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Abstract—To allow for novel memory and computing schemes
based on the resistive switching memory (RRAM), physically-

based compact models are needed. This work presents a new

analytical model for HfO ;-based RRAM, relying on a simplified
description of the conductive filament (CF) in terms of its
diameter and gap length. The set and reset operations are
described by CF growth and gap opening, respectively, activate
by the local field and temperature. The analytical model is then
used to describe the switching dynamics in the complementary
resistive switch (CRS), consisting of an antiserial connection of
two resistive devices. The impact of the gap resistivity on the CRS
characteristics is discussed, highlighting the trade-off between
off-state leakage and set/reset window.

Keywords: resistive switching, ion migration, crossbar array,
metal insulator transition, resistive-switching random access
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I. INTRODUCTION
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Fig. 1. Schematic representation (a) and measured and deftitd” curves
(b) for a RRAM device showing positive abrupt set and negagimalog reset
transitions. The current was limited to complianke = 500 pA during set
transition.

Il. EXPERIMENTAL CHARACTERISTICS

Fig. 1a shows the RRAM structure considered in this work,

Recently, resistive switching memory (RRAM) has emergegpnsisting of a 20-nm thick Hf©switching layer with TiN
as a promising alternative to Flash memories for high dgnshottom and top electrode. The oxide layer had a non-uniform
data storage [1]-[3]. To understand the scaling limits @ thcomposition profile, with a lower concentration of oxygen
technology, physical models have been developed to descrétose to the bottom electrode, thus causing the presence of

the set/reset processes and the electrical transport piegrzo

a high local concentration of oxygen vacancies, serving as

in the conductive filament (CF) [4]-[10]. On the other hand reservoir for defect injection during filament forming and
the simulation of RRAM circuits such as memory arrays ar@et. For this reason, the bottom electrode will be referred
neuromorphic systems requires analytical models for impl® as theinjecting electrode in the following. The non-

mentation in Spice or Verilog-A [4], [11]-[13]. This work uniform distribution was achieved by an additive approach,

presents an analytical model for set/reset transitionxides

where the initial oxygen-deficient layer was oxidized on the

based bipolar RRAM devices. The model is an extensi¢dp-€lectrode side to increase the oxygen content [15]. The
of a previous analytical model [11], which was improve@symmetric structure of the RRAM dictates the polarity for
to take into account the different dynamics of the set arigt and reset operations, where set transition takes prafzs u
reset transition that were recently pointed out by expemisie positive voltageV, applied to the injecting electrode, while

[14] and numerical simulations on HfORRAM [10]. The

reset transition is achieved under negafite Fig. 1b shows

model is applied to account for the switching charactesstithe measured-V” curve for a RRAM device, where the current
of the complementary resistive switch (CRS), consisting éhtering the injecting electrode is plotted as a functiorvef
two antiserially connected RRAM devices. After explaininghe device was preliminarily formed af4 = 1 V. The I-V
the CRS characteristics based on the sequential switcHingcgrve displays abrupt set transition fof; > 0 and gradual
the two individual RRAMs, we discuss CRS optimization byeset transition fol’4 < 0. During set transition, the current is
reduction of the off-state leakage and its impact on the rel@nited by a compliance curredi; = 500 1A to limit the size

window.
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of the CF. The voltage across the CF reaches a characteristic
value Vo ~ 0.4 V after set transition, as a result of the
voltage driven kinetics of ion migration [14]. The resettagie
Vieser IN correspondence of the onset of the reset transition is
approximately equal td/c since set and reset processes are
both dictated by the same ion migration kinetics. As a result
the reset current,..,.; is almost equal tdo, in agreement
with previous data [14] and modeling results [10], [11].
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Fig. 2. Schematic illustration of the reset model. Reset itiansis due 24 1+ -
to the opening of a gaj\ from the centre of the CF, as evidenced by the 05 1 1
steps (a) for a complete CF, (b) and (c) for increasing gapthsng he circuit —_ ! !
topology used in the model is shown in (d). <é: 05
TABLE | T 700
MODEL PARAMETERS < 600
Activation energy (F = 0) =1 1.2 eV -~
Oxide resistivity (F = 0) Pox 8.5 mcm N 500
CF resistivity Pm 270 uQ2em = 400 1 1
Pre-exponential factor A 300 mg 0 0.5 1 1.5
Non-linearity coefficient vy 55 nmv—1! Time [s]
CF thermal conductivity Kum 23 Wm1K—1
Oxide thermal conductivity &  0.68 Wn 'K ~! Fig. 3. Calculated voltagd’, (a), gap lengthA, (b), resistanceR, (c),
Characteristic length Acyr 10.5 nm currentl, (d), and temperature at the(z1) edge, (e), as a function of time.
Application of a voltage causes an increase of the dadeading to a CF

cooling.

