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Abstract—A key concern for resistive switching memory —
(RRAM) is the read noise, due to the structural, chemical and 05 %(a)
electrical modifications taking place at the localized current path, )
or conductive filament (CF). Read noise typically appears as R
a random telegraph noise (RTN), where the current randomly
fluctuates between ON and OFF levels. This work addresses
RTN in RRAM, providing physical interpretations and models
for the dependence on the programming and read conditions.
First, we explain the RTN dependence on the compliance current
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during set transition in terms of the size-dependent depletion of 25
carriers within the CF. Then we discuss the bias-dependence of
the RTN switching times and amplitude, which can be explained - L L L L L L
by Joule heating and Poole-Frenkel (PF) barrier modifications '%'8 0.7 -06 -05 -04 -03 -02 -01
arising from the electrostatics of the RTN fluctuating center. Voltage [V]
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Defect-based switching and conduction in resistive switch 2508 07 06 05 04 03 02 o4

ing memory (RRAM) causes stochastic effects during both Voltage [V]
programming and read. The individual migration eventsrdyri
set and reset results in cycle-to-cycle variations of treésre Fig. 1. Measured-V curve for negative voltage with relatively large RTN
tance in the set and reset states, as discussed in the campad] 2nd the corresponding as a function of voltage (b). The RRAM device
: o . was preliminary programmed in the set statdat= 5 pA.

paper [1]. While set/reset variability might be controllegd b
proper program/verify procedures, read current fluctuatio
due to low-frequency noise can hardly be avoided [2]-[10].
For fast read and reliable operation of RRAM, the read noi read voltage, which is attributed to the local Jouleihgat
dependence on time, programming conditions and read eoltdg the CF accelerating the switching kinetics of the RTN trap
must be carefully studied. The relative change of resistance during RTN is shown to

This work addresses random telegraph noise (RTN) qj@penq differe_ntly on bias for low gnd high resistance CFs,
RRAM, namely a random two-level fluctuation of read currefhich is explained in terms of the different transport regm
during time. We show that RTN can be understood by tHB the_: CF, namely metalllc_ cc_)nductlon or Poole-Frenkel (_PF)
charging of a trap at or close to the surface of the CF, whi¢lPPPing transport. A preliminary study on RTN modeling
results in a local time-dependent depletion of the carriefS previously reported in [10]. In this work, we extend the
within the CF. A numerical model is developed, accounting@lysis of [10] by reporting complex RTN due to multiple
for the dependence of RTN amplitude & as a result of the traps, the temperature-dependence of RTN and time-depende
different impact of depletion on the CF current. The modéimulations for variable programming and reading condiio
also accounts for 4-level complex RTN in RRAM, which is
attributed to the independent fluctuation of two traps. Bynpa [l. RANDOM TELEGRAPH NOISE(RTN)

we discuss the bias dependence of RTN switching times andkig. 1a shows the measured current-voltagd/f charac-
amplitude. The switching times are shown to decrease Wigyistics at negative voltage for a RRAM device with HfO
_ , - , . switching layer in one-transistor/one-resistor (1T1Rhfap
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Fig. 3. Measured (a) and calculated (b) resistance as aidanof time

for variable size of the CF. RTN shows a dependence on CF wizere the
Fig. 2. Schematic picture of the RTN mechanism due to a defettt wirelative amplitudeA R/ R increases at increasing, thus decreasing CF size.
fluctuating charge at the CF surface. The CF diamétand the CF height,
tox, €qual to the oxide layer thickness, are shown. When the défec
negatively charged, the CF is depleted from carriers withpproximately 1
a Debye length. The reduced defect concentration causesatisition to the 10 T T T T T T
higher resistance level.
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and negative voltage polarities in the low-resistance &ate. 1
RTN is further evidenced in Fig. 1b, showing the set-sta@ 10

resistance = V/I, obtained from Fig. 1a, and the definitionC 102 em?®
of the resistance chang&R, namely the difference between 102 F -AA

