanHs RSD = 3.4%, Ta nobporo onepariiiHow cTablIbHICTIO MPOTATOM KIJIBKOX
nHiB. [IpoananizoBaHo Ta migiOpaHo onTUMaIbHI YMOBHU 30epiraHHs JakTaTHOTO OioceHcopa. Tak,
npu 30epiranHi B OydepHomy poszuuHi npu +4°C npotsirom Micsus 6ioceHcop BrpadaB meHie 50%
akTUBHOCTI. [lepeBipeHO BIUTMB XapakTEpPUCTHK OydepHoro po3unHy (OydepHa €MHICTH Ta 10HHA
cuia) Ha poOOTy po3poObIIeHoTro GioceHcopa.

© 41. B. TononbHikoBa, 1. C. Kyuepenxo, JI. B. I1Ikotoga, I. I. Xomenko, C. B. [I3saesud, O. O. Conparkin, 2016
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[Tokazano, mo po3poOiieHnii OI0CEHCOP Ha OCHOBI JIAKTATOKCHIAa3d MOXKHA 3 YCIIXOM
BHUKOPHCTOBYBATH I aHATI3y JaKTaTy B peajJbHUX O10JOTTYHMX piJIMHAX.

KurouoBi ciioBa: nakrar, aMrnepoMeTpUyHUE eneKkTpos, 6ioceHcop, IMMOOLII30BaH1 (hepMEHTH,
JIaKTaTOKCUAa3a

DEVELOPMENT OF AMPEROMETRIC BIOSENSOR BASED ON LACTATE OXIDASE
FOR LACTATE DETERMINATION

Ya. V. Topolnikova, 1. S. Kucherenko, L. V. Shkotova, I. I. Khomenko, S. V. Dzyadevych,
0. O. Soldatkin

Abstract. The amperometric biosensor was developed for determination of lactate concentration.
As a bioselective element we used the enzyme lactate oxidase, coimmobilized with bovine serum
albumin on the surface of amperometric transducer by glutaraldehyde covalent crosslinking. The
platinum disc electrodes (@ = 500 um) served as transducers. The developed biosensor was highly
sensitive to lactate, with a minimum limit of determination of lactate concentrations 3 uM and linear
range 5 uM to 300-350 mM. It was shown that the proposed biosensor was characterized by high
response replicability during several hours of non-stop measurement (the accuracy of measurement
RSD = 3.4%) and satisfactory operational stability for several days. Optimal conditions for biosensor
storage were analyzed and defined. One-month storage in the buffer solution at + 4 °C resulted in less
than 50% loss of the biosensor activity. The impact of parameters of buffer solution (capacity and
ionic strength) on the biosensor operation was analyzed. It was shown that the developed biosensor
based on lactateoxidase used can successfully be used for lactate analysis in real biological liquids.

Keywords: lactate, amperometric electrode, biosensor, immobilized enzymes, lactate oxidase

PABPABOTKA AMIIEPOMETPUYECKOI'O BUOCEHCOPA HA OCHOBAHUMH
JIAKTATOKCHUOA3bI JJIs1 ONPEAEJEHUSA JIAKTATA

A. B. Tononvnuxosa, U. C. Kyuepenxo, JI. B. [llkomosa, U. U. Xomenko, C. B. /[310e6uu,
A. A. Conoamxun

AnHoTauus. b1 pa3paboTan aMnepoMeTpUIecKiii OMOCEHCOP IS ONPEICTICHNST KOHIICHTPAIIUN
nakrara. B kauecTBe OMOCETIEKTHBHOTO AJIEMEHTA MCIIONB30BANICS ()EPMEHT JIAKTAaTOKCH]1a3a, KOMM-
MOOWJIN3UPOBAaHHAS ¢ OBIYBUM CHIBOPOTOYHBIM AIBOYMHHOM C TIOMOIIBIO KOBAJICHTHOTO CIIIMBAHMSI
DIyTapaibIeTu0oM Ha TOBEPXHOCTH aMIIEPOMETPHUECKOTO ITpeodpa3oBatens. B kayecTBe npeodpa-
30BaTeseil BBICTYIANU IJIATHHOBBIE TUCKOBE MeKTposl (d = 500 mxm). PazpaboTanHsrii 6noceHcop
JEMOHCTPUPOBAII BHICOKYIO YYBCTBUTEIHHOCTh K JIAKTATy ¢ MUHUMAJIBHON TPaHUIICH OTpEeIeHuUs
— 3 MxM. Jluneinbrit guna3zoH padboTsl 6iocencopa coctaisul oT S MKM 1o 300-350 MxM maxra-
ta. [lokazaHo, 4To MpeasIOKEHHBIH OMOCEHCOP XapaKTEPHU30BAJICS BBHICOKOM BOCHPOU3BOINMOCTHIO
OTKJIMKOB Ha TPOTSHKEHUH HECKOJIIBKHX YaCcOB HETPEPHIBHOTO M3MEPEHHS, C MOTPEUTHOCTHIO0 N3Me-
penust RSD = 3.4%, u xopotieil onepaliuoHHON CTaOUILHOCTHIO Ha POTSKEHUU HECKOJIbKUX JHEH.
[Tpoananu3upoBaHbl U OAOOPAHB ONITUMAIBHBIEC YCIOBHUS XpaHEHUs JaKTaTHOTO OnoceHcopa. [Ipu
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XxpaHeHuu B OydepHoM pactBope mpu +4°C Ha NpoTsDKEHHM Mecsia 6nocencop tepsit menee 50%
aKTUBHOCTH. V3yueHO Takxke BIHMSHHUE XapaKTepucTuK OydepHoro pactBopa (OydepHas eMKOCTh U
WOHHAs CUa) Ha paboTy maHHOTo OMoceHcopa. [Tokazano, 4To pa3paboTaHHBII OMOCEHCOP HA OCHO-
BE JIAKTATOKCH/1a3bl MOXKHO C YCIIXOM HCIIONIB30BATh JJISl aHAJU3a JIaKTaTa B peajlbHUX Onojoruyec-

KHX KUJKOCTAX.

KiroueBble ci10Ba: JIakTaT, aMIIEPOMETPUUYECKHUM AIIEKTPOI, OMOCEHCOp, UMMOOMIN3UPOBAHHBIE

(hepMEeHTHI, TaKTaTOKCUIa3a

1. Beryn

JlakTaT € BaKJIUBUM METa0OJIITOM MEepeTBO-
PEHHS TJIIOKO3HU, MPOJYKTOM aHaepoOHOTO
K013y, Ta MapKepoM Tinokcii B KJIITHHAX,
TKaHMHAX Ta OioJoriyHux pinumHax. TpuBana
TiMOKCisl CIIPUYMHSE MATOIOTIYHI MPOLIECH Ha BCIX
PIBHAX (QYHKLIOHYBaHHS O10JI0TTYHOIO OpraHi3My,
a TIMOKCisi MO3KY € OCTaTOYHOI MPUUYHHOIO
CMEpTi.

Konuenrpariis nakraty B KpoBi BijoOpaxae
OanaHc MiXk HOro MPOAYKII€I Ta BUBEICHHSIM.
[Tpoayxkuis nakTaTy 3pocTae IMpU CTaHax, 3a
SAKUX 30UTbIIYETHCS IHTEHCUBHICTh aHaepOOHOTO
MeTaboJi3My BHACHIAOK TiMOKCii — HampUKIIal
reMopariyHoMy MoKy, eM0o0mii, qTuXalbHUX
posnanax.Jlakraranumo3 BUHUKAE TaKOX IPH
MOpPYLIEHHI POOOTH CHUCTEMU KIIIPEHCY JIaKTaTy
— pO3NajiB MEYiHKU, HUPOK, IIyKPOBOMY Jia0eTi
[1,2].

Tomy BU3HauYeHHS KOHIEHTpaIii JakTary
B KPOBI1 € BaXIIMBOI O3HAKOIO JJISL J{IarHOCTHKHU
Ta CBOEYACHOCTI OMEPATHBHOTO BTPYYaHHS
B KJIHIYHUX yMmoBax. Tak, 3a JAaHUMHU
peanimaronorii, piBeHb JakKTaTy B KpOBI
MAIIEHTIB 3 MOITPABMOIO KOPEITIO€ 3 IMOBIPHICTIO
JEeTaJIbHOTO HACHIAKY, a AEsAKl JOCHIAXKEHHS
JEMOHCTPYIOTh J10303aJIeKHUI B3a€EMO3B’SI30K
MIX BIJICOTKOM CMEPTHOCTI Ta KOHIIEHTPAIIIEI0
naktaty B kpoBi[3-5]. Takox makraTtanumos
CIIOCTEpiraeThCcs B NMYXJUHHUX KIITHHAX 1
MOJKE€ CITyTYBaTH 1HIUKATOPOM iX BUSBIICHHSA[6].
[TopiBHAHO 3 BUMiprOBaHHAM pH, sikuii Takox
3aCTOCOBYETHCS SIK MapKep JaKTaTalua03y, s
aHaJI3y JIaKTaTy MOTpiOeH MEHInH 00’ €M KpOBi
(0,7-4 M mopiBHsHO 3 35-95 MKIT), 1110 0COOIMBO
BA)XJIUBO IS TIOBTOPIOBAHUX BUMIpIOBaHb B KJIi-
HIYHINA TTPaKTHIIL.

[H1oro cepoto, J1e € BaKIMBUM BUMIPIOBAHHS
JIAKTaTy, € CIIOPTUBHA METUIIMHA, 1€ KPUTHUYHHUHA
pIBEHb JIAKTaTy B M’s3aX (Tak 3BaHUH «IaKTaTHUM
nopir») BHU3Hauae MexXy €(PEeKTUBHOCTI

TpeHyBaHHs [7]. Takox KOHTPOIb PIBHS JIAKTATY
BXKJIMBHH JJI51 XapuOBOi POMHUCIIOBOCTI, 30KpeMa
BUPOOHUIITBA MOJIOYHHUX MPOTYKTIB Ta KOHTPOJIIO
SKOCT1 MOJIOKa, (hpyKTiB, BHHA [8]. Takox akrat
HAaTpiI0 BUKOPUCTOBYETHCS K Xap4yoBa J00aBKa
cTalli113aTop Ta PEryNATOp KUCIOTHOCTI.

CporonHi € 6arato METOAMK aHali3y
KOHIICHTpAIIIi JIAKTaTy, aje HalOUIbIIy TOUHICTh
3a0e3meuyroTh CeHCOpHI TexHosorii. Hanmpukmnan,
€ CEHCODPH JJISI BUSHAUEHHS JIAKTaTy Ha OCHOBI
amrepoMeTpii, (PIFopOMETpii, XeMUTFOMIHECIICHITIT
cnekrpodorometpii Ta iH. OHAK IS KITIHIYHOT
IIaTHOCTHKH HEOOXiJHA BHCOKA CEIIEKTHBHICTD,
MBUJAKICTh, MPOCTOTAa BHUMIPIOBAHHS Ta
MiHIMaJIbHUM Yac Ha MIAroTOBKY mpoOu. Llum
yMOBaM Kpallle BiJMOBIaI0Th €JICKTPOXIMIUHI
6iocencopu. I1ig yac mareHTHO-1HGOPMAIIIITHOTO
MOUTYKY OyJ0 BCTaHOBJICHO, 110 3alPOIIOHOBAHUM
B J1aHiil poOOTi Oi0CeHCOp Ha JaTy MPOBEIEHHS
NaTEeHTHUX JOCHIJ)KEeHb OyB HOBHM, MaB
BUHAaX1AHUIbKUHU piBEHb 1 OyB IPOMUCIOBO
MIPUIATHUM, TOOTO BI/IOBIIaB KPUTEPISIM ITPABOBOL
OXOPOHU BUHAXOMIB B YKpaiHi.

VY aMrepMeTpUUYHOMY METOJI BUMIPIOETHCA
3MiHa CHJIM CTPYMY IpHU MNpPHUKIAAEHHI
MOTEHIIaly MiX po0OOYHMM Ta JOTMOMIXKHUM
eJEKTPOAaMHU, siKa 3aJIeKUTh BiJl KOHIIEHTpAIIii
CIIEKTPOAKTUBHUX PEYOBHH Ha MOBEPXHI
enekTponaa. besmocepeaHbO Ha MOBEPXHI
pO0OYOro eNEeKTPOIY pO3TAIIOBYETHCS (hEPMEHT,
creuuiuHUN 10 JOCIKYBaHOI peyoBUHU. B
X0l epMEHTATUBHOI PeaKIlii 3MiHIOEThCS CHIIa
CTPyMY, SIKY MH 1 BU3HaYa€MO 32 JJOIIOMOTOIO
BUMIPIOBAJIbHUX ITEPETBOPEHB: CTPYM — HAIpyTa
— 1mudpoBHUI KO 1 TOPIBHSIHHSA 31 3pa3KOBUM
curHainom. Halimommupenimumu ¢pepMeHTamu,
10 BUKOPHUCTOBYIOTHCS B O10CEHCOPHUX
TEXHOJIOTISIX IS pO3Mi3HABaHHA JIAKTaTy €
JAKTAaTOKCUAA3a Ta JIAKTaTAeriaporenasa. Takox
HasBHI JaHl NPO BUKOPUCTAHHS (PEPMEHTIB
IIUTOXPOMY b, Ta JTaKTaTMOHOOKCHTreHasH [8,9].
s eexTUBHOI pobOoTH 6i0CEHCOpa BAXKIMBUM
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€ 30epeXeHHs aKTUBHOCTI ()epMEHTa TPUBAIIMI Yac
3a YMOBH HOTO pO3TallyBaHHIM B Oe3rocepeHii
OMM3BKOCTI 10 MOBEpPXHI enektpoxa. s
iMMOOLTi3aIi (hepMEHTIB YaCTO BUKOPHUCTOBYIOTh
METOJU Ha OCHOBI KOBaJICHTHOTO 3IIMBAHHS
(dbepMeHTIB MK 00010, 00 3 OLJIKOBOIO OCHOBOIO,
¢i3uYHE BKIIOYCHHS (EPMEHTIB B MPOBIIHI YU
HEMPOBiJHI monimMepu abo rigporenib, a TaKOX
KOMOIHAIIIO [IUX MeToaIB. Takok € MOBIIOMIICHHS,
10 JUIS MiJABUIIEHHS CTaOiIbHOCTI EepMEHTY
BUKOPHCTOBYBAJIM 30JI0TI HAHOYACTUHKH, SKI
CIUIBHO 3 JIAKTATOKCHUIa3010 IMMOO1II3yBaJlk B
tpuBuMipHomy Teni [10]. TionbHi 3B’ s13kHM 3a0€3-
neumn Qikcamio GepMeHTy Ha HAHOUYACTHHKAX
30J10Ta, a 30UIBIICHHS TUTOIII TTOBEPXHI MPU3BEIIO0
J10 30UTBIIEHHS KUTBKOCTI IMMOOLTI30BaHUX MOJICKYIT
depmenTy. Sk mpaBuIto, st 30UTBIIIEHHS TIOBEPXHI
eJeKTpoJa y 010CEHCOPHUIll BUKOPUCTOBYIOTHCS
KapOOHOBI HAaHOTPYOKH [ 11], HAHOYACTHHKY 30JI0Ta
[12], uiatvam Ta okcuaiB metaris [13].

Bce uacrime 3ycTpidatoThCsi TOB1IOMIICHHS
PO BUKOPHUCTAHHS 010CEHCOPIB ISl BU3HAUYCHHS
nakraty B Oionoriynux piguHax. [IpoBoasTecs
JIOCITIJKEHHS HEIHBAa3UBHUX CIIOCO01B 3a00py podu
JUISL BUMIPIOBAHHS JIAKTaTy, a caMe BUMIPIOBaHHS
JIAKTATy B CJIMHI, TIOTi, KOHJACHCATI BUAUXYBAHOTO
NOBITPs Ta cii3Hii piguHi. Tak, Thomas Ta koneru
BUIYCTUIIN €JEKTPOHHY KOHTAKTHY JIH3Y s
0e3mepepBHOrO BUMIPIOBAHHS JIAKTATY B CIIHO3aX,
IHTETPYBaBIIM aMIIEPOMETPUYHUN MIATUHOBUN
CEHCOp B Tpo3opomy mostimepi [14]. Yeo Ta konern
HaJIpyKyBaJIl KapOOHOBI €IeKTPOAM Ha OpacieTi, 1110
LIUTHHO IPUJISTAE J10 TiJIa, VIS aHaJIi3y OloMapKepiB
y noti [15]. llle oqHUM cydacHHUM HAmpPSIMKOM
PO3BUTKY 010CEHCOPHOI 1IarHOCTUKU € CTBOPEHHS

2 3

MYJIbTHOI0OCEHCOPIB Ta CEHCOPHUX MAacCHBIB AJIs
OJIHOYACHOT'O BU3HAYCHHS JICKIJILKOX aHAJIITIB.

Tomy meToro aHoi pobotu Oyrna po3poOka Ta
ONTUMI3allisl aMIIEPOMETPUYHOTO OioceHcopa Ha
OCHOBI JIAKTaTOKCHJIA3M JUII BU3HAYCHHS JIAKTaTy B
O10JIOTIYHUX piAMHAX, III0 MA€ CBOKO JIarHOCTHYHY
3HauuMicTh. Kpim Toro, po3poOnenuii 6ioceHcop
Oyle BUKOPUCTAHHUMA TSI BKIIOYCHHS JI0 CKJIaTy
MacHBiB 010CEHCOPIB YIS OTHOYACHOTO BU3HAYCHHS
JaKTary B KOMOIHAIIIT 3 HIIUMH O10CEHCOPaMU TS
aHaJI3y BOXKJIMBUXMETAOOIITIB: EPEKUC BOIHIO,
ackopOiHOBa KHcIoTa, TiryTamar, AT®, riroko3a,
XOJIIH, alleTHIXOIIH Ta 1H.

2. MarepiaJjmu i meToau

Mamepianu

B po0oTi BUKOPHCTOBYBaJIM JIAKTAT OKCUAA3Y
(JIOM) 13 Pedicoccussp. (KD 1.1.3.2), akTUBHICTh
35 ox. akt. Mr’!, nakrat HaTpito (cyOcTpar mis
JIOJI), 6uuauuii cupoBaTkoBuil anpOyMin, 50%
BOJIHUH pO34MH TiryTapoBoro anpaeriny TaHEPES
BupoOHunTBa Sigma—AldrichChimie. Iami
HEOpraHiuHi CIOJIIYKH, [0 BUKOPUCTOBYBAJIUCS B
po0O0Ti, OyH BITYM3HSIHOTO BUPOOHHUIITBA Ta MAJIH
CTYIiHb YHCTOTH ,,X.4.” Ta ,,9.71.2.°.