IIl. THE ANALYTICAL MODEL

Set and reset processes are interpreted in terms of ion-miqrawhere 2 Is the space coordinate along the CF (z = 0 at the

tion, inducing the formation of a gap during reset, respaesi hjecting electrode and., = .20 hm is the oxide thl_cl_<ness
for the resistance increase, and a filamentary growth duriﬁad the t.Ot"?‘I.CF Ieng_th)kth is the therm_al conductivityp
set, responsible for resistance decrease. The interoretat IS"the resistivity andJ is the.current density. For the fuII.set
set and reset processes originates from the analysis of ﬁg%te, Eq. (1) was solved usang_t?e parameters of .metalh,c Hi
. . . . namelyk,;, = kp.m = 23 WK —+, as for bulk Hafnium, and
experimental data o¥,..s.;, showing that different resistance _ ~570 Qcm which is higher than the bulk Hf value
values in set states correspond to different cross-seates fo tapkz into ac/éount,enhanced s?:atterin in the nanoscdled C
in a continuous CF, while different resistance values iretres[ll] [16]. Parameters,, andk are sﬁown in Tab. | with
states correspond to different gap lengths in an intercu@te ' ' Pm th,m '

. . other modeling parameters. Eq. (1) is solved with boundary
[14]. These results were corroborated by simulation resafit gnditions T(0) = T6,,) = To = 300 K, where the top and

numerical m I n the migration of ioniz fct . . .
chlélefat(;?j by?ﬁg Igg;ign?pera?ure%r? dZIegtri(?fieI?jd[moﬁI; e%ottom contacts are considered as ideal heat sinks. For the
fi rlul set state, the solution gives a parabolic profile T(xjhwi

same concepts were adopted in a similar analytical model X - ; )
the literature [4]. the maximum temperature in the middle of the CF attg,#2:

J2pt3,

A. Reset model and simulations Tmaz = To + Skun 2)
Fig. 2 schematically shows the reset process, where theAs T;,,,. in Eg. (2) reaches the critical temperature for ion
migration of positively ionized defects (oxygen vacanciesigration in the timescale of the experiment, a depleted gap

and/or metallic Hf or Ti from the vacancy-rich layer) driverstarts to form in correspondencef/2, as shown in Fig. 2b.
by the electric field and activated by temperature leadsdo tiihe resistance correspondingly increases, thus markiag th
formation and growth of a depleted gap along the CF. Thmset of the reset transition ®t..... Reset leads to the rupture
injecting electrode is shown at the top side in agreemert wiéf the CF in two filament stubs separated by a gap of ledgth
Fig. 1a. The initial condition is the full set state, where thFurther increase of the voltage results in an increasa by
continuous CF, consisting of segregated metallic Hf in thaigration of ionized defects from one filament stub to thesoth
model, has an idealized cylindrical shape. The negaliiye toward the injecting electrode. lon migration thus incesas
induces ion migration toward the injecting electrode, a&yis the defect density at the injecting electrode side, while th
depletion of the CF. The temperature profile along the CF cather filament stub is consumed, in agreement with numerical
be obtained analytically solving the 1D steady-state Fwurisimulation results [10]. The increase Af is modeled by the
equation: Arrhenius law:

d*T dA __Ea
k 2 _ 1 = Ae *T(z1) 3
gy + I =0, @) o = AT, ®3)
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Fig. 4. Measured and calculatddl” curves in the reset transition. Current compliatigein the previous set process was always fixed at 280 Results
are shown for different sweep rates, namgly 1 (a), 102 (b), 10 (c) and10% Vs—1 (d).
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the sweep raté (Vs—1). Results are shown faf = 100, 200 and 30QA. where Az is the average distance between electron traps. For

