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Abstract. VO, undergoes an insulator-metal transition at ~ 68 °C, making it an attractive
material for the development of tunable metasurfaces, steep-switching transistors, neuristors
and other devices. Applications such as wireless communications call for ultrashort transition
times, which are believed to be typically limited by heat dissipation. We consider the negative
role of heat accumulation in the substrate, which slows down recovery after long heating pulses.
Thermal simulations of VO, nanobeam gratings show that they can display two different behav-
iors: single-nanobeam-like in the short-pulse regime and film-like in the long-pulse regime. In
the long-pulse regime, the recovery time depends linearly on the pulse duration and approxi-
mately quadratically on the hysteresis width, in agreement with analytical expressions. In the
short-pulse regime, the dependence is much weaker. To achieve nanosecond recovery times,
either the short-pulse regime must be used (pulse duration less than the time constant of heat
diffusion between adjacent nanobeams), or hysteresis must be eliminated (e. g., by doping). Our
results quantify the impact of the pulse duration and hysteresis on the switching time of VO,
devices, clarify the conditions under which these factors are important, and therefore can guide
the development of fast electronic/optoelectronic devices based on phase-change materials.

Keywords: vanadium dioxide, metal-insulator transition, nanobeams, nanowires, hysteresis,
heat transfer

Funding: This work was supported by the grant No. 21-79-00209 of the Russian Science
Foundation.

Citation: Alymov G. V., Impact of the current pulse width on the speed of metal-insulator
transition in VO, nanobeams, St. Petersburg State Polytechnical University Journal. Physics
and Mathematics. 15 (3.2) (2022) 130—134. DOI: https://doi.org/10.18721/JPM.153.224

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.
org/licenses/by-nc/4.0/)

MaTepuanbl KoHbepeHunn
YK 538.975
DOI: https://doi.org/10.18721/IPM.153.224

BnausHue ANUTE/IbHOCTM UMNYJ/IbCOB TOKAa Ha CKOPOCTb
nepexoaa Metanas-noJiynpoBoaHUK B HaHonposopgax VO,
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AHHOTAIHS. VO2 MpeTepneBacT MEePEXO] U30JATOP-METAT MPU TeMIiepaTtype ~ 68 °C, 4To
JIeJIaeT €ro IMpUBJIEKATEJIbHBIM MAaTEPUAIOM I CO3JaHUsI YIPaBISIEMbIX METAIIOBEPXHOCTEM,
TPAH3UCTOPOB C BBICOKOM KPYTU3HOM XapaKTePUCTUKH, HEUPUCTOPOB U APYIUX YCTPOMCTB.
Takue mnpuMeHeHUs, KaK OecnpoBOAHAsI CBSI3b, TPEOYIOT YJIbTPAOBICTPBIX BpPEMEH
MEePEeKIIOYEHUSI, KOTOpble OOBIYHO OIPaHMYEHbI TEIJI00TBOAOM. MBI paccMaTpuBaeM
HEraTUBHYIO DOJIb HAKOIUIEHWs Teruia B TOMJIOXKE, KOTOpO€ 3aMeISIeT BOCCTaHOBJIECHUE
W30JIUPYIOIIETO COCTOSIHUS MOCJE JJIWHHBIX UMMYJIbCOB Harpesa. TerioBoe MOAEIMPOBaHUE
PELETOK M3 HAaHOIPOBOAOB VO2 MOKa3aJo, YTO OHU MOTYT BECTU ce0sl ABYyMs CIOCOOAMM:
KaK OTIEJIbHbIE HAHOMPOBOJA B PEXMME KOPOTKMUX MMITIYJIbCOB M KaK HENPEPbIBHBIC TIEHKU
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B peXWMe UITMHHBIX MMIYIbCOB. B peXmMme IITMHHBIX MMITYJIBCOB BpeMs BOCCTAaHOBIICHMUS
3aBUCUT JIMHEHHO OT IJIUTEIBHOCTH MMIIYJIbca W IPUMEPHO KBAaApaTUUYHO OT IIUPUHBI
TUCTepe3nca, B COTJIACUU C aHATUTUIYECKUMU BhIpakeHUSIMU. B pexkrMe KOpOTKUX UMITYJILCOB
3TU 3aBUCUMOCTHU ropasio ciadee. st 1OCTUKEHUS HAHOCEKYHIHBIX BPEMEH BOCCTaHOBIICHMUS
HeoO0XoAuMo JUOO HCIOJb30BaTh PEXUM KOPOTKUX MMITYJIbCOB (IJIMTEIbHOCTh MMITYJbCa
MEHBIIIE XapaKTepHOro BpeMeHW Iud@y3un TeIia MEXKIy COCEIHWMU HaHOIIPOBOIAMM),
MO0 YCTPaHUTh TUCTepe3nC (HapuMep, JerupoBaHUeM). TakmM o0pa3oM, KOJMIECTBEHHO
0XapaKTepMU30BaHO BIWSHUE IIUTEIBHOCTH WMITYJIBCOB M IMUPWHBI THUCTEpe3nca Ha BpeMs
MEPEKIIOYCHNsT YCTPOCTB M3 VO,; TPOSICHEHBI YCIOBUS, MPHU KOTOPBIX OTH (HAKTOPBI
BaXKHBI. DTU pe3yJbTaThl MOTYT OBITh MCIIOJIb30BaHbI JJISI CO3MAaHUSI OBICTPHIX 3JEKTPOHHBIX/
OIITO3JICKTPOHHBIX YCTPOMCTB Ha (pa3oBbIX Mepexoaax.
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Introduction