Koncmpykyis amnepomempuunux nepemeo-
prosadie

[1natuHOB1 JUCKOBI €JEKTPOIM BUTOTOBIISIIUCH
B HaIlii 1abopaTopii 3a HACTYITHO TEXHOJIOTIETO:
IIMaTOYOK TUIATUHOBOTO JpOTy aiametrpom 0,5
MM 1 JOBXKHHOIO 3 MM TMOMIIIABCS B 3BY)KCHUU
3 OIHOTO OOKY CKJISSHUH KaImijsp 3 30BHIMIHIM
niameTpoM 3,5 MM, MICJI YOTO 3BY)KEHHH KiHElb
Kanuisipy 13 IJIaTHHOIO y CepeinHI FepMeTU3yBaBCs

5 6

| [—

4

Puc. 1. CxemaTuyHHii BUIVISIA MJIATHHOBHX TMCKOBHUX eJieKTponiB. 1 — GiocesiekTuBHA MeMOpaHa, 2
— IVIATUHOBMIi APIT, 3 — BHYTpilIHii npoBigHuk, 4 — ciiiaB Byna, 5 — enokcuaHa cmoJia, 6 — KOHTAKTHA
TUIOIA/IKA.
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3aMar0BaHHAM B MOJIyM 1 aJlbHUKA. EnexkTpudne
3’€IHaHHS TJIATUHU 3 MPOBITHUKOM Yy BUTIISIIL
CpiOHOTO ApoTy 3abe3meuyBajgoch HH3BKO
TEeMIIepaTypHUM 3amaloBaHHSAM 32 JOIOMOTOI0
crutaBy Byna. BiakpuTuil kineup enexTpoay 3a-
MOBHIOBABCS €MOKCHUJIHOIO CMOJIOI0, YacTUHA
MPOBIIHUKA 3HAXOAMJIACh B CEPEIUHI Karuisipy,
a 4aCTUHA 3aJIMINAJIaCh 330BHI, 0 HHOTO B CBOIO
Yepry MPUIArBaBCs MiHUN KOHTAKT HEOOX1THHMA
JUISL 3’ €JHAHHS 3 BUMIPIOBAJIbHOIO YCTaHOBKOIO.
[lepen mepmrM BUKOPUCTAHHSM, pOOOYA YaCTH-
Ha eJIeKTPOAY 31 BHASHOIO TIATHHOIO MPOXOJIHIIa
MeXaHiuHy 00poOKy Ha Ha)XJIadyHOMY Iamnepi ta
3a JOTIOMOT OO0 afoMiHieBO1 mactu. [1pu Heooxia-
HOCTI, poO0Ya MOBEPXHSI IIATUHOBOTO €JIEKTPO/Ia
MOHOBJIIOBAJIACA 32 JOTOMOI0I0 MOBTOPHOTO
miaidpyBanusa. CxemMaTuyHe 300pakeHHS
CTPYKTYpPH eNeKTpozaa 300paxeHo Ha Puc. 1.

Buzcomoenenns biocenekmuenux enemenmis

biocenexkTuBHI eneMeHTH O10CEHCOPIB
OTPUMYBAJIH IIISIXOM KOBAJIEHTHOT iMMOO1Ti3aIii
(epMEeHTIB 1 JOMOMDXHUX PEYOBHH HA MOBEPXHIO
aMIepOMETPUYHOTO MepeTBoproBada. Buxinguuit
po3unH MictuB 8 % (TyT 1 Jai — MacoBa 4acTKa)
JOH, 4 % BCA,10 % rminepony 100 mM
docdarnomy Oydepi, pH 6,5. Iminepon nomxaBaim,
mo6 crtabinmizyBaTu (GpepMEeHTH BIPOIOBXK iX
iMMoO1Ii3amii Ta 3amo0IrTu nmepea4acHoOMY
BHCHMXaHHFO KParuTi 1 TOMIIUTH aAre3ir0 MeMOpaHH
JI0 TIOBEpXHi IepeTBoproBaya. [ lepes; HaHeceHHsIM Ha
MOBEPXHIO [IEPETBOPIOBAYIB 1I€H PO3UHH 3MILITyBaIN
3 1 % BOIHUM PO3YMHOM ITyTapOBOTO ANbIETiAY
(3mmBarodoro areHnry) y npomnopiii 1:1. Oapazy
IICIIS IIbOTO CyMIIIl HAHOCHIIM Ha po0O0Ul MOBEPXHI
MepeTBOPIOBAUiB Ta BUCYIIYBaidu mpotsirom 40
XB. Ha MOBITPi 3a KiMHaTHOI Temneparypu. [licis
iMMoO1TI3alIi, 010CEHCOPH BIAMUBAIA B pOOOYOMY
OyhepHOMY pO3urHi BiJl HE3B SI3aHUX KOMITOHEHTIB
0ioceneKTUBHOT MeMOpaHHW Ta HaJJIHUIIKY
[IyTapoBOI'O AJIbJAETITY.

Memoouxa eumiproganus

BukopucroByBajgach TpUEICKTPOIHA CXeMa
aMIepoMeTpUYHOTO aHani3zy. Poboui ammepo-
METPUYHI €JIEeKTPOAU Ha OCHOBI MIATHHOBUX
JIMCKIB, JTOTIOMDKHUH TUIATU-HOBHUM €JIEKTPOJ Ta
Ag/AgCl enexTpon mopiBHAHHI(XJIOPCPIOHMIN)
MiIKJI0Yanuch 10 noreHniocraryPalmSens
(PalmInstruments BV, Hinepnauau). 8-mu

kaHanbHU# mpuctpii (CH-8 multiplexer,
PalmInstruments BV, Hinepnanau), muro
MiKJI0YaBCcsS 10 MOTEHI[I0CTaTy, JO3BOJISAB
OTPUMYBATH CUTHAJIW OJHOYACHO 3 8 poOounx
€JIEKTPO/IiB, IPOTE 3a3BHYAil 10 HbOTO Oyiu
niaKTrodeHi 2-3 poboui enekrpoau. Biacranp Mik
JOTIOMDKHHMM TJIATUHOBHUM €JICKTPOJIOM Ta ycima
pobourMu 610ceHCOpaMu B IIPOIIECT BUMIPIOBAHHS
Oyna OJTHAKOBOIO 1 CKyIagaja MpuOIU3HO 5 MM.
Bumipu npoBoamiIn 3a KIMHaTHOT TeMIlepaTrypu
y BIIKPUTIM BUMIPIOBAJIbHINA KOMipll 00’ €MOM
2 MJ TIpU MOCTIHHOMY MEepeMilllyBaHHI Ta MPH
noctiitHomy norermiani +0,6 B BiqrocHO Ag/AgCl
€JIeKTPOo/Ia OPiBHAHHSI. MU BUKOPUCTOBYBAJIH
po6ounii 6ypep 10 MM HEPES, pH 7,4. VYci
JOCHIHKEHHS TTPOBOAMINCH MOHANMEHIIIE Y TPHOX
MTOBTOPHOCTSIX.

3. Pe3yabTaTn T2 iX 00roBOpeHHs!

Ipunyun pobomu 6iocencopa 0151 GUZHAYEHHS
Jaakmamy

B ocHOBiI po6OoTH aMmepoMeTPHUUYHOTO
O6loceHcopa A1 BUSHAUEHHS JIAKTATy JIEKHUTh
eH3uMaTuuHa peakiis (1), sxa BimOyBaeThcs B
TOBIII OiocenekTuBHOT MeMOpanu. BHacmigok
peakiii BinOyBaeTbCsl OKMCHEHHS JIAKTaTy 10
nipyBaTy Ta yTBOPEHHS MEPOKCHUAY BOJIHIO,
IO € eNEeKTPOXIMIYHO-aKTUBHOIO PEYOBUHOIO.
[MpuknaneHHss MO3UTUBHOTO IMOTEHIIally Ha
€JIEKTPOJIi CTUMYITIOE PEAKIIII0 PO3KIIATY TIEPEKUCY
BOJHIO (2) B pe3ynbTari sIKOT yTBOPIOIOTHCS
€JIEKTPOHH, MO 0e3M0CePETHBO PEECTPYIOTHCS
aMIepOMETPUYHUM IEPETBOPIOBAYEM:

JIOJ

Jlakrar + O, — [MipyBar + H,0, (1)
+0,6 B
H,0, —  2H +0,+2¢ (2)

biocencop 3a3maneriap mia’€THAHUN 0
NpUIaay AJs MOTEHIIIOMETPUYHUX BUMIPIOBAHb
MOMIIIAaIXd A0 BUMIPIOBAJIbHOI KOMIPKH 2 MII,
3anoBHeHoi 10 MM Oydepom HEPES, pH 7.4, Ta
BUTPUMYBAIH JCKITbKa XBWJIMH JJII OTPUMAaHHS
cTabupHO1 0a30Boi JiHii. [loTiM 10o1aBany eBHY
ATIKBOTY MOJIENILHOTO PO3YUHY JIAKTaTy, OTPUMY-
Basi curHai. CurHai Bij 6l0ceHcopa aBTOMATHY-
HO 00pOOJISETHCSA KOMIT IOTEPOM 1 BUBOJUTHCS Y
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rpagiuHOMy BUIIISAI HA eKpaH MoHiTopa. Ha Puc.
2 mpuBEIEHO TUIOBHUI BUIIIA] O10CEHCOPHOIO
CUTHally Ha JlakTaT. B gaHoMy BuIaaky
crocTepiraeTbest €(peKT HAaCHUCHHS €H3UMY 3a
YMOBH BUCOKOI KOHIIeHTpa1lii cyoctpary. Llmsxom
JI0JIaBaHHS PI3HOT KIJIBKOCTI MEBHUX aJiKBOT
MOJICJIbHUX PO3YMHIB JIAKTaTy Oys0 MoOya0BaHO
KaJTiOpyBaJIbHy KpUBY 010CEHCOPHOTO BU3SHAYCHHS
KOHIIeHTpaii jakrary. [Ticis oTpuMaHHs KOXKHOTO
BIATYKY Oi0CeHCOp BiAMHUBAIHU BiJl MPOIYKTY,
3MIHIOIOYH pobounii Oydep MiHiMyM 3 pasu.

0.03
0.5 mM nakrat

A

0.02 4

0.01 4

Cuna cTpymy, MKA

I 0.5 MM nakrat

T T T T T T
0 500 1000 1500 2000 2500

Yac, cek.

Puc. 2. PeanbHuii BUIVISA BiATYKY aMIiepome-
TPUYHOIO0 0ioceHCcOpa Ha Pi3Hi KOHLEHTpaLil
JIAKTATY.

Bnaue xapakxmepucmux 6ygeproco pozuumny Ha
pobomy biocencopa

Sk Bimomo 3 miteparypu, podora GioceHcopa
MOJKE 3alleXaTH sSK BiJl HOTO BIACHHX
XapaKTepUCTHK, TaK 1 BiJ XapaKTEPHCTHKH
pobodoro po3uuHy, 30KpeMa OypepHOi eMHOCTI
Ta 10HHOT CHJIM aHAJII30BaHOTO pO34HHY [7,8].

VY peasibHuX 010JIOTTYHUX CUCTEMAaX, 30KpeMa
B KpOBi, HasiBHA BEJIMKa KUJIBKICTH 10HIB, 30-
kpema K*, Na*, Mg*, Cl-, 6ikapOoHar ioH, ioHH
OpraHiuHUX KUCJIOT Ta iH. EnekrponitHuii 6ananc
B KpOBi MOXKE BapilfOBaTH BHACIIAOK pi3HUX (i3i-
OJIOTIYHUX Ta OCOOIMBO MATOJIOTTYHHUX MPOIIECIB.
Tomy Hamu OyJ0 MPOBEIEHO JOCIIJKEHHS
cTabinbHOCTI BIATYKY OiOoceHcopa B yMOBax
pi3HOi 10HHOT cuIM po3uuHy. EkcmepumeHTt
MPOBOAMIN J0JaBaHHAM poOodoro OydepHoro
po3unny NaCl pi3znoi kontenTpamii Big 1 MM 10
50 MM (Puc. 3). Konnearparii NaCl Bubupanuce
3 BpaXyBaHHSM MOJJIMBUX BapiaHTIB PO3BEICHHS
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peanbHUX O10JIOTIYHUX 3pa3KiB Ta iX peaJbHOI0
10HHOIO CUJIOI0. 3HAYHOI PO301KHOCTI BIATYKIB
OioceHcopa npu pizHux KoHrneHTpamisx NaCl ne
crocTepiraiaock. Lle cBITUUTH MPO MOKIUBICTH
BUKOPHUCTaHHS JAaHOTO OloceHcopa Il aHaJi3y
O10JTOTIYHUX PIAMH, IO XapaKTEPU3YIOThCS Bapi-
a0eIbHOI0 10HHOIO CHIIOHO.

30+

1 N |
f.!\’\, ¢ [
20
2
ﬁl\iq F —
15 — i +

Cuna cTpymy, HA

0II
5 0 5

T T T T T T T T T
10 15 20 25 30 35 40 45 50 55
KoHueHnTpauis NaCl, MM

Puc. 3. 3ane:xxHicTh BeJIMYMHU BiAryKiB JIak-
TaTHOrodiocencopa Bia ioHHOI cuiiu po3unny. Kon-
nentpaunii Jakrary — 1 MM (1) Ta 0,5 MM (2). Bu-
MiproBanHs nposoauiucs y 10 MM HEPES oydepi,
pH 7.4, 3a nocTiiinoro norenmiaay +0,6 B BizHocHO

Ag/AgCl enexTpona nNopiBHsIHHS.

Ocki1bKH O10J0TIYHUM CHCTEMAM y BaXKKUX
MaTOJIOTIYHMX CTaHAX BJIACTHBA 3MiHa Oy(epHOro
OaJlaHCy, @ XapaKTEepUCTUKUA POOOYOTr0 POZUHHY
€ oHUM 3 (paKTOpiB, IO MOXKYTh BILJIMBATH Ha
poboTy GioceHcopa, To OyiIo BUPIMIEHO JOCIiAUTH
TaKOX BILTUB KoHIEHTpauii Oydepa (OydepHoi
€MHOCT1) Ha BEJUUYMHY BIATYKIB OloceHcopa.
Jns nboro OyB Bukopuctanuii 6ypep HEPES
B Jiana3oHi koHueHtpaiii Bix 1 MM mo 25 MM.
Sk O0aunmo, Ha Puc. 4 npuBeneHo pe3yabTaTH
MIPOBEICHOTO eKCIIepUMEHTyY. Bennuunu BiArykiB
0ioceHcOpa NMPaKTUYHO HE 3MIHIOBAJIHCH
31 301bIIEHHSAM KOHLEHTpauii O0ydepy, 3a
BUHSTKOM JIy’K€ MaJIuX KOHIIEHTpAIlill, 110 MOXe
OyTH TOB’S3aHO 3 HEJOCTATHIM 3a0e3MeUYCHHIM
ctabuibHOCTI pH, a HE BIIACTUBOCTSAMHU CaMOI0
oydepa. Lle nae MOXKIMBICTE BUKOPHCTOBYBATH
po3pobieHuit GioceHcop It BU3HAYECHHS JTaKTaTy
B 010JIOTIYHUX 3pa3Kax, 10 XapaKTepU3ylThCs
pizHIMH Oy(pepHUMH EMHOCTSIMH.
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Puc. 4. 3anexxknicTh BeITHYMHHU BIATyKiB 0ioceH-
copa Ha OCHOBIi JaKTaT okcuaasMW Bix OydepHoi
emHocTi po3unny. Konuenrtpauia aakrary — 0,5
MM. BumiproBauust nposoguincs y HEPES oydepi
3a pizHux koHueHrtpauiii, pH 7,4, 3a mocriliHoro
norenuiaay +0,6 B Biznocno Ag/AgCl enexkTpona

MOPiBHAHHS.

Cmabinvuicms 6iocencopa npu be3nepepsHtiil
pobomi ma npu 36epicanii

BinTBoproBaHiCTh BiATyKiB 610C€HCOpA MPOTATOM
POOOTH € OTHIM 3 OCHOBHHX TIOKa3HHUKIB SKOCTI HOTO
po6otu. OcobnMBO 1€ BaXKIIMBO MPH BUMIPIOBAHHI
MaJIMX KOHIIeHTparii. Tomy Hamu OyJo TOCTIHKEHO
BIZITBOPIOBAHICTh BIATYKIB 010CEHCOPIB BIPOIAOBK
KITBbKOX TONWH Oe3mepepBHOi pobotu. OmHe
BHUMIpPIOBaHHA BIATYKY 3aiiMaino 10 XB, MpoMiKOK
MK HUMH — 4-5 XB., 3a 1Ileil yac OiocCeHcopH
BiJIMUBaIIH BiJ] CyOCTpaTiB, KUIbKA Pa3iB 3MIHIOIOYH
pob6oumnii 6ydep. Pesynpratn mociimkKeHHS
BIZITBOPIOBAHOCTI BIATYKiB Gi0CEHCOPIB Ha JIAaKTaT
IpezcTaBiIeHo Ha Puc. 5.

[TomiTHOTO MAAIHHS BIATYKIB 32 12 BUMipIOBaHb
HE Bi0YBaJOCh; BIIHOCHE CEPEIHbOKBAIPATUYHE
BIIXUJICHHS BIITYKIB HA JIAKTaT B CEPEIHHOMY
ctanoBuo 1,4 %.

[lle omHi€r nay»X)e Ba)XJIMBOI XapakTe-
pucTukoio OioceHcopa, € MOXKIUBICTH HOTO
BUKOPHUCTAHHS MPOTATOM TPHUBAJIOTO dacy.
OnHak B mpoleci BUKOPUCTAHHS BHACIiJOK
IHTEHCHUBHOTO TIepeMilTyBaHHs pobouoro Oydepy
Ta IHIIUX YAHHKKIB B1I0YBA€THCS JICSIKE BAMUBAHHS
iIMMOO1JTI30BaHUX KOMIIOHEHTIB 3 010CEJIEeKTUBHOI
MeMOpaHHM Ta IHAKTUBALlsA camoro ¢pepMenTy. Tomy
HaCTYITHUM €TaroM Hamioi poOOTH cTaja rnepe-

BipKa cTabLIBHOCTI BIATYKiB GioceHcopa Mpu Horo
30epiranti NpoOTArOM TPUBAJIOIO Yacy, a TaKOX
BHUOIp ONTHUMAIBHUX YMOB 30€piraHHs.

Hns nporo 6iocencopu Ha ocHoBi JIO/]
Oysio BupilIeHO 30epiratu B pi3HUX ymoBax: 1)
+4°C, B cyxomy ctadi; 2) +4°C, B OydepHOMY
posuuHi; 3) -18°C, B cyxomy crani; 4) +25°C, B
OoydepHomy posuuHi; 5) +25°C, B cyxoMy CTaHi.
[TepeBipka akKTUBHOCTI MPOBOAMIACH MPOTATOM
30 gHIB 3 MOMEHTY CTBOPEHHsS 010CEHCOPIB,
3 mepioguyHicTIO B 3-4 nHi, a came OyIo
MIPOBEJICHO BUMIPIOBAHHS BIATYKIB Ha 1ICHTUYHY
KOHIICHTPAIIIIO JIAKTaTy. Pe3ynbpraru 10 CiIKeHHs
npejcrasieHo Ha Puc. 6.
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Ne BUMiploBaHHA

Puc. 5. BinTBoproBaHicTh BiArykiB 0iocencopa
HAa JIaKTaT npu Oe3nepepsHiii podori. Konuenrpa-
nis jgakrary — 0,05 mM. BumiproBaHHs1 IpoBoau-
Jucs y 10 MM HEPES 0ydepi, pH 7,4, 3a nocriiiHo-
ro norenuianay +0,6 B BiznocHo Ag/AgCl eqexkTpona

NMOPiBHSIHHSA.