_.A18 -3
ND—lo cm

. . (o4 o Ho, | ]
the resistance values in correspondence of the two RTNslevel n . / A NO[2]
The change of resistance in Fig. 1 can be understood by ;43 L ./?/8 & cups]| -
similar RTN effects taking place in planar MOSFET [11], B Cu[16]
[12], nanowire MOSFET [13] and Flash memories [14], where N . . . . .
RTN arises from a fluctuating charge state of a single trap in 100 = 2 3 4 5 6 7 8

100 10 10 10 10 10 10 10

the gate dielectric. If negative, the charge depletes datieo Resistance [Q]

inverted channel, thus causing a change to a higher reséstan
Similarly, a tra_p WIFh V_arla_‘ble charge state CIO_Se to the Q_F CFig. 4. Measured and calculatesiR/R as a function ofR. Data for NiO-
affect the carrier distribution and cause a resistancegg@m pased RRAM [2], Cu-based electrochemical RRAM [15] and Cobadges
the RRAM, as schematically shown in Fig. 2. In the negativi&6] are also shown for comparison with HfeRRAM data. All data display

; an universal dependence d® which can be understood by size-dependent
trgp.state, the CF is depleted f_rom free electrons apprdgisna depletion. Calculations were carried out at variabl,
within a Debye length\p [2] given by:

Ay — ekT 1
D=\ ¢n’ @) transition. About 20 samples were measured for increaking
. e . RTN appeared occasionally after set transition with ststiba
vyheree Is the CF perml_tt|V|ty,k IS the Boltzm_anr_l constant, change of the amplitude after each set/reset cycle. RTN for
T s the temperaturey. is the carrier density in the C_F reset states wittR > 5x10° Q2 showed similar behavior with
and ¢ is the electron charge. The Debye length describ turation atAR/R ~ 0.5 (not reported in the figure). The

the screening length of the free-electron gas within the Ce’sistance changA R increases with the resistance levels, as

controlling the range of Coulombic interaction. As the tra@p un by the measured relative resistance chah@#R as

switches to the neutral state, a uniform carrier populatioNs . tion of the average resistanéein Fig. 4. The figure
is recovered in the CF, resulting in a resistance decreag&o reports data fromiO RRAM [2], Cu-based conductive-

Note that positive/neutral states of the defect can similarbridge RAM [15] andC'u. nanobridges [16]. All data display
explain RTN fluctuations, where a positive defect induceallo an increase ofAR/R with R below abomjt 100 . with

accumulation (instead of depletion) of electrons withia €, a_saturation at higheR. The RTN dependence oft was

thus enhancing the conductivity with respect to the ne“trﬁlleviously explained by the size-dependent carrier dieplet

state. within the CF [2]. For smallR, corresponding to a large
CF where the CF diametes is much larger tham\p, the
. S1zE-DEPENDENTRTN trap-induced depletion impacts only partially on the aarri
Fig. 3a shows the measured resistance as a function of tiommcentration. Asp decreases, the depleted portion of the
for variable resistance, obtained by changlagduring the set CF region increases, resulting in an increasivgt/R. For
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defect, describing transition from low to high resistarapeand vice versa (b). -10
x ¢

The transition from low to high resistance requires thernxaitation over a =10 nm X ®=10nm =1nm X
bar_rlerWon in an average timeon, while the transition from hlgh to low Np = 108 cm-3 Np = 102 cm™3 N = 1020 cm-3
resistance requires excitation over a barfi€g in an average time .

