Applied Physics

Y
@)
©
c
-
-
@)

ﬂ

AIP
!é_ Publishing

RESEARCH ARTICLE | MARCH 19 2025

Parametric study of “filament and gap” models of resistive
switching in TaO,-based devices.

Rongchen Li © ; Yang Bai @ ; Marek Skowronski (I ©

’ ‘.) Check for updates ‘

J. Appl. Phys. 137, 114501 (2025)
https://doi.org/10.1063/5.0246985

O CHORUS

View Export
Online  Citation

Articles You May Be Interested In

Resistive switching of a TaO,/TaON double layer via ionic control of carrier tunneling
Appl. Phys. Lett. (April 2014)

Low temperature electroformation of TaO-based resistive switching devices

APL Mater. (January 2016)

Oxide stoichiometry-controlled TaO-based resistive switching behaviors

Appl. Phys. Lett. (October 2016)

Instruments for Advanced Science IDEN

= Knowledge ~
= Experience

m Expertise S

Click to view our product catalogue

Gas Analysis Surface Sclence
T—_—

Contact Hid for further details:

@ www.HidenAnalytical.com
0 info@hiden.co.uk

9v:L¥61 G20Z Iudy GL



Journal of

. . ARTICLE ubs.aip.org/aip/ja
Applied Physics P p-org/aip/jap

Parametric study of “filament and gap” models
of resistive switching in TaO  ,-based devices.

Cite as: J. Appl. Phys. 137, 114501 (2025); doi: 10.1063/5.0246985 @ Ii'l @
Submitted: 5 November 2024 - Accepted: 22 February 2025 -
Published Online: 19 March 2025

View Online Export Citation CrossMark

a)

Rongchen Li, Yang Bai, and Marek Skowronski

AFFILIATIONS

Department of Materials Science and Engineering, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA

@ Author to whom correspondence should be addressed: ms3s@andrew.cmu.edu

ABSTRACT

A finite element model consisting of a conducting filament with or without a gap was used to reproduce the behavior&faEe@ resis-

tive switching deviceslhe specific goalas to explore the range of possible filament parameters such as filament diaroeteposition,

gap width, and composition to reproduce the conductance and shape of I-V while keeping the maximum temperature within the acceptal
range allowing for ion motion and preventing meltingThe model solving heatand charge transporproduced a good agreementith
experimentaldata for the oxygen content in the filament below TaQ; the filament diameter range between 6 and 22 nemd the gap

oxygen content between Ta@and TaQ g5 Gap width was not limited to either low or high sides according to the criteria considered in

this report.The obtained filament composition corresponds to oxygen deficiency an order of magnitude higher than one estimated:by othe
modeling effortsThis was in large part due to the use of recent experimental values of conductivity as a function of composition aid tem-
perature Our modeling results imply that a large fraction of atoms leaves and/or accumulates within the filament to produce a large relativ
concentration chang&his, in turn, necessitates the inclusion of strain energy in the filament formation moddinaddition, the results
reproduce non-linear |-V without the necessity of assuming the Poole-Frenkel type of electrical conduction or the presence of a Earrier &
the oxide/metal interface. £

© 2025 Author(s).All article content,exceptwhere otherwise noteds licensed under a Creative Commowdtribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0246985

|. INTRODUCTION oxides. Switching occursby the ion motion within the filament
opening a gap with low donor density in the filamentGiven the
variety of device designs (type dunctional oxide and its oxygen
content,electrode metalshicknessesand device sizes) and forma-
tion procedures, it is surprising that the |-V characteristics of

