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Simulation of thermal reset transitions in resistive switching memories
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An in-depth study of reset processes in RRAMs (Resistive Random Access Memories) based on
Ni/HfO,/Si-n" structures has been performed. To do so, we have developed a physically based
simulator where both ohmic and tunneling based conduction regimes are considered along with the
thermal description of the devices. The devices under study have been successfully fabricated and
measured. The experimental data are correctly reproduced with the simulator for devices with a
single conductive filament as well as for devices including several conductive filaments. The
contribution of each conduction regime has been explained as well as the operation regimes where
these ohmic and tunneling conduction processes dominate. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4881500]

. INTRODUCTION

Non-volatile memories based on the resistive switching
effects (known as Resistive Random Access Memories,
RRAMs) are currently under scrutiny in the scientific com-
munity because of their potential to solve the limitations of
the conventional flash technology.'™ RRAMs show many
interesting features in comparison with flash memories and
other current proposals in the non-volatile memory realm;
among them we could highlight the following: a low progra-
m/erase current, fast speed, nano-scale operation characteris-
tics, endurance and viability for 3D memory stacks, and
CMOS technology compatibility.'*

RRAMs can be fabricated with metal oxides; in this case,
the devices usually show different resistance states produced
by the alternating formation and rupture of one or several con-
ductive filaments (CFs).>>® After a forming process on pris-
tine devices, a low resistance state (LRS) is achieved; it can
be switched to a high resistance state (HRS) by the partial dis-
solution of the CFs (reset) and the HRS can be turned back
again to the LRS through a set process that reforms the CFs.
Recently, an analysis (comparing experimental and simulation
results) of the physics behind thermally assisted reset proc-
esses has been published in Refs. 9 and 10; other authors have
also worked on this subject.>>!""1?

Concentrating our analysis on reset processes (among
the many examples of RRAM devices published in the litera-
ture) there can be found linear and nonlinear reset I-V curves
at low applied voltages (in both cases, once the reset voltage
is achieved, the current usually drops off in an abrupt man-
ner). In the linear case (considering the device in the LRS),
the charge conduction in the conductive filaments shows an
ohmic behaviour (in these conductive filaments drift is
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assumed to be the main transport mechanism). Nevertheless,
the nonlinear case cannot be explained accounting only for
ohmic behaviour, for this reason, we have to consider an
additional charge transport approach in addition to those
linked to the linear model. In examining this issue, we will
come to giving the main keys of the charge transport proper-
ties and of the mechanisms controlling the dissolution and
rupture of the conductive filaments that allow resistive
switching in the devices under study here.

To do so, we will introduce substantial modifications on
a previously developed RRAM simulator’ and we will com-
pare with experimental data (different reset I-V curves)
obtained in long series of set/reset cycles. For circuit design
and simulation purposes, understanding the reset processes is
a key issue to deal with compact modeling and the parameter
extraction needed to characterize a particular technology.""?

The experimental data were obtained making use of
Ni/HfO,/Si-n" devices fabricated at the IMB-CNM lab in
Barcelona. Similar devices were fabricated by other
groups; ' in particular, these latter authors proved with their
analysis the presence of conductive filaments with a high
concentration of Ni species. Taking into consideration results
of other authors, concerning the metallic nature (connected
with the active electrode) of the CFs in devices with a similar
oxide (hafnium dioxide),'>'® we assume a fully thermal dis-
solution process. In the simulation ground we used (and
enhanced as it will be described in Sec. IIT) a tool”'* that
includes the possibility of several coupled CFs where con-
duction takes place. This approach is consistent with the
presence of a single filament with several branches (subfila-
ments), interlaced between them'’ or forming a tree struc-
ture.'>'®! The current, temperature, and temporal evolution
of each CF are calculated self-consistently, including the
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series resistance at each CF (accounting for the Maxwell and
the set-up resistances), heat exchange with the electrodes
and the oxide, and the determination along each CF of the re-
sistance per unit length (dependent on the temperature and
on the CF shape and width).