Fig. 6. Map of calculated carrier density fofp = 10'® cm—2 and¢ = 10

nm (a), for Np = 10?9 cm—3 and ¢ = 10 nm (b), forNp = 10?0 cm—3

and¢ = 1 nm (c), and their corresponding cross-section map of reletettic
¢ < Ap, full depletion occurs, accounting for the saturategbtential (d, e, f). The applied read voltage Was .4 = 50 mV. Calculations

ARIR at increasingR. The slope ofAR/R in Fig. 4 at low were carried out assuming a negatively charged defect at fhesutface
' ' in correspondence of,../2. The negative defect causes depletion of carrier

]_% is apprOXimately lin t_he bi'|09ar?th.mic p|0t., i|_’1dicating &oncentration (a, b, c) and a local potential decrease (fJ, Bepletion can
linear dependence on resistance. This is bec&lisdnversely be partial or full depending on the CF size.

proportional to the CF aredcr, thus|&E | ~ ‘MJ‘ xR

AcF
where AAcr ~ A2 is the depleted area [2]. 10" ' '
V. NUMERICAL MODEL OF RTN 10° F i
To quantitatively account for the size-dependenc@Adf/ R
in Figs. 3 and 4, we developed a numerical model for RTN, 1

where we implemented both semiconductor transport equat 10
tions and switching kinetics through the finite-elementhoet in

. 2 L= N =10%cm®|
(FEM) using COMSOEP. 10° F D .. N 7
_— Nozlolgcm-3 .l N
20 3 ‘. N .

A. Transport model 10° F|— — No=10"cm N >
In the model, the CF is described as an n-doped semicon- e Np=10"em” oSN d
ductor nanowire surrounded by an oxide layer as shown in 19% — 1 = 1 = ~ ,
Fig. 2. The RTN trap is modeled as a fixed point charge located ~ 10° 10 10 10

in the dielectric. The current densityis obtained by the drift- Diameter [m]

diffusion equation:
Fig. 7. CalculatedA R/ R, same simulation results as in Fig. 4, as a function
J = qnunF + kT, Vin, (2) of CF diameterp, evaluated at different doping densitig,.

wheren is the electron density,,, is the electron mobility
and F' is the electric field [17]. All calculations were per-
formed under steady-state conditions, thus current coityin
reads:

The Joule-heating effect due to the flowing current was
taken into account by solving the steady-state Fourier -equa
tion:

v.J=0. (3) B ) 7
The electrostatic potentiab was obtained by solving the V- (kanVT) + qnin

Poisson equation:

=0, (6)

where k;, is the thermal conductivity. It is equal to
- - 16 Wnmr'K~! in the CF, which is close to the bulk
V- (=eVp) = a[Np —n+ x(@,y,2)], ) Hafnium thermal conductivity (23 WmtK—! [18]), while it
where N, is the concentration of dopant atoms, assumesl 0.68 WnT!K~! in the oxide layer [19]. Self-consistent
totally ionized, andyx(x, y, z) describes the fixed charge. Irsolution of Egs. (2)-(6) in 3D allows to evaluate the elec-
addition, the electric field® was linked to the electrostatictrostatic potential, the carrier density, the temperatame the
potentiale through the equation: total current for variable charge state of the RTN trag,,
neutral and negative. From these results, the resistarzcegeh
F = 7690. (5) AR can be estimated for variable CF size and doping.
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Fig. 8. Measured (a) and calculated (b) current as a funatfotime featuring complex RTN, the map of calculated carriersitgnfor the four state
configurations (c), and the correlation plot bf 11 as a function off,, (d), wherel,, and I,,1; are the currents at timg, andt, 1, respectively.

B. Kinetic model Fig. 6 provides a closer look at the simulations, showing

Fig. 5 shows the defect energy as a function of a generaliZ&§ calculated carrier density (@), (b), (c) and electrostatic
coordinate describing the defect configuration. To pasm frPotential ¢ (d), (e), (f) in the CF for an applied voltage
state 0 to state 1, the trap must overcome a bafiig, Vread =50 MV.In the calculations, a negative chargewas

(Fig. 5a), which requires an average timg, given by: assumed in the RTN trap on the surface of the CF with diam-
eter¢ = 10 nm, lengthL = 10 nm and doping concentration
Ton = Toe FF (7) Np =10%cm™? (a), resulting in a resistancB = 130 K.