Resistive switching devicekold great promise for the next
generation non-volatile solid state computer memoriése fabri-
cation of these devices has been optimized in terms fofnctional
material type and composition, electrode materials, deposition ; HIPTISTEIG H . Voaie
techniquesdevice designand many other parameters to produce formgd dewges are qwt9 SIr_nIIar implying similar filament Chara9'
highly reliable devices.The most promising resistiveswitching  teristics.Typically,the switching voltages range f"°1m 1102V while
devices appear to be valence change memories (VCMs) based orfh€ switching currents are between 0.1 and 1 A The simula-
TaQ.' In recent years,they entered the preproduction stage in ~ tions of the device |-V characteristics,however,arrived at the
major foundries”> However the mechanism ofthe device opera- values offilament diameter and defectlensities thatvary widely.
tion and, in particular, the parameters othe small diameter fila-  For example the diameter of the filament was assumed to be as
ment responsible for the device conductance and switching are stilittie as 5 nm” or as large as 600 nmthis is four orders of mag-

a matter of dispute. nitude difference of the filament cross-sectional arBiag. width of

The conductance of VCMs is determined by the electroformathe gap was betweeriand 10 nm®'°while the donor concentra-
tion processwhich creates a small diameter conducting filament intion was typically in the single atomic percent range of oxygen defi-
an initially uniform resistive functionaloxide layer: The filament  ciency’-'®with few studies considering the range of0%-20%."
is made of point defects comprising either oxygen vacancies and/@uch a wide range ofparameters was causeih part, by ad hoc
metal interstitials with both acting as donors in many functional = assumptions aboutmany unknown materialparametersAnother
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important consequence of such assumptions is the value of tempethan that of Ascoliet al>* to account for the difference in contact
ature simulated within the filament which varied from 500'* to materialused:TiN vs Ta. The thermalboundary resistivity at the
3000 K'® It is apparent that the temperatures at the high end of theTiN/TaOy interface was estimated 4 x 10° K m*W ™" based on
range allow for very different phenomena to take place during  the data of Lyeo and Cahiif, We have not included potentiddar-
switching compared to the low end of estimates. riers at the electrode/oxide interfaces as there is no direct measure-
This report attempts to narrow the rangetbé acceptable fila- ment of the barrier height as a function of composition or
ment parameters (diametarpmpositionand width of the gap)in annealing and the shape of |-V can be reproduced without them.
both the low resistance and high resistance sta{e®S and HRS, The diameter ofthe filament d, its composition x, as well as the
respectively) using the fewest possible ad hoc assumptions. We limititheof the gap w and its composition y were treated as adjustable
materials discussed to amorphous Wi electrodes forming ohmic parameters of our model with the veracity of the model assessed by
contacts. We specifically exclude from discussion structures with dhesfilio selected experimental data summarized below.
line functional layers such as SfT#dd ultrathin structures in which The primary result of the simulations was the functional
direct tunneling can play a major7lhe range of filament parame- dependencies of current vs voltage for LRS and HRBerimental
ters was arrived aby using the values ofturrentas a function of  data show the characteristicén LRS as almost linear while the
voltage and by the highest and lowest acceptable temperatures inddR8nt in the HRS depends super-linearly on voltagé:'®-2°:25-%°
and LRSThe implications of the estimated filament composition ar&he two experimentalstudies we use for directcomparison with
discussed in terms of the energies of filament formation. simulation results here are reported by Ma et al. and Heisig
et al?>*® These were selected as the authorsave attempted to
experimentally determine the parameters of the filament.
The other important characteristic of switching devices is the
The filament in LRS is frequently approximated in finite temperature distribution as itdetermines the rate ofion motion
element models of resistive switching devices by a cylinder with aand switching speedThere is no direct measurement of the tem-
