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Abstract. We have experimentally studied the multilevel resistive switching in forming-free
nanocrystalline ZnO films. It was shown that potentiation and depression at 0.5 V and -0.5 V
for 3000 cycles led to the film resistance increasing by 3 orders of magnitude. In addition, it was
shown that ZnO films successfully mimic biological memory through increased pulse number
stimulation. Fixing the amplitude of the training pulses makes it possible to achieve different
resistive states such as synaptic weight levels of the biological brain. The obtained results can
be used for ReRAM elements of neuromorphic artificial intelligence systems fabrication based
on forming-free nanocrystalline ZnO films.
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AnnHotanmug. MBI 3KCHEepUMEHTAJIbHO MCCIEIOBAIM MHOTOYPOBHEBOE PE3UCTHUBHOE
nepeximoueHue B forming-free HaHOKpucTayMueckux miaeHkax ZnO. Belio mokazaHo, 4TO
noteHuupoBanue u aenpeccust npu 0,5 B u -0,5 B B Teuenue 3000 LUKIOB MpUBEIU K
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YBEJIMYEHUIO COIPOTUBICHUS IUIEHKUM Ha 3 mopsaka. Takske ObUIO IIOKA3aHO, YTO ILIEHKU
ZnO ycHeumHo MMHUTHUPYIOT OMOJIOIMYECKYIO0 IMaMsTh IYTEM YBEJIMYEHUs YHUCIa MMITLYJIbCOB
ctumyssiiuy, OuUKcanus aMIIATYIbl 00yYarolIUX UMITYJIbCOB ITO3BOJISIET JOCTUYD Pa3IMYHbIX
PE3UCTUBHBIX COCTOSIHWI, TaKMX KaK YPOBHM CHHAIITMYECKOIO Beca OMOJIOTHMYECKOTO
mosra. [lomyuyeHHBIE pe3yIbTaThl MOTYT OBITh MCITOJb30BAHBI IJII M3TOTOBJIICHUS 3JICMEHTOB
ReRAM HeiipoMOp(PHBIX CHCTEM HMCKYCCTBEHHOTO WHTEJUICKTa Ha OcHoBe forming-free
HAHOKPUCTAJUIMYECKUX TUIEHOK ZnO.

KmoueBbie cioBa: HeilpoMopdHbie cucteMbl, Mempuctop; ReRAM, MHoroypoBHeBoe
pe3UCTUBHOE mepekimoueHne, forming-free HaHOKpUCTaUIMUYecKNit ZnO, WMITyJIbCHOE
Jla3epHOE OCaXJIEeHUE

®unancupoBanne: Paborta BbhIONTHEHa Tpu (UHAHCOBOM momaepxke Poccuiickoro
bonnga dyHaaMeHTaNIBHBIX MCCIENOBaHWII B paMKax HayYHO-UCCJIEI0BAaTEIbLCKOTO IPOEKTa
Ne 19-29-03041 mx u mpoekta Ne 19-38-60052 (Dnekrpuueckue usMepeHusi B forming-
free HaHokpucraumueckoil tieHke ZnQ). M3rotosneHue oOpasiioB TOHKOU TeHKU ZnO
MPOBOAMJIOCH NpU (UHAHCOBOI TMojuepxke rpaHta Ilpesumenta PO Ne MK-6252.2021.4.
IToreHuupoBaHue U aernpeccus IuieHOK ZnO TNpoBOAMIMCH MpU (PUHAHCOBON MOAAEPKKE
TTpaButenbcTBa Poccuiickoit denepanmnu (cormamenue Ne 075-15-2022-1123). MccnenoBanue
MHOTOYPOBHEBOI'O PE3UCTUBHOIO MepeKtoueHUs B OecpopMeHHON HAHOKPUCTAUIMYECKOM
menke ZnO MpoBOAMIOCH TIPU TOAEpX)Ke rpaHTa Poccuiickoro HayuyHoro cdonma Ne 21-79-
00216, https://rscf.ru/project/21-79-00216/, B KOxxHOM enepaibHOM YHUBEPCUTETE.
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Introduction

In recent years, tasks related to perception, recognition, learning and memory functions have
become increasingly important [1—3]. The concept of neuromorphic computing, which mimics
the computational primitives of the biological brain, is replacing conventional von Neumann
calculations [4—6]. Here, the main functional component is the synapse, which enables the
transfer of information between neurons. It is worth noting the extreme complexity of this kind
of system, where parallel data processing and information storage take place in a single device
consisting of an array of nonvolatile and energy efficient memory elements operating in analog
mode [7, 8]. It is important to ensure that any artificial synaptic device correctly recreates the
computational primitives of biological synapses before using it in neuromorphic applications. One
promising candidate as an element base for neuromorphic systems is non-volatile resistive mem-
ory (ReRAM), as it satisfies several important requirements, such as non-volatility, low power
consumption and the presence of multiple stable resistive states between the high-resistance and
low-resistance states (R, and R, () due to redistribution of oxygen ions and oxygen vacancies in
the oxide volume [9, 10]. It is important to note that ReRAM can mimic various biological brain
characteristics such as short-term plasticity (STP), long-term plasticity (LTP), spike-rate-depen-
dent plasticity (SRDP), and spike-timing-dependent plasticity (STDP). In addition, ReRAM is
bipolar, has a simple metal/dielectric/metal structure, which means it is compatible with conven-
tional semiconductor technology, and offers a high integration density [12, 13].