. _ o The trap induces a local lowering of the electrostatic pibdén
wherer is the pre-exponential factor. Similarly, the reversgy), causing a local depletion according to Eq. (2). Theusdi
transition from 1 to 0 is achieved by overcoming a barfiéjy  of the depletion region is approximately 3 nm, close to the

(Fig. 5b), in a corresponding time constany given by: Debye length\, = 5 nm according to Eq. (1), assumiag=
Wog 15.6 [22] andNp = 10'® cm™3. Since)p is smaller thany,
Toff = To€ *7 . (8) partial depletion takes place, thus causiy@/R ~ 0.15 in

Generally, the two barrief@’,,,, andW, g are different, thus fche linear regime of Fig. 4. Note thgt the total image c.harge
resulting in different time constants. The random switghiri%i%(;?sa%;reetg?Leecig;’;hr':;::beefgflzlzgrsngrs] etﬁzijFhllusn/hic
from high to low resistance and viceversa was model N -

g n be evaluated asp Lw¢? ~ 3.1 electrons in Fig. 6a. This

by a Monte Carlo approach. For every time instant, equ X . .
O t,ampte, @ random number is extracted from a unifor ighlights the reIevaqce of single-charged defect fluctnat
'or RRAM current noise.

distribution betw Oand1.Inth th beri .
ISHribution between 1 an n the case the humuer s superl Fig. 6 also shows the calculated (b) for the same CF

tO tsampie/Ton, @nd the current is high, the transition to the low . f Fia. 6 ¢t dooi rati
current state happens. The same procedure is employed in%]%oer ies of F1g. ba, excepl for a doping concentration

— 0 —3 i H —
low current state, switching to the high current state if thSD _t 1,[?]2 .Cm ) ngjedres'ultlnt?] rej|st|art]c§ WIR’_ 12 IQ: 6
extracted value is abovupie,/Tof ue to the increased doping, the depleted region (see Fig. 6e

reduces to aboutp = 0.5 nm, thus causing a resistance change
. AR/R =~ 0.02, thus significantly smaller than the relative
C. Smulation results resistance change in Fig. 6a. To study the size dependence
Fig. 3b shows the calculated RTN characteristics for dibf RTN, Fig. 6 shows the calculated (c) and ¢ (f) for a
ferent CF diametersp and Fig. 4 reports the calculatedsmaller diameter) = 1 nm, assuming a doping concentration
AR obtained with the model for variabl&/,. The doping Np = 10?° cm~3. As the CF diameter becomes comparable to
concentration reflects the local concentration of defemish Ap, carriers are fully depleted in the whole CF cross section,
as oxygen vacancies, typically acting as n-type dopants resulting in a large resistance changek?/R ~ 0.8. The
transition metal oxides [20], [21]. The resistance chargje riegimes of partial depletion (Figs. 6a and 6b) and full diqhe
shown to depend on both doping and CF size, hence resistarfEey. 6¢) account for the linear and saturatBetlependence
The simulation results in Fig. 4 closely account for thef RTN in Fig. 4 respectively. Note that, for the saiNg, the
observedAR/R in different material systems. CF size also affects the potential profile within the digiect
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Fig. 9. Measured current as a function of time for read voltege,; = 50,
200 and 350 mV (a) and corresponding calculations (b). The B#itching
times, namelyAt,, and At,z shown in the figure, decrease with..q-

level. The activation energies were properly chosen talyéel

T ] — relatively fast trap and a relatively slow trap as apparemif
I - the RTN switching characteristics.

