JEMOHCTPHPYeT H3MeHeHHe (a3zoBoro cocraBa ¢eppura Mean mocie TO mpu 700°C m mocne 3IEKTPOXUMHYECKHX
skcnepumMenToB. Dopmupyromuecs: Fe-Cu KOMIO3UTHI HPOSBIAIOT BBICOKYIO 3JIE€KTPOKATAIMTHUECKYIO0 AKTHBHOCTH B
3JIEKTPOrUAPUPOBAHNY OPTaHUYECKUX COEAMHEHHH.
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Pucynok 9 — Pertrenorpammsl CuFe,O4 nmocnie TO mpu 700°C mo (a) u mocie (0)
INEKTPOXUMHUUECKUX IKCIICPHMEHTOB

Takum 06pa30M, OIMMCAaHHBIC HCCIICAOBAHUA IIOKa3aJid, 4YTO MECAbCOACPKAIIUE KOMIIO3UTHI KakK 663, TaK U C
HaHecenueM HY MEAU Ha MOJUMEPHBIC U YITICPOAHBIC HOCHUTCIN OKAa3bIBAIOT 3(1)(1)6KTI/IBHOC KaTaJIUuTUICCKOC HGP‘ICTBHS Ha
IPOUECCHI DJICKTPOXUMUYECKOTO BOCCTAHOBJICHUS OPraHUYCCKHUX COG}II/IHGHI/lﬁ hu MOryT OBITH BOCTpe6OBaH])I B Ka4yC€CTBEC
KaTaJIn3aTOPOB B PA3JIMYHBIX XUMHYCCKUX PCAKIUAX.
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In recent years, there has been a significant increase in interest in organic electrochemical transistors (OECTs) due to
their unique characteristics, such as high transconductance, low operating voltage (< 1 V), and compatibility with aqueous
environments. These properties make OECTSs promising for applications in biosensors, bioelectronics, and neuromorphic
computing systems [1-3].

A key component of OECTs, which endows them with these unique functional properties, is the organic mixed ionic-
electronic conductor (OMIEC) used as the transistor channel [10]. OMIEC materials represent a class of polymers that
exhibit both electronic and ionic conductivity [4].
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The operating principle of OECT is based on the electrochemical doping of the OMIEC layer by ions from the
solution [10]. Figure 1a shows the architecture of an OECT. In an OECT, the OMIEC-based channel is located between two
electrodes - the source and the drain - and is in contact with an electrolyte on top, in which a third electrode, the gate, is
immersed. The conductivity of the channel is regulated through the process of electrochemical doping.

Depending on the initial charge carrier density of the OMIEC material, OECTs are classified into devices operating
in accumulation or depletion mode [5]. The main difference lies in the initial conductivity of the OMIEC layer. Let’s
consider the operation of an OECT in the case of a device operating in accumulation mode with a p-type OMIEC channel.
Figures 1b and 1c illustrate the process of electrochemical doping of the OMIEC channel.
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Figure 1. (a) OECT architecture, (b) electrochemical dedoping of the OMIEC channel, and (c) electrochemical
doping of the OMIEC channel.

When the gate potential (V) is 0 V relative to the source, and the drain potential (V) is biased negatively relative to
the source (V4 < 0 V), the channel potential (V.n) becomes more negative compared to the gate (AV =V, - V4 >0V). As a
result, the potential difference AV between the gate and the channel creates an electrochemical driving force that pushes
cations (positively charged ions) from the solution into the volume of the channel, leading to dedoping of the channel.

The electroneutrality of the channel is maintained by the removal of holes at the drain, where they recombine with
electrons, leading to depletion of the channel and a reduction in its conductivity. In the case of an OMIEC channel with an
initially low hole density (po), the dedoping process has little effect on conductivity, as it was already low. Thus, when V, =
0 Vand V4< 0V, the drain current (I4) is low.

However, when the gate potential is biased more negative relative to the drain, the channel potential becomes more
positive relative to the gate (AV = Vg - Vg, < 0). This causes the drift-diffusion of anions into the volume of the channel
(Figure 1c). The negatively charged anions are compensated by the injection of holes from the source, leading to an increase
in hole density within the channel and, consequently, to a rise in its conductivity. As a result, a significant current begins to
flow through the channel.

The key process that determines the conductive state of the channel in an OECT is electrochemical doping (or
dedoping). Its dynamics depend on ion mobility, which is significantly lower than the mobility of electronic charge carriers.
Due to the sluggishness of ions, OECTs are characterized by relatively slow switching speeds between the two steady states
of the transistor. The minimum response time of an OECT is around 10 ps [6], which is sufficient for the use of these
transistors in biosensing and neuromorphic computing systems.