The paper is organized as follows. In Sec. II, we give
details of the fabricated devices and measurement set-up. The
main features of the numerical simulator are given in Sec. III.
In Sec. IV, we present the main results and the corresponding
discussions; finally, the conclusions are drawn in Sec. V.

Il. DEVICE FABRICATION AND MEASUREMENT
SET-UP

The Ni/HfO,/Si devices were fabricated on (100) n-type
CZ silicon wafers with resistivity (0.007-0.013) Q cm. The
20 nm-thick HfO, layers were deposited by atomic layer de-
position at 200 °C using tetrakis (Dimethylamido)-hafnium
(TDMAH) and H,O as precursors, and N, as carrier and
purge gas. After growth of the dielectric film, a high tempe-
rature anneal at 800 °C for 30 min in a N, ambient was per-
formed. The top Ni electrode with a 200nm thickness was
deposited by magnetron sputtering. The area of the cells is
80 x 80 um”. A schematic cross-section of the final device
structure is shown in Fig. 1(a).

The I-V characteristics were measured using a HP-
4155B semiconductor parameter analyzer. The voltage was
applied to the top Ni electrode, while the Si substrate was
grounded. In order to automatically perform successive I-V
measurements and to smartly and dynamically detect the set
and reset currents, the I-V meter was connected to the com-
puter via GPIB (General Purpose Instrumentation Bus) and
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FIG. 1.(a) Cross section scheme of the Ni/HfO,/Si-n* devices, (b)
current-voltage characteristics during typical set and reset cycles. A current
compliance of 100 A has been employed.
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controlled using MATLAB. For this study, more than 3000
successive cycles were measured. Typical I-V characteris-
tics during set and reset operations are shown in Fig. 1(b).

lll. SIMULATOR DESCRIPTION

The simulations shown in this work have been obtained
with a new and enhanced version of the tool explained in
Ref. 9. The RRAM simulator accounts for a structure with
two different electrodes and an oxide in between, including
the electrical and thermal properties of the materials. The
structure simulated in Ref. 9 has been modified to study the
devices sketched in Figure 1.

The basic scheme of the elements incorporated in the
simulator is shown in Figure 2. As can be seen, an arbitrary
number of CFs with different radii and shapes can be
considered, including the series resistance (calculated sum-
ming the setup and Maxwell resistances of each CF). Taking
into account the study of Ref. 14, where similar devices were
used to those described in Sec. II, truncated-cone-shaped
CFs are employed with the narrowest end placed at the inter-
face of the dielectric and the n"-Si layer.

In addition to what was shown in Ref. 9, in each of the
branches in Figure 2 (corresponding each one to a different
CF) a module is included to represent the presence of a CF
constriction (this filamentary path is assumed to be placed at
the dielectric-n™Si interface) that is modeled accordingly to
the Quantum Point Contact (QPC) theory. To analyze the
charge transport at this CF narrowing we have followed Refs.
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FIG. 2. Schematic of the structure considered in this study (a), and the elec-
trical equivalent circuit considered for the simulator development (b). R,
is the resistance of the measurement setup and in-chip wires, and CF; is the
ith conductive filament across the insulator, while R,;; are the Maxwell’s
resistances. Each CF is independently modelled by a different conductive
path (with cylindrical symmetry and a truncated cone shape) and a filamen-
tary path at the CF end placed at the dielectric-n"Si interface; in this latter
element the QPC model is employed.
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20 and 21 (in this constriction, the first quantized sub-band
behaves as a potential barrier for the transit of electrons).