__ 350 Fig. 8d shows the correlation plot of read currdpt.; at
X time ¢,y as a function of the currenf, measured at the
o 340 previous read time,, [9], [23]. The two squares appearing in
% 330 the correlation plot represent the two independent fluotsat
Py [23], while the additional scattered points at the topfrigh
g' 320 corners of the squares result from background 1/f noise. The
g two squares have different size, since the RTN amplitude

310 of one trap depends on the state of the other trap,,

. . . . . . the change of the current from 0/0 to 0/- is larger than

3000 t 5'0 100 150 200 250 300 350 200 the chapge of the current from -/0 to -/-. This is due to
Vv [mV] the partllal overlap bgtween the depletion regions qf thg two
read defects in the negatively-charged state, as shown in Fig. 8c
Fig. 10. Calculated temperature as a function of the apgligg,q in the Note that data points can be found along the sides of the
center of the CH .4, solid line, and in proximity of the traff;,, dashed square in Fig. 8d, which is due to the integration time in
line. our current measurements being comparable,toand 7.
As the current switches from one level to the other during
integration, the resulting value of the current is interratsl
as a result of the dipole of the negative trap charge and of thetween the extreme values in the RTN. As a result, the
positive image charge induced in the CF. Note that, for amprresponding point in the scatter plot falls on one of tha fo
given CF size, the change of resistance increases at dexyeasides of the square in Fig. 8d. Complex RTN was found with
Np. This is demonstrated in Fig. 7, reporting the calculationglatively low probability in our samples, since it requirsvo
of Fig. 4 as a function of the CF diameter For a given fluctuating defects near the same CF. For this reason, ittmigh
CF size,e.g., 5 nm, the relative change of resistandé&/R be expected that complex RTN can be seen more easily in
decreases wittiVp due to the increased screening within thetates at relatively lowR, due to the relatively large surface
CF. of the CF.

V. CoMPLEX RTN VI. BIAS DEPENDENCE OFRTN SWITCHING RATES

The kinetic model for trapping/detrapping in Fig. 2 allows t Data in Fig. 1 show that RTN transition rate increases with
simulate not only two-level RTN, as in Fig. 3, but also complethe read voltagd/,...q, while AR decreases for increasing
RTN due to multiple defects. Fig. 8a shows the measuréé..,. To understand the voltage dependence of RTN, Fig. 9a
current as a function of time displaying four discrete lsyelshows the measured read current as a function of time at room
which can be understood by two independent defects ba#mperatureq = 30 °C) for increasing voltage, namel¥...q
affecting the carrier concentration in the CF [23]. Fig. 85 50 mV, 200 mV and 350 mV. The three measurements were
shows the calculated current as a function of time, whilgone at three different initial times and are referred to the
Fig. 8c shows the map of calculated carrier concentratisame time interval only for the purpose of comparison. The
within the CF. Here, the two traps can display two chargeitching rates between the high and low current stateslglea
states, namely neutral (0) or negative (-), thus resultinfpiir increase withV,...4. To better characterize the switching times,
CF states, namely 0/0, corresponding to the highest curreve definedAt,, as the time for which the current remains
level, 0/-, -/0 and -/-, corresponding to the lowest curremiigh, andAt,s as the time for which the current remains low
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Fig. 12. Measured and calculated,, (a) andr,g (b) as a function of read bias for increasing ambient tempegafy from 30 to 70 °C, and Arrhenius
plot of the experimental and calculateg, and 7,z as a function ofl /KT, where the local temperature at the RTN defect was calculagettie numerical
model. The straight lines indicate Arrhenius behavior witlergy barriersiV,,, = 0.71 eV andiV,z = 0.88 eV.

(see examples in Fig. 9a). Botht,,, and At decrease for
increasingV,..qq. Fig. 11 shows the probability distributions —
of measuredAt,, and Atyg for Vicqq = 50 mV, 200 mV )
and 350 mV. The distributions display an exponential shape, o
consistent with the random switching model in Fig. 5, where . . .
the time constants,,, and 7,5 correspond to the average 199,60 200 0 200 200
values in the distributions of Fig. 5. The distributionsazlg Voltage [mV]
show an acceleration of RTN switching for increasiigq. 015 o ' '

