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Abstract— The statistics of the RESET voltage (VRgsgT) and
the RESET current (Irgsgt) of Pt/HfO,/Pt resistive random
access memory (RRAM) devices operated under unipolar mode
are analyzed. The experimental results show that both the
distributions of IrRgsgpT and VRgsgT are strongly influenced
by the distribution of initial resistance in the ON state (RgN),
which is related to the size of the conductive filament (CF) before
RESET. By screening the statistical data into different resistance
ranges, both the distributions of IrRgsgT and VRgsgT are shown
to be compatible with a Weibull model. Contrary to previous
reports for NiO-based RRAM, the Weibull slopes of the IRgseT
and VRgsgT are demonstrated to be independent of Rgy. This
is an indication that the RESET point, defined in this letter as
the point of maximum current, corresponds to the initial phase
of CF dissolution. On the other hand, given that the scale factor
of the VRpsgt distribution (VRESET639% ) is roughly independent
of Rgn, the scale factor of the IRgSET (IRESET63%) is inversely
proportional to Rgn. This is analogous to what was found in NiO-
based RRAM and it is consistent with the thermal dissolution
model of RESET. Our results highlight the intrinsic link between
the SET and RESET statistics and the need for controlling the
variation of ON-state resistance to reduce the variability of the
RESET voltage and current.

Index Terms—RESET statistics, resistive random access
memory (RRAM), resistive switching (RS).

I. INTRODUCTION

S A PROMISING candidate for next-generation non-

volatile and storage-class memories, the resistive random
access memory (RRAM), which is based on the resistive
switching (RS) phenomenon in transition metal oxides, has
been intensively investigated recently. The reasons for this
interest are the simple structure of the devices, their good scal-
ability, high speed, and good compatibility with silicon CMOS
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technology [1]-[4]. HfO, has been used in the gate dielectric
stack of CMOS devices starting from the 32-nm technology
node. Hence, it might be one of the most competitive RS
functional materials for RRAM [5]-[8]. However, the wide
cycle-to-cycle and cell-to-cell fluctuation of RS parameters
such as the SET/RESET voltage and current, and the ON/OFF
resistances still represent a significant barrier to engineer
RRAM into large-scale commercial manufacturing [9]-[11].
In this letter, we present the characterization of the statistics
of RESET voltage and current correlated to the statistics of
ON-state resistance in HfO-based RRAM. The operation
of these devices involves the creation and dissolution of a
conductive filament (CF), likely related to oxygen vacancies.

II. EXPERIMENTAL SETUP

Pt/HfO,/Pt structures were fabricated with a 10-nm-thick
HfO; RS layer deposited by atomic layer deposition at 350 °C.
The Pt bottom (BE) and top (TE) electrodes were prepared
by physical vapor deposition. TE was patterned by etching
a square area of 1 um?. The RESET statistics were stud-
ied by cycling five individual devices for 1250 successive
SET/RESET cycles each. Currents and voltages were mea-
sured by an Agilent 4155C semiconductor parameter analyzer
which was also used to apply positive voltage ramp stress to
the TE with the BE connected to ground. During the SET
transition, a 1-mA current compliance limit was used to avoid
the occurrence of hard dielectric breakdown, which would
otherwise destroy the device.

III. RESULTS AND DISCUSSION

The fabricated Pt/HfO,/Pt devices were operated in the
unipolar mode. As shown in Fig. 1(a), the RESET point
(VRESET, IReseT) is defined as the maximum of the RESET
current [10], [11]. The raw voltage and current data were
corrected by the series resistance Rg, which was estimated
to be ~28 Q by adding the resistance of the experimental
setup (~18 Q) to the Maxwell resistance, estimated to be
~10 Q for a CF with a diameter of ~10 nm. After this
correction, the RESET voltage Vrgsgr appears to be rather
independent of Ron [Fig. 1(b)], and the RESET current IRgSET
[inset of Fig. 1(b)] is inversely proportional to Ron. This
behavior is completely analogous to what was previously
reported for NiO-based RRAM devices [10], [11] and it
is compatible with the predictions of the thermal dissolu-
tion model of RESET [12], [13]. In this model, RESET is
considered to occur by the out-diffusion of the conducting
defects (i.e., oxygen vacancies) when the local CF temperature
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Fig. 1. (a) Six typical /-V curves during dc RESET voltage sweeping

of a Pt/HfO2/Pt device showing progressive RESET (green and red curves)
and abrupt RESET (blue curves) events. The black circles represent the
RESET points. (b) VReseT—RoN and IRgseT—RoN (inset) scatter plots of
the measured 1250 cycles of the same device after data correction by the
series resistance Rg = 28 Q.