simplicity, the parametey = z/(2kT) in Eq. (5) was assumed
to be a constant, namely = 55 nm/V. Eq. (5) accounts for
the nonlinear conduction characteristics in the reseé stie
_ L ) ) thermal conductivity:,,, in the gap was changed continuously
where A = 300 ms" is a pre-exponential fa_ctok is the with the gap length, from the metallic valugy, ,, for A =0
Boltzmann consta.nt_T(z.l) is the temperature in corresponyy the pylk-HfQ, value k,, = 0.68 WnT 1K -1 [18] for a
dence of the ion-injecting stub edge (see Fig. 2¢) @0d  paracteristicr, ;= 50 % of the thickness. Tha-dependent
is the energy barrier for ion migration. 'Ifhe' Iatt(_ar is Iovsderek,th reflects the change of defect concentration in the gap
due to Poole-Frenkel effect by the electric field in the gap, or variable length, where an extremely short gap displays a
expressed by: relatively large average concentration of defects, wrema
long gap can be considered to be almost fully depleted [10].
Ea = FEao — aqVyap, (4) In the model, the variablg,, was achieved with a power law

wherea = 0.05 is the barrier lowering factoF 4o = 1.2 eV given by:
is the energy barrier at zero fielgljs the unit charge anll,,
is the voltage drop across the gap. T_he temperature profile in Fgap(A) = Eepm + 1 — (1 + Ky — kom)ﬁf'f~ (6)
the fragmented CF is calculated using Fourier equations as
in Eq. (1), but solved separately in the three domains (topFig. 1b shows the calculateBV curves obtained by the
stub, gap, bottom stub) with appropriate boundary conatiomodel with the parameters in Tab. |, where the reset tramsiti
and suitable values for parametekg, and p. The thermal clearly displays a gradual increase of resistance. The mode
conductivity and resistivity in the metallic stubs werewassd describes the top, bottom stubs and gap as series resistance
equal toky ,, andp,,, respectively, while the in the gap is as shown in Fig. 2d. This gradual increase of resistance

given by: can be understood by a negative feedback effect, where ion
migration leads to an increase ¥, which in turn reduces
Pgan = 1 i"zF, (5) the temperaturd’(z;) at the origin of ion migration. As a
v

result, the depletion process is soon interrupted, and lzehig
Where~ is a constantF' the local electric field an@,,. is voltage is needed to further induce an increaseAofThe
the zero-field gap resistivity. Eq. (5) is a first-order exgian thermal negative feedback is explained by calculations in
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Fig. 7. Calculated voltag®’, (a), sub-CF diametes, (b), resistancer, (c), 10° 10* 10° 108 107
currentl, (d), and temperature at t#(z2) edge, (e), as a function of time. R[]

The positive feedback is evidenced for > V., followed by the negative

feedback due to the externab. Fig. 8. Calculated-V curves for RRAM device at increasing (a). The

leakage current decreases dnd; increases for increasing,.., while Vieset
and V¢ remain constant due to their sole dependence from the CRivigis
In (b), measured and calculat&g.; at increasing resistance of the reset state.

Fig. 3, showing the staircase applied voltalge (a), A (b), Two different¢ CF diameters are shown. Data are obtained from [19].

the resistanceR (c), the current/ (d) andT(z1) (e) as a

function of time. The gap length is initiallA = O (full set

state) at timet = 0. Application of V4 = 0.4 V causes Joule controlling reset kinetics in Eq. (3). Note that controls the

heating above the critical temperatifg.;; ~ 600 K, defined size of the CF obtained after set transition, heRcand I,

as the temperature for which the gap growth rate in Eq. (B)1], while V... is independent of -, since the temperature

reaches 25 nm/s, thus causing an increasé ofhence R) during reset transition only depends on parametgrsand

and a consequent decreasel/ofThe temperaturd’(z1) thus k), ., [14].