VO, undergoes a first-order insulator-metal transition (IMT) at T ~ 68 °C, accompanied by an
abrupt increase in conductivity and reflectivity. This makes it attractive for a range of applications in
electronics and optoelectronics [1], including electrically and/or optically controlled metasurfaces
[2], steep-switching transistors [3], and neuromorphic devices [4]. Previous theoretical and
experimental work has shown that the switching speed of electrically controlled VO, devices is
typically limited by the rate of heat dissipation [5, 6], while the “intrinsic” characteristic time
of the IMT lies in the subpicosecond range [7]. (For completeness, we also mention reports on
nonthermal electrically induced IMT in VO,, which requires a large defect concentration [8].)

Therefore, the most obvious ways of improving the transition speed in VO, are (i) downscaling
(nanobeams, nanocrystals) and (ii) using substrates with good thermal conductivity (such as
Al O,). Both approaches have been successfully tested experimentally [9, 10].

But there remains another possibility, related to the nonstationary nature of heat flow in fast-
switching devices. If the device remains in the metallic (high-temperature) phase long enough,
heat will accumulate in the substrate and prevent efficient cooling of the device when heating
current is switched off, thereby slowing down the reverse, metal-insulator transition (MIT). On the
other hand, if VO, is heated by short current pulses and stays hot (metallic) only for short periods
of time, the substrate will absorb less heat during the pulse, and the reverse switching will be
faster. This is especially relevant for the combined optical/electrical control of VO, metasurfaces,
when electric current is used to reduce the optical switching threshold and does not necessarily
have to be pulsed [11].

In this work, we simulate heat transfer in periodic arrays of VO, nanobeams (nanobeam
gratings) grown on single-crystal AL/O, and study the dependence of the recovery time on the
duration of current pulses passing through the nanobeams. The role of hysteresis is also discussed.

Model

We consider infinitely long VO, nanobeams of width w = 200 nm and thickness # = 30 nm
grown on a single-crystal Al,O, substrate. The nanobeams form a periodic array with a period of
1 um. They are heated by square current pulses (0.1 mA) to the IMT temperature and then cool
down to the temperature of reverse, metal-insulator transition (MIT), switching back into the
semiconducting phase. We calculate the switching time by numerically solving the heat equation,
taking into account the latent heat of MIT and hysteresis. The switching time is defined as the
interval between the end of a pulse and the moment when the whole nanobeam cools down below
the MIT temperature. The ambient temperature is 7, = 25 °C.
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Material parameters used in the simulations: AL O, heat capacity ¢ ALQ = 3.5-10° J/(m'K),
Al O, thermal conductivity k, ho,— 30 W/(m- K) VO heat capacity ¢, =3-10° J/(m*K), VO,
thermal conductivity in the metalhc phase 6 W/(m-K), VO thermal conduct1v1ty

in the semiconducting phase k,, = 3.5 WY(OmMK) VO, res1st1v1ty Pyosm — = 2102 Q'm,
0 =2-10° Q-m, latent heat of“the IMT AH,, . = 2.7 108 J/m?, trans1f10n temperatures

= € ysteres1s widt was set to either or
% +T,0)/2= 68°C T = AT. The h idth AT her 0, 10 or 20

M{Ve assume that both {;ACT) phases coexist at T T (during heating) or 7, . (during coohng)
and the properties of this mlxed state (heat capacity, resistivity, enthalpy) are determined by
the properties of each phase weighted by their molar fractions. Interface thermal resistance
was neglected.