reaches a critical value Trgsgr- Taking into account the bal-
ance between Joule dissipation and heat evacuation, the basic
equation of the model is Treser = To + (Rtu/RoN) VI%ESET’
where Ty is the operation temperature and Rty is the thermal
resistance describing heat dissipation from the CF to the
environment [12], [13]. If Ron is low enough, Rty o Ron due
to the Wiedemann—Franz law, and Vrgsgr is predicted to be
independent of Ron, as found in our experiments [Fig. 1(b)].
VreseT being independent of Ron, it follows that IRgSET i
proportional to 1/RoN, as found in the inset of Fig. 1(b).
Due to the statistical variation of Ron, we use a data
screening method to get the Vrgsgr and Irgsgr distributions
in different Ron ranges. Fig. 2 shows the global cumulative
distribution of Vrgsgr and Irgsgr together with the screened
distributions for the different Ron ranges. In both cases, the
distributions have been displayed in the Weibull plot. Since
the screened cumulative distributions are straight lines in these
plots, we conclude that they are compatible with Weibull dis-
tributions. The Weibull distribution F = 1 —exp[—(x /x63%)ﬁ ]
is described by two parameters, the scale factor xg39, which
is the value of the statistical variable at F = (.63, and the
shape factor or Weibull slope £, which measures the statistical
dispersion (similar to the standard deviation in the normal
distribution). If we compare the global distributions of VRgsSgT
and Irgsgr Wwith the screened distributions, we find that the
shape of the global distribution has nothing to do with the
intrinsic dispersion of the RESET results. We have verified
that if the screened distributions are combined with adequate
statistical weights according to the number of samples in each
resistance range, the original global cumulative distributions
of Vreser and Irgsgr are nicely reproduced. This confirms
the consistency of our screening method. In particular, the
change of slope in the global Irgsgr distribution is perfectly
reproduced, thus emphasizing that the shape of this global
distribution is fully controlled by the distribution of Ron. In
fact, the change of slope is only related to the fact that the
probability of finding Ron within the two lowest resistance
ranges (i.e., between 15 and 25 Q) is much higher than for
higher Ron values, because IrgsgT decreases monotonically
with Ron and has a narrow spread in each Ron value as
shown in the inset of Fig. 1(b). According to these results,
we can conclude that the shape of the global distributions of
VreseT and Irgsgr does not provide useful insight about the
intrinsic statistics of the RESET process unless we get rid
of the variations of Ron. On the other hand, Fig. 2 demon-
strates that a steep distribution of Irgsgr can be obtained by
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Fig. 2. Experimental distributions (symbols) of the same device and fitting

of (a) VReseT and (b) IRgseT to Weibull distributions (lines) as a function
of RoN. The extreme Ron ranges (Ron < 15 Q and Ron > 100 Q) are
not included in these plots because of the limited number of points which
yield distorted distributions. The purple dots show the global distribution of
VRESET and IRgsgt of all the 1250 cycles.
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Fig. 3. RoN dependence of the shape and scale factors of the (a) VRESET

and (b) Irgsgt distributions of five different devices. The straight lines show
the fitting results. (Ron) is the average of Ron in each screening range.
Each device shows the same trends between the shape/scale factors and RoN,
that is, By, fr, and VRESET639% are roughly constant, while IRpsET63% 1S
proportional to 1/RoN. The five devices show a good reproducibility of the
observed trends.
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Fig. 4. Evolution of the experimental (circles and triangles) and theoretical
RESET temperatures (continuous lines) of two RESET cycles in the HfO,
device. The vertical dashed line indicates the same RESET applied voltage
(Vapp,RESET = 0.3 V) obtained from the maximum current criterion.

adequately controlling the SET process to reduce the variabil-
ity of RoN.