diameter d and uniform composition X~'"**'"?*The composition  perature within the filamentThe most reliable estimates are based
here and the remainder of this report is defined as x in TaThis on the injection of electrons from the filament into a p-type semi-
is equivalent to the frequently used concentration of point defects conductor by Yalon etal®® (T > 1300 K)grystallization tempera-
(oo equal to the sum of oxygen vacancies and metal interstitials) ature of HfO, (Kwon et al.?' T > 800 K)and -V analysis (Sharma
et al.’? T = 750 K) Based on these resultsye postulate thatthe
o(Ta®) % (2:5 x) 222 10 22cm® : (1) lowest temperature allowing for switching is 800 K. R
The activation energies for diffusion used in most simulatidhs
HRS is created by moving donor ions in the direction of the range from 1 < g < 1.8 eV*''®***and are in generalagreement.
applied field forming a gap with the composition y and width w  with the direct measurements of diffusion rateSome simulationss
close to anode. The remainder of the filament constitutesa assumed lower activation energies and/or field-induced accele(éation
“trunk,” which we assumed has the same donor density as one in of diffusion!?'“Such low values were obtained as a fitting parafne-
LRS.This is due to the length of the trunk being typically much  ter and authors have notprovided any independenfustification. &
larger than the width of the gap?'“***The diameter ofthe fila-  The consequencesf Ey> 1 eV are thatto produce appreciable
ment was assumed to be the same in LRS and HRS. ion diffusion rates and switching dynamics, the temperatures
Electricaltransport in amorphous films of TaQ, has been  within the filament must exceed 800 KAt the same time, the
assessed by multiple groupdost of the work has been focused on highest temperatures must stay below the melting temperatures of
films with compositions close to stoichiometric and film thicknessethe electrodes and decomposition dhe functional oxide. As the
below 5 nm. The most relevant study was that of Perevalov et al. WheO phase diagram shows the liquid phase appearing at 1850 K,
studied films with 1:9 x 2:5 and a thickness of 50 nm“® These  the estimated upper temperature limit was set to be at 1600 K.
authors considered four differemhodels of conductivity proposed The maximum temperature within the flamentdependson
by Frenkef Hill,”® Makram-Ebeidand Lannoo.’ as well as  the dissipated powelt is worth noting that although the switching
Nasyrov and Gritsenk. The best modelvas that of Nasyrov and  voltagescan be quite different in different device structuresthe
Gritsenko.The Poole-Frenkemodel could be used to reproduce  power dissipated at the point of switching ranges from about 60 to
experimentatiata but only for unphysicatalues of dielectric cons- 180 uW with an average of 110 pW>?>°>4"=5"The observation
tant. Other models such as direct tunneling and trap-assisted tunniefiplies that the filaments should have a similar structure in different
ing were rejected as producing significant conductivities only in filrdgvices switching occurs when the temperature reaches a particular
below 10 nmin this report,we have used conductivity as a function value.The temperature distribution and maximum values discussed
of composition and temperature extracted directly from experimentalow were obtained at the same dissipated power of 110 pW.
data’’ The d3a2ta are in good a%rseementwith the partial data of
Rosario etal.” and Bondi et al.” While the exactmechanism of
conductivity is not firmly establishedthe fit to experimentaldata Il. SIMULATION PROCEDURE
offers a well-founded starting point for device modeling. The TiN/TaO,/TiN resistive switching devices were modeled
An important parameter of the model is the contact resistivity using the commercial COMSOL Multiphysics software package.
as it can control the temperature at the switching interface in the The schematic diagram ofhe active volume ofthe device in the
LRS.Our estimation listed below is an order of magnitude higher LRS is shown in Fig.1(a) (the entire device structure is shown in

A. Setting up the model and its evaluation criteria
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FIG.1. Axisymmetric cross-sectioeal ofthe devicdhe black dashed line representing the rotatibheagieen lines represefdwer contasistance while
the red lines are the positibigb&r contact resistance. (a) LRS state. (b) HRS state.