decreases belof.,.;;, thus slowing down o2 andA. Raising

V4 to 0.5V after 0.5 s causes a step change of Joule heating : )

above T.,.;, thus boosting the increase af and R. The b St model and simulations

consequent decrease of the current, however, again résults Fig. 6 schematically shows the set process, starting from

a decay of Joule heating, hence of the growth rate. A similtre reset state in Fig. 6a, corresponding to the final state in

negative-feedback response is seen at the third increaseFigh 2c with an arbitrary gap length. Application of V4 > 0

voltage to 0.6 V at 1 s. This behavior is at the basis of thieduces ion migration from the stub at the injecting-eledé&

gradual resistance increase during the negdtiyesweep in side (edgez;) into the gap, thus resulting in the formation

Fig. 1b, where the gap length and the resistance stabilizedfoa sub-filament of diametes (Fig. 6b) and its growth with

dynamic values at increasirig. time (Fig. 6¢). The final value o can be smaller than the
To validate the model, the experimental and calculated nominal size of the CF, or it can be higher than that value. As

V curves are shown in Fig. 4 for increasing sweep ratereaches the nominal size of the CF, the whole CF grows in

B = dv/dt [Vs~'], namely 3 = 1 V (a), 1¢ (b), 1¢* (c) size as a result of more ion migration from the reservoir. The

and 16 Vs—! (d). The parasitic capacitance in our setup waslb-filament growth rate is modeled by the Arrhenius law:

about 10 pF, which, multiplied with the matching resistance

of 50 2, results in a RC delay time of less than 1 ns, thus do = Ae’%, (7
negligible with respect to the maximumin our experiments. dt
Both V,.cser and cser = Vieser/ R increase for increasing, where F/ 4 is subject to the barrier lowering law of Eq. (4)

as summarized in Fig. 5a and b, respectively, for increasingd the temperature is calculated at the injecting ecge
Ic. The increase oV,..; and I,...; can be understood by Fig. 6d shows the equivalent electric circuit used for evalu
the Arrhenius behavior of growth rate in Eqg. (3). As thating R, where the gap region resistance is calculated from
timescale of the experiment is reduced, the temperature dhd parallel contributions of the sub-filament and the oxide
voltage needed to induce reset must correspondingly isereaesistances.

The good agreement between calculations and experiments iffhe calculated-V curve for set transition can be seen in
Figs. 5 and 6 demonstrates the accurate estimatiof of Fig. 1b, whereR decreases abruptly just above the set voltage
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with time at constant currenfc. The model accounts for 7 Vtop( Cell
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gap causes a relatively low temperature 2 therefore a b
higher V' must be applied to reach the critical temperature( )
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The abruptR change at the set transition in Fig. 1b can be
understood by a positive feedback effect, as describedgin/Fi
showing calculation results for the voltage across thea#eyi
(a), the CF diametep (b), the corresponding (c), the current
I (d) and the temperatufg(z,) at the injecting edge (e) during
a sweep of the applied voltadé,. Initially ¢ is equal to zero
in the reset state anf decreases for increasirig due to the 0, - -
field effect in EQ. (5). As['(z2) reached.,;; by Joule heating ’ ’ Voltage [V]
att ~ 0.23 s,¢ increases an® decreases steeply due to the
growth of the CF in the gap region. As the sub-filament isg. 9. schematic structure of the CRS architecture (a). Treancy-rich
formed in the gap, the current (Fig. 7d) and the temperatugide of the asymmetric RRAM stack is shown aligned against tmenton
(Fig. 7e) strongly increase, causing further acceleratn electrode. In (b), measured, symbols, and calculated, iir, curves for

. L. CRS. In the inset, application of a positive voltage to theREHA results in
the CF growth and establishing a positive thermal feedbagi set of the bottom cell B, then the reset of the top celldgadthe PHRS
loop. The voltage across the CF drops in Fig. 7a as tlfeThe symmetric behaviour takes place under negative vollagding to
current reaches the compliance current, which thus sery@&nitial NHRS, D and E.
as an external negative feedback fBr control during the
set transition, which otherwise would obey to an inherent
positive feedback. A key parameter for the set transition is

Current [uA]

Initial state

Viet, marking the conditionT'(z,) = T..i; in Fig. 7e. The
set voltageV,.; was shown to strongly depend on the reset TR
condition, namely deep reset states with highgenerally Vrop: Veotiom
display a largeV,e; [1], [19], [20]. This is due to a higheA S
and/or to a lower defect concentration in the gap, resultiray T profiles
largerp,, in Eq. (5), hence in a lower Joule heating for a given v
applied voltage. Fig. 8a shows the calculafedf” curves for Update RRAMS
variable p,, in Eqg. (5), to describe different gap resistivities resistance
thanks to a controlled defect concentration. Three valdes o X

Poe Were assumed, namely,, = 8.5, 25.5 and 85 facm. Last time

step ?