Tax, npu 306epiranui B OydepHomy po3uuHi
npu +4°C GioceHncopu 36epiramm 79% ta 58%
CBO€1 IMOYATKOBOI akTUBHOCTI Ha 12-#ita 30-i1 1eHb
30epiraHHs BIANOBIAHO, TOAI SIK 30epiraHHs 3a
i€l )K TEMIEPaTypu Yy CyXOMy CTaHi 3aJIHIIajIo
auiie 49,9% ta 39% akTUBHOCTI, BiAMOBIIHO.
Bbyno BcTaHOBJIEHO, MO ONTUMAalbHUMHU
yMoOBaMu Jyisi 30epirands 610CeHCOpPIB HA OCHOBI
naktaTokcuaasu € -18°C B cyXoMy cTaHi Ta
+4°C 3a ymoBHu 30epiranus B OypepHOMY
pozuuHi. 30epiranns npu +4°C B cyxomy CTaHi
€ MeHII e(eKTUBHUM. 30epiraHHs 3a KiIMHATHOI
TEMIIEpaTypHu IJisl TaHUX 0O10CEHCOPIB HA OCHOBI
JIOJ € B3arasi HEPUAATHUM.
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Puc. 6. llopiBHAJBHA AUHAMiKa BiArykiB 0io-
CEHCOPiB Ha JAKTAaT 3a Pi3HUX YMOB 30epiraHus
Brponos:x 30 auiB: -18°C, B cyxomy crani (1); +4°C,
B Oydepuomy po3uuni (2); +4°C, B cyxomy cTaHni
(3); +25°C, B cyxomy crani (4); +25°C, B 0ydep-
HoMY po3umuHi (5). lani HopMmaJtizoBani, 3a 100%
NpUHATO Nepuie BUMipioBaHus. Excniepument
nposoauscsa y 10 MM HEPES oydepi, pH 7.4, 3a
nocriiiHoro norenuiaay +0,6 B Binnocno Ag/AgCl

€JIEKTPO/1a NOPiBHSIHHS.

Ananimuuni xapakmepucmuxu diocencopa 0Jisi
BU3HAYEHHS 1AKMamy

[Ticns po3pobku Ta omtumizanii podbotu
O6iocencopa Ha ocHoBi JIOJ nns Bu3HAYCHHS
KOHIIEHTpaIii JakTaty HeoOXigHO Oyio
BU3HAUUTH OCHOBHI aHAJITHYHI XapaKTePUCTUKU
3ampornoHoBaHoro 6iocencopa. Ilokaszano, 1o
npu Bukopuctanui 10 MM HEPES 6ydepy, pH
7,4, sx pobovoro Oydepa, MiHIMaIbHA MEXa
BUMIPIOBaHHS JIAKTATy, SIKa BUMIpIOBalIach K
KOHIICHTpAIlid JaKTaTy, IO Ja€ BiATYK B TPHU
pa3u OUNbIIMI 32 BENMYUHY IIyMy 0a3zoBoi
niHii, ctanoBuia 3-4 MkM. BoHa HecyTTEBO
3MIHIOBAJIaCh B 3aJIE)KHOCTI BiJi KOHKPETHOTO
O0iocencopa. JliniliHU# niama3zoH poboTu OyB
Bigx 5 MxkM no 300-350 MkM (3anexHO Bix
KOHKPETHOTO 010CEHCOpa), Yy IUBICTD 0 JIAKTATy
cranoBuia 204 HA/MM. TumnoBa kaniOpyBaibHa
KpuBa OloCeHCOpa A BHU3HAUYEHHS JIAKTATy
HaBezeHa Ha Puc. 7.
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Puc. 7. 3anexxHicTh BeJIMUUHU BiAryKy 0ioceHco-
pa Ha ocHoBi JIO/| Bix koHueHTpauii Jakrary. Bu-
MmiproBanHs nposoguiucsk y 10 MM HEPES Oydepi,
pH 7,4; 3a nocriiinoro norenuiamny +0,6 B BizHocHO

Ag/AgCl enexkTpoaa NopiBHAHHSA.

4. BucHOBKH

byno po3pob6ireHo amMmmepoMeTpHUUYHHI
610CceHCcOop Ul BU3HAUCHHS KOHLIEHTpallii JIJAaKTaTy
B BOJHHMX PO3YMHAX Ta BU3HAYEHO HOr0 OCHOBHI
aHANITHYHI XapakTepucTuku. Jlanuii cencop
XapaKTepHU3yBaBCsl XOPOIIOK BiITBOPIOBAHICTIO
BIJI'YKiB, TAKOXK BITHOCHO HE3HAYHUM MAJ[IHHSIM
AKTUBHOCTI MiJ Yac TPHUBAJOTO 30epiraHHS.
OntuMansHUMH Oyau yMOBHU 30epiraHss
OioceHcopa 3a remrieparypu 18°C B cyxoMy cTaHi
Ta 3a +4°C npu 36epiranHi B OypepHOMY pO3UMHI
(10 MM HEPES, pH 7.4,). [lokazaHo BiICyTHICTb
BIUYTHOTO BIUIMBY 3MiHH MapaMeTpiB PO3UHHY
(ionHoi cunu B aianazoni 1-50 MM NaCl Ta
KOHIIeHTpa1ii pobodoro Oydepy B aiama3oHi
2-25 MM) Ha poboty 6iocencopa. JliHIMHUK
Jiana3oH BU3HAYCHHS JIAKTATy CTAHOBUTH BT 5
MKM 10 300-350 MxM, 3 MiHIMaJILHOO TPAHUIICIO
BU3HA4YEHHS JaKkTary — 3-4 MxM.

[IponnoHoBaHu#t 6i0CeHCOpP B MOAATBIIOMY
MJIAHYE€ThCS BUKOPHUCTATU JJI BUMIPIOBAaHHS
peanbHUX 3pa3KiB B O10JIOTTYHHUX piAUHAX Ta IS
MOJJANTBIIIOTO BKJIFOYSHHS HOTO JI0 CKIIa/ly MAaCUBIB
010CEHCOpIB JJsI OJHOYACHOTO BU3HAYCHHS
JaKTaTy B KOMOiHAIii 3 1HIIUMHU BaKJIHMBUMH
010JIOTIYHUMH PEUYOBUHAMU: MEPEKHUC BOJHIO,
ackapOiHoBa kucioTa, rmytamar, AT®, rimokosa,
XOJIIH, alleTUJIXOMIIH Ta iH.
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ITonsika

Pob6ora BukoHaHa 3a (iHaHCOBOI MIATPUMKHU
HAH Vkpainu B pamkax KOMIUIEKCHOI HayKOBO-
TexHiuHO1 nmporpamu «CeHCOpHI mpuiagu
JUTSI MEJIUKO-EKOJIOTIYHUX Ta IMPOMHCIOBO-
TEXHOJIOTIYHUX MOTpeO: METpPOJOTiUHE
3a0e3MeYeHHs Ta AOCTiIHA eKCITyaTallis.
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DEVELOPMENT OF AMPEROMETRIC BIOSENSOR BASED ON LACTATE OXI-
DASE FOR LACTATE DETERMINATION

Ya. V. Topolnikova', I. S. Kucherenko?, L. V. Shkotova’, I. I. Khomenko'?, S. V. Dzyadevych'?,
0. O. Soldatkin'

!nstitute of Molecular Biology and Genetics, NAS of Ukraine, 150 Zabolotnogo str., 03680,
Kyiv, Ukraine
?Institute of High Technologies, Taras Shevchenko National University of Kyiv, 64 Volodymyr-
ska str., 01003, Kyiv, Ukraine
3 Center of intellectual property and technology transfer of NAS of Ukraine, 54
Volodymyrska str., 01601, Kyiv, Ukraine

Summary

Diagnosis of lactate level is important in clinical practice, particularly, in resuscitation, as well as
in sports medicine and food industry. An elevated lactate level in blood (lactic acidosis) is a marker
of tissue hypoxia, especially in all kinds of shock, CO poisoning, pulmonary edema, or in systemic
liver and kidney diseases, and diabetes. Currently, there are numerous methods of determination of the
lactate concentration; the most accurate results are provided by the biosensor technologies, which are
characterized by high selectivity, the absence of requirement for sample pretreatment, the possibility
of real-time measurements.

Aim. The development and optimization of the amperometric lactate oxidase (LOX)-based biosen-
sor for lactate determination in biological fluids.

Methods. The amperometric method of analysis was used. Three-electrode circuit, consisting of disc
amperometric electrode, auxiliary platinum electrode and Ag/AgCl reference electrode, was connected
to the potentiostatPalmSens (Netherlands). LOX was immobilized on the surface of amperometric
transducer using covalent cross-linking of the enzyme with BSA via glutaraldehyde.

Results. The developed biosensor was characterized by high reproducibility (RSD = 3.4%) and good
operational stability over period of several days. It was shown that there was no significant impact of
the changes in ion strength and capacity of the working buffer on the biosensor operation. The condi-
tions of long-time storage of the biosensor were analyzed and optimized. The linear range of lactate
determination was 5 uM to 300-350 uM, with a minimum limit - 3-4 pM.

Conclusions: The proposed biosensor was highly sensitive to lactate, insensitive to the variations
in solution characteristics, and demonstrated good stability over the period of operation. Therefore,
the developed LOX-based biosensor can be further used for lactate analysis in real biological fluids.

Keywords: lactate, amperometric electrode, biosensor, immobilized enzymes, lactate oxidase
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PO3POBKA AMIIEPOMETPUYHOI'O BIOCEHCOPA HA OCHOBI
JIAKTATOKCHUIA3U )i BUBHAUEHHSA JTAKTATY

A. B. Tononwnixosa!, I. C. Kyuepenxo?®, JI. B. [llkomosa’, I. 1. Xomenxo'?, C. B. J[3a0esuu’?,
0. O. Conoamxin'?

" THcTuTyT MOJIeKysipHOT Oiostorii Ta renetnkn HAH VYkpainu, By:. 3adonorHoro, 150, 03680,
M. KuiB, Ykpaina, e-mail: topolnyk.ya@gmail.com
2 KuiBcbkuii HallioHaIbHUI yHIBepcuTeT iMeHi Tapaca IlleBuenka, Byn. Bonogumupceka, 64,
01003, m. KuiB, Ykpaina,
31leHTp iHTENEKTyaJIbHOI BIACHOCTI Ta nepenadi rexnosiorii HAH Ykpaiuu,
ByJ1. Bomonumupceeka, 54, 01601, m. Kuis, Ykpaina.

Pedepar

JiarHocTrKa piBHS JIaKTaTy € BaXKJIMBOIO B KJIHIYHIM MpaKTHIll, 30KpeMa peaHIMarojorii, a
TaKOXX CIIOPTHBHIN MEIMIIMHI Ta Xap4yoBiii mpomMucioBOCTi. [IiqBUIIEHHS piBHS JaKTaTy B KPOBi
(JraxTaram03) € MapKepoM TiNOKCii TKaHWH, 30KpeMa MPH BCiX BUAAX MIOKY, oTpyeHHs: CO, HaOpsKy
JIereHb, a0 MPHU CUCTEMHUX XBOpPOOax MEYiHKU, HUPOK, LyKpoBoMy aiaberi. Ha chorogHiniHii 1eHb
icHy€e 0araro METOMK BU3HAYEHHS KOHIICHTPAIIIi JJaKTaTy, OJTHAK HaWO1IbIITY TOYHICTh 3a0€3MEeUy0Th
010CEHCOPHI TEXHOJIOTI, SIKI XapaKTepH3YIOThCIBHCOKOIO CEJICKTUBHICTIO, HE TIOTPEOYIOTh MONEPEAHBOT
MIJTOTOBKU ITPOOH, a TAKOXK B110OpaxaroTh pe3yJbTaT BUMIPIOBAHHS B PEKUMI PEAILHOTO Yacy.

Metoro naHoi po6oTu Oyima po3poOKka Ta ONTHUMI3allis aMIIEPOMETPHUYHOT0O1I0CEHCOpa HA OCHOBI
JAKTATOKCUAA3U JIJIsl BU3BHAYCHHS JIAKTaTy B O10JIOTIYHUX PlAMHAX.

Memoou oocnioxncenns: B po60Ti BUKOPUCTOBYBAIM aMIEPOMETPUUYHUN METOJ aHali3y. AM-
MEPOMETPUYHI €JIEKTPOIU Ha OCHOBI MJIATMHOBHUX AMCKIB, JTOTIOMIXKHUM MIATHHOBHI €IEKTPO] Ta
Ag/AgCl enexTpos MOPIBHSAHHSA 32 TPUEIEKTPOJHOIO CXEMOIO BUMIPIOBAHHS 1] €IHYBAJIUCh J10
norenniocratyPalmSens (Hinepnanau). IMmoOinizanis JakTaT OKCHIa3u Ha MOBEPXHI amIepome-
TPUYHOTO MEPETBOPIOBaUa 3111 CHIOBAIACH 3a JOMIOMOT0I0 KOBAJIEHTHOTO 31IMBaHHs GpepmeHTy 3 BCA
3a JJOIIOMOTOIO TIIyTapaibeTiTy.

Pesynbraru nociaigxenHs: Po3pobienuii 610ceHCOp XapaKTepru3yBaBCsl BUCOKOIO BIITBOPIOBAHICTIO
(RSD = 3.4%) Ta xopoI1o0 onepamiiHow0 CTa0iIbHICTIO MPOTATOM KUJIBKOX JHIB. byno mokasano
BIJICYTHICTh CYTTEBOTO BIUTUBY Ha poOOTYy OioceHcopa 3MiHM TaKuX MapaMeTpiB Oy(pepHOro po3unHy
SK HOHHa cuia Ta OydepHa emHicTh. [IpoananizoBaHo Ta miliIOpaHO ONTHUMAaJIbHI YMOBH 30€piranHs
OloceHcopa MpOoTIToM TpUBajIoro yacy. JIiHIMHHK Jiana3oH BU3HAYCHHS JIAKTAaTy CTAaHOBUB Bija 5 MKM
10 300-350 MxM, 3 MiHIMaJIbHOIO TPAHUIICIO BU3HAYCHHS JIaKkTaTy — 3-4 MKM.

Y3arajibHeHHs1 Ta BUCHOBKHM: 3aIllpOIIOHOBAHUN B poOOTI Gl0CEHCOPMA€e BUCOKY UYTJIUBICTD J10
JIAKTaTy, HEYYTJIMBICTH 10 KOJWBAaHHS MapaMeTPiB pO3YMHY Ta OyB BUCOKO CTAOUIBHUM MPH POOOTI.
Tomy, po3poOiieHunii 6ioceHCOp Ha OCHOBI JIAKTaTOKCHIa31 MOXKHA B TTOIANIBIIIOMY BUKOPUCTOBYBATH
JUISL aHATI3Y JIAKTATy B PeaIbHUX O10JIOTTYHHUX PiAMHAX.

KurouoBi cjioBa: jnakrar, aMImepoMeTpUYHHAMA e€JIeKTPo], OioceHcop, iMMOO1Ti30BaHl GepMEHTH,
JAKTaTOKCUAA3a
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OoNTUMIBALIA AMIIEPOMETPUYHOI'O BIOCEHCOPA JIs1 OIHKHU IIBUJAKOCTI
HAKOIIMYEHHSA ITTYTAMATY 130JIbOBAHUMHW HEPBOBUMHA
TEPMIHAJIAMHA MO3KY
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AHoTauisi. Po3po6neHo miyramMaTHHI 010CE€HCOp Ta aJanTOBAaHO WOTO ISl aHaJli3y IIBUIKOCTI Ha-
KOTMYEHHS TITyTaMaTy 1301bOBaHUMHU HEPBOBHUMH TEPMiHAISIMH TOJIOBHOTO MO3KY 1ypiB. [lyis cTBO-
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peHHs1 6iomeMOpaHH 6ioceHcopa BUKOPHCTOBYBAJU [Ty TaMaTOKCHAA3y, KOIMMOO1T130BaHy 3 OM4aunm
CHPOBATKOBUM aJIbOyMIHOM 3a JIOTIOMOT'OI0 TJTyTapOBOTO ajbJIErily Ha MOBEPXHIO aMIIEPOMETPUIHO-
r0 JMCKOBOTO IUIATHHOBOTO €JEeKTPo.y. [l MOKpaleHHs CeeKTUBHOCTI 0i0CeHCOopa Ha MOBEPXHIO
eJIEKTPO/ly HAHOCHJIACh J0/IaTKOBA HAIIBIIPOHUKHA MeMOpaHa Ha OCHOBI noiideninenaiaminy. [Ipo-
BE/ICHO ONTUMI3aIlil0 YMOB iMMOO1Ti3anii (hepMEeHTy Ha MMOBEPXHIO POOOUOT0 eNIeKTpony (IepeBipeHo
3aJIeKHICTh po00TH GioceHcopa BiJ KOHIEHTpalii pepMeHTyY, IITyTapoBOro albJeTiAy Ta 4acy iMMo-
6imizanii). JlocmimkeHo BIUIMB apaMeTpiB po3unHy (ioHHa cuia, OydepHa emHicTs, pH ) Ha poboTy
6iocencopa. JliniitHuii aianazon podotu 6ioceHcopa O6yB 2-600 MkM riryramary, MiHIMaabHa MeXa
BHU3Ha4YeHHs cTaHoBWIIA 0,5-2 MKM, uyTnuBicTh - 250-300 HA/MM. BioceHcop xapakTepu3yBaBcs J0-
Opor0 BiATBOPIOBAHICTIO BIATYKIB Ta ONEPAIiifHOIO CTa0IbHICTIO.

3 BUKOpPHUCTAHHIM 010CE€HCOpa BUSBIICHO HAIBHICTh €HAOT€HHOTO INTyTaMary y rpernaparax i3071b50-
BaHMX HEPBOBHX TE€PMiHaJIeH roIoBHOr0 MO3Ky. [Toka3aHo, 0 moyaTkoBa MBUAKICTh Na-3aJI€KHOTO
HaKOIMUYEHHS [ITyTamary Ta HOro aKyMyJIsllis HEPBOBUMHU TEPMIHAJISIMH CYTTEBO HE BIAPIZHSINCH Bif
pe3yJbTariB, OTPUMAaHUX 3 BHKOPHCTAHHSAM pajlioakTUBHO-MideHoro L-["*C]rryTamary.

[TpoBenena pobGoTa 103BOIUTH HIMPOKO BUKOPUCTOBYBATH PO3POOICHHI O10CEHCOP Y MEIUIIMHI, a
TaKOX y 010XIMIUYHUX Ta 010TEXHOJOTTYHUX JOCITIKCHHSX.

KurouoBi ciioBa: miytamar, 6i0ceHcop, TIIyTaMaTOKCH/1a3a, aKTUBHE HAKOIIMYCHHS IITyTamary, He-
PBOBI TE€pMiHaJIi TOIOBHOTO MO3KY, m-(eH1IeHA1aMiH

OPTIMIZATION OF AMPEROMETRIC BIOSENSOR FOR EVALUATION OF RATE
OF GLUTAMATE UPTAKE BY ISOLATED BRAIN NERVE TERMINALS

D. Yu. Kucherenko, 1. S. Kucherenko, D. V. Siediuko, D. V. Knyzhnykova, O. O. Soldatkin,
A. A. Borysov, A. G. Nazarova, N. V. Krisanova, T. O. Borisova, A. P. Soldatkin

Abstract. An amperometric glutamate biosensor was developed and adapted for analysis of velocity
of glutamate uptake by isolated nerve terminals of rat’s brain. Glutamate oxidase was used for creation
of biomembrane of the biosensor; the enzyme was co-immobilized with bovine serum albumin via
glutaraldehyde on the surface of platinum disc electrode. Additional semi-permeable membrane based
on phenylenediamine was placed onto the surface of the electrode for improvement of selectivity of
the biosensor. Conditions for the enzyme immobilization onto the surface of working electrode were
optimized (dependence of the biosensor work on concentrations of the enzyme and glutaraldehyde,
as well as immobilization time were studied). The influence of parameters of working buffer (ionic
strength, buffer capacity, pH) on the biosensor work was investigated. Linear range of the biosensor
was 2-600 uM of glutamate, limit of glutamate detection was 0.5-2 uM, sensitivity was 250-300 nA/
mM. The biosensor was characterized by good reproducibility of responses and operational stability.