Since the OECT channel is in direct contact with the electrolyte, even small changes in the potentials of the gate,
drain, or source significantly affect the ion dynamics in the system, resulting in noticeable changes in the drain current [9].
One of the distinguishing features of OECTs, setting them apart from other transistor types, is the ability to modulate the
channel's conductivity by the drain (or source) potential. This is because the ion transport dynamics between the phases
(channel/electrolyte) are controlled by the potential difference between the gate and the channel, AV = V, - Vg, and the
channel potential, in turn, depends on the drain potential [7]. Furthermore, the channel potential V¢, is not uniform along its
length; it changes from the source potential to the drain potential. This leads to non- uniform electrochemical doping along
the channel length, causing lateral ion diffusion to achieve uniform doping [8].
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To demonstrate the influence of the drain potential on the steady-state characteristics of an OECT, the experimental
results from our recent study are presented below [9]. Figure 2a shows IV characteristics at various fixed gate potentials for
an OECT operating in accumulation mode with a p-type P3HT polymer channel. These I-V curves are referred to as the
output characteristics of the transistor. As seen in Figure 2a, the output curves demonstrate asymmetry: the drain current (I4)
is significantly higher when sweeping in the direction of V4 > 0 V. This asymmetry in the output curves of OECTs is not
always obvious. For comparison, Figure 2b presents the output characteristics of an OECT operating in depletion mode with
a p-type PEDOT:PSS channel, taken from the article by D. A. Bernards and G. G. Malliaras [7]. As shown in Figure 2b, for
an OECT operating in depletion mode, the output curves do not exhibit asymmetry. A more detailed discussion of the causes
of asymmetry in transistor output characteristics can be found in our recent publication [9].
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Figure 2 - Output curves of an OECT operating in accumulation mode with a P3HT channel (a) [9] and operating in
depletion mode with a PEDOT:PSS channel (b) [7].

The observed asymmetry in the output curves of OECTs has important practical significance, as it allows the device
to function as a rectifier (diode). The structure of the OECT can be simplified by directly connecting the gate to the source
(Figure 3a). In this configuration, the OECT transforms from a three-terminal device into a two-terminal one, and the I-V
curve of this device with a P3HT channel are also shown in Figure 3a. As seen from the I-V characteristics, the OECT with
the gate and source short-circuited operates as a rectifier, where the drain acts as the anode and the source as the cathode.

Moreover, the rectification polarity can be easily reversed by connecting the gate directly to the drain. In this case,
the source becomes the anode, and the drain becomes the cathode, as shown in Figure 3.3b. This functionality of the OECT
as a rectifier with switchable polarity was first demonstrated by our group [9]. Additionally, we proposed an analytical model
describing the I-V characteristics of the OECT-based rectifier and its dependence on channel geometry and material
properties. This model is based on the seminal model proposed by D. A. Bernards and G. G. Malliaras for OECTs [7].
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Figure 3 Organic electrochemical rectifier with switchable polarity.
(a) OECT with the shorted source and gate and (b) OECT with the shorted drain and gate.

We classify the OECT with the shorted source and gate (Fig. 3a) or with the shorted drain and gate (Fig. 3b) as
organic electrochemical rectifiers (OECRs). The proposed analytical model for the I-V characteristics of the OECR is
presented below:
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where W, T, and L are the parameters characterizing the geometry of the channel (width, height (thickness), and
length, respectively); u, po, and ce, are the parameters characterizing the physical properties of the channel (hole mobility,
initial hole concentration, and specific volumetric capacitance of the channel, respectively). Equation (1) is applicable until
the OECR current reaches saturation; the saturation current is defined by Equation (2).

This model allows for the analysis of the dependence of the OECR’s I-V characteristics on the geometric parameters
of the channel and the physical properties of the channel material. The crucial performance metric for rectifier is the
rectification ratio (RR), which is defined as the ratio of the forward current (I¥) flowing through the diode when a forward
voltage is applied, to the reverse current (I;) flowing under reverse voltage (RR = I¢/I;). As seen from Equation (1), geometric
parameters and mobility (u) do not affect the rectification ratio, as these parameters influence both Ir and I, equally.
However, the rectification ratio is largely dependent on the initial charge carrier density (po) and the specific volumetric
capacitance (cqn). In particular, po significantly affects the ratio between Ir and I.. Figures 4a and 4b illustrate how the I-V
characteristics and RR change with different values of po.
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Figure 4. Dependence of the OECR I-V characteristics and rectification ratio on the initial hole concentration [9].
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As shown in Fig. 4a, when a polymer with a high hole density (~1-10*' cm?) is used as the channel, the asymmetry in
the I-V characteristics is minimal. However, when po is reduced by half, the asymmetry becomes more noticeable, and with a
tenfold decrease in po, the asymmetry becomes even more pronounced. Similarly, the rectification ratio (RR) increases as the
hole concentration in the OECR channel decreases. Therefore, to develop an OECR with a high rectification ratio, OMIEC
polymers with an initial charge carrier density of less than 5-10%' cm? should be used.