Changingp,, has no impact oV, Vicser @and I.qse, Since

these parameters are controlled by the CF in the set state and
not by the gap properties. On the other hand, the increase of
Poe CaUSES an increase of the on/off resistance window algd 10
of V., as a result of the reduced Joule heating. Both effects =
strongly contribute to the operation and reliability of RRA
devices. One of the critical concerns for RRAM, in fact, is

the limited resistance window, which makes single-bit arnly linearly onR.

multilevel operation difficult in the presence of programmi

variability [20], [21] and read noise [22]. A moderate inase IV. CRS STRUCTURE AND OPERATION

of Vs may also reduce read disturb in the reset state, thusThe analytical model of RRAM can be straightforwardly
improving the read voltage and the corresponding read iurreextended to the complementary resistive switch (CRS) archi
Fig. 8b shows the calculateld,.; as a function ofR in the tecture sketched in Fig. 9a. CRS consists of two RRAM with
reset state, compared to experimental data [19]. Calonkati antiserial connection, where the ion-injecting electsydee.,

are shown for two values o, which can be controlled by electrodes facing the vacancy-rich layer, are shortdiedui

I- during the forming operation. Data and calculations shohhe CRS is a two-terminal device, thus only the non-injertin

a good agreement fop = 2.3 nm. The exponential rangeelectrodes of the top and bottom cells can be accessed by
covered by the resistance suggests fRas mostly controlled voltage supplies. Note that CRS can also be obtained by
by the defect concentration in the CF gap, which acts on tkRortcircuiting the two non-injecting electrodes of the/ /RR
Fermi level position with respect to the conduction/vakenccells. Fig. 9b shows the measurddl curves for a CRS
band edges, rather than the gap lenfytivhich should impact consisting of two antiserially-connected Hf®RRAM devices

Flow chart of the numerical model calculation.



600 ( V. CRSANALYSIS AND SIMULATIONS
400
Fig. 9b also shows the calculatddV’ curve of the CRS,

< 200 < - ) . i .
= = obtained by simulating the two RRAM cells with the analytica
§ 0 3 model. The voltage partition equation was also included,
3 2001 & 3 - namely:
-400-52Y 25 ) b
0070 04 08 12 9z 08 02 0 o4 Va = Viop + Viottom, (8)
Vigp [V] Viottom [V]

whereVy is the applied voltageV;,, is the voltage across
Fig. 11. Measured and calculatddV curves for top (a) and bottom (b) the top RRAM andViortonm is the VOItage across the bottom
cells during CRS operation. Data were obtained by conngetivoltage probe  RRAM (see Fig. 9a). The method for calculating th&” curve
to the common electrode during measurement in Fig. 9. The sefittam  of the CRS is shown in the block diagram of Fig. 10. For
stabilizes at \> = 0.4 V. . . . . ..

any simulation time;, the applied voltag®4, was partitioned
between the top and bottom RRAM based on the cell resis-
tances at the previous simulation time. The voltaggs and
Viottom Were then used to calculate the current flowing across
the cells. At each cycle, the continuity of the current isakeel
to ensure that the top and bottom current differ by less than
1%. If the current difference is larger, the voltage patiti
is modified accordingly and the currents are recalculatei un
the continuity condition is satisfied. The temperature feait
each cell is then calculated, allowing to update the pararset
¢ and A by Egs. (3) and (7) respectively. The cell resistances
are then calculated and a new simulation step is startethat ti
Fig. 12.  Measured and calculated voltagés, (a) andViouom (B) asa ¢, = ¢, + At. The time intervalAt was kept sufficiently
function of the applied voltagé’s during CRS operation. Data were obtained . -
by connecting a voltage probe to the common electrode duringuneent small to ensure convergence and accuracy of the simulation.
in Fig. 9b. The tolerance of 1% can be changed according to the required