The presence of endogenous glutamate in preparations of isolated nerve terminals of brain was
shown by using the biosensor. It was demonstrated that the initial rate of Na-dependent glutamate
uptake and accumulation by the nerve terminals measured by the biosensor were not significantly
different from the results obtained by using radioactive-labeled L-['*C] glutamate.

The described work will allow wide usage of the developed biosensor in medicine, as well as in
biotechnological and biochemical studies.

Keywords: glutamate, biosensor, glutamate oxidase, active glutamate uptake, brain nerve terminals,
m-phenylenediamine
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oNnTUMM3ALIUA AMIIEPOMETPHYECKOI'O BUOCEHCOPA IJIs1 ONEHUBAHUA
CKOPOCTH 3AXBATA INTYTAMATA U30JIMPOBAHHBIMU HEPBHBIMU
TEPMUHAJISAMUA MO3TA

/. FO. Kyuepenxo, U. C. Kyuepenxo, /. B. Ceorwxo, /. B. Knuswcnuxosa, A. A. Condamxun,
A. A. bopucos, A. I Hazaposa, H. B. Kpucanosa, T. A. bopucosa, A. I1. Condamxun

AnHotanus. Pa3zpaboran riyramMaTHbli OMOCEHCOP M aIallTUPOBAH IS aHAIIM3a CKOPOCTH HAKO-
I[JICHUA ITTyTaMaTa U30JIMPOBAHHBIMU HCPBHBIMU TCPMUHAIAMHA I'OJIOBHOT'O MO3T'a KPBIC. I[JISI CO3JaHus
OromMeMOpaHbl OMOCEHCOPa MCIIOIB30BAIH TIIyTAMAaTOKCH1a3y, KOTOpast Oblila KOMMMOOMIU3NPOBaHA
¢ OBIYBUM CbIBOPOTOYHBIM aJH)6YMI/IHOM C IIOMOMIBIO TITYTAapOBOIo ajJibACTrUAa Ha IIOBCPXHOCTL aMIIC-
POMETPUYECKOTO TMCKOBOTO IJIATUHOBOTO 3JeKTpoza. Jyis yiydIieHus: celeKTUBHOCTH OnoceHcopa
Ha IOBEPXHOCTH pabouero 3IeKTpoJa HAHOCUIIACh TOTIOTHUTEIbHAS ITOTyIPOHUIIaeMasi MeMOpaHa Ha
OCHOBe nonudeHmIeHmamMunaa. [IpoBeieHa onTuMu3anys yClIoBHid HMMOOMIN3auK (pepMenTa Ha
MMOBEPXHOCTh pabouero MeKTpozaa (MpoBEpEeHO 3aBUCUMOCTh PaboThl OMOCEHCOPa OT KOHIIEHTPAIlUU
depMenTa, TIyTapoBOTrO albIeTHIa U BpeMEHH MMMoOuIn3anun). McciaenqoBano BIUsHEE Mapame-
TPOB pacTBopa (MOHHAas cuia, OydepHast emkocTh, pH) Ha paboTy 6uocencopalluHeiinblii tnamna3ox
pabotsl 6uoceHcopa 0bi1 2-600 MKM TiyTamara, MUHUMAJIBHBIA TPEICT OMPEACIICHUS COCTABIISUIT
0,5-2 MmxM, ayBcTBUTENBHOCTH — 250-300 HA/MM. BroceHcop XapakTepHu30Bajcs XOpoIei BOCIIpo-
M3BOJIMMOCTBIO OTKIIMKOB M OTIEPAIIMOHHON CTa0MIBHOCTBIO.

C ucnonp3oBaHueM OHMOCEHCOpa BBISBICHO HAJMYUE JHJOTCHHOTO IIyTamara B IIpernaparax
M30JIMPOBAHHBIX HEPBHBIX TEPMUHAJICH roioBHOTO Mo3ra. Iloka3ano, 4To HauanbHas CKOpOCTh Na-
3aBUCUMOI'0 HAKOIUUICHUA INIyTaMaTra U €ro akKyMmyJaiuusa HECPBHBIMUA TCPMUHAIAMUA CYIHICCTBCHHO HE
OTJIMYAIIUCH OT PE3YJIbTATOB, MOJIYYEHHBIX C UCIIOIb30BAHUEM paIuOaKTHBHO-MedeHoro L- [*C] miy-

TaMara.

[IpoBenenHast paboTa MO3BOJIMUT HMIMPOKO MCIIOJIB30BATH 3TOT OMOCEHCOP B MEAMIIMHE, a TAKKE B
OMOXMMUYECKUX U OMOTEXHOJIOTUUECKUX HCCIICIOBAaHUSX.

KiroueBble cj10Ba: riyramar, OMOCEHCOp, ITyTaMaT OKCHIa3a, aKkTHBHOE HAKOIUICHHE ITyTamara,
HEPBHBIC TEPMUHAIH TOJIOBHOTO MO3Ta, M-(eHWICHIHAMIH

1. Betyn

'myramar y uHeHTpalbHId HEpPBOBIH
CUCTEMI CCaBIIB € OCHOBHUM 30Yy/KYIOUUM
MeaiaTopoM, KU Oepe ydacThb y 37iHCHEHHI
O0inpmocTi (GYHKUIA TOJTOBHOTO MO3KY,
30KpeMa po3Mi3HaBaHHI, mam siTi, HAaBYaHHI
tomo. [TopyuieHHss TpaHCIOPTy IiIyTamary €
XapaKTEPHOK PUCOI0 MAaTOreHe3y Maike BCiX
HelposoriyHuX 3axBoproBanb [1]. [locriiine
3pOCTaHHSI YKClia MAIli€HTIB 3 TAKUMU PO3JIaiaMu
CTaHOBHTH INIOOAIBHY 1 JOTETep HEBHUPIIIEHY MPO-
0J1eMy Cy4acHOTO CYCITIJILCTBA.

[lepenaya HEPBOBOTO CHTHAIIY 1HIIIIOETHCS
JENOJIIPU3ALICI0 MJIa3MaTUIHOI MEMOpPaHU TIpe-
CHUHAINTUYHOTO HEPBOBOTO 3aKIHYEHHS 1 TIPU3BO-
JUTH 10 BUBUIBHEHHS IIyTamary LUISIXOM €K30-
[IUTO3y B CHHANTUYHY HIUIMHY, HOro B3aemMoii
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3 perienTopamMu MOCTCUHANTUYHOI MeMOpaHH Ta
aKTHUBAIlli CUTHAJIBHUX NUIAXiB. Y HOpPMI, M03a-
KJIITUHHA KOHIIEHTpAIllsl HelpoMeniaTopa MIX
emni30/jaMi HOTro BUBUIbHEHHS HUISIXOM €K30IIH-
TO3y 30epiraeTbcsi Ha HU3BKOMY PiBHI, THM ca-
MMM 3armo0iraro4u MmocTidHIA aKTUBaIii MOCT-
CHUHANTUYHHUX 10HOTPOIHUX PELENTOpPiB IIIyTa-
Marty. [ligBuIeHa MO3aKIITUHHA KOHIICHTPAIIis
IyTamary MPU3BOIUTH 10 PO3BUTKY TIIyTaMaTHOL
HEUPOTOKCUYHOCTI, 1[0 BUHUKAE BHACHIJOK
Ha/IMIPHOI CTUMYJIALIT PEHENTOPIB Ta 3yMOBIIIOE
3aru0enp HeWpoHiB. B cuHanTuuHIN UIianHI
BifcyTHI pepMeHTH aerpasnaiii rryramary, i
€IUHUM MIISXOM JUIS MiATPUMaHHS HHU3BKOT
MO3aKJIITUHHOI KOHIEHTpaIii riiyraMary, €
Horo TpaHCHopT 3a yJacTi BucokoadiHHuX Na'-
3aJIeKHUX TPAHCIIOPTEPIB IITyTaMaTy B HEHpOHaX



Sensor Electronics and Microsystem Technologies 2016 —T. 13, Ne 1

1 mrianpHUX KimituHax. Li TpaHcoprepu BUKOpHC-
TOBY10Th Na'/K'-eekTpoxiMiuHUM rpajieHT Ha
TIa3MaTuyHii MeMOpaHi B IKOCT1 PYIITiHHOT CHITH.
3MiHM B aKTHBHOCTI TPAHCHOPTEPIB IIIyTamary €
XapaKTePHOIO PUCOIO MOMTMPEHUX HEUPOIOTIIHUX
1 HEHpoJIeTeHepaTUBHUX 3aXBOPIOBaHb [2, 3].

[Tpuitmaroun n0 yBaru 1eil Gpaxt, 0O4eBUIHO,
110 peecTpalis 3MiH y KIHETUYHUX XapaKTepu-
CTHKaX MPOIECy HAKOMMYEHHS IITyTamMary HepBO-
BUMU TEPMIHAJISIMHU TOJIOBHOTO MO3KY € HaJl3BH-
YallHO BaXXJIUBUM (1310J0TTYHUM MOKA3HUKOM.
Bu3HaueHHs KIHETUUHUX XapaKTEPUCTHK MPOLECY
BHcokoadiHHOro Na-3a1e)kHOT0 HAKOTTMYCHHS
DIyTamaTy HEPBOBUMH TEPMiHAISIMU JACTh MOX-
JIUBICTH OIIHUTH aKTHBHICTH POOOTH TITyTamar-
HHUX TPAHCTIOPTEPIB Ta iX 3AATHICTH MiATPUMYBATH
HU3BKUM MMO3aKITITHHHUHN PIBEHB TTyTaMary.

[TocTiiHUNW KOHTPOJb KOHIEHTpaIlii
ramyramMaTty B Oi0JIOTIYHHUX 3pa3kax €
HEOOX1IHUM sl NpO(dIIAKTUKK Ta JIKyBaHHS
HeliponaTosoriii. CydacHi 3arajJbHONPUHHATI
METOAM BUCOKOTOYHOTO BH3HAUEHHS IIIyTamary,
Takl K ra3oBa Ta piAUHHA Xpomartorpadii,
cnekTpodoroMeTpis, pi3HOMaHITHI XiMi4HI1
Ta Qi3UYHI METOAU, NOTPEOYIOTh HAsABHOCTI
KBani()iKOBAaHOTO MEPCOHAIY Ta CKJIAAHOTO 1
nopororo oonagHanus [4, 5]. e ogarM HemOi-
KOM HaBEJICHUX METO/IiB aHAi3y € HEOOX1IHICTb Yy
CKJIaJHIH nornepeHii miAroToLi Npoo, 10 BUIIN-
BA€THCS Y BENIMKI 3aTpaTH yacy Ta KOIITiB. Tomy
CHOTOJIHI TIOCTAE JTyXKe aKTyaJbHE MUTaHHS CTBO-
PEHHs GBI 3pyYHOT0, TOUHOTO, CEJIEKTUBHOTO,
HIBHUJIKOTO Ta JICHIEBOTO METO/Ty BU3HAYEHHS BMiC-
Ty DIyTamaty B O10JIOTIYHUX 3pa3Kax.

Ha panuit MomMeHT B CBIiTi, JIyXe
MEePCIEKTUBHUM HAMpPsIMKOM € PO3po0Ka HOBUX
MAXO/IB IO BU3HAUEHHSI KOHIIEHTPAILlli TITyTaMaTy
3a gomoMororo 6ioceHcopis [6]. InTepec g0 po3-
poOKu GioceHcopiB 00YMOBICHHI HU3KOKO IXHIX
NOTEHIIMHUX MepeBar y MOpiBHSAHHI 3 3aralb-
HOTIPUWHIATHMH METO/JIaMH: JIEIIEBU3HOIO, MPO-
CTOTOI0 BUKOPUCTAHHSI, MOKIIUBICTIO IXHBOI Mi-
HiaTIOpHU3alii, EKCIPECHICTIO aHali3y, HU3bKOIO
co01BapTICTIO P MAaCOBOMY BUPOOHHUILITBI - 1 BCE
1e i3 3a0e3nedYeHHsIM HeOOX1THOTO PIBHS Yy TIIH-
BOCTI Ta CENEKTUBHOCTI.

Haii6inpm nepcrnekTUBHUMH 1 yCHIIIHUMU
cepel eNEeKTPOXIMIYHUX 010CEHCOPIB BBAKAIOTHCS
amnepoMmeTrpuuHi 6iocerncopu. Came BOHHU
HaifyacTimie BUKOPUCTOBYIOTHCS JIJIsl BU3HAYCHHS

rnytamary [4,7-9]. B OinemocTti pobit 3
pO3poOKHU TIyTamMaTr-4yTIUBUX O10CEHCOPIB
BUKOPUCTOBYEThCA (pepMeHT L-TiryTamarokcuaasa,
oTpumana 3 pizHux jkepein [10-14]. IIpu pos-
poO1i 6ioceHCcopiB I BU3HAYEHHS TIyTama-
Ty BUKOPUCTOBYIOTh TaKOXk (DEpMEHTH IiIyTa-
MaTAeKapOoKcuiIasy, yTaMaTaerigporeHasy i
DIyTaMaTCUHTETa3y, aje 010CEeHCOPH Ha OCHOBI
IIyTaMaTOKCH/Ia3U 3HAYHO MEepeBEPIIYIOTh iX 3a
XapakTepucTUKaMH [4].

Mertoro ganoi pob6otu Oynma po3poOka Ta
onmTHUMi3alisgs poOOTH aMIEpPOMETPUUYHOTO
O0ioceHcOpa Ha OCHOBI TIyTaMaTOKCUAA3U
IJs BU3HAUCHHS TyTaMmMaTy Ta ajamnTtalis
HOT0 aHANITUYHUX XapaKTEpPUCTUK A4
OI[IHKH MIBUJIKOCTI HAKOMUYECHHS TIyTamaTy
130JIbOBAHUMHU HEPBOBUMU TEPMIHAISIMHU MO3KY.

Po3poOka metononorii BUKOpUCTaHHS
rmyTamMaT-4yTJIUBOTO OioceHcopa Iis
aHalli3y aKTHBHOTO TPAHCIOPTY TIyTamary
B HEPBOBHUX TEPMiHANSIX TOJOBHOTO MO3KY
J03BOJUTHh IIHPOKO BUKOPHUCTOBYBATH LEH
CEHCOp Y MEIUIIMHI, a TAKOX y O010XIMIUHUX
Ta OlOTEXHOJIOTIYHUX JIOCHIMXEHHAX. Y
LIJIOMY CBIT1 € 3HAUHUN 1HTEpeC 0 BUPIMICHHS
poOIeMH KOHTPOIIIO HEWPOHAIBHOT aKTHBHOCTI,
npo(LTAKTUKH Ta JTIarHOCTUKU HEHPOMATOJIOTIH,
imenTudikanii TpurepHux (HaxkTopiB PO3BUTKY
HelpoJereHepaTuBHUX 3aXBOPIOBAHb.

2. Marepiaam i MmeToau

2.1. Koncmpykyis amnepomempuunux
nepemeopio8ayis

Sk ammepoMeTpHUYHI MEepeTBOpIOBadYl B
po0OTi BUKOPUCTOBYBAIW MJIATHHOBI JUCKOBI
enexkrpoau (Puc. 1.). [ImatunoBUMi ApiT miame-
TpoM 0,4 MM 1 JOBKHHOI 3 MM 3alarBaiu B
KIHIIEB1M YaCTHHI CKIISTHOTO Kamijispa i3 30BHIII-
HIM giametpom 3,5 MM. Binkputwii Topens apo-
Ty OyB po0O04OI0 MOBEPXHEIO MEPETBOPIOBAYA.
[InatuHOBUI APIT 3a TOIOMOTOIO JIETKOIIJIABKOTO
cnnaBy Byna 3’eaHyBanu 3 NPOBIJHUKOM,
po3MileHnM BcepeauHi kanitsipa. Ha npyromy
KIHIL1 NPOBITHUKA NPUEJHYBAIH KOHTAKTHY
TUTOIIAJIKY JUIS TIAKITFOYEHHS 10 BUMIPIOBAIbHOT
ycTaHOBKU. PoOouy MOBEpXHIO €IEeKTPOIiB
OTpUMYBaJId HUTI(PYyBaHHSAM 13 BUKOPUCTAHHIM
MOPOIIIKY OKCHUJY aTIOMIHIIO (PO3Mip YaCTHHOK
0.1 ta 0.05 Mxm) Ta OOpOOIISIIM CIIUPTOM TIEPET
IMMOO1IT13a111€10 010CEJIIEKTUBHOTO €JIEMEHTY.

101



. YO. Kyuepenxo, 1. C. Kyuepenxo, /1. B. Cemtoxo, 1. B. Knmwknaukosa, O. O. Conpgarkin, A. A. bopucos...

[Tepionu4HO, MJISI TOBTOPHOTO BUKOPHCTAHHS,
CJNIEKTPOJAHY MOBEPXHIO MOHOBIIOBAJU 3a
JTOTIOMOT'OFO TAKOTO K IITi(hyBaHHS.

PoGoua 30Ha esieKTpoTy

Puc. 1. CxeMaTHYHHH BHUTJIA] NJIATHHOBHX
AUCKOBHUX eJIeKTpoAiB. 1 — ckasiHMii kopmyc
eJIeKTPoay; 2 — NJIATHHOBMI APIiT; 3 — eJIeKTPpUYHe
3’€AHAHHS 32 JI0MIOMOTI0I0 JIErKOIUIABKOI0 CIJIABY
Byna; 4 — BHyTpimHiid mpoBigHNK; 5 — 3aXUCHHU

YOX0JI; 6 — emoOKCHIHA CMO0J1a; 7 — KOHTAKTHA

TUIOIAIKA

2.2. Bukopucmanmus nonigpeninendiaminosoi

MeMOpanu Ol NOKPAWeHHsl CeleKMUBHOCMI
AMNnepoMempuyHoO20 Nepemeoprosayd

CenexTuBHICTH Ol0CEHCOpPaA € BaXXJIUBUM
(axTopom npu poOOTi 3 peaIbHUMU 010JIOTTYHUMHU
piIMHAMHY, TOMY JOCIIPKEHHS CEJICKTHBHOCTI
OioceHcopa 10 MOYKJIIMBHX 1HTEP(EPEHTIB € Maiike
00O0B’SI3KOBUM €TarioM Ipu po3pood1ii 010CEeHCOPIB.

B naniit po6ori OyB BHKOpPUCTaHHHU
Oe3MeiaTopHuil 610CEHCOP 3 BITHOCHO BUCOKUM
po6ouum motenniazom (+0,6 B BimHOCHO
Ag/AgCl enextpona MOpiBHSAHHS), Yepe3 L0
Ha MOBEPXHI €IEKTPOAY MOXKIUBE OKHCHECHHS
pAAy eNEeKTPOAKTUBHUX CHONYK, IO MOXYTh
OyTu HasiBHI B aHaJi30BaAaHOMY pO34YMHI Ta
MPU3BOJUTH 10 MOXUOKU y BUMIpIOBAHHSIX.
OnHUM 3 HAMPSMKIB JTsI 3a100IraHHs! OKMCHEHHS
iHTeppepyoUnXx pPEYOBHH € HaHECEHHS
JIOIATKOBUX HAMIBOPOHUKHHUX MEeMOpaH, sKi
CEJIEKTUBHO INPOMYCKAIOTh /10 €JIEKTPO/ia JIUIIE
IJIbOBY PEUOBHHY (B HAIIIOMY BHIIA/IKy — IEPEKHC
BOJIHIO).