The fundamental difference between OECR and other diodes based on organic materials lies in the rectification
mechanism [10]. In traditional diodes, the asymmetry in current arises due to the bending of energy bands at the interface. In
OECR, the current asymmetry is caused by electrochemical doping of the channel under forward bias and dedoping under
reverse bias [9]. Additionally, cutrent asymmetry is observed in nanoporous systems [6], where it occurs due to the
nonuniform geometry of the nanopores and the distribution of surface charges along their walls. However, synthesizing
nanoporous films with pronounced conductivity asymmetry is a complex process that requires precise control of pore
morphology. In this respect, OECR is more attractive, as it does not require creating a heterojunction or nanoporous films
with a specific geometry.

At this stage of our research, we have proposed an analytical model of the OECR based on the Bernards and
Malliaras model for OECTs. We have demonstrated the possibility of using OECTs as rectifiers with switchable rectification
polarity. The next important stage of our research is the development of an OECR with negative differential resistance,
which is crucial for designing a neuron circuit based on the OECR.
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YIK 669.017.16

NCCJEJTOBAHUE BJIMSIHUE MOJIMBIAEHA U KPEMHUSI
HA BBICOKODHTPOIIMMUHBIN CILIAB KAHTOPA

HcarynoB A.3., HAO «KaparananHckuii TEXHWYECKHH YHUBEpCHTET HMeHH AObuikaca CarMHOBa», T.
Kaparanna, Kazaxctan

Keon CB.C., HAO «KaparannuHCKuii TeXHHYECKHH YHHBEPCHTET HMeHH AObuikaca CaruHoBay, T.
Kaparanna, Kazaxcran

KyauxoB B.FO., HAO «KaparannuHckuii TeXHHMYeCKHH YHHBEpcUTET HMMeHHM AObuikaca CarvHoBay, T.
Kaparanna, Kazaxctan

B pa6ote [1] aBropamu mpemioxeH HOBBIH TOHKOCTPYKTYpHBIH BDC CrFeNiAly27Sio.11M0o .22, TOTyYeHHBINH METOIOM
JyTOBOH IIaBKH. B pe3ynbTaTe MpoBeIEeHHBIX SKCIEPUMEHTAIBHBIX HAOMIOACHU MOJIy4YEHbI CIUIABBI C IOBOJIBEHO BEICOKUMH
MEXaHUYECKUMH CBOMCTBaMH. Takke NOaHHBIA CIUIaB 00JaJaeT MPEBOCXOJHONH KOPPO3HOHHOW CTOMKOCTBIO 3a CYET
00pa30BaHUs TOHKOH IJIEHKU OKCHA MOJIHOIEHA.

Takoe 3HAYNTENBHOE YBEIWYECHHE MPOYHOCTHBIX XaPaKTEPHCTHK aBTOPHI pabOTHI CBS3BIBAIOT ¢ 00pa3oBaHHEM
TOHKOH JTyabHOH CTPYKTYpbl, 00pazoBanHoH rutactunkamu BCC u ACC-pacTBopaMi.

Hano orMeTuTh, 4TO JaHHBIE 3TOrO HCCIIEAO0BAHHUS XOPOLIO COITACYIOTCA ¢ pe3ylbTaTaMu paboTsl [2], riae Takxke
ObUTO OTMEYEHO, YTO BBeAEHHE MO MONOKHUTENBHO BIMSET Ha MPOYHOCTh NMPU COXPAHEHHH BBICOKOW IIACTHYHOCTH. B
nccienoBanud [3] aBTopamu paspaboran HOBEIN cmiaB FeCoCrNiMoSiy ¢ pa3snudHBIM colepikaHieM Si B COOTBETCTBHUH C
atoMHbIM cooTHomeHueM Fe:Co:Cr:Ni:Mo:Si. = 1:1:1:1:1:x (rme x=0,5;1,0;1,5). ABTOpamMu OBUIO YCTaHOBJICHO, YTO
BBezieHNe kpeMHus B ciuiaB cucTeMbl FeCoCrlNiMo npeoOpasyer aByx(a3Hyro CTpYKTypy ciuiaBa B Tpexdasnyio Tuna FCC
+ HCP + BCC. C yBenuueHueM cOAep)KaHUs KPEMHHUSI CTPYKTYpa IIpUoOpeTaeT JeHAPUTHBIM cTONOUaThI XapakTep, a Mpu
yBenmueHun conepxanus Si 1o x = 0,9 u 1,0 B crutaBe oOpasyercst TBephas cCHiIMKaTHas (asza, MpUUeM MPH TOM
HaOJIIOAeTCs YETKAs Cerperarys 3JeMEHTOB.