Fig. 3 shows that VResgTe39% remains independent of Ron,
while IrRgsETe63% Scales with 1/ Ron, as expected from the scat-
ter plots of Fig. 1. On the other hand, the shape factors (fy and
1) appear to be independent of Ron. Though the change of
the scale factors of Vresgr and Irgsgr distributions with Ron
is the same for both HfO, and NiO-based devices, the behavior
of the shape factors is completely different because in the case
of NiO, fy and f; were reported to scale with 1/Ron [10].
In [10], a physics-based model was proposed for the RESET
statistics. This model implements the idea that in order to
fully RESET the CF, out-diffusion of all the Npgp defects
that form the CF narrowest constriction bottleneck is required.
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Here Npgr is defined as Nnnpgrg, with N being the number of
slices that composing the CF bottleneck, n being the number
of cells in each slice, and npgr the average number of defects
in each cell. Departing from this idea, it was demonstrated
that Sy and pB; should be proportional to Npgr o« 1/RoN.
This prediction was shown to be consistent with the results
of NiO-based RRAM, but it is not consistent with the HfO,
results reported in this letter. The reasons behind this discrep-
ancy can be found by discussing the meaning of the RESET
criteria and looking at the details of what happens before the
RESET point. If there is no degradation of the CF before the
RESET point, then the RESET event should be regarded as
representing the initial step of the CF dissolution, that is, the
out-diffusion of the first conductive defect from the CF bottle-
neck. In this case, a result like that reported for HfO, (i.e., Sy
and f; being independent of Ron) would be consistent with
the model of [10]. To explore the degradation occurring in
the CF prior to the RESET point, we designed a methodology
based on calculating the maximum CF temperature by means
of two different procedures [11]. First, we consider a linear
temperature dependence of the CF typical of metallic behavior,
that is, Ron(Tmax1) = Roll + ya(Tmaxi — To)], where
Rp is the CF resistance at ambient temperature Ty, y is a
geometrical parameter (y = 2/3 for a cylindrical CF), and o is
the experimental resistance-temperature coefficient. Using this
equation, we can extract Tyax] as a function of the applied
voltage departing from the experimental evolution of Ron,
that is, using the CF as a self-thermometer. That is why we
denote Tmaxi as the experimental temperature. On the other
hand, we can also calculate the evolution of the maximum
temperature as a function of the applied voltage from the heat
dissipation equation, that is, Timax2 = To + (Rtu/ RON)V2
where the Rry/Ron ratio is assumed to be given by the
Wiedemann—Franz law, that is, Rty/Ron = (8¢ LTMAXz)_l,
with L = 2.45 x 1078 WQ/K? being the Lorentz number
and ¢ a fitting parameter that allows us to trim the thermal
resistance so as to ensure that Tvaxi = 7Tmax2 at low
voltages, where all the conductance change is due to temper-
ature effects. Since no experimental data are involved in the
calculation of Timax2, we have denoted it as the theoretical
temperature. In the case of NiO, we concluded that significant
degradation occurs before the RESET point, because these
two temperatures diverge well before the maximum of the
RESET current. In the present HfO,-based devices, the results
are quite different since, as shown in Fig. 4, the experimental
and theoretical CF temperature curves nearly coincide before
the RESET point (Vapp reser = 0.3 V, which corresponds
to the maximum current). This means that, contrary to what
was reported for NiO-based structures, in case of the present
HfO,-based devices, the RESET point nearly coincides with
the starting point of the CF dissolution and the CF suffers
little structural degradation before RESET, which explains the
different behavior of fy and f; versus Ron.

IV. CONCLUSION

The statistical distributions of RESET voltage and cur-
rent in Pt/HfO,/Pt RRAM devices were reported to be
controlled by the distribution of initial CF resistance
(i.e., by the ON-state resistance). Contrary to our previous
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report for NiO-based structures, the Weibull slopes of the
RESET voltage and current distributions were found to be
independent of the CF resistance, thus indicating that the
RESET point captures the initial stage of the CF dissolu-
tion process. The dependence of the scale factors on Ron
was found to be consistent with the thermal dissolution
model of unipolar RESET. An intrinsic connection between
the SET and RESET statistics was reported, because the
spread of the RESET current statistics was directly deter-
mined by the distribution of ON-state resistance. Hence, it
was concluded that the control of the ON-state resistance
distribution is of great importance in order to achieve good
uniformity of the RESET parameters and good performance
of RRAM.
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