SIk BiAOMO 3-MIOMiX IIMPOKOTO KJIACY OKCH-
Ta aMiHOAPOMAaTUYHUX PEYOBUH, SKi 37aTHI
JI0 eJIEKTpoImoJiiMmepu3alii, B 6ioceHcopax
HailfyacTilie BUKOPUCTOBYIOTh 130MepH (heHi-
nerniaminy [15-20]. Halikpamoro celeKTHBHICTIO
XapaKTEepPU3yIThCs NMEepeTBOPIOBaYi, MOJU-
¢ikoBaHI MOJIIMEPHOIO IJIIBKOI Ha OCHOBI
m-¢peHineHaiaMiny, sKuii 0yJ0 BUKOPHUCTAHO
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HaMU SIK MOHOMEp ISl CTBOPEHHS JJOJAaTKOBOi
MeMOpaHU Ha MOBEPXHI IJIATUHOBOTO €JIEKTPOY
3a METOJIMKOI0, onmrcaHoo B [20].

s MmemOpaHa yTBOPIOE IOPH, PO3MIpP SIKUX €
JOCTATHIM JUIsl IPOXO/I’KEHHSI IEPEKUCY BOIHIO
710 TIOBEPXHI €JIEKTPO/Ia, Ta € HEJAOCTATHIM AJIs
MPOXOXKEHHS OUIBIINX 32 PO3MIPOM PEUOBHH.
st opmyBanns nomideniienaiaminoBoi (I1D/I)
MeMOpaHU TPUETEKTPOAHY CUCTEMY 3 UHUCTUM
po0oYuM eNeKTpoJOM 3aHypioBaiu y 5 MM
pO34uH m-QeHiIeHlaMiHy Ta OTpUMyBaiu 4-5
UKJIIYHUX BosbTamneporpam. Ilicias uporo mo-
Bepx I1D/] memOpanu iMmoOiTi3yBanu 6iocenek-
TUBHY MeMOpaHy Ha ocHOBI ¢pepmenty [1O/] .

2.3. BueomoenenHs 6ioceneKmueHux elemMeHmia
biocencopa

biocenekTuBHI edeMeHTH O10CEHCOPIB
OTPUMYBAJIU IIIJISIXOM KOBAJIEHTHOI iIMMOO1Ti3arii
(hepMEeHTIB 1 JOMOMIKHUX PEYOBUH Ha MOBEPXHIO
aMIIepOMETPUYHOTO TMepeTBOproBada. Buxinuuii
po3unH MmictuB 8 % rmyramarokcuaasu (ImO/,
EC 1.4.3.11 13 Streptomyces sp. 3 aKTUBHICTIO
7 on.axkt.mMr' ¢ipmu Yamasa Corporation
(Tokio, SAmowis)), 4 % O6UUauOr0 CUPOBATKOBOTO
anpOoyminy (BCA, dpakmis V, Sigma-Aldrich
Chemie (Himeuuuna)), 10 % rninepuny
(Sigma-Aldrich Chemie (Himeuuuna)) vy
100 MM docharaomy 6ydepi, pH 6,5. Ilepen
HAaHECEHHSM Ha MOBEPXHIO MEPETBOPIOBAYIB LIl
po3uuH 3mimyBanu 3 0,8 % BOgZHUM PO3UHMHOM
[JIyTapoBOro ajbJeriny (3IIMBaIuOro areHTy)
(Sigma-Aldrich Chemie (Himeuuuna)) y
nponopuii 1:1. Oxpasy micis UBOr0 CyMiIl
HAaHOCWJIM Ha poOoYl MOBEPXHI MEPETBOPIOBAYIB
Ta BUCYIIyBaiu npotsrom 40 xB. Ha TOBITPI 3a
kiMHaTHOI Temneparypu. [licis immoOinizanii,
6ioceHcopH BiaMUBaIU B pobouomy OydepHOMy
PO34YWHI BiJ HE3B S3aHUX KOMIIOHEHTIB
O6ioMeMOpaHM Ta HAJUIMIIKY TJIYyTapOBOTO
aJbAeTimy.

2.4. Memoouka eumipio8aHms

Po6oui ammepomMeTpuUH]1 €JIEKTPOIH,
JOMOMIKHUM NIATHUHOBUHN €NEKTpPOJ Ta
Ag/AgCl enextpon MOPiBHAHHS MIAKIIOYATUCH 10
norenuiocrary PalmSens (Palm Instruments BV,
Hinepnanau). 8-mu kananpHui npuctpi (CH-8
multiplexer) Toro >x BUpoOHHKA, 110 MiIKITIOYaBCS
JI0 TIOTEHIII0CTATY, J03BOJISIB OTPUMYBATH CHTHAJIH
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OJTHOYACHO 3 JEKIJTBKOX pOOOYMX ENeKTPOIiB,
3a3BUYail 10 HHOTO OyJIM TiAKITIOUEHI 2 — 3 poboui
eNeKTpoau. Bumipu npoBoamin 3a KiMHaTHOT
TEMIIEPaTypH Y BIAKPUTINA BUMIPIOBATIbHIN KOMIPIIi
00’€MOM 2 MJI TIpH OCTIHHOMY MepeMilllyBaHHi Ta
npu mocTtitHoMy noteHmiaii +0,6 B BimHOCHO
Ag/AgCl enextpona nopiBHsHHSA. Po6ouum
oydepom Buctynas 25 MM HEPES 3 pH 7,4. Kon-
HeHTpalii cyocTpary B poOodiil KOMipIli 3a1aBajiu
JTOJTaBaHHSIM aJIIKBOT KOHIICHTPOBAHUX PO3YHHIB
cyocrpary (1-50 MM rimytamary).

JlocmiKeHHST TIPOBOIUIN 3 BUKOPUCTAHHSIM
npenapary i30Jb0BaHUX HEPBOBUX TepMiHAJICH
(cunantocom). CHHANTOCOMH € MPEKPACHUM
aJleKBaTHUM 1HCTPYMEHTOM JJIsl TOCHiKSHHS
NpoIecy CHHANTHYHOI mepenadi, OCKIJIbKHU
BOHHU 30epiraloTh 34aTHICTh HAKONUYYBaTH Ta
BUBUIBHIOBATH HEWUPOMEIIaTOPH Yy BIAMOBIIb
Ha JeNOoIspU3aIliio Mmia3MaTudHoi MeMOpaHu,
MIATPUMYBATH IPOTOHHUH IPAIEHT CHHANITHYHUX
BE3UKYJT Ta MEMOpAaHHUH MOTEHITIAI.

Peectpanito Hakonmu4ueHHs HeWpomeaiaTopa
TpaguIiiiHO TMPOBOASATH 3 BUKOPUCTAHHSIM
pamioakTuBHO MideHoro L-["“C]rayramary. Lleit
METOJI BUKOPHCTOBYBABCS] HAMU STK KOHTPOJIBHHIA,
00 OILIIHUTH TOYHICTh BUMIPIOBAHHS TITyTaMaTy
6ioceHCOpOM.

I[Ipu BukopucTaHHI OioCeHCOpPIB 4Yac
BU3HAYEHHS KOHIEHTpAIi IIyTamMary B pO3uuHi
cknamae mpubnuzHo 1-2 xBunuHu. J[nHaMika
3MiH KOHIEHTpauii L-rmyramary B HEpBOBHX
TepMiHANIAX € JOCHUTHh IMBUIKOK, 1 HE €
MOXITUBUM aKypaTHO BUMIPIOBATH KOHIICHTPALIiO
rmyramaty 0iloceHcopoM Oe3mocepeaHbo Y
CHHANTOCOMAaJbHIN CyCIeH3ii, iKa MPOJIOBKYE
AKTUBHO TMOTJAWHATHU HeWpomeniatop. Tomy
y HamuX EKCINepPpHUMEHTaX BUMIPIOBAaHHSA
MIPOBOJIUIIUCS y CYTNIEPHATAHTI MICIs OCaKEHHS
Ta BUJAJCHHS aKTUBHUX CUHANTOCOM JJA
MOTIEPEKEHHS TTOAABITUX HEKOHTPOIHOBAHUX
3MiH MO3aKJIITHHHOI KOHLIEHTPAIil IITyTaMary.

BumiproBanHs rimyramary 010C€HCOPOM B
3pa3Kax 3 130JIbOBAHUMHU HEPBOBUMH TEPMiHATSIMU
MPOBOAMUIIOCS 3a JOTIOMOTOI JBOX METOIIB
— BUKOPHUCTAHHAM KaJliOpyBaJdbHOI KpUBOI Ta
CTaHJIAPTHUX J0/aBaHb [21].

2.5 Buoinennsa npenapamy i301608aHUX Hepeo-
8UX mepMinanel (CUHanmMocom) 3 MO3KY wypie

ExcniepuMenTn Ha TBapuHax (IIypax-caM-
ugx Jainii Bicrap, 100-120r, 3 BiBapito HHIJ
«IHcruryT kapaionorii imeni M.J[. Ctpaxecko»
HAMH VYkpainu) npoBOoAUINCH Y BiIMOBIAHOCTI
710 €BPOMENUCHKUX MPHUHIIUIIB 1 MI>KHAPOJAHOTO
3akoHonaBcTBa. [licns pexkamitamii mypis
TOJIOBHUN MO30K HIBUIKO BUAAISUIM, BIAALISAIN
CTOBOYpOBY YaCTHHY Ta MO304YOK. Benuki miBKyi
MO3KY MOBILJIbHO TOMOTEHI3YBalu y CKJISHOMY
romorenizaropi [lorrepa y cepenoBuiii BUAIICHHS
(oxonomxena npogoM 0,32 M caxaposa, 5 MM
HEPES-NaOH, pH 7,4, 0,2 mM EJITA (Sigma,
U.S.A.)). Bei maninynsauii nposogunu npu 4°C.
CuHanTOCOMM OTPUMYBAJIH MICIIS AU(PEPEHITITHOTO
HEeHTpUPyryBaHHsS Ta LHEeHTpUYTyBaHHS B
rpajieHTi WiIbHOCTI (ikomy 3a meTtonom [22] 3
HEBEJTMKUMU 3MiHaMu. [Ipenaparu cuHanTocom
BUKOPHCTOBYBAJIUCh B €KCIIEPUMEHTAX MPOTATOM
2-4 romuHwM Tichs 13oms1ii. CTaHIapTHAN COJTbOBHMA
PO3YMH HACHUUyBaBCS KHCHEM 1 MICTUB (y MM):
NaCl-126; KCI-5; MgCl,-2,0; NaH,PO,-1,0 (ci
comni 3 Reachim, Ukraine); HEPES (Sigma, U.S.A.);
pH 7,4 i D-mmroko3y (Sigma, U.S.A.). Ca**-BmicHe
CepeqoBHIIE MICTUIIO TOJAaTKOBO 2 MM CaCl2
(Reachim, Ukraine). KonuenTpariito Oinka BUMi-
proBaiu 3rigHo [23].

2.6 Busnauenns unaxonuuenus L-["*C]
27ymamamy CUHanmocomMamu

Peectpariito HakomUYeHHsT HEUpOMEI1aTopy
TpaAUIIMHO TNPOBOASITH 3 BUKOPUCTAHHSIM
paaioakTuBHO MiueHoro L-["*C]rmyramary. Bu-
MIPIOBaHHS MIPOBOASITH HACTYITHUM YHHOM: IIPpOoOU
cuHantocoM (250 mki cycnensii, 0,2 mr Oinka/
MJI) IpeiHKyOYyIOTh B CTaHAAPTHOMY COJIbOBO-
My po3uuHi npu temneparypi 37°C npoTsirom
10 xB. [lommMmHaHHA 1HILIOKTH JOXaBAHHIM
10 MxkM L-ryramary (3 420 uiM L-["*C] myra-
Mmarty (0.1 mKi/mi), 1HKyOyIOTh IPOTSTOM pi3HUX
yacoBux iHTepBamiB (1, 2, 10 xB.) mpu Temrie-
patypi 37°C. AnikBotu (250 MKn) QiabTpyIOTH
yepe3 ckioBosiokoHHI (ineTpr Whatman GF/C,
(biIBTpH IBIY1 MIBUIKO IPOMHBAIOTH OXOJIOIKCHUM
Oydepom. PaioakTUBHICTE, IO 3aJIUIIAETHCS HA
(bUIBTPI1, BU3HAYAIOTH 32 JIOTIOMOI'OI0 CTaHapTHOI
METOJUKH 3 BUKOPUCTAHHSAM CUMHTUISIIHHOT
pinuHM U1 a”amizy Oe3BogHux 3paszkiB OCS
(1,5 mu) (Amersham-Biosciences).
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ToOto, HakonunyeHHs L-["*C]rnyramary He-
PBOBUMH TEpPMiHAIAMU BU3HA4YaiIu 3a 30171b-
IIEHHSM PaJliOaKTUBHOCTI Y 0caJli, SKUH 3HaX0-
muThest Ha (inprpi. s Toro mo6 aHanizyBatu
3MIHU KOHLEHTpALii [IyTaMary y piIkoMy 3pa3Ky
Oyno po3po0JIeHO HOBUM METOIMYHUM TIIXIiI,
aJIeKBaTHICTH IKOTO Oyna JI0Be/ieHa y Mmapasieb-
HUX EKCIIEPUMEHTaxX 3 BUKopucTaHHsIM L-['*C]
IyTamary. Y HOBOMY METOIMYHOMY MiIXO1 pee-
crpauito HakonmueHHst L-["*C] rimyramary Bu3Ha-
YaJld HE 3a JO0MNOMOIol0 (UIBTPYBaHHS CyCHeH31i
CHUHANTOCOM Ta aHaJi3y paJi0aKTHBHOCTI y Ocai,
a 3a aHAJII30M PaTiOAKTHUBHOCTI y CyNepHaTaHTI
MICJIsST OCAHKCHHS aJiKBOT Ha MIKpOUECHTPHU(Y3i
(20 ¢ mpm 10000 g). IIpu IbOMy HaKOTTUYEHHS
L-["*C] ryTamary HEpBOBUMH TEPMiHAJISIMH PO3-
PaxoBYBaJOCh SIK 3MEHIIICHHS PaJl0aKTUBHOCTI
y cymnepHaTaHTi. PajlioakTUBHICTh CyliepHAaTaHTa
BU3HAYAJH 32 IOTIOMOTOI0 CTaH/IapTHOI METOANKU
3 BUKOPUCTAHHSAM CUUHTHUIIALINHOT PIAMHY JUIS
aHami3y BogomicTkux 3paskiB ACS (1,5 mur) (Am-
ersham-Biosciences). [lapanenbHe npoBeneHHs
EKCIIEPUMEHTIB MTOKA3aHO 1IEHTUYHICTD JUHAMIKA
HakonndeHHs L-["C] miyramary 1BoMa MeToInd-
HUMH IT1X0JaMU.

3. Pe3yabTarTu Ta iX 00roBopeHHs

3.1. Po3pobrxa ma onmumizayiss pobomu
enymamamuo2o b6iocencopa, nepesipka tio2o
OCHOBHUX XAPAKMEPUCMUK

B ocHOBi po6oTH aMmepoMEeTPUUYHOTO
OloceHcopa JJisl BUBHAYEHHS INIyTaMaTy JIEKUTh
dbepmeHnTaTuBHA peakmis (1), mo mpoTikae
B OiocenekTuBHIN MemOpaHni. B pe3ymnbrati
peakuii BinOyBa€eThCsl OKMCHEHHS TIyTaMmary
1 YTBOPEHHS €JIEKTPOXiIMI4YHO-aKTHBHOTO
nepekucy BoaHto. [Ipu npukiagaHHi MO3UTUBHOTO
MOTEHI[ialy Ha €JEeKTPoAi BigOyBaeThcCH
peakiris po3kiaany Mnepekucy BojaHio (2), B
PE3yNIbTaTI SKOi yTBOPIOIOTHCS €NEKTPOHHU, IO
0e3nocepeIHbO PEECTPYIOTHCS aMIIEPOMETPHIHIM
MEePETBOPIOBAUEM:

071
Cnytamat + 0, = o — ketorayTtapaT + NH; + H,0, (1)

2)

+0,6 B
Hzoz e 2H+ + 02 + Ze_
Jl1s moKpaleHHs ceJeKTUBHOCTI OioceHcopa

pu poOOTI 3 peaIbHUMU 3pa3KaMiy Ha TOBEPXHIO
pobouoro enektpony Oymo HaneceHo [1D]]
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MeMOpaHy. Bona 3amo0irae OKMCHEHHIO
CIIEKTPOAKTUBHHUX PEYOBHUH, PO3MIp SKHUX
MEPEBUIILYE PO3MIP MEPOKCUITY BOJAHIO. Biaryku
OioceHcopa Ha JiesKi iHTeppepeHTH 3 MEMOPaHOIO
Ta 0€3 MOKa3yIoTh, IO CEJICKTUBHICTh 3HAYHO
nokpamyeTbest mpu HaHeceHHi [1DJ] memOpanu
(Tabm. 1).