We have followed the assumptions described in Refs. 20
and 21 to obtain an analytical expression for the current at
the CF (Eq. (1)), where a parabolic potential barrier is con-
sidered (see that we use the voltage drop at the constriction
because we accurately calculate the other resistive elements
within the real structure and solve self-consistently the tem-
poral, thermal and electric behaviour of the device)

2eN 1 1 D — feV,
=2 {chTR +—Ln —|—exp{oc[ pe CTR]} ] }
o

h 1+ exp{a[®+ (1 — B)eVerr] }

o))

For this model (the Landauer’s formalism for 1D quantum
conductors and the zero-temperature limit was employed®**"),
@ is assumed to be the potential barrier height measured with
respect to the Fermi level, o is a parameter linked to the poten-
tial barrier thickness at the Fermi level, Vqrg is the voltage
which is assumed to drop at both ends of the CF constriction
(in a fraction of f§ and (1-f) at each extreme, as suggested in
Refs. 22 and 23; this latter assumption is reasonable since there
are different materials at both ends of the filamentary path), e
is the elementary electron charge, I is the CF current, and N is
the number of active channels in the CF.?'*?

In addition to the magnitudes described above, a series
resistance was considered in Ref. 21; however, as explained
above, in our case, we calculate this resistance adding the
contributions of the setup resistance, Maxwell resistance,
and the resistance of the “thick” part of the conductive fila-
ment (from the Ni electrode to the CF narrowing at the
dielectric-n"Si interface), for each branch. In this respect,
within the self-consistent scheme that we explained above,
Verr can be calculated for each CF, corresponding to a dif-
ferent branch in Figure 2, as follows:

Verri = Vapp = Liotar * Ryewp — i - Ry + Reryi),  (2)

where Ry, Regj, and I; stand for the Maxwell resistance,
the CF resistance, and the CF current of i-branch
(corresponding to CF (i)) as sketched in Figure 2. Iy, is cal-
culated as the sum of the currents in all the CFs considered
in a particular device. It should be noted that in this way, we
can calculate the voltage outside the barrier and take into
account for the calculation of the tunneling current only the
voltage truly applied in the constriction, which results in a
better fit of the experimental curves as suggested in Ref. 22.

The length of the CF narrowing is represented by the tg
parameter of the model (width of the barrier at the reference
energy E=0). It was estimated in Ref. 20 for the devices
they analysed; the following values were found,
1.1nm<tg <2.3nm, for « and ® values of their fitting
according to

2m*

27—1
o =tgmh D

3)

£ . . . .
where m  is the electron effective mass in the constriction.
In our case, we used o and ® values of the same order and,
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therefore, similar values of tg would be expected, which are
less than 10% of the CF length (even assuming a straight CF
crossing the dielectric in a perpendicular direction to the
electrodes plane (in our devices, t,, =20 nm)).

Using «, f, and N as fitting parameters for each curve,
the narrowest end of each CF can be modeled. Furthermore,
we can approximately calculate its radius. To do so, we esti-
mate the number of Ni ions that can be ideally placed in a
circle (the narrowest end of a truncated-cone-shaped CF),
and using N (number of active channel in the CF, Eq. (1)) as
this number, the radius of the CF narrower part is calculated.
The radius of the other end allows the fitting of the I-V curve
as well as the V . voltage for a particular reset cycle. As
will be shown below, the inclusion of both transport compo-
nents of the CF resistance (described by means of a classical
—ohmic regime- and quantum —tunnelling regime-) are
needed to correctly simulate the devices we are considering.
Several CFs are considered in the same device if the -V
curve presents several current steps following Ref. 9.

Once the simulation starts, the radius in each position of
the CF is determined by the temporal evolution of the diffu-
sion processes of the metal atoms that form the CE.” The
temperature along the CFs is calculated by solving the heat
equation, where the heat dissipation to the electrodes and the
surrounding oxide is considered. The current is obtained
making use of Egs. (1) and (2) and by calculating the CF
resistances, accounting for the evolution of the conductivity
with the temperature, and the CFs shape at each grid point
between the electrodes. The total electric current, tempera-
ture, and time evolution of all the CFs are solved self-
consistently for each applied voltage till the high resistance
state is achieved. The set of constants employed in the simu-
lator, to fit the measured curves, is given below in Table I.

IV. RESULTS AND DISCUSSION

We have used our simulator to reproduce the measure-
ments obtained for the devices described in Sec. II (see Figure
3). We have selected several reset I-V curves with just one
deep current step (Figure 3(a)), these cycles were reproduced
making use of a single CF. In Figure 3(b) curves with several
current steps were plotted, in these case several CFs were
employed following previous results reported in Ref. 9, 4 CFs
for cycles 1001 and 211, and 2 CFs for cycle 151.