the supplementary materiallhe as fabricated device has a 50 nm where a(x, T) is the experimentally determined electricainduc-
thick TaO, o3 functional oxide layer and 40 nm thick TiN top and tivity and wis the electrostatic potential.
bottom electrodesThe electroformation process creates a cylindri-
calfilament (marked by orange color in the figure) with composi-
tion TaQ, and diameter dboth of which are adjustable parameters IIl. RESULTS AND DISCUSSION
in the simulation. The valuesof contactresistivitiesare marked  A. Low resistance state
with green lines for the contact between reduced oxide in the fila-
ment TaQ, and TiN (6 x 107">Q n) and red lines for contact
TiN/Ta0, 3 and TiN/TaO, (2 x 10" Q n). Figure 1(b) shows
the device in the HRS with the gap in the filament next to the top
electrode.The diameter and the composition of the filament in
HRS are assumed to be the same as in LRS with the gap width w
and gap composition y serving as parameters in the model'he
circuit used for all simulation included a 12 kQ load resistof.he
I-Vs were simulated using a source voltage sweep from 0 to 14 V
in 1 ms. All I-V plots show currentvs device voltage rather than
source voltageAll temperature distributions were compared for a
constant dissipated power of 110 yW.

The model solved two coupled differential equatidrre heat
transport equation was

61 G20z Idv G

The results ofthe 1-V and temperature distribution simula-:
tions in the LRS along with two examples of experimental I-Vs%@re
shown in Fig. 2. Figure 2(a) shows the experimental-V curve
from Ma et al® (dashed line)and Heisig et al.*° (dotted line).
Both show almost linear dependence characteristic dfRS. The
resistance of Ma et allevice is larger than the one of Heisig et al.
by an order of one magnitudgigure 2(b) shows the simulated |-V
curves for the filament diameter d % 16 nm and the filament com-
position x varying from 0.4 to 1.6Besides the obvious increase in
resistancethe curves show a change in functional dependeRoe.
higher conductivity values with x values 1.3 and belowthe |-V
curves are linear and the device resistance is between the values of
Ma et al. and Heisig et al.In case of filament with higher oxygen
content,the I-Vs become superlinear due to the higher activation
energy of electrical conductivity [Eq. S2 in the supplementary
pCp@TV (k wVT) %I E, 2) material].This limits the composition of the filarr?en_t to .below 1.3.

@t Figure 2(c) shows the plot of the temperature distribution along the
centerline of the filamentThe distance scale starts at the interface
with the top electrode.For the filament composition x ¥4 0:4 the
maximum temperature is 998 K and occurs close to the interfaces
with electrodesThis is due to filament conductance being higher
than that of the contacts. With increasing oxygen contentand
decreasing conductivity of the filamerlhe maximum temperature
location shifts to the middle of the oxide layer and its value reaches
V(a(x, TV W % 0, (3) 1065 K at x ¥ 1:6Since the totabissipated power is constarthe

where p denotes the mass densiy, the thermalcapacity ki the
thermal conductivity, T the temperaturet the time, J the current
density,and E the electric field All materialparameter values and
boundary conditions are listed in the supplementary materidie
charge transport equation was
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FIG.2. Characteristicsld®S.(a) ExperimentaV curves after Maai” and Heisig ell”° (b) Simulated I~V curves and (c) the temperature line profile ajong the
center dthe filamerts a function lamentomposition for d % 16 (ahI-V curves for x % 1:5 as a functfdaréndiameter de) Temperature along the lipe
in the center tfe filamertk % 1:5) as a functiorfitfmentiameter df ) Maximum temperature with the device in LRS as a flastemtofposition x and=

diameter d.

rising oxygen contentlowers the currentthe dissipated power at
contactsand the temperature close to the interfac&omposition