Takum o00pa3oM, pe3ylbTaThl HCCICIOBAaHHA B BBINICYKa3aHHBIX pa0OTax TMoOKa3ajiu, 4To JerupoBanue BOC
MOJMOICHOM U KPEeMHUEM IPUBOAUT K 3HAUMTEILHOMY YIPOYHEHUIO, NIPUYEM B psifie CIydaeB ILIACTUYHOCTb CILUIABOB
COXpaHSETCs] Ha MPEKHEM ypOBHE WM Jake Bo3pacTaeT. Hajmo oTMeTuTh, YTo MONMMOICH OKa3bIBaeT OOJIbIOE BIMSHHUE HA
IIPOYHOCTS CILIABA, YEM KPEMHUIL.

[MpoBenénnblil MHPOPMAIMOHHBIM aHANM3 TMOKa3al MOJOXHUTENbHOEe BIMsSHHE Mo W Si Ha NPOYHOCTH U
IUTACTUYHOCTh CIiaBoB cucteMbl Fe-Cr-Co-Ni-Mn. YmpouHeHHe CIUIaBOB NMPU COXPAaHCHUH WIIM JIKE TOBBIIICHUH
IUTACTUYHOCTH TPOMCXOMUT 32 CUET 00pa30BaHWs HOBBIX (a3 BHEIOpeHWs THIA G- U |- pa3 u Qa3 JlaBeca, paBHOMEPHO
pacIpesielleHHbIX B BSI3KOW MaTpHIle TBEpAOro pactopa. OnHAKO, Bce UCCIEAOBAHUS KacaloTCs TOJBKO «KIACCHYECKUX)
BDC, mosTomMy moiydeHHBIE pe3yNbTaThl HEBO3MOXKHO MPOcTo TpaHciaupoBatk Ha KBOC, T.X. OHM IpencTaBisioT coOoi
COBEpIIEHHO Jpyrue ucxoiHble ¢a3oBele cucTeMbl. He uccienoBaimuch Takke Ipyrue cpoiictBa BOC, nHanpumep,
KHUIKOTEKY4eCTh, KOTOpas SBISETCS BA)KHOH TEXHOJOTHYECKOW XapaKTepHCTHKOH. COOTBETCTBEHHO, HCCIIEOBAHMS
BIMAHUA Mo u Si Ha IPOYHOCTD, IIIACTUYHOCTb U IPYTHe CBOMCTBA SIBIISIOTCS aKTyaJIbHOM U EpCIIEKTUBHON 3a1auei.

B na6oparopun MexmynapoaHoro 1ientpa marepuanopeneaus HAO «KaparaHAnHCKUI TEXHUYECKHA YHUBEPCUTET
nmeHH Abbutkaca CaruHoOBa» ObLIH MTPOBEIEHBI JIAOOPATOPHBIN HCIIBITAHHS MO BBIIIABKE OINBITHBIX 000pa3oB.

B kadecTBe IIMXTOBBIX MaTEpPHAaJOB HCIOJIB30BAINCH (eppomapranen; Mapku FeMn80CO05, deppoxpoM Mapku
@®KO005, deppornodbmnit mapkn DOHO60, Hukens katogueni Mmapku HI, Mertammmueckmit kobamsr Mapkn KlAy wu
dbeppomonbaen Mapku PMo60. XuMHUYECKUH COCTaB KOMIIOHEHTOB IIMXTHI NpuBeneHu B Tabmuie 1. CocTaB MIMXTHI
paccuuThIBaIICS TaKUM 00pa3oMm, 4ToOBI coaepkanne Mo coctaBisuio 5, 10, 15% macc., conepkanue Nb okono 14% macc,
OCTaJIbHBIE SJIEMEHTHI IPUMEPHO B PaBHBIX JOMAX.

JucnepcHocTh BceX KOMIIOHEHTOB Ha 90% Obuia mperncraBieHa ¢paxmueir 2-3 Mm. DpakIUMOHHBIH COCTaB
MaTepuasoB ONpENeIsuics Ha aHanuTHYecKod mpocewBatomeii mammue AS 200 control (Retsch, T'epmanms). [anee
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