Tabmuns 1
CeJIeKTHBHICTH aMIIEPOMETPUYHOIO NEePeTBo-
proBaua 10 Ta nicjis HaHeceHHs1 [1M/] memOpanu

Biaryk amrnepoMeTpruuHOro
[epeTBOproBayua, HA
EnexrpoakTuBHi
pe4oBUHU Enexrpon
Enexrpon 6e3 NN
3
[1D/] memOpanu
MeMOpaHOIO
Ilepekuc BoaHIO,
34,7+£2,6 27,6 0,8
50 MM
Hodamin, 20 MM 148+1,3 1,2+0,3
Hucrein, 100 MM 2,8+04 0,02 +0,02
[Tapaneramonn,
73+1,2 0
100 MmxM ’ ’
CedoBa KHCIIOTA,
10,6 £1,8 0
100MxkM
Al 01
CHOPOIHOBA 332417 0,9+0,5
kuciota, 500 MmkM

Ha mouartky po6Goru Oyjio mpoBegeHO
OTNITUMI3aIlil0 YMOB iMMOO1Ti3alii (hepMEeHTY Ha
MOBEPXHIO pobovoro enexkrpony. JocmimxeHHs
moKasaju, Mo HaWkpalmli BiATyku OioceHcopa
Ha TIyTaMaT CIOCTEPIraauch MPU KOHIICHTpaIlii
¢depmenty y mem6pasi 2 - 4% , a yTapoBOro
ampaeriny 0,4 %. Bymo Takox mpoBeaeHO
JOCJTIJDKEHHS 3aJIE)KHOCTI poOOoTH GioceHcopa
Big yacy iMmmoOimizanii. Ak 6aguumo 3 Tabm. 2,
HalKpami pe3yJbTaTU CIOCTEPITalNCh MPHU
iMMoOimi3arii mpotsirom 30 XB.
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Tabmms 2
3aJsieskHicTh BiArykiB 0iocencopa Bix yacy immoOiiizauii pepmenTa
) TpuBanicts iMMOOiTI3aIil
XapaKkTepucTHKu OioceHcopa
20 xB. 30 xB. 40 xB.
Biaryk Ha 100 MkM riiyramary, HA 16,7+ 1,2 21,114 15,7+ 0,9
MiHiMiJIBHa MeXa BUMIpPIOBaHHS, MKM 56+1,1 38 £1,5 74+12
25 - A 140 o E
- — o204 ¢ - I —
-} 204 =
i E 00 ]
:
E 7 ;, a0
- =
= = 60 <
E . 5
h m 20 o
0 N T T T T T T T T
T : T T T o 50 100 150 200
1] 50 100 150 200 250
KCL, MM Podounii oydep, MM
24 B
22 e
i 204 // \
iy 18 /‘
S 6] / \
- )
= 14 -
E‘ 12 - \
= \
- 10 A9
=
2 & -
2 o]
2
2 4
o T T T T T T
5 & 7 8 ] 10
pH

Puc. 2. 3ajexHicTh BeJJUYUHHU BiITyKiB 0ioceHcopa Bix mapaMeTpiB po3unHy: iOHHOT CHJIM PO3YUHY
(koHuenTpauis yramary — 100 MxM) (A), koHuenTpauii Oygepy (koHuenrpauisi ryramary — 0,7 mM)
(b) Ta pH (konuentpania rmyramary — 200 MmxM) (B). BumiproBannsa nposoaniucs y 25 MM HEPES
oydepi, pH 7,4, Ta 10 MM yHiBepcaibHOMY Oydepi 3a pisnux 3Hauens pH 3a nocriiinoro norenuiaty +0,6
B BinnocHo Ag/AgCl esiekTpoaa nMopiBHAHHS.
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Sk Bigomo, pobGoTa KoXHOTO OioceHcopa
3AJISKUTB SIK BiJ] HOTO BITACHUX XapaKTEPUCTHK, TaK
1 BiJ] BJIaCTUBOCTEH pO3UMHY, B IKOMY BUKOHYIOTh
BUMipIoBaHHA. PeanbHi 061070Ti4HI pO3UMHHU,
KpIM HasiBHOCTI B HUX PI3HUX €JIEKTPOAKTUBHUX
CIIONIYK, MOXYTh XapaKTepHU3yBaTHCS 3HAYHOIO
10HHOIO CHJIOIO Ta Pi3HOI0 Oy(PEepHOI0 EMHICTIO,
10 MOYKE BIUIMBATU Ha poboTy OioceHcopa. Tomy
MH BUPIIIWIN JOCITIIUTH 3aJIeKHICTh BIATYKIB
6iocencopa Bin pizaux koHuentpamiii KCI Tta
Oydepy. PesynmsraTu jocmipkeHHs IPpeCTaBICHI Ha
Puc. 2, A 1 b BigmosigHo. Sk 6a4yuMo, BETUYMHU
BIATYKIB Ol0CEHCOpa MPAKTUYHO HE 3MiHIOBAJIHChH
31 30UIBLLIEHHSAM 10HHOI CWIM Ta Oy(epHOT EMHOCTI.

Buacnigok iMmmoO6imizanii ¢pepMeHTy Moxe
3MiHIOBaTHCH pH ontumym ioro po6otu. Tomy
OyJ10 TIpoBeIeHO MoCiipkeHHs BIuBy pH Oydepy
Ha poOoTy maHoro GioceHcopa. Jlyis mpoBeneHHS
eKCIIEpUMEHTY OyJI0 BUKOPHCTAHO YHIBEpCAIbHUN
Oydep (mo mictue Tpic-HCI, KH, PO,, numonny
KHCIIOTYy Ta TeTpabopar HaTpit0 B KOHIIEHTPAIisIX
10MM), sikuii Mae ogHaKOBY OyepHy €MHICTh Y
HIMPOKOMY Jiana3oHi 3HaueHb pH. Pesynbratn
IOCHIKEHHST HaBeneHo Ha Puc. 2, B. Sk 6aun-
MO 3 pUCYHKa, HallKpalli BiAryku OioceHcopa
criocTepiraiuch B Aiana3zoni pH 7-8,5.

MOXIUBICTH BUKOPUCTAHHS 0O10CEHCOPIB
OpOTATOM TPUBAJIOTO yacy Ais OaraThox
BUMIPIOBaHb € JAYX€ BaXKJIUBOIO. AJle B MpoLeci
poOoTH MOXke BiOyBaTHUCS YaCTKOBE BUMUBAHHS
KOMIIOHEHTIB 3 010JI0T14HOI MeMOpaHH, Y TIEBHE
3MEHILIEHHS aKTUBHOCTI ()EpMEHTY B IpOLECI
30epiranus. Bee 11e Moke MPU3BOAUTH JI0 TIEBHOTO
naJliHHA BIATYKIB 010CEHCOPIB B MPOLIECi poOOTH.

Tomy Oyino mepeBipeHO omepaniiHy
cTabinpHICTL OioceHcopa. /[ mboro BIpoaoBK
nHs orpuMyBanu 8-12 BiarykiB Ha 50 MxM
KOHILIEHTpAIIII0 [JIyTaMaTy, IicJisi 4oro 610ceHcop
30epirajiv B CyXoMy BUITISIII 3a Temneparypu +4°C
JI0 HaCTYITHOTO BUKOpUCTaHHs. Jlai, uepes KiibKa
1110, 3HOBY MPOTATOM KIJIbKOX TOAMH OTPUMYBAJIH
BiAryku O6ioceHcopa Ha Ti caMi KOHIIEHTpallii
rnytamaty. CymapHuii TepmiH 30epiranus Ta
pobotu 6ioceHcopiB craHoBuB 11 1i0.

Pesymbrary nocmipkeHHs npeicTariieHo Ha Puc. 3.
SIK BUJTHO 3 PUCYHKY, BIATYKH 3JIMIIATNCH CTaOLIb-
HHMHU [POTATOM BChOTO MEPIOY BUMIPIOBAHb.

[Ipu 36epiranHi TPOTATOM JBOX MICAIIIB 3a
temrieparypi -18°C y cyxoMmy BUIIIsI Gi0ceHCOpH
BTpaTtiu 25 % aKTUBHOCTI.
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BinTBoproBaHicTh BiAryKiB OioceHcopa €
e OJHUM 3 MOKa3HUKIB SIKOCTI HOro poOoTH.
Hnsa Toro, mo0 MaTH 3MOry JOCHTb TOYHO
BUMIpIOBaTH KOHIIEHTPALIIO [IIyTaMaTy B PO3UHHI,
BIATYKU Ol0CeHCOpa MOBUHHI OyTH MPAKTUYHO
olHaKoBUMHU. Tum OinblI Lie AyXe BaKJIHUBO,
KOJIM TTOTPIOHO BUMIpIOBaTH Majli KOHIIEHTpALi.
PesynpraTu nocniikeHHs BIITBOPIOBAHOCTI
BIJITYKiB O10CEHCOPIB HA ITyTamar MpeICTaBICHO
Ha Puc. 3.

14

13

12 " a
1] -- "‘J

10 4

S

-~

8 neHb

11 peHb
9

8]
7]
6]
5]

44

Biaryk, HA

3]
2]

0

Biaryk 6ioceHcopa Ha 50 MkM rnyTamarty, HA

] Homep BumipioBaHHsA

6 4

T 4 T Y T b T Y T J T Y T
0 10 20 30 40 50 60

Homep BumiptoBaHHs

Puc. 3. Onepauniiina cradiapHicTh Ta
BiITBOpIOBaHicTh BiArykiB Oiocencopa Ha 50 MmxM
riyramary. BumipoBanHsi npopoguincs y 25 mM
HEPES 06ydepi, pH 7,4, 3a nocriiinoro norexuiaay

+0,6 B BinnocHo Ag/AgCl estekTpoaa NOpiBHSAHHS.

TunoBa kamiOpyBanbHa KpuBa 6ioceHcopa
JUIs BU3HAYCHHS INIyTamary HaBeneHa Ha Puc. 4.
Jlinifina ninsiHKa qaHoi KaniOpyBalbHOT KPHBOL
onucyetses piBasaasaM [=315*C (R?>=0,997), ne
I — cuna ctpymy micist BUXOAY BIATYKY Ha ILJIaToO
(#A), C — KoHIIEHTpaLis ryTamaty (MM).

bioceHcop xapakTepu3yBaBCs HACTYITHUMHU
aHAJIITUYHUMH XapaKTepUCTUKaMU. MiHIM1JIbHA
Merka BUMIPIOBAaHHS TIIyTaMary, sika BU3Haua1ach
K KOHIICHTpAIlisl TAyTamary, 1o Ja€ BiITyK
6ioceHcopa B TpH pa3u OUIbIINN 3a BEJIMUYUHY
mymy 6a3oBoi niHii, ctanoBuia 0,5-4 mMxM.
Jlinitnu#t miamazoH po6otu OyB Big 2-5 MKM
1o 600-800 MkM (3ane)HO BiJ KOHKPETHOTO
OioceHcopa), Iy TIIMBICTH JI0 TIIyTaMary CTAaHOBHJIA
250-300 HA/MM.
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Puc. 4. KaaiopyBajibHa kpuBa dioceHcopa Ha
ocHoBi IO/l nis BU3HA4YeHHA riayramary. Bumi-
proBanHs nposoauimck y 25 MM HEPES oydepi,

pH 7.4, 3a nocriiinoro norenuiaay + 0,6 B Bin-

HocHo Ag/AgCl ejiekTpona NopiBHSIHHS.

3.2. Buxopucmanus po3poonennoeo biocencopa
0151 OYIHKU WUBUOKOCI HAKONUYEHHSL 2TLYIMAMANy
301608AHUMU HEPBOBUMU MEPMIHANAMU MO3ZK)

OCKUIBKHM BIIACTUBOCTI PO3YHHY, B SKOMY
IPOBOASTH BUMIPIOBaHHS, BIUIMBAIOTh HA POOOTY
010CeHCOopiB, TO OYII0 MEPEBIPEHO, UM BUKIIMKAIOTH
O0e3mocepeHbO KOMIIOHEHTH CepeOBHIINA
iHKyOanii cuHanTocoM BiATYK OioceHcopa.
IToka3aHo, 0 CTaHJAPTHUN COJBOBHUM PO3YUH,
SIKUW BUKOPHUCTOBYETHCSI IPH aHATI31 TPAHCTIOPTY
IyTaMaTy Y HEpBOBUX TEPMIHANISAX, HE BUKIIUKAE
BITYKY OioceHcopy.

Y HacTynmHi#i cepii ekcrepuMeHTIB OyB
BUMIpSHUI BIATYK O610CEHCOpPY y CepeoBHUIII
iHKyOarii cmHanTocoM, aje J0 iHIIiIOBaHHS
NPOIIECY HAKOITMYCHHS TOJJAaBAHHSM €K30TCHHOTO
Helipomeniaropy. L{s BinmoBias GioceHCOpy
€ Ny)Xe BaXXJIUBUM IMOKAa3HUKOM, OCKIJIbKHU
BijjoOpakae 0a30BHH piBEHb CHTHAIY, SKUU
NOBUHEH OyTH BpaxOBaHUU MPHU I0CIHIIKEHHI
MOYaTKOBOI MBUAKOCTI HAKONMHYEHHS Ta
aKyMYJISIIii TIIyTaMaTy HEPBOBUMH TE€PMiHAIISIMH.
Byno 3apeectpoBano BiANOBiAs Oi0CeHCOpPY Ha
JOJIaBaHHS CyNEpHATaHTy, OTPUMAHOTO TiCIs
npeinkyoOanii CHHANTOCOM y CTaHIapTHOMY
coJIbOBOMY po3uuHi. Lls BianoBias GioceHcopy
Oyna 0a30BUM CHTHAJIOM, SIKHH BigoOpa)kaB
0azanpHUN (TOHIYHHI) piIBEHb HEHpOMEIiaTopy

B IpemnapaTi CHHANITOCOM Ta y PO3PaxyHKy Ha
rIyTamar ckiaaaB npuonuzHo 9 MmxM. OnHak,
OKpIM TIyTamary, Ileli CHUTHajJl MOXe OyTH
3YMOBJICHHM HAasBHICTIO B CEPEIOBHINI TaKHUX
PEUYOBHH K CEYOBHHA, aCKOpOIHOBA KHUCJIOTA,
acrapTar Ta iHII CIIOYKH.

Jani nmpoBoaunu aHamni3 mMBUAKOCTI Na'-
3aJIe)KHOT0 HAaKOIMMYEHHS 1 aKyMYyJIsLIi TTyTamary
B CHHAINTOCOMAaX 3a JOIMIOMOTOI0 TJIyTaMaTHOTO
6iocencopa. Ilpu pospaxynkax 3a 100%
MpuiiMaly MOYaTKOBUN piBEHb Oa30BOT0 CUTHAITY
BiJIpa3y IicCJIs IOJIaBaHHSI 10 CHHANITOCOM CYMIIIIi
10 MxM L-mryramary 3 420 HM L-["*C] mryramary
(0.1 MKi/mi1) mpu BUKOpHUCTaHHI CUUHTUIISILIIAHOTO
aHajizy abo 10MkM HemideHOro TiIyTamary npu
BUMIpIoBaHH1 6iocencopoMm. IlokazaHo, 110 Ha 11o-
YaTKOBUX YaCOBHX IHTEPBAJIAX, 10 BUKOPHCTOBY-
I0TBCS [Tl BUSHAYCHHS TTOYATKOBOT IIBUIKOCTI Ha-
KOIMYEHHS [TyTaMaTy CHHAITOCOMaMH, Y pa3i BH-
KOpUCTaHHS 610CEHCOpPY PiBEHb BIATYKY CKJIaJIaB
79% (xaniOpyBanbHa KprBa) Ta 78 % (cTanmapTHi
noxaBanHs) Ta 75 % npu BukopucranHi L-[*C]
mIyTamary Ta CIUHTWIsIHOTO Metony (Taou. 3).
Tab6un. 3 BigoOpakae 3MEHIICHHS KOHIICHTpAIlii
rrytamary abo riayramary/L-['*C] rmyramary y
cycreH3ii CHHanTocoM 3a 1 XB micis iHimiamii
npolleCcy HaKOTMYEHHS NUISXOM JIOJaBaHHS Y
cepenoBuuie iHKyOarii 10 MkM rryramary a6o
rytamary/L-["*C]oryramary. Tooto, 21%, 22 %
Ta 25 % Big nomaHoro miytamary (mmytamary/L-
[*C] rmyTamary) 3aXOIuTioBaJIOCh HEPBOBUMHU TEP-
MiHQJISIMH 32 | XB.

AHanoriuyHi cepii BHMIipHBaHb Oynu
NpOBEJACHI HAa YaCOBHUX MPOMIXKaxX, IO
BUKOPHCTOBYBAJIUCH TSI PO3PAXYHKY aKyMYJISILIi
rIyTaMmary y cuHantocomax. [Toka3ano, mo y
pasi BUKOpUCTaHHA O10CEHCOPY PIBEHBb BIATYKY
ckmanaB 58 % (xamiOpyBanbHa KpuBa) Ta 56
% (cTanmapTHi A0AaBaHHA), a Takox 53 %
npu BUKOpHcTaHHI riayramary/L-["“ClrmyTama-
Ty Ta cuuHTWIsAIIHHOTO MeTony (Tabm. 3). ¥V
TaOIHII BITOOPaKEHO 3MEHIICHHS KOHIIGHTpAITlii
rayramary abo rmyramary/L-["*Clrmytamary y
cycnensii cuHanTocoMm 3a 10 XB michs iHimiamii
npollecy HaKOTMYEHHS NUISXOM JIOJaBaHHS Y
cepenoBuuie iHKyOarii 10 MkM rryramaty a6o
rrytamary/L-["*C] myramary. To6To, 42%, 44 %
ta 47 % Bix nomaHoro rmytamary (rmytamary/L-
[*C] mmyTamary) akyMyJarOBaIOCss HEPBOBHMU TEp-
MiHassIMu 3a 10 xB.

107



. YO. Kyuepenxo, 1. C. Kyuepenxo, /1. B. Cemtoxo, 1. B. Knmwknaukosa, O. O. Conpgarkin, A. A. bopucos...

Tabmuns 3

3MeHIIeHHsI KOHIeHTpanii rmyramarty ado rayramary/L-["Clrayramary y cycnmens3ii
cuHanTocoM 3a 1 xB Ta 10 xB micJs iHimianii mpouecy HAKONMUYEHHS NMIJISIXOM J0JABAHHSA Y
cepenoBue inkyoanii 10 MM rimyramary a6o riayramary/L-["“C]riayramary.

Konnenrparis riryramary y
) cynepHaTaHTi, MKM
MeTtox BUMIPHOBaHHS yrep

1 xB 10 xB

KaniOpyBanpHa kpuBa 7,9+0,2 5,8+0,2
biocencop
CranpmapTHi J0o/1aBaHHS 7,8%+0,4 56+0,3
CUMHTHIIALIRHAT MeTOq L - [“C]rmyramar 7,5+0,3 53+0,2
Takum ynHOM, OYJIO TIOKA3aHO, 10 3HAUYCHHS IHoasika

MTOYaTKOBOT IIBUIKOCTI HAKOTTMUEHHS 1 aKyMYJISIII i
DIyTaMary HepBOBUMH 3aKiHUCHHSIMHU, BUMIPSHUX
3a JIOMOMOT'OFO TITyTaMaTHOro GioceHcopa i L-[1*C]
IyTamary Oyim Maibke OJJHAaKOBUMH (SIKITIO OpaTh
JI0 yBaru piBeHb 0230BOTO CUTHAIY).

4. BucHoBkHu

B po6oti Oys10 nociimkeHo Ta MpoaHali30BaHO
aHAJIITUYHI XapaKTepUCTUKU OloceHcopa mpu
BH3HAUEHHI MIyTaMaTy B MOJIEIbHUX 3pa3Kax,
MiCJISl 4Or0o MPOBEJAEHO BUMIPIOBaHHS BMICTY
DIyTaMaTy y 3pa3kax 3 i30JJbOBaHUMH HEPBOBHMH
TEepMiHAJISIMU.

Po3po6rneno MeTomquuHMA TiAXi IS aHATi3Y
JUHAMIKA HAKOMTUYCHHS TIyTaMaTy B HEPBOBHUX
TEepPMIiHAJISIX TOJOBHOTO MO3KY 3 BUKOPHUCTAHHSAM
6ioceHcopy.

3 BHUKOPUCTAHHSAM TIyTaMaT-4yTJIUBOTO
0ioceHcOopy MOKa3zaHO HasBHICTH 0a30BOTO
CUTHaJly y InpemnapaTi 130Jb0BaHUX HEPBOBUX
TepMiHaJell TOJIOBHOIO MO3KY 3a BiJCYyTHOCTI
€K30T€HHOTO IJTyTaMary.

BpaxoBytoun 6a30BHil cUTHaj, MOKa3aHo,
110 [OYaTKOBA IMIBHUJKICTh HATPIM — 3aJIEKHOTO
HAaKOTIMYEHHS TIIyTaMary Ta HOro akyMyJsiis
HEpPBOBUMH TEPMiHAJISIMU T'OJIOBHOTO MO3KY,
sIKa BUMIpIOBaIacs 3 BUKOPHCTAHHSIM TITyTaMaT-
Yy TIIMBOTO O10CEHCOPY Ta Pa/ii0aKTHBHO-MIYE€HOTO
L-["C]rmyTamaTy cyTTEBO HE BiIPi3HSIHCH.
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Po6oTa BukoHaHa 3a (iHAaHCOBOT MiATPUMKH
HAH Vkpainu B paMKax KOMIUIEKCHOI HayKOBO-
TexHi4HOI mporpamu «CeHCOpHI MpUIaan
JJIsI MEJJUKO-EKOJIOTIYHUX Ta MPOMUCIOBO-
TEXHOJOTIYHUX TOTped: MEeTpoJoTiuHEe
3a0e3meueHHs Ta JOCHiIHA €KCITyaTamisy Ta
npoekty YHTLL Ne 6055.
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Summary

Glutamate is the major excitatory neurotransmitter in the mammalian central nervous system (CNS).
The glutamate concentration in certain parts of the body may influence the development of heart at-
tacks, strokes and various neuropathological states. Determination of glutamate is important in clinical
biochemistry for the diagnosis of diseases associated with abrupt changes of glutamate level in the
body. Continuous monitoring of glutamate concentrations in biological samples is necessary for the
prevention and treatment of neuropathologies. Therefore, accurate and rapid methods of glutamate
determination are required in neurophysiology and neuropathology, fundamental and clinical medi-
cine, pharmaceutical industries as well as in analytical biochemistry and biotechnology. Today, there
are numerous methods of glutamate measurement, the most promising of which are those based on
biosensors. They are very accurate, rapid, highly selective, do not require sample pretreatment, allow
real time measurements.