L¥:61 G20

Figures 2(d) and 2(e) present the simulation results for the>fil-
ament with fixed composition x %4 1:5 and varying diametefhe

changes between 0.4 and 1.6 results in the temperature at the intdrV characteristics shown in Fi¢(d) indicate that quite obviously

faces gradually dropping from 1065 to 866 KConcomitantly,the
temperature in the middle ofthe filament increased from 653 to
1065 K even though the current dropped by over 30%. This
decrease wasompensated by the conductivity falling by almost
90%. Throughoutall changesthe maximum temperatures stayed
within the acceptable 800-1600 K rangEhe maximum tempera-

the conductance is increasing with the diameter and is accompa-
nied by I-Vs becoming more linear.This softenssomewhatthe
previous resulimiting the composition of the filament to below

x 1:3 allowing for somewhat higher oxygen contentHowever,
increasing diameter rapidly lowers the maximum temperature
within the filament [Fig. 2(e)]. The maximum temperature in the

ture decreases with an increase in oxygen context in the range of device with 10,30, and 60 nm filamentdiameters are 1098314,

0:4 x 1:3 and increase for 1:3 x 1:6. However the posi-
tion of the maximum temperature presentsanother limitation.
Previousstudies have shown that the gap in the filament was

and 626 KrespectivelyThis decrease is mostly due to a lower dis-
sipated power density and a larger area of the filament surféade.
the same timethe position of maximum temperature moves from

formed at the interface with the anode during the electroformation the interface to the middle. Since the maximum temperature is

process® This indicates thatthe temperature and ion diffusivity

lower than the lowestacceptable value and its position is wrong,

were the highest at this location or at least that both were more orthe filament composition x % 1:5 should be rejected even with

less uniform throughout the filamenfThis is true for x 1:4 but
is not the case in filaments with the higher oxygen content.At

x Y 1:6,the difference of temperature in the middle of the filament

and at the interface is about 200 ixdicating that ions are mobile
and the gap should form in the center. The limits arrived at by

larger filament diameterd he upper limit of filament composition
should still bex ¥4 1:3.

Figure 2(f ) is the map of the maximum temperature within
the LRS filamentwith different diameters and compositionsThe
black solid line on the left side of the figure is an isotherm corre-

analysis of Fig=2(b) and 2(c) agree with the filament composition sponding to the upper limit of acceptable temperatures while the

estimated by Ma etal *° (TaQy.4) but not that of Heisig et al*®
(TaOy.g-Talz.1).

dashed white line represents the lower temperature [ihé.dom-
inant trend is the decrease in temperature with increasing diameter

J. ApplPhys.137,114501 (202%)0i:10.1063/5.0246985
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FIG.3. Dependence HRS |-V characteristics on the compositieryap for width w % 5 r{&). |-V curve (dashed line depicts experitatamtziMa etal.”
dotted line is based on Heisis 8t (b) Temperatures along the centedéwicef(gap extends from 0 nm to the dashedingigaMap dhe maximum tem-
perature in the device.