Numerical simulations

The simulation results for three different hysteresis widths are shown in Fig. la. Indeed,
long current pulses lead to slower switching, which is explained by the heat accumulation in the
substrate (Fig. 1b, ¢). Two regimes are observed. When the pulse duration Lo . is less than the
characteristic tlmescale of heat diffusion between adjacent nanobeams (~30 ns inour simulations),
the grating behaves as independent nanobeams, and the dependence of the recovery time on the
pulse duration is rather weak (nanobeams are small and cannot dissipate much heat into the
substrate). On the other hand, in the long-pulse limit the grating behaves as a continuous film,
and the recovery time depends linearly on the pulse duration.

The effect of hysteresis is also pronounced. Hysteresis width AT in VO, can be controlled, e.
g., by doping [12]. Wide hysteresis delays the reverse transition (MIT), because cooling VO, from
T, to T,, . requires more time than just dissipating the latent heat. (Fig. 1a) shows approx1mate1y
quadratlc J pendence of the recovery time on the hysteresis width in the long-pulse limit, and a
weaker, but still significant dependence in the short-pulse limit.

a) b)
1000 0 = " ,
"""" Tt — Tt = 20 °C ns pulse
500] wmmm Ty = Ty = 10 °C A
— Twmr=Tur=0°C ’“}6\ /,"__" g 100
/ & E = _150
100 S

1500
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Recovery time, ns

1 5 10 50 100 5001000 -25908 0 500 1000 1500

Pulse width, ns x, nm

Fig. 1. Transition time in a periodic array of 30 nm x 200 nm VO, nanobeams (period 1 pm) on
Al O, substrate vs the duration of current pulses for three different hysteresis widths (a). Temperature
distribution in the substrate after the end of a 1 ns, 0.1 mA pulse (b) or a 10 ns, 0.1 mA pulse (¢)

Analytical expressions

In the long-pulse limit, a nanobeam grating behaves as a continuous film. Assuming VO, heats
up to T, almost instantaneously and neglecting its heat capacity and finite thickness, we can find
the recovery time by solving the one-dimensional heat equation on a half-line with a boundary
condition of constant temperature during the pulse, zero heat flux after the pulse, and again
constant temperature during the MIT. In the presence of hysteresis, the main contribution to the
recovery time is cooling from 7' . to 7T, , with the MIT itself being much faster:

IMT MIT?
= ~ 2 nTIMT_TMlT (1)
tfeCOVel'y = ZLcool + tMIT ~ tpulse tan (2 ﬁ .
IMT env
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Without hysteresis, the recovery time is determined by the duration of MIT and has an ap-
proximately square-root dependence on the pulse duration:

2
[ T AH rh e — AHyh
trec‘)Vel’Y = tMIT = tpulse + ML - tpulse ~ o MT__
4 T, 2)

KA12030A1203 TIMT _Tenv KA]zo_;CAbo3 TIMT “lenv

In the short-pulse limit, the grating behaves as independent nanobeams. In this case, analytical
expressions become complicated. Qualitatively, the weaker dependence of the recovery time
on the pulse duration and hysteresis width can be traced to the fact that the finite width of a
nanobeam sets a characteristic timescale of heat diffusion (in contrast to the case of a film, where
the only timescale is the pulse duration, leading to a linear behavior of the recovery time).

Conclusion

We have studied quantitatively the dependence of the recovery time in periodic arrays of VO,
nanobeams on the duration of current pulses applied to VO, and hysteresis width (the difference
in temperatures of insulator-metal and metal-insulator transitions).

The speed of metal-insulator transition in VO, nanobeam gratings depends on the heating
protocol because of heat accumulation in the substrate. This dependence is especially pronounced
when heat has enough time to diffuse between adjacent nanobeams, effectively blocking heat
dissipation in lateral direction. In this case, the recovery time depends linearly on the duration
of heating pulses. Hysteresis width has an even stronger influence on the recovery time, because
cooling VO, to a lower temperature is slower than just dissipating a fixed amount of energy (latent
heat).

To keep the recovery time in the nanosecond range, three approaches can be used: (1) using
heating pulses shorter than the characteristic time of heat diffusion between adjacent nanobeams;
(2) eliminating hysteresis (e. g., by doping [12]); (3) employing nonthermal field-induced
transition not associated with significant heat dissipation (e. g., by applying low-fluence laser
pulses or introducing a large number of defects into VO, [8]).

A significant influence of pulse duration on the recovery time has been observed in VO
thin films [13]. However, in two-dimensional films, the picture can be further complicated by
filamentary conduction and the kinetics of domain walls. These factors are greatly suppressed in
one- and zero-dimensional structures and arrays thereof.

Our results can serve as a guideline for the development of fast electronic/optoelectronic
devices based on phase-change materials.
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