The aim of the study was the development and optimization of work of a glutamate-sensitive am-
perometric biosensor based on glutamate oxidase and adaptation of its analytical characteristics for
evaluation of the rate of glutamate uptake by the isolated nerve terminals of rat brain.

Methods: The amperometric method of analysis was used. The platinum disc electrodes served as
amperometric transducers. Working amperometric electrodes, auxiliary platinum electrode and Ag/
AgCl reference electrode for measuring were connected by three-electrode scheme to the potentiostat
PalmSens (Netherlands). Eight-channel device (CH-8 multiplexer) of the same manufacturer was
connected to the potentiostat, which allowed simultaneous obtaining signals from several working
electrodes. Glutamate oxidase was immobilized on the surface of amperometric transducer using co-
valent cross-linking of the enzyme with BSA via glutaraldehyde. The study was performed with the
preparation of synaptosomes using two methods - calibration curves and standard additions.

Results: In the work a glutamate-sensitive biosensor was developed; its work was optimized for
glutamate determination in biological samples, and afterwards glutamate was determined in samples of
synaptosomes. The presence of a base signal in the synaptosome preparation was shown in the absence
of exogenous glutamate. The rate of sodium-dependent uptake of glutamate and its accumulation by
synaptosomes was determined.

Conclusions: Glutamate-sensitive amperometric biosensor based on glutamate oxidase was devel-
oped and optimized. The biosensor proposed is highly sensitive and selective to glutamate, character-
ized by good reproducibility and operational stability. Taking into account the base signal, it was shown
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that there was no significant difference in the initial rate of sodium-dependent glutamate uptake and its
accumulation by the brain synaptosomes whether it was measured using glutamate-sensitive biosensors

or radioactively-labeled L-['*C] glutamate.
Keywords: glutamate, biosensor, glutamate oxidase, active glutamate uptake, brain nerve terminal,

m-phenylenediamine
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Pedepar

I'myramar € ocHOBHMM 30y/kytounM HelipoTpancmitepoMm B IIHC ccaBuiB. Konnenrtpariis
IyTamary B OKpEMHX YaCTMHAX OPraHI3My MOJKE BIJIMBATH HA PO3BUTOK 1H(QAPKTIB, IHCYNBTIB Ta Pi3HI
HEHPOIIaToJIOTIUHI CTaHU. BU3HaueHHs TyTaMary 3aiiMae BaKJIMBE MicCIie B KJIIHIYHINA 610XiMii TipH
JIIarHOCTHUII 3aXBOPIOBaHb, 110 MTOB’53aHi 3 pI3KUMH 3MIHaMH PiBHS ITyTaMary B opraismi. [loctiitauit
KOHTPOJIb KOHIICHTpaIlli TiIyTamMaTy B O10JIOTIYHHMX 3pa3Kax € HeOOX1AHUM s NMpo(]iTaKTUKH Ta
JiKyBaHHs Heiponaronoriii. Uepes 1ie BUHUKae noTpeda B METOJaX TOYHOI Ta MIBUAKOI AETEKI]
DIyTaMary Juis notped Helipodizionorii 1 Hefiponaronorii, pyHIaMeHTaIbHOI Ta KIHIYHOT MEAULIMHH,
(hapMareBTUIHO1T IPOMHUCIIOBOCTI, & TAKOXK B aHATITUYHIN 0i0XiMii Ta 6ioTexHosorii. Ha choromHinm i
JIeHb ICHY€ 0araro METOAMK BU3HAYEHHS KOHIIEHTpalii [yTamary, OAHaK HalOUIbII NepCIEeKTUBHUM
€ BUKOPUCTAaHHS 010CEHCOPIB, fAKI € AyKe TOUHMMH, HMIBUIKHUMHU, XapaKTepU3yIOThCI BUCOKOIO
CEJIEKTUBHICTIO, HE TOTPEOYIOTh MONEPEIHBOT MIATOTOBKY MPOOH, a TAKOXK B1A0OOPaKaroTh pe3ysbTar
BUMIPIOBAHHS B PEXKHUMI PEAJILHOIO Yacy.

MerToro nanoi podotu Oyna po3poOka Ta ontTuMizalis poOOTH aMIepOMETPUIHOTO OioceHcopa Ha
OCHOBI TNTyTaMaTOKCH/Ia3H JIJIsl BU3HAYCHHS TITyTaMaTy Ta aJamnTailis HOTo aHAIITHYHUX XapaKTePHUCTUK
JUIsl OLIHKHU IIBUJKOCTI HAKOIMYEHHS INIyTaMaTy 130Jb0BaHUMH HEPBOBUMH TEPMIHAISAMHU MO3KY.

MeTtoam nocaigxenHsi: B po6oTi BUKOPUCTOBYBaAIM aMIEPOMETPUUHUN METOJ aHai3y. Sk
aMIIEpOMETPUYHI NMEPEeTBOPIOBaYi B POOOTI BUKOPHUCTOBYBAJIM IJIATUHOBI AMCKOBI €IEKTPOIH.
PoGoui ammepoMeTpu4Hi €JIEKTPOIU, JOTIOMIKHHH TIaTHHOBHH enekTpon Ta Ag/AgCl emekTpon
TIOPIBHSIHHS 32 TPUEJIEKTPOTHOIO CXEMOIO BUMIPIOBAHHS 1)1’ €JHYBaJIUCh 10 noTeHioctary PalmSens
(Hinepmanam). 8-mu xanansHui npuctpiit (CH-8 multiplexer) Toro >x BupoOHMKa, 1110 MiAKIHOYABCS
710 TIOTEHL10CTATY, 103BOJISIB OTPUMYBATH CUTHAJIM OJHOYACHO 3 JEKUIBKOX POOOYMX €JIEKTPOJIIB.
IMMoOimi3alis TyTaMaTOKCH1a31 Ha TIOBEPXHIO aMIIEPOMETPUYHOTO NIEPETBOPIOBAYA 311 CHIOBAIACH
3a JIONMOMOTOI0 KOBaJICHTHOTO 3mMBaHHs (pepmenTy 3 BCA 3a 10momMororo riiyTapoBOro ajabAeTimy.
JlocaiKeHHs. TPOBOAMIIN 3 BUKOPUCTAHHM IMpernapary CUHANTOCOM 3a JOIOMOTOI0 JIBOX METOAIB —
BUKOPHCTAHHAM KaJliOpyBaJIbHOI KPUBOT Ta CTAHJIAPTHUX J10/1aBaHb.
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Pe3yabTaTtn pocaigxennsi: B pobori Oyno po3poOieHo rryramaT-4yTIuBUN OioceHCOp Ta
IIPOBEACHO ONTHUMI3AIIi0 HOro poOoTH /1J1s BU3HAYECHHSI [ITyTaMary B O10JI0rYHUX 3pa3Kax, Micis 4oro
MPOBEAECHO BUMIPIOBAHHS BMICTY IIyTaMary y 3pa3kax cuHantocoMami. [lokazaHo HasiBHICTh 6a30BOro
CUTHAIIy y Tpernapari CHHAITOCOM 32 BiJICYTHOCTI €K30T€HHOTO TTyTaMary. BU3Haue€HO MIBUIKICTH
HaTpiii-3aJIe)KHOTO HAKONTMYEHHSI Ta aKyMYJIAIIi TIIyTaMaTy CHHAITOCOMaMH.

BucnoBku: Po3poOieHo rmyraMar-4yTiAMBUM aMmepoMeTpUUYHUM Ol0CE€HCOp Ha OCHOBI
DIyTaMaTOKCH/Ia31 Ta MPOBEACHO ONTUMI3AIliI0 HOro poOoTH. 3anmpornoHOBaHUi B poOOTI 6ioceHCcop
Ma€ BUCOKY YYTJIMBICTh Ta CEJIEKTUBHICTh JI0 TIIyTaMaTy, XapaKTepU3y€eThCs TAPHOIO BIATBOPIOBAHICTIO
Ta ornepariiHow cTabibHICTIO. BpaxoByroun 6a30BUil CUTHAI, MTOKAa3aHO, 1110 MTOYAaTKOBA MIBUIKICTh
HaTpiii-3a1e)KHOTO0 HAKOIMMYEHHSI ITyTaMaTry Ta HOTo akyMyJIsIisl CHHAIITOCOMaMH T'OJIOBHOTO MO3KY,
10 BUMIPIOBAJIUCS 3 BUKOPUCTAHHSAM INIyTaMaT-4yyTIUBOro O10CEHCOPY Ta paJi0aKTUBHO-MIUYE€HOTO
L-["C]mryTamary cyTT€BO HE BiIpi3HSIIUCH.

KuirouoBi ciioBa: miytamar, 6i0ceHcop, NIyTaMaTOKCH/1a3a, aKTUBHE HAKOIIMYCHHS [ITyTamary, He-
PBOBI TepMiHaJIi FOJIOBHOTO MO3KY, m-()eH1JIeH11aMiH
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(dopMynu HOBUHHI OyTH MPUPTOM BETHIHHOO 12 pt.

YmoBu nyouaikauii Te3, npuiinsitux I[Iporpamuum Komirerom:
- cmiara opreHecky (oaep:xane OprkoMiTeTom miATBepIKeHHS i3 BKa3aHHM Npi3BHIIEM YYacCHUKA, A0NOBiIa4a) y
BU3HAYeHMil B iHopManiliHOMy NOBiTOMJIeHH] TepMiH;
- TIOBHA JONOBiAb (BilNOBiIHO NPUIHATUM Te3aM).

Bin ogHOro aBTOpa NpHiiMaEeThCsI He OiIbIIE TIBOX Te3.
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Call for papers

Ministry of Education and Science of Ukraine, State fond of fundamental research of Ukraine, Department of physics and
astronomy of the National academy of sciences of Ukraine, Scientific Council of NASU on the problem "Physics of Semiconductors
and Semiconductor Devices", Ukrainian Physical Society, the Academy of sciences of the higher school of Ukraine, V.E.
Lashkaryov Institute for Semiconductor Physics of NASU, Odessa 1. I. Mechnikov National University, Interdepartmental
scientific-educational physics and technical centre of MES and NAS of Ukraine

Hold

7™ International Scientific and Technical Conference “Sensor Electronics and
Microsystem Technologies (SEMST-7)”

(with the Exhibition of sensor developments and industrial samples)
“SEMST-7”, Ukraine, Odessa, May 30 — June 3, 2016

The aim of the conference and the exhibition is to review achievements in the field and to discuss modern problems in various
branches of Sensorics.

Chairmen Prof. V.A. Smyntyna (Odessa, Ukraine)
Vice-chairmen Prof. A.D Amico (Rome, Italy)

Vice-chairmen NASU corresponding member A.E. Belyaev (Kiev, Ukraine)
Vice-chairmen NASU corresponding member V.G. Litovchenko (Kiev, Ukraine)
Scientific secretary Prof. Ya.l. Lepikh (Odessa, Ukraine)

Program committee:

Chairmen of the Program committee Prof. V.A. Smyntyna

Blonsky I.V. NASU Cor. Memb. (Kiev,
Ukraine)
Boichuk V.I. Prof. (Drogobych, Ukraine)
Brodin M.S. Acad. NASU (Kiev, Ukraine)
Challis R. Prof. (Nottingham,
United Kingdom)
Chovelon G.M. Prof. (Cedex, France)
Di Natale C. Prof. (Roma, Italy)
Dmitruk M.L. Prof. (Kiev, Ukraine)
Druzhynin A.O. Prof. (Lvov, Ukraine)
El’skaya A.V. Acad. NASU (Kiev,
Ukraine)
Eryomenko V.V. Acad. NASU
(Kharkov, Ukraine)
Grynyov B.V. Acad. NASU (Kiev,
Ukraine)
Hartnagel H.L. Prof. (Darmstadt,
Germany)
II’chenko M.Yu. Acad. NASU (Kiev,
Ukraine)
Ivasyshin O.M. Acad. NASU (Kiev,
Ukraine)

Jachowicz R.S. Prof. (Warsaw, Poland)
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Kalashnikov A.N. Prof. (Nottingham,
United Kingdom)
Klad’ko V.P. NASU Cor. Memb. (Kiev,
Ukraine)
Korbutyak D.V. Prof. (Kiev, Ukraine)
Kovalenko A.V. Prof. (Dnepropetrovsk,
Ukraine)
Linyucheva O.V. Prof. (Kiev, Ukraine)
Loktev V.M. Acad. NASU (Kiev,
Ukraine)
Morante J.R. Prof. (Barcelona, Spain)
Nakhodkin M.G. Acad. (Kiev, Ukraine)
Neizvestniy I.G. RAS Cor. Memb.
(Novosibirsk, Russia)
Prokopenko I.V. Prof. (Kiev, Ukraine)
Ptaschenko O.O. Prof. (Odessa, Ukraine)
Riabchenko S.M. NASU Cor. Memb.
(Kiev, Ukraine)
Sizov F.F. NASU Cor. Memb. (Kiev,
Ukraine)
Skrishevskiy V.A. Prof. (Kiev,Ukraine)
Slipchenko M.I. Prof. (Kharkov, Ukraine)

SheregiyE. Prof. (Rzeszow, Poland)
Starodub M.F. Prof. (Kiev, Ukraine)
Stakhira I.M. Prof. (Lvov, Ukraine)
Strikha M.V. Prof. (Kiev, Ukraine)
Stronskiy O.V. Dr.Sc. (Kiev, Ukraine)
Svechnikov S.V. Acad. NASU (Kiev,
Ukraine)
Taraschenko D.T. Ph.Dr. (Kiev,
Ukraine)
Tkach M.V. Prof. (Chernivtsy,
Ukraine)
Tretyak O.V. Acad. APSU (Kiev,
Ukraine)
Verbitskiy V.G. Prof. (Kiev,
Ukraine)
Vikulin I.M. Prof. (Odessa, Ukraine)
Yakimenko Yu.l. Acad. (Kiev,Ukraine)
Yakovenko V.M. Acad. NASU
(Kharkov,Ukraine)
Yashchuk V.M. Prof. (Kiev, Ukraine)
Yatsenko L.P. Acad. NASU (Kiev,
Ukraine)
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Organizing committee

Lepikh Ya.l. — chairman Bugaiova T.M. Nitsuk Yu.A.
Borschak V.A. — secretary Filevskaya L.M. Novoselova Yu. L.
Balaban A.P. Karpenko A.O. Tereschenko A.V.
Britavskii E.V. Kutalova M.I. Vaksman Yu.F.
Budiyanskaya L.M. Lavrenova T.L. Zatovskaya N.P.

The preliminary list of invited speaker

Belyaev A.E. (Kiev, Ukraine) Korbutyak D.V. (Kiev, Ukraine) Smyntyna V.A. (Odessa, Ukraine)
Blonsky I.V. (Kiev, Ukraine) Lepikh Ya.l. (Odessa, Ukraine) Stakhira I.M. (Lvov, Ukraine)
Chovelon G.M. (Cedex, France) Litovchenko V.G. (Kiev, Ukraine) Strikha M. V. (Kiev, Ukraine)
D’Amico A. (Rome, Italy) Melnik R. (Waterloo, Kanada) Starodub M.F. (Kiev, Ukraine)
Dmytruk M.L. (Kiev, Ukraine Neizvestnyi I.G. (Novosibirsk, Russia) Tkach M.V. (Chernivtsi, Ukraine)
Druzhynin A.A. (Lvov, Ukraine) Sizov F.F. (Kiev, Ukraine) Tretyak O.V. (Kiev, Ukraine)
El’skaya A.V. (Kiev, Ukraine) Sheregiy E. (Rzeszow, Poland) Jachowicz R.S. (Warsaw, Poland)
Gordienko Yu.O. (Kharkov, Ukraine) Shpilevskiy E.M. (Minsk, Belarus ) Yakimenko Yu.l. (Kiev, Ukraine)
Kalashnikov O.M. (Nottingham Skrishevskiy V.A. (Kiev, Ukraine) Yashchuk V.M. (Kiev, Ukraine)
United Kingdom)

Comment. The list of invited speakers may be extended
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Tentative key topics:

. Physical, chemical and other phenomena, as foundations for sensor developments
. Sensor design and mathematical modeling

. Physical sensors

. Chemical sensors

. Biosensors

. Radiation, optical and optoelectronics sensors

. Acoustoelectronic sensors

. Nanosensors (physics, materials, technologies)

9.

Sensors and information systems

10. Sensor materials

11. Sensor technology problems

12. Microsystems technologies (MST, LIGA-technology and others)
13. Sensor degradation, metrology and certification

The Book of abstracts will be available at the conference registration.

The requirements to the abstracts
Absracts are reviewed. In abstracts the urgency of the problem, the received scientific and

technical results and their novelty should be shown.

The one-full-page abstract (two-page for the invited authors only) should be printed in black print on white paper (format
A4) and formatted as follows: the left margin 3 cm, others — 2,5cm. The recommended font is “Times New Roman”. Center the
title (capital letters, bold, 14 pt). One blank line. The authors’ names (normal font, 12pt), their affiliation(s), postal address and
e-mail address for the corresponding author (italic, 12 pt). Underline the speaker among the authors. Please mention the
corresponding author first. Leave one line blank. The font size for the main text is 12 pt, single interval spacing. Please send
your abstracts and pre-registration form for each author on e-mail - semst-7@onu.edu.ua. The preferred equation editor is MS
Equation editor, 12 pts font size. The font size for figure captions is 12 pts.

Conditions for the publication of theses accepted by the Program committee:

- conference fee payment (received by the Organizing Committee confirmation with the indication of the participant or the
lecturer surname) in the specified in this information term;

- full report (appropriate to the accepted theses).

No more than two abstracts will be accepted from one author.

117



7th International Scientific and Technical Conference “Sensor Electronics and Microsystem Technologies (SEMST-7)”

The papers selected by the Program committee may be published in special issue of international scientific journals:
“Sensor Electronics and Microsystem Technologies®, "Semicond. Phys. Quant. Electron. Optoelectron.”, "Functional
materials", "Photoelectronics".

Conference working languages are Ukrainian, English, Russian

Conference fee:

Participation in the Conference is subject to the payment of the following Conference fee:

For participants from Ukraine — 400 UAH (8§ at the rate at date of calculation)
For participants from CIS — 600 UAH (8 at the rate at date of calculation)
For participants from another countries — 1000 UAH ($ at the rate at date of calculation)
For accompanying persons — 200 UAH (8 at the rate at date of calculation)

Conference fee includes VAT at 20%
Postgraduate students receive a 50% discount from the above fees.
Members of the Ukrainian Physical Society receive 10% discount from the above fees.