due to lower power density and more efficient laterabat extrac-  conductivity increasingwith temperature” and are well docu-
tion. The dependence on composition is much less pronounced fomented and understood in structures based on T4®>*It is due
d 12 nm with the isotherms being almost verticallhe map indi-  to the thermally activated conductivity offaQ, and is more pro-
cates thatthe diameter of the filament should be between 6 and  nounced athigher oxygen contentWith increasing composition,
22 nm. the overallresistance of the device is increasing moving the “knee”
The slight dependence of maximum temperature on composi-of the characteristics to higher voltage8Vhen the y increases to
tion can be understood in the following wayowering the compo- 1.9, the critical voltage increases to near 2.0 V while the voltage at
sition, while keeping the diameter and dissipated power constant, maximum current is only 1.6 V.The NDR region has never been
results in slightly higher electricalonductance and higher current reported in the LRS and HRS ofesistive switcheslhis is a very
density.This increases the dissipated power density and tempera-strong indication that the composition x of the filament in LRS &nd
ture. The effect is mostly due to increasing relative importance of the gap in the HRS is below 1.8he acceptable gap compositior%y
contactresistanceThe dependence ofnaximum temperature on  then should be between 1.7 and 1.89he effects ofthe filament %
composition is stronger for smafllament diameters with a differ-  diameter on the HRS are minimal as discussedin the %
ence of 264 K for x 4 1:3 and x ¥ 0:4 for d ¥4 6nm. supplementary material. 5
Figure 3(b) shows the temperature distribution along the cen-
terline of the filament as a function of the gap composition with
other filament parameters the same as in F§(a). The dissipated
Transmission electron microscopy (TEM)results from Ma power is the same for all curveBhe gap is located at the interface
et al. show that the filament diameter does not appreciably changewith the top electrode starting at0 and extending to the dashed
during the set process® Accordingly,we have assumed thathe vertical line. The maximum temperaturein the device always
diameter remains the same in LRS and HRS with its size limits  occurswithin the gap and moves from the top interface to the
determined above for LRS need to be metin HRS as wejure 3~ middle of the gap with increasing y t is increasing with oxygen
summarizes the results for the HRS as a function of the gap com- content and remains in the acceptable temperature range.
position denoted here by y and constant diameter d % 16 ap The maximum temperature in HRS as a function of filament
width w ¥4 5 nm, and filament composition x %4 1:3. Panel (a) diameter and gap composition is shown in Fig3(c) for constant
shows the simulated |-V curves as solid lines with the dashed andwidth w ¥4 5 nm.The upper and lower limits of acceptable temper-
dotted lines corresponding to experimental HRS |-Vs from reportsatures are marked by black solid and dashed lines (the upper limit
by Ma et al*® and Heisig et af® The plots are limited to a voltage only shown in the upper left corner of the figur@he dotted hori-
range that did not allow for ion motion and permanent changes of zontal line at y %4 1:7 is the lower limit of the gap composition
the I-V. Both experimental curves exhibit strongly superlinear  arrived at in the discussion of Fig3(a). Both filament diameter d
dependence ofcurrent on voltage with the |-V slope becoming and gap composition y have a significant influence on the
almost vertical at higher voltages. maximum temperaturélhe diameter scale starts at 6 nwhich is
The simulations show an increasing degree ofnonlinearity ~ the lowestvalue allowed by the LRS.For the filament diameter
with increasing oxygen content of the galpor y 1:8, the curves range 6-8 nm and the constant diametéhe maximum tempera-
showed a region ofnegative differentiatesistance (NDR)which ture initially decreases and then increases with the gap composi-
becomes more pronounced for higheMNDR regions are expected tion. This is the same effectas encountered in the discussion of
in the |-V characteristics of devices using functiomaaterialwith LRS. At low gap composition y, the maximum temperatureis

B. Modeling of high resistance state
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dominated by the Joule heating of the contact resistance. included the composition ofthe trunk x Y2 1:3, gap composition
Accordingly,the maximum appears very close to the interfads. y ¥4 1:8, and filament diameter d 42 16 nm.
higher gap compositions,relatively more poweris dissipated in Figure 4(a) showsthe |-V characteristics for different gap
the oxide with maximum temperature moving to the middle of the widths. The investigated range was from 2 to 20 nihis possible
gap. The map does notimpose any additionarestrictions on the  that the gap is narrower than 2 nm but the finite element models
diameter of the filament beyond the limits obtained for the LRS. can be used only for sizes much larger than the interatomic dis-
In addition to the composition of the gap and filament diame- tance.On the large side,20 nm appeared as a reasonable limit as
ter of the gapthe |-V characteristics could also be affected by gapthe diffusion times would be higher than that of interest for
width w and the composition of the trunkThe composition of the  memory applicationsFor smallvalues of wthe voltage as a func-
trunk does not change the results much and can be neglected (estion of current increasesmonotonically while for w . 5 nm it
mates are discussed in the supplementary materiEte influence  shows a localminimum corresponding to the appearance ofhe
of gap width w is summarized in Fig.. The remaining parameters NDR region. It should be noted that the |-V of the gap itself