accuracy in the simulation. A parasitic capacitance of atéu

pF was present at the intermediate node due to the connected

probe for monitoring the voltage as in Fig. 12. Multiplying
where the ion injecting electrodes were connected togethiinis capacitance with the on-state resistance of abou®,1 k
A voltage V4 was applied to the TiN top electrode with thewe obtain a RC delay time of 15 ns, thus negligible with
TiN bottom electrode grounded and the common electrodespect to the maximum sweep rate in our study, hamely 1
left floating. Initially, the CRS is in state A, where the top//us.
RRAM is in the set state and the bottom RRAM is in the Fig. 11 shows the measured and calculated curves of
reset state, thus the appliéfh > 0 drops almost completely the top cell (a) and bottom cell (b), obtained by probing the
across the bottom RRAM device. As the applied voltageltage V.10 at the intermediate floating electrode while
reached/;.; ~ 0.5V, the bottom cell undergoes set transitiorgpplying a voltage sweep at the CRS in Fig. 9b. Note that the
marking the transition to the low-resistance state B of thep cell is connected in reverse mode, namely the injecting
CRS with both top and bottom RRAM in the set state. &lectrode is negative for positive CRS voltag, therefore
further increase of the voltage results in a reset tramsiib set and reset transitions appear for negative and positive
the top cell, since the positive voltage applied to the nom,,, respectively. The-V curves in Fig. 11 were measured
injecting electrode drives ion migration from the CF baclithout current compliance, the current in one RRAM being
into the reservoir of the top cell. The final high-resistandanited by the other RRAM acting as a load resistance. For
state C is thus complementary with respect to state A, as thetance, the set transition at the bottom RRAM takes place
resistance states of the top and bottom cells are exchangdadVy, = V.., in Fig. 9b, with the top cell in the set state
Application of a negative voltage leads to a similar evalati acting as load resistance to limit the current. This results
of the resistance states in the top and bottom RRAM devidbe voltage shapback at the onset of the set transition of the
First the top cell undergoes set transition, thus achietfireg bottom cell in Fig. 11b. The current then increases almost
low-resistance state D of the CRS, then reset transitiohen tvertically at constant voltag&,.iiom = Vo =~ 0.4 V, due
bottom device causes the transition to the high-resistatate to the voltage driven kinetics of ion migration [11], [24]. A
E, equal to the initial state A. Two different logic states (8imilar characteristic is shown for the top cell in Fig. 11a,
and 1) can thus be stored using two high-resistance statd#hough with reverse polarity with respect to the bottom
called negative high-resistance state (NHRS, namely sstatell. The calculation results account for tliel’ curves of
A or E) and positive high resistance state (PHRS, or statgp and bottom RRAM cells, as well as for the overall CRS
C). Therefore, all the cells always show high resistancas thcharacteristic in Fig. 9b. The constant-voltage set ttaomsi
preventing any possible sneak path leakage in the mematyV. is also visible in Fig. 9b as a linedrV curve in the
array and allowing select-less operation [23]. low-resistance state expressed by:
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To explore CRS optimization by engineering the gap re-
sistivity, we adopted the bipolar RRAM model and assumed
three values of the gap resistivity, namely, = 8.5, 25.5 and

I = Va+ Vo 9) 85 macm previously considered in Fig. 8. Fig. 14 shows the
Rirs calculated/-V curves for CRS devices at increasipg,: as

whereR; ps is the resistance of the CRS with both top anfox INcréases, the resistance of PHRS and NHRS End

bottom cells in the set state. Plus and minus signs in Eq. 12 rease, in agreement with the results of Fig. 8 for a single
apply for negative and positiv’s, respectively, in Fig. 9b. AM device. Other relevant CRS switching parameters, such

The extrapolation to zero current in the CRS/ curve of aSVe andVie, are not significantly affected by, since
Fig. 9b allows the extraction df: [24]. these are mostly dictated by CF electrical/thermal conduc-

tivities. The increase oV,.; at constantV,....; results in a
significant reduction of the read windaWV = V,.cset — Vsets
namely the voltage range for the read pulse inducing set in
AYM: NHRS and allowing to sense the currdit,, in the
low-resistance state. AB,.; reaches/,....;, the read window
AV completely vanishes, thus the application of a voltage
4 > Vyeeser iINduces set and reset at the same time (see the
I-V curve atp,, = 85 mlcm in Fig. 14). The increase ¢f,,
thus introduces a tradeoff between off-state leakage aaud re