Various classes of materials such as perovskites, chalcogenides, solid electrolytes, organic com-
pounds, and metal oxides exhibit the memristor effect [14—16]. Among the latter, oxides such as
Zn0, TiO,, HfO,, ZrO,, etc. are of particular interest. Literary analysis showed that many scien-
tific publications are devoted to the study of the creation of ReRAM memory elements based on
forming-free nanocrystalline ZnO films, largely because this material has only one phase, which
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increases the stability of the neuromorphic systems created. There are many methods for produc-
ing metal oxide films, the main ones being atomic layer deposition (ALD), magnetron sputtering,
pulsed laser deposition (PLD), etc. [17, 18]. A few studies have shown that ZnO nanocrystalline
films grown using PLD exhibit impressive memristor effect parameters, with higher R, ,./R, »¢
ratios and low operating voltages [19—21]. However, there is still a lack of knowledge in vari-
ous aspects of the fabrication of ReRAM neuromorphic elements based on this material, such
as potentiation and depression processes as well as multi-bit properties, which is the aim of this
paper. The results obtained can be used to create ReRAM elements of neuromorphic artificial
intelligence systems based on forming-free nanocrystalline ZnO films.

Materials and Methods

Forming-free nanocrystalline ZnO films were fabricated using a Pioneer 180 pulsed laser depo-
sition system (Neocera LCC, USA) equipped with a KrF excimer laser with a wavelength of 248
nm and an energy of 200 mJ. Silicon wafers with (100) crystallographic orientation was used as
substrates. Titanium nitride (TiN) 42.315.2 nm films were formed using PLD under the following
conditions: substrate temperature 600 °C, number of pulses 30,000, frequency 10 Hz, nitrogen
pressure 1 mTorr. Forming-free nanocrystalline ZnO films were prepared on Si/TilN structure
under the following conditions: substrate temperature 300 °C, laser frequency 10 Hz, number of
pulses: 17,000.

The multilevel resistive switching in forming-free nanocrystalline ZnO films was studied
using a Keithley 4200-SCS semiconductor parameter analyser (Keithley Instruments, USA), an
EM-6070A submicrometer probe system (Planar, Republic of Belarus), Keithley electrometer/
high resistance meter Series 6517B, and Keithley picoammeter/voltage source 6487. MathWorks
MATLAB v9.12 (MathWorks, USA) was used for data processing. TiN bottom contact was
grounded, and a tungsten probe with diameter about 80 nm was used as the top contact. The
compliance current was set to 3 mA to avoid thermal breakdown of the investigated films. As
a result, current-voltage curves (CVC) were obtained for the sweep voltage amplitude from 0.5
V to 1.5V, a potentiation/depression study was performed at 3000 cycles at 0.5 V and -0.5V,
respectively. The resistance dependences on the cycle number were performed at 1000 cycles for
the pulse voltage (up) 0.8 V and the read voltage 0.1 V.

Results and Discussion

Fig. 1 shows the results of experimental studies of electrical measurements in forming-free
nanocrystalline zinc oxide films. Analysis of the results obtained showed that an increase in volt-
age amplitude from 0.5 V to 1.5 V leads to a decrease in the R ./R, ., ratio from 100 to 35 (Fig.
1,a), to a decrease in R,,; and R, ., from 1.92x10¢ Q to 0.61x10° Q and from 19.23x10° Q to
16.09x103 Q, respectively (Fig. 1,b).
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Fig. 1. Electrical measurements in the forming-free nanocrystalline ZnO film:
current-voltage characteristic (a); dependences of R .. and R _.on the CVC voltage amplitude (b);
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Additionally, an increase in the amplitude of the CVC voltage from 0.5 V to 1.5 V leads to an
increase in [ and I, . from 0.03x1073 A to 0.92x10° A and 0.02x10° A to 0.81x10* A, respec-
tively. The obtained result can be explained by an increase in the number of electrons due to an
increase in the concentration of oxygen vacancies in the bulk of the ZnO film with an increase
in the voltage amplitude.

An analysis of the experimental results of the multilevel resistive effect in a forming-free nano-
crystalline zinc oxide film showed that the potentiation from 1200 cycles to 1500 cycles led to the
film resistance increasing by 3 orders of magnitude. When the polarity of the applied voltage of
the training pulse is reversed, the film resistance returns to the initial state from the 1800 cycle
to the 1900 cycle. It was shown that potentiation occurs faster than depression because of the
different free energies of the metal and the oxide.

Thus, it was shown that the forming-free nanocrystalline zinc oxide film successfully mimics
biological memory through increased pulse number stimulation. Fig. 2,6 shows that fixing the
amplitude of the training pulses makes it possible to achieve different resistive states (synaptic
weight levels), which is like the biological brain, in which memory changes as the stimulation
increases (increasing the number of pulses).
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Fig. 2. Resistive switching in forming-free nanocrystalline ZnO film:
potentiation and depression (a@); ZnO film stimulation by training pulses (b)

This analog-like behavior with multilevel states is desirable for improving the performance
and reliability of a neuromorphic computing systems. The results obtained can be used to create
ReRAM elements of neuromorphic artificial intelligence systems based on forming-free nano-
crystalline ZnO films.

Conclusion

In this work, multilevel resistive switching in forming-free nanocrystalline ZnO films has been
studied. Potentiation and depression at 0.5 V and —0.5 V for 3000 cycles led to the film resistance
increasing by 3 orders of magnitude. It was shown that ZnO films successfully mimic biological
memory through increased pulse number stimulation. Fixing the amplitude of the training pulses
makes it possible to achieve different resistive states such as synaptic weight levels of the biological
brain. The obtained results can be used for ReRAM elements of neuromorphic artificial intelli-
gence systems fabrication based on forming-free nanocrystalline ZnO films.
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