As explained in Sec. III, for the devices under study,
truncated-cone-shaped CFs were employed.'* In this respect,
and following the notation developed in Ref. 9, the maxi-
mum radii of the CFs used (rcpmax) Were given in Figure 3,

TABLE I. Physical parameters used in the simulations.

Kaise 5% 108s7!

oy 5%x10 3K !

E. 12eV

h 4x10°WK 'm?
K 3WK 'm™!
Gox 1250 "'m™!
Gcro 3%x10°Q 'm™!
o 833%x10°Q "m™!
OSint 1x10°Q 'm™!




214504-4 Villena et al.

100 L C' | '56 T x T x T ’ T L T . 3
- - -Cycle E
4 [ |- - -Cycle 59 &) ;
10" F |- - -cycle 476 3

——Sim 56
102 L |——Sim59 ]
——Sim 476 E

Current (A)

3.0 3.5

(V)

app

J. Appl. Phys. 115, 214504 (2014)

T T T
- - -Cycle 151
- - -Cycle 211
- - -Cycle 1001
——Sim 151
——Sim 211
—— Sim 1001

Current (A)

10'7 n 1 n 1 n | n " n
0.0 0.5 1.0 1.5 20 25 3.0

V_ (V)

app

FIG. 3. RRAM current versus applied voltage. The experimental measurements of the devices described in Sec. II are shown in dashed lines and the simulation
results are plotted in solid lines. Truncated-cone-shaped CFs were used, with the following sizes (rcgmax accounts for the maximum radius of the CF and Ccgg
is the fraction of this maximum radius in the narrowest part of the truncated cone).(a) A single CF was considered in all cases, at the beginning of the simula-
tion the CF features were the following: (rcgmax =9 nm, Cepg = 17%) for Sim 56, (rcpmax = 12 nm, Cepg = 6%) for Sim 59, and (rcpmax = 27 nm, Ccpg = 60%)
for Sim 476; (b) Several CFs were employed here, for simulation 151, the conductive path consists of two subfilaments with the following characteristics:
(CFy: Icpmaxi =30nm, Ccpo=9,5%; CFy: rcpmaxe =1.5nm, Ccpg=6%); similarly, for simulation 211 we used the following configuration (CF;:
I'eEmax1 = 38 nm, Cepg = 7%; CFa: Iepmaxe = 3 nm, Ceopg = 5%; CF3: repmaxz = 0.9 nm, Cepg = 8.89%); CF4: repmaxs = 0.58 nm, Cepg = 13.79%) and for simula-
tion 1001 we used the following configuration (CF;: repmaxt = 30nm, Cepg = 9%; CFa: repmaxe = 3 nm, Cepg =4.3%; CF3: repmaxs = 2.9 nm, Cepg = 5%; CFy:

ICFmax3 = 20m, Cepo = 6%).

the reduction of the narrowest part of the CF is described by
means of the Ccpgy parameter. Ccr(z) shows the ratio of the
CF radius that is formed at a given vertical position (z)
assuming a certain CF shape (a cylinder or a truncated cone)
with a given maximum radius. In this way we describe the
evolution of the CFs thickness along the device, the radius of
the CF is calculated as r¢p(2) = repmax - Cor(z). In trunca-
ted-cone-shaped CFs, the Ccgy parameters account for the ra-
dius of the narrowest part of the CF; in all the cases, the
corresponding area is above the area related to a single line
of Ni atoms (the ionic Ni radius has been considered here),
obviously N =1 has to be used in Eq. (1) if the latter case is
assumed.