Fig. 12 shows the measured and calculated voltdggs
(@) andVyoiom (b) as a function ofi, along a CRS cycle.
During the positive voltage sweep,, increases anityoizom
decreases as a result of the set transition in the bottom RR
at Vo =~ 0.5V, followed by a further increase oV,
and a decrease dfy.:0,, due to the reset transition of the
top RRAM atV, = 0.8 V. The opposite transitions take
place during the negativé’y sweep, whereV;,, decreases
and Vioi0m iNCreases in two steps. )

Fig. 13 shows measured (a) and calculated/d) curves voltage window.

for CRS structures at increasing sweep raes dV,/dt, .TO better evaluate the |mpacF of the, on the rea}d
namely 3 = 1, 1%, 10 and 16 Vs~!. The set and resetWlndow, we evaluated the total integrated current during a

voltages increase for increasing similarly to the bipolar read triangular pulse from 0 Wy,a5 > Vreset, given by:

RRAM behavior in Figs. 4 and 5. The agreement in the figure troad
supports the choice of physical parameters in the modeh suc Qread = / Idt, (20)
as the activation energy, and the Joule heating description 0
where t,...q IS the read pulse width. The chargg,c.q
can be sensed as the voltage drop at a capacitor used in
the read circuit to integrate the current. Note that the read
In high-density crossbar arrays based on the CRS concepieration induces transition from NHRS to PHRS, thus a
low leakage in the high-resistance state should be achievedgative program operation is needed to recover the PHRS
However, the PHRS and NHRS in Figs. 9 and 13 displafter read [23]. The NHRS and PHRS can be discriminated
relatively large leakage, due to the relatively low resisea by Q,..q, Which is expected to be higher in NHRS than
window between set and reset states in oxide-based RRAMPHRS due to the set transition. However, to discriminate
devices. The leakage current contributed by all unselecteetween NHRS and PHRS)...q should be significantly
cells in the same bitline of the selected cell might preveet thigher than the background leakage current from unselected
discrimination between PHRS and NHRS in the CRS array. Tells. Fig. 15a shows the calculated current response as a
optimize the CRS array, the off-state leakage current shodinction of time during a read pulse with.,4 = 100 ns from 0
be reduced by increasing the resistivity in the CF gap thmouy to V,,,,.. = 2.6 V. The comparison between NHRS and PHRS

VI. CRSOPTIMIZATION
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Fig. 15. Calculated current response to a triangular re&geputh amplitude
Vinaz, (@), and calculated windowAQ/Q as a function ofpos, (b). For  [9]

increasing po., the relative window saturates, thus giving no additional
improvement. Note that readout &f,.., = 3 V leads to a degradation
of AQ/Q, since above V = 2.6 V the current only contains off-legka
contribution.

[10]

responses shows that, as, increases, both the backgrouncf[
leakage current and the NHRS switching current decrease, H
latter being affected by the collapsin§l’. Fig. 15b shows
the calculatedAQ/Q,..q as a function ofp,,, whereQ,cqq

is the integrated charge of the PHRS ak@ is the difference
between®,...q of NHRS and PHRS from Eg. (10). For small
Pozry AQ/Qreqq iNCreases due to the leakage suppression, thidal
it saturates at highes,, due to the collapse oAV affecting [14
the NHRS response. A maximuih@/Q,..q of about 40%
can be achieved, which clearly poses a limit on the maximum
size of the CRS crossbar array based on HRIRAM. [15]

(12]

VIl. CONCLUSIONS
[16]

We presented an analytical model for RRAM switching.
The model describes the CF in terms of the diameter and
gap length, which change during set and reset by thermallyz]
activated ion migration. The model allows to capture the
abrupt set transition and gradual reset transition, whigh c;4
be explained by positive and negative feedback loops betwee
the CF size and the driving forces for ion migration. Finally
the model is used to describe CRS operation and optimizati
pointing out the tradeoff between leakage and read window in
crossbar arrays.
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