The Exhibition

Participation in the exhibition is free of charge. The application form for participation in an exhibition must be given till
30.03.16 and should contain the short description of exhibits and conditions necessary for exhibiting.

Important dates of the conference:

Deadline for Registration forms and abstracts..................... 30.03.16
The 2-nd announcement 15.04.16
Deadline for full papers........c.cooevviiniiniiiiiiie e, 20.05.16
Deadline for payment............ccoovviiiiiiiiiiiiiiiieie e 15.05.16
Participant registration and accommodation........................ 30.0516

The additional information

Odessa has direct connection with many cities:

- air traffic: Istanbul, Haifa, Vienna, Warsaw etc.

- the railway service: Berlin, Minsk, Warsaw etc.

- sea transportation: Istanbul, Haifa etc.

- bus traffic: Barcelona, Berlin, Dresden, Lyons, Lissabon, Madrid, Marseilles, Munich, Paris Prague ets.
The participant accommodation is planned in hotels, sanatorium and hostels of the University. It is warm and dry in Odessa at the
time of the conference, the average air temperature is 23-27°C. Beaches and recreation facilities are available at the seashore. Within
the framework of the cultural program participants will be able to acquaint themselves with outstanding sights, monuments and
museums of Odessa, and participate in a see trip and the other.

Conference Sponsors and organizational support

Sponsors from Ukraine and abroad are invited for financial support of the Conference. The sponsors will be
acknowledged in a special way (by their request - with a trade mark or logotype) in information materials intended
for distribution in many countries and specified on a conference site.

Please submit your proposals to the Conference Organizing Committee.

Address for correspondence:

ISEPTC, Organizing committee "SEMST-7",

Odessa 1. I. Mechnikov National University.

2, Dvoryanskaya str., Odessa, 65082, Ukraine,
Phone/fax 38 (048)-723-34-61, Lepikh Yaroslav Illich
E-mail: semst-7@onu.edu.ua, ndl lepikh@onu.edu.ua
In addition: the conference information is on
web-site: http://www.semst.onu.edu.ua/semst-7/
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THOOPMANLIA AJ151 ABTOPIB.
BUMOI' 10 O®POPMJIEHHSA CTATEHA Y ) KYPHAUJI

Kypnan «CeHcopHa elIeKTpOHiIKa 1 MiIKpOCHUC-
TEMHI TEXHOJIOT11» MyOJiKy€ CTaTTi, KOPOTKI IO-
BIZJOMJICHHSI, TUCTH 10 Pepaxiiii, a TakoX KOMEH-
Tapi, U0 MICTATh pe3yabTaTH (PyHAAMEHTAJIbHUX
1 MPUKIAAHUX JTOCITIKEHb, 32 HACTYITHUMHU Ha-
MPSIMKAMU:

1. ®@i3uyHi, XiMIYHI Ta iHIII SBHUIIA, HA OCHO-
Bl IKMX MOXYTb OyTH CTBOPEHI CEHCOpHU

2. IlpoexkTyBaHHS 1 MareMaTW4YHE MOJENIO-
BaHHS CEHCOPIB

3. Cencopu (i3MYHUX BEIUYUH

4. OnruyHi, ONTOEJNEKTPOHHI 1 pajialiiHi
CEHCOpH

5. AKyCTOEJEeKTpOHHI CEHCOPH

6. XimiuHi ceHCOpHU

7. biocencopu

8. Hanocencopu (¢izuka, Mmarepiaiu, TEXHO-
JI0Ti51)

9. Marepianu anst CEHCOpIB

10. TexHosorisi BUPOOHUITBA CEHCOPIB

11. Cencopu Ta iHpOpMaIiiiHi cucTeMu

12. MikpocuctemHi Ta HaHoTexHoorii (MST,
LIGA-TexHoMOrIs Ta iH.)

13. Jlerpanmarisi, MeTpoJiorisi i ceprudikarris
CEHCOPIB

Kypnan nmyOiikye Takox 3aMOBJICHI OIS 3
aKTyaJIbHUX MUTaHb, 10 BiANOBIAAIOTH HOTO Te-
MaTHlll, TOTOYHY 1H(QOPMALIII0 — XPOHIKY, T€PCO-
HaIil, MJIaTHI peKJIaMHI TOBIJIOMIICHHS, OTOJIO-
MIEHHS 110710 KOH(GEPEHTIIIH.

OCHOBHUI TEKCT CTATTI IOBUHEH BiAMOBIAATH
BuMoram I[loctanosu [Ipesunii BAK Ykpainu Bin
15.01.2003 p. Ne7-05/1 (bronerens BAK Vkpainu
1, 2003 p.) 1 6yTu cTpyKTypoBaHUM. Marepiainu,
10 HajcuiarTbes 10 Penakuii, moBuHHI OyTH
HamMcaHl 3 MaKCHUMaJbHOIO SICHICTIO 1 YITKICTIO
BUKJIA/ly TEKCTY. Y TOAaHOMY PYKOMHCI TOBUHHA
OyTH OOIpyHTOBaHA aKTyaJIbHICTh PO3B’sI3yBaHOT
3ajadi, copMmynboBaHa MeTa JOCIIHKEHHS, Mic-
TUTUCSl OpUTiHAJIbHA YacTHHA 1 BHCHOBKH, LIO
3a0e3MeYyloTh PO3YyMIHHS CyTlI OTPUMaHHUX pe-
3yJbTATIB 1 IX HOBU3HY. ABTOpY MOBUHHI YHUKATH
HEOOTPYHTOBAHOTO BBEJCHHS HOBUX TEPMIHIB 1
BY3bKOTIPO(TEHUX )KaPTOHHUX BUCIIOBIB.

Penakuis ypHasy NpoCUTh aBTOPIB MPH Ha-
MpaBJIeHI CTaTei 10 APYKY KEepyBaTHUCS HACTYII-
HUMU MpaBUTIaAMHU:

1. Pyxomnucu MOBHHHI HAJCHJIATUCS Y JBOX
MPUMIPHUKAX YKpaiHChbKOIO, a00 pOCIHCHKOIO,
a00 aHMIIHACHKOI0O MOBOIO 1 CYIPOBOKYBaTHUCS
¢aitnamu Texcty 1 MamoskiB Ha CD. Pykonucu,
SKI TIPOTIOHYIOTBCSI aBTOpamMH 3 YKpaiHu abo
kpain CHJ] mo BuaaHHS aHIIIHCHKOIO MOBOIO
00OB’SI3KOBO  JIOTIOBHIOIOTHCSI  YKPaiHOMOBHOIO
abo poOCIIICbKOMOBHOIO Bepci€r. EnexkTpoHHa
KOIlisE MOXkKe OyTH HajicjiaHa eNeKTPOHHOIO MO-
HITOO.

2. Ipuitasatai dopmaru Tekcty: MS Word
(rtf, doc).

3. llpwuitaarHi rpadiuni ¢opmaru Uis pH-
cynkiB: EPS, TIFF, BMP, PCX, WMF, MS Word
1 MS Graf, JPEG. Pucynku ctBOpeHi 3a mormo-
MOTOI0 TPOrpamMHOro 3a0e3reueHHs JJs Mare-
MaTUYHUX 1 CTATUCTUYHUX OOYHUCIICHB, MOBUHHI
OyTH TIEpETBOPEHI IO OHOTO 3 IUX (HhOPMATIB.

4. Ha crarTi aBTOpiB 3 YKpaiHU MaroTh OyTH
€KCIEPTHI BUCHOBKH PO MOXKJIUBICTh BIIKPUTO-

rO JPYKY.

Pykonucu HajaCHIATH 32 aiPeCOIo:

Jlenix Apocnas iy, 3act. roin. penakropa,
Onecbkuil HaIIOHAJIBHUNA YHIBEPCUTET iMe-
Hi I. I. MeunukoBa, MHH®TIL] (H/IJI-3),
ByJ1. JIBOpsiHCEKa, 2, Oneca, 65082, Ykpaina.
Tenedon / ¢paxe +38(048) 723-34-61,
E-mail: semst-journal@onu.edu.ua,
http://www.semst.onu.edu.ua
30iticHioembCst aHOHIMHE peyeH3)Y8aHHS P)-
Konucie cmamei.
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IIpaBuia mMiArOTOBKH PyKONUCY:

Pykonucu mOBUHHI CYNpOBOKYBaTtucs odi-
[IHHUM JINCTOM, TiMUCAHUM KEPIBHUKOM YCTa-
HOBH, Jie Oyna BUKOHaHa pobota. Lle mpaBuio He
CTOCYEThCS POOIT MpEeACTaBICHUX aBTOpaMH 13
3aKOpAOHY YM MIKHAPOJHUMH IPyIIaMy aBTOPIB.

ABTOpCBHKE TTpaBo NepexoanTs Buaasiiio.

TuTynbHUM apKyI:

1. PACS 1 VuiBepcansuuii [lecsarroBuii Kopg
Knacudikamii (VIK) (ms aBropis i3 kpain CHJI)
— y BEpXHBOMY JIiBOMY KyTi. JlommyckaeTbes fe-
KUJIbKA BIJAUJIEHUX KOMAaMHM KOMIB. SIKIIO HISKI
Koau Kiacudikaiii He To3HaueHi, koa(u) Oyme(-
yTb) BU3HaueHo Penaxkiiitnoro Koneriero.

2. HazBa poGotu (110 1IeHTpY, TPOMUCHUMH JTi-
Tepamu, mpudT 14pt, KUpHO).

3. IlpizBume (-a) aBropa(-iB) (MO IIEHTDY,
mpudt 12pt).

4. Ha3zBa ycraHoBH, ITOBHA ajpeca, TenedoHu
1 akcu, e-mail 11 KOXKHOTO aBTOpa, HUXKYE, Ye-
pe3 OJIMH THTEPBA, OKPEMHUM PSIKOM (TI0 TICHTPY,
mpudt 12pt).

5. Anoramis: no 1000 cumBoIiB.

6. KimrouoBi ciioBa: iXHS KUTBKICTh HE TOBHU-
HHa TICPEBUIIYBaTH BOCHMHU CIiB. B ocoOnuBux
BUMAJKaX MOXHa BHKOPHCTOBYBaTH TEPMIHU 3
JIBOMa — 491 TphoMa ciioBaMu. L{i cimoBa moBuHHI
OyTH po3MillleH] M aHOTAIli€l0 1 HAIKCaHI Ti€l0
CaMOI0 MOBOIO.

IT.o. 2,3,4,5,6 mOCHIIOBHO BUKIACTH yKpaiH-
CBKOI0, aHTJTINCHKOIO 1 POCIHCHKOI0 MOBaMHU.

Jlnst aBTOpiB 3 3aKOpPAOHY, AKi HE BOJIOIIIOTH
YKpaiHCBhKOI0 a00 POCIMCHKOI MOBaMH, M. 2-5
BUKJIAJAIOTHCS AaHTTTIIHCHKOI0 MOBOIO.

7. J10 KOX)KHOTO MPUMIPHHKA CTATTI JOJAIOTHCS
pedeparu ykpaiHCHKOIO Ta aHTIIIHCHKOI0 MOBAMH
(xokeH pedepar Ha okpeMoMy apkyiiri). OcoOmuBy
yBary CJiJi IpUIUIATHA HAMCAHHIO PEe3IOME CTaTTI
aHTJIIMCHKOI0 MOBOKO. /{71 IIbOT0 AOIIIBLHO KO-
PUCTYBaTHUCS MOCITyraMu KBaji(hikoBaHUX CIIeIli-
QJTICTIB-JIIHTBICTIB 3 MOAAIBIIINM HAYKOBUM peJia-
T'YBaHHSM TeKcTy aBTopoMm(-amn). Ilepen cioBom
«pedepar» HEOOXITHO HANUCATH TTOBHY Ha3BY
CTaTTi BiAMOBiIHOIO MoBOW, YJIK, mpi3Buiia ta
1HIIIaJIM aBTOPiB, Ha3BU ycTaHOB. Pedepar 00-
csirom 200-250 ciiB Mae OyTH CTPYKTYpOBAHUM:
MeTa (4iTKo c(hopMyILOBaHa), METOIU JIOCITIIKCH-
HSl, PE3YJIBTATH JOCIIKCHHS (CTHCIIO), y3araib-
HeHHs1 a00 BUCHOBKHU. [licns Tekcty pedepary 3
a03a1ry po3MIILyIOThCS KIIOUOBI CIIOBA.
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8. TekcT cTaTTi NOBUHEH OyTH HaJApyKOBaHUI
yepe3 1,5 iHTepBanu, Ha OlToMy manepi ¢popmary
A4. Tlons: 3miBa - 3cMm, crpasa - 1,5¢M, BBepXy 1
3HU3Y - 2,5¢Mm. LlpudT 12pt. [Tix3aroaoBku, Ko
BOHHU €, TOBUHHI OyTH HaIPyKOBaH1 MPOMUCHUMH
JTepamMH, )KUPHO.

PiBHsHHS TIOBMHHI OyTH BBEICHi, BHKOpHC-
toBytoun MS Equation Editor a6o MathType.
PoGoTH 3 pyKONMCHUMHU BCTaBKaMH He MpUiimMa-
10ThCsl. TaOnuii moBuHHI OyTH MpencTaBlieH] Ha
OKpEMHUX apKymiax y ¢opMaTi BiIMOBIIHUX TEK-
cToBUX (opmariB (IuB. BHIIE), 4d y (opmari
TEKCTY (3 KOJIOHKaMH, BIITIJICHUMH 1HTEpBaJIaMH,
KOMaMH, Kparkam 3 KOMOIO, Y 3HaKaMH TalyInto-
BaHHS).

9. V KiHII TEKCTY CTATTI yKa3aTH MPi3BUINA,
iMeHa Ta 1o 0aThKOBi yCiX aBTOpPiB, MOIITOBY
aapecy, TenedoH, dakc, e-mail (s KopecnoH-
JIEHITIT).

10. Crnucok miTeparypu TMOBUHEH OyTH HaJ-
pykoBaHuil uepe3 1,5 iHTepBaiu, 3 JiTEpaTyporo,
IIPOHYMEPOBAHOIO B MOPSAAKY 1i MOSBU B TEKCTI.
bibmiorpadist npyKyeThCs uie JaTHHUICIO (KH-
pUIHI MoJaeThesl B TpaHcaitepaunii). [Topsaok
oopMIIeHHS JIiTepaTypy MOBHHEH BiJINOBIIATH
Bumoram BAK VYkpainu, Hanpukian:

[1]. LM. Cidilkov skii. Elektrony i dyrki v
poluprovdnikah. Nauka, M. 450 s. (1972).

[2]. J.A. Hall. Imaging tubes. Chap. 14 in The
Infrared Handbook, Eds. W.W. Wolfe, G.J. Zissis,
pp. 132-176, ERIM, Ann Arbor, MI (1978).

[3]. N. Blutzer, A.S. Jensen. Current readout of
infrared detectors // Opt. Eng., 26(3), pp. 241-248
(1987).

11. Tlignucu 10 pUCYHKIB 1 TaOIMIh TOBUHHI
OyTH HaJpyKOBaHI B PyKOMHMCI 3 IBOMa MpoOina-
MU TCJA CIHCKY JiTeparypu. BHHOCOK, SKIIO
MO>KJIMBO, Oa)KaHO YHUKATH.

[TpuiimaroTbes TiIIBKU BUCOKOSIKICHI PUCYHKH.
Hammcn 1 cuMBonM MOBUHHI OyTH HAApYyKOBaHI
ycepenuHi pucyHky. HeratuBu, crnaiiau, 1 miaro-
3UTUBH HE NPUHMAIOTHCS.

KoxeH pucyHOK oBUHEH OyTH HaJpyKOBaHUI
Ha OKPEMOMY apKyIIli 1 MaTu po3Mip, 10 HE Tiepe-
Buirye 160x200 mm. J{71s1 TEKCTY Ha pUCyHKaX BU-
kopucroByiite mpudt 10pt. OnuHuLI BUMipy 110-
BHHHI OyTH TIO3HAUCHI MICJISI KOMU (HE B KPYIJIUX
IyXKax). YCi pUCYHKH TOBUHHI OyTH MpOHyMe-
pOBaH1 B MOPSAIKY iX TOSBU B TEKCTIi, 3 YaCTHHA-
MU TMO3HaYeHUMH siK (a), (0), 1 T.a. Po3mimeHHs



HOMEpIB PUCYHKIB 1 HAITUCY yCEePEANHI MAIIOHKIB
HE JIO3BOJISIIOTHCA. 31 3BOPOTHOI CTOPOHU, HAIH-
IITh OJIBLEM Ha3By, npizBuile(a) aBropa(-iB),
HOMEp MaJIIOHKA 1 IO3HAUTE BEPX CTPLIKOIO.

@otorpadii MoBUHHI OyTH OpHUTiHAIEHUMH.
KonbopoBuil IpyK MOXIMBHM, SKIIO HOTO Bap-
TICTh CIUIAYY€ETHCS aBTOPAMH UM 1X CIIOHCOPaMHU.

12. Crarts Mae OyTH mignucaHa aBTopom (yci-
Ma aBTOpaMH) 3 3a3HAYCHHSIM JaTH Ha OCTaHHIN
CTOpIHIII.

ABTOpPHM HECYTh TOBHY BiJIOBIJAJIBHICTh 3a
Oe3noranHe MoBHE 0OPMIIEHHS TEKCTY, 0COOIIH-
BO 3a MPaBUIIbHY HAyKOBY TepMiHoJorit0 (11 ci
3BIpATH 32 (PaXOBUMHU TEPMIHOJIOTTYHUMH CIIOB-
HUKaMH).

13. JIaTor0 HaAXOM)KEHHS CTATTi BBAXKAETHCS
JI€Hb, KOJIH JI0 PEJKOJIeTii HaJiiIIOB O0CTaTOYHUN
BapiaHT CTaTTI MICIs PELIEH3yBaHHS.

[Ticnsa ogeprkaHHs KOPEKTYPHU CTATTi aBTOP TO-
BUHCH BUIIPABUTH JIUIIIC TIOMIJIKHU (YITKO, CHHBOIO
a00 YOPHOIO PYUYKOIO HEMPaBUIIBLHE 3aKPECIUTH,
a Topsi 3 IIUM Ha TOJII HAIMCATH MPaBUILHUN
BapiaHT) 1 TEPMIHOBO BIJICJIATH CTATTIO HAa aJIpecy
PEAKOIIETIi eTEeKTPOHHOO TOIITOTO.

[Tignmuc aBropa y KiHIIi CTATTi 03HAYAE, IO aB-
TOp Tepeaac MpaBa Ha BUJIAHHS CBOEI CTATTi pe-
JaKInii. ABTOp TapaHTyeE, IO CTATTS OPHUTIHAJIBHA;
Hi CTaTTs, HI PUCYHKH J0 Hel He Oynau ormyOmiko-
BaHl B IHIIINX BUJTAHHSIX.

BigxueHi cTaTTi He TOBEPTAOTHCS.

o yBaru aBTOpiB

MixknapoaHa areiiss ISSN BcraHoBHIIa CKO-
poYeHy Ha3By Halloro xxypHaiy «Sens. elektron.
mikrosist. tehnol.» [Ipocumo Bac y cBoix mocu-
JaHHAX 1 610mi0rpadiyHUX JaHUX CTATeH BUKOPH-
CTOBYBATH CaMe TaKy Ha3By OCKIJIbKH 110 Hiil Oyze
3MIMCHIOBATHUCS TTOCHJIaHHS Ha Bamry crarTo.
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