Along with the parameters that describe the CFs we
have included those that account for the QPC model. In this
respect, taking into consideration that each CF is formed in a
different manner in each set/reset cycle, these parameters
have to be fitted to reproduce the experimental data. Four pa-
rameters can be used in Eq. (1); two of them were the same
for all the simulations performed here (P=1.2eV and
£ =0.9), we changed N and o for each CF (e.g., N=276 and
a=35.5 for cycle 56 and N=56 and «=4.1 for cycle 59;
since the CFs are changed from cycle to cycle, new o and N
parameters would be needed). As can be seen, the low cur-
rent part of the reset curve is correctly reproduced for all the
cases considered, in this regime the correct modeling of the
nonlinear behaviour is of most importance.

We can assess the value of parameter tg (Eq. (2)). In this
respect, all the values of tg for the devices analyzed here are
within the following interval [0.51 nm, 1.13 nm], considering
a dielectric effective mass of 0.44mg. This means that the ap-
proximate CF narrowing length is less than a 5% of the total
CF length in our study.

A simulation of a single CF device I-V curve is shown
in Figure 4(a). The corresponding thick part of the CF resist-
ance (Rcp) and the resistance connected with the constriction
(Rgpe) at the oxide-n™ Si interface (the latter described by
means of the QPC model) are shown in Figure 4(b). As can
be seen, the Ropc is higher at low applied voltages in com-
parison with Rcr. In this respect, at low applied voltages, the
device current is controlled almost exclusively by the CF
narrowing limited current. However, as the applied voltage
increases, Ropc drops off and consequently the role of the
constriction in determining the current is less important and
might be even irrelevant. See that once the reset voltage is
achieved, both resistance components diverge due to the CF
rupture. A HRS is achieved after the reset process is
complete.

The description of this process from the thermal view-
point is sketched in Figure 4(c). The temperature along the
CF is plotted for the voltage sweep employed in Figure 4(a).
See that at the reset voltage the CF temperature peaks (this
sudden rise is reasonable within the self-accelerated process
that takes place when the CF is ruptured”).

In Figure 5(a), two I-V curves are simulated for identi-
cal RRAM devices with different values of the o parameter
of Eq. (1). See the influence of this choice on the non-linear
characteristics of the current curves at low voltages and also
on the determination of the reset voltage.

Rer and Rgpe for the curves shown in Figure 5(a) are
given in Figure 5(b). A sudden rise is again seen when the
CF is broken for both o values. However, important differen-
ces in the relative values of the resistance components can
be seen for the two o values selected. The role of the nonlin-
ear component is higher for the higher o parameter (see Eq.
(2), this fact implies a thicker potential barrier (tg)).
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FIG. 4. (a) Simulated RRAM current versus applied voltage (the corresponding simulation time is also shown, a ramp of 0.1 V/s was used) for a device with a
single CF. (b) Evolution of R¢r and Rope versus applied voltage. (c) CF temperature along the oxide for all the applied voltages considered in the I-V reset

curve of (a).

Finally, we have compared a set of experimental reset
current and voltage values for a large sample of I-V curves
with simulations (Figure 6). See that the model reproduces
accurately different zones of this plot, these zones represent
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configurations where one of the different components of
the device resistance has more influence over the others

(we are considering Rcrp and Rgpe and Ry in our
analysis).”
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FIG. 5. (a) Simulated RRAM current versus applied voltage for a device with a single CF (two different o parameters are employed in Eq. (1)). (b) Evolution

of Rer and Rgpc versus applied voltage for the cases considered in (a).
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FIG. 6. RRAM current versus reset voltage (V). Simulated data for a set
of devices whose features have been generated randomly (the number of
CFs and their radius, assuming truncated cone shapes) and experimental
data from the devices described in Sec. II are shown together for
comparison.

V. CONCLUSIONS

A simulator tool to describe reset processes in RRAM
devices has been developed, including quantum effects.
Experimental measurements of RRAMs based on
Ni/HfO,/Si-n" structures have been reproduced for devices
with a different number of conductive filaments and for all
the operation regimes considered. The simulator includes the
electrical and thermal description of the devices and the
temporal evolution of the conductive filaments, the series
resistance is also included. Both the ohmic and tunneling
based conduction regimes are considered; their contribution
and the operation regimes where one or the other are
dominant.
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