The RTN was calculated with our model at variable,q to _ oo e Qo o7t
study the voltage dependent RTN. Fig. 9b shows the cal@llate z Q’@o
current as a function of time at increasifg..q = 50, 200 < 005 |&P o -.%
and 350 mV. Fig. 11 shows the calculatad,,, and Atz for = I = 120 pA
Vreaa =50 mV, 200 mV and 350 mV. In both cases, the model 000,66 2200 o 200 200
accurately captures thg...q dependence. In the model, the Voltage [mV]

_acceleratlon of RTN switching kinetics is due to Jou_le et ’;i 13, Measured for Ic: = 6 yA (a) andAR/R for I = 6 yA and
mdu?ed by the _read voltage _and CU_”ent according .tO t g: 120 pA (b) as a function ofi/..q4. The decrease ok and of AR/R
Fourier equation in Eq. (6). For increasiig..q, Joule heating with V....q for Ic = 6 pA is consistent with PF conduction and its response
enhances the temperature at the defect site as shown inGrig.[3 @ fluctuating charge as shown in Fig. 14. The relative t@ste change

. . . . . R/R remains constant fofc = 120 4A due to metallic transport in large
thus accelerating the transition time according to the émiis  cps.
law in Egs. (7) and (8). Note that migration might lead to
voltage-dependent changes of resistance due to a change of
shape of the CF. However, these changes are expected t%tﬁef

monotonic, or multistable, since migration involves transfer qu

of defects in one direction only, as opposed to the bista €88 eV forr,, and 7.7, respectively. These energy barriers

fluctuation of RTN,' ) should not be viewed as characteristic values for Hf€ince
To further confirm the Joule heating model for voltag€sier gefects with smaller/larger barriers may be expedted
dependent RTN, experiments were conducted at varialley gignificantly larger/smaller RTN times than the 0.%-1

Vreaa, between 0V and 0.4 V, and variable room temperatufgy,e range considered in our work may be possible for RTN
Ty, between 30 and 70 °C. Fig. 12 shows the measur@\g/itching.

and calculated results for,, (a) and7.s (b), namely the
average switching times for RTN, as a function Bf..q
for increasingT,. For any givenTy, both time constants
decrease for increasiny,..q, in agreement with results in  Fig. 1b also shows that the resistance chafigedecreases
Figs. 9 and 11. On the other hand, for any gién,q, the for increasingV,..q. This is particularly evident for relatively
time constants decrease wiffy. Both dependences can besmall I, as shown by the measurétias a function ofV,...4
understood by the impact of Joule heating on the transitiéor /- = 6 pA in Fig. 13a. Note the symmetric and non-linear
kinetics of Egs. (7) and (8), where the switching times desee behavior of R, which is consistent with PF transport in the
with the local temperaturé&’, which is enhanced by both theCF. Also, the switching rates display the same dependence
ambient temperaturdy and by V,...q. Fig. 12c shows the for positive and negativ&’...4, sinceT” only depends on the
Arrhenius plot ofr,,, andr,g taken from Figs. 12a and b. Inabsolute value ofl..q. Fig. 13b shows the corresponding
this plot,T" was calculated from the numerical model assumin R/ R for I = 6 uA (from Fig. 13a) and = 120 uA. Data

a CF with diameterp = 0.77 nm and a defect located at at I = 6 pA clearly show a decrease dfR/R with V,...4,
distance of 0.5 nm from the CF surface and at a distance of &6ile AR/R negligibly depends olV,...q for I = 120 pA.

rom the top electrode. Data display a universal Arrhgniu
ependence with energy barriéfg,, = 0.71 eV andiW, 5 =

VIl. BIAS DEPENDENCE OFAR
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Fig. 15. Arrhenius plot ol + AR/R for Ic = 6 uA and I = 120 uA, for
both positive and negative,.., 4. The defect temperature was estimated from

: L . : Eqg. (12). The straight line fof- = 6 pA is in agreement with the PF model
Fig. 14. Schematic illustration of the PF transport in a fexfedt CF. For - > )
a neutral defectR is controlled by an energy barrieEc (b), while the ©f Ed- (11), while the constanAR/R for Ic = 120 piA can be explained

transition to a negative charge causes an increase of eharggr byAE¢. by metallic conduction in the CF.