(0):io
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FIG.4. (a)and (b)Dependence bfRS on gap width and compositiofilfonentliameted % 16 nmfrunk composition x % 1aBd gap composition y % 1:8.
(a) I-V curvegb) Temperature line profile in the cetgeicefjap extends from 0 nm to the dashed line with the correspo(gjimgdd¢trMaps maximum
temperature as a function of gap width and composition for filament diameter of (c) 6 and (d) 22 nm. Note the different temperature ranges in (c) and (d
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always exhibits NDR with the threshold voltage increasing with anconductivity on composition and temperature,
increase in its width. As the gap is connected in series with the
fixed resistance of the trunkhe NDR becomes invisible for small Eaci)

values of the gap resistance. o(x, T) 7 Go(x)e (4)
Figure 4(b) shows the temperature distribution along the cen-
terline of the filament with the edge ofthe gap shown as vertical In this report, we have used values of and E,; obtained by

dashed lines.The maximum temperature is reached close to the fitting experimentalvalues of conductivity measured in wide com-

middle of gap except for small values of w when the heat generatgabsition and temperature rang@. Our activation energies ranged

at the contact dominated the temperature distributibine changes  from 0.34 eV for oxygen deficiency equal 10 2'cm® to about

of the gap width have a relatively minor effecbn the maximum 0 eV for oxygen deficiency 2:5 1% cm® . Most authors assumed

temperature with the temperature changing from 1200 to 1300 K activation energies correspondingto those of n-type silicon

for width changing from 2 to 20 nm.The maps ofthe maximum  (Est ¥4 0:05 eV for donor densities np 0 and 0 for

temperature as a function of gap composition y and filament diamnp % 2 10 2 cm® ) or lower.

eter d are shown in Figgl(c) and 4(d) for the filament diameter 6 In parallel, most authors overestimated carriemobility to

and 22 nm.This covers the widest acceptable diameter rarigee =~ compensate for using low carrier densities assumed to be the same

solid and dotted black lines correspond to 1600 K isotherm and thas oxygen deficiencfhe most direct test of the oxygen deficiency

NDR region boundary respectivelywith NDR appearing for gap  is spectroscopic methodsheir use in the case of nanometer size

compositions above the dotted line. filament is difficult but recently published data are in reasonable
For the small filament diameter[Fig. 4(c)], the maximum agreement with our assumed valugsalysis of high angle annular

temperature decreasagith increasing gap width and decreasing  dark field imaging estimated the composition ofthe filament at

gap composition (except for large wlThe first effect is attributed ~ x %4 0:4°° The x-ray photo-electron emission microscopy indicated

to the decrease in current densityhereas the second is due to the x % 2:0°° and scanning nearfield optical microscopy gave

change in the temperature distribution. At lower y, the conductance % 1:2°° The low temperature electricalconductivity measure-

of the gap increases and the power dissipated within it decreasesments estimated x ffi °f. While the above values appear to be scat-

This lowers the temperature in the gap while increasing it elsewhetered, they differ only by a factor of 4 and all are in the tens of

in the filament.For gap widths below 8.5 nrihe high gap compo-  percent range with an average of 50% or 20

sition is excluded due to exceeding the upper temperature limit. Our composition estimate has very importantonsequences.

Also, for gap widths above 8.5 nmdeviceswith a high oxygen The commonly assumed mechanism of the electroformation

content in the gap are excluded due to the appearance of the NR[process is the diffusion of oxygen out of the filament volume either

For the gap composition 1:7 y 1:77, there is no specific limita- laterally or verticallyTo get x ffi 1:3 requires the removal of a large

tion on the gap width. fraction of oxygen atoms from the volume ofhe filamentand is g
For the filament diameter at the upper limit of 22 nm [Fig. 4(d)pound to produce large tensile stresses and associated large égastic

the temperatures within the device are lower than for small diame-strain energyThe strain contribution to the total energy of formas

ter and do not limit the gap composition or width. Similar as for  tion can be neglected for oxygen deficiency of 1% but not for 58%

d ¥4 6 nm, the maximum temperaturefalls with the decreasing deficiencyln addition to elastic strain,one can expect plastic one

composition but first rises and then falls with a gap width consis- as well resulting in the formation of a depression on the surface of

tent with the previously discussed resuliie dotted line marking  the top electrodeSince such depressions have not been repaitted,

the appearance of NDR is very similar to the one in panel (c). is likely that the stress is compensated by the in-diffusion of tanta-
The modelpresented above assumed abrupt changes in comdum. This could be induced either by stress itself or by an indepen-

position both at the boundaries of the filametttis an oversimpli-  dent driving force such as the Soret efféct.

fication that can somewhat affect the values of the extracted One consequence ofhe TaO, composition in the filament

parameters but the estimated effect of gradual changes is small. estimated abovds the language wehave used in most of this
report. Specificallywe have used oxygen content or the oxide com-
position rather than vacancy concentration as frequently done in
IV. DISCUSSION the literature The point defect concentrations or oxygen deficiency
The composition of the filament in resistive switching devices given above are mentioned only to compare our estimates with that
is typically discussed in terms of the concentration of oxygen in other reports.Generallyjt is inappropriate to talk about oxygen
vacancies with the typical concentrations assumed in the modelinggacancies in a material with composition much different from stoi-
reports inthe 2 1022 1:2 10 2'cm?® range'”'®'">This cor-  chiometric. The TaQ 3 structure is not the same as that of Ta@
responds to Ta@,g-TaO, 4srange in the notation used her@nly with some oxygen sites left unoccupied.
two modeling studies considered significantly lower oxygen content  An additional consequencef using electrical conductivity
of TaOz14 and Talqg,43 The composition of the trunk of the fila-  with large activation energies is the shape of IMast experimen-
ment estimated hereis x ¥ 1:3 or lower. In terms of relative tal studiesreported nonlinear |-V characteristicsin HRS. Such
oxygen concentration changeghe numbers above correspond to  nonlinearities have been modeled by assuming the presence of the
0.3%,2%,20%,40%,and 50% of missing oxygen compared to fully Schottky barrier at the oxide—-metal interfaces or by field-dependent
oxidized Ta@ s Such large differences originate from very differentconductivity of TaQ. While it is certainly possible that such effects
parametersin commonly assumed dependenceof electrical  exist,the thermaleffects offer a simpler explanatioithe linearity

J. ApplPhys137,114501 (202%)9i:10.1063/5.0246985 137,114501-7
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of I-V in LRS is due to low oxygen concentration throughout the
filament and associated metallic conductioAn increase in tem-
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(supporting); Visualization (supporting); Writing - review &
editing (supporting). Marek Skowronski: Conceptualization

perature in the filament does not cause much change in conductivféequal); Funding acquisition (lead); Methodology (supporting);

ity. In HRS, the conductivity in the gap region exhibits significant
activation energy and associated non-linear I-V.

Lastly, recent experimentalresults provide evidence forthe
phase separation in the filament=>° The result is the appearance
of Ta-rich and Ta-poor regions (conversely,0xygen poor and
oxygen rich) within the filamentand likely changes in the device
resistanceAt this point, we cannot offer a predictive model of
resistance as a function of phase separation.

Project administration (lead)Supervision (lead){Vriting — review
& editing (equal).
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The data that support the findings of this study are available
from the corresponding author upon reasonable request.

The last comment concerns the applicability of the results pre-

sented here to other materialystemsWhile the limits of filament
size and composition discussed here are not univefsalesistive
switchesijt is likely that similar limits apply to another important
materialsystemj.e., metal/HfO,/metal structuresThis is due to a
similar dependenceof HfO, conductivity on composition and
temperaturé&’

V. CONCLUSIONS

A simple model of resistive switching devices consistingaf
cylinder of reduced TaQwith or without a gap depleted of donor-
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