This behavior can be understood by the different conductiger V,.,; < 0 and 5.6 meV foiV,...q > 0, which is consistent
regimes taking place in small and large CFs. A small Clith Eqg. (11). The polarity-dependemk E- might be due
can consist of only few defects, acting as localized statgs different position of the energy maximum between two
for PF hopping of electrons, while a large CF contains mamycalized states with respect to the RTN defect for poskine
more defects resulting in a doped-semiconductor behaviorregativeV,...q. For Ic = 120 uA, AR/R is almost constant,
even a metallic-like conduction for extremely large defeathich can be explained by conduction being due to doped-
concentrationg.g., Np = 10%' cm™2. Fig. 14 schematically semiconductor or metallic transport. For PF-type CFs aelie
shows the PF conduction picture and the impact of a RTat low I, the immunity to RTN increases for increasivig..q.
switching defect close to the CF. When the RTN defect is iThis is due to the increased switching rate, which allows for
the neutral state (Fig. 14a), electrons migrate in respémsea better averaging between the two resistance levels, and to
the applied voltag#’...q, and the CF resistance can be writtethe reduced RTN amplitude. Therefore, reading at relativel

as: large V,...q may considerably reduce read error in RRAM.
Beaqv However, a practical limit for the increase &f..q iS given
R = Roe™ *T | (9) by read disturb, where the high read voltage may induce

migration because of excessive heating and field. The optimu

. whereﬁg 'S a pre-ex'ponent|al factoq 1S the barrier onver- read voltage thus arises from a careful tradeoff between RTN
ing coefficient andE¢ is the characteristic energy barrier for

electron hopping. For a negatively-charged defect (Fidp),14 reduction and read disturb.
the defect potential influences the electrostatic potkimtithe
CF, thus enhancing the hopping barrier by an additional con-
tribution AE-. Therefore, the resistance increases according VIIl. CONCLUSIONS
to:
N RTN in RRAM devices is studied through a 3D numerical
R = Rye kT . (10) model, where the random fluctuation between two levels is
. ) explained by the change of charge state in a bistable defect
From Egs. (9) and (10), the ratid R/ reads: close to the CF. The model provides a physical quantitative
AR R —R ABg description of both the electron transport in presence of a
R R ¢ =1 11) fluctuating defect and the temperature-dependent swgchin
where an increase dof, due to a largeiV,..q, leads to kinetics. The model accounts for the size dependence of RTN

a decrease oAR/R. Fig. 15 shows the 1 +AR/R from amplitude, which is due to the partial or full depletion of
Fig. 14b for bothIC. - 6 4A and I = 120 yA. In the carriers depending on the CF diameter, and for bias depen-

calculations, the temperature was simply evaluated by: dence of RTN swnchmg. The avergge_swnchmg times are
shown to decrease with voltage, which is explained by Joule
T =T+ @Vz’ (12) heating induced b%ead. The relaf[ive change of rgsistgnce
R also decreases witlv,..q for relatively large R, which is
which is the analytical solution of Eq. (6) for a cylindricaldue to the impact of the negatively-charged defect potentia
CF with resistanceR and an effective thermal resistancen the energy barrier for PF conduction. In support of this
Ri, = tou/(8kinAcr)? [24], where an effective thermal interpretation, metallic CFs are shown to display ViQ,q-
conductivity k,;, = 16 WnT 'K—! was assumed to describedependence of the relative resistance change. Thesesresult
heating at the RTN defect site. Data at sm&ll in Fig. 15 suggest that increasinf,..q may significantly reduce the
display an Arrhenius behavior with slopg@E- = 4.1 meV impact of RTN on read errors.
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