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In order to study the device-to-device and cycle-to-cycle variability of switching voltages in 4-kbit RRAM arrays,
an alternative statistical approach has been adopted by using experimental data collected from a batch of 128
devices switched along 200 cycles. The statistical distributions of switching voltages have been usually studied
by using the Weibull distribution. However, this distribution does not work accurately on Al:HfO,-based RRAM
devices. Therefore, an alternative approach based on phase-type distributions is proposed to model the forming,

reset and set voltage distributions. Experimental results show that in general the phase-type analysis works

better than the Weibull one.

1. Introduction

Emerging resistive memories or Resistive Random Access Memories
(RRAMs) are a promising technology that can be implemented for
embedded non-volatile memory (NVM) applications on micro-con-
trollers or some secure products within the cryptographic hardware
realm [1,2]. In addition, RRAMs are also gaining momentum working
as memristive artificial synapses interconnections, which are the key
components in hardware neural networks [3]. Some of the advantages
of oxide-based RRAMs over FLASH devices, the current technology used
in massive NVMs, are lower read time, faster write performance and
more scaling capacity [1].

However, there are hurdles to overcome to make this technology
enter to the massive production lines. The operation of HfO,-based
RRAMs is based on the stochastic nature of resistive switching (RS)
processes that create and disrupt conductive filaments (CFs), consisting
of oxygen vacancies (Vy), that changes drastically the device resistance
[4]. Therefore, the programmed resistive states and their related RS
parameters usually vary in a large scale, which makes the variability a
relevant issue that has to be addressed [5,6]. In order to study this
stochastic behavior thoroughly, two types of variability have to be
taken into account: device-to-device (DTD) and cycle-to-cycle (CTC)
variability. The comparison is interesting since DTD variability is
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analyzed considering independent data, namely, the data correspond to
different devices, whereas for CTC variability we consider dependent
data coming from RS series measured for just one device (the remnants
of CFs after a reset process influence the next set event and, therefore,
the subsequent reset process, and so on) [7]. Finding the right statistical
model to describe the distribution of RS voltages is a critical require-
ment that ensures a robust design of RRAM-based devices.

In this work, such a statistical study was performed by making use
of experimental data collected during the programming of the RRAM
devices several times in the high resistive state (HRS) and in the low
resistive state (LRS). The RS voltages during forming, reset and set
operations of several RRAM cells integrated in 4-kbit arrays were
considered for the DTD variability analysis, while the RS voltages
during 200 reset-set cycles were considered for the CTC variability
analysis. The usual statistical distribution used for this kind of devices is
the Weibull distribution (WD) [8,9], well known in the reliability
context [10,11]. However, it was found that WD does not fit accurately
the voltage distributions considered [12,13]. Therefore, a new ap-
proach based on the phase-type distribution (PHD) was used to char-
acterize the voltage variability of Al:HfO,-based RRAM devices [13].
This distribution is known to be able to approximate whatever classical
positive distribution due to its versatility by considering different in-
termediate states, phases, and the transition intensities between them.
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Therefore, it allows the study of intermediate probabilistic states in the
evolution of statistical systems; in our case, intermediate states in
forming, reset or set processes.

2. Device fabrication and measurement

The samples characterized in this study are 1-transistor-1-resistor
(1T1R) RRAM cells integrated in 4-kbit arrays, as shown in Fig. 1. Each
cell is constituted by a select NMOS transistor, manufactured in the
0.25pum CMOS technology, whose drain is connected in series to a
metal-insulator-metal (MIM) stack placed on the metal line 2 of the
CMOS process. The variable MIM resistor is composed by 150 nm TiN
top and bottom electrode layers, a 7 nm Ti layer (under the TiN top
electrode), and a 6 nm Al-doped HfO, layer with an Al content of about
10%. Metal layers were deposited by using magnetron sputtering,
whereas the dielectric layer was deposited by using atomic layer de-
position (ALD). The resistor is patterned with an area of about 0.4 um?
and encapsulated by depositing a thin Si3N,4 layer to protect it from the
environment [14].

In order to accomplish the accurate control of the conductivity of
the RRAM cells needed for the implementation of artificial synapses in
neuromorphic networks, an optimized programming procedure is re-
quired. The incremental step pulse with verify algorithm (ISPVA) has
shown to be an effective strategy to reduce the DTD variability by de-
fining threshold current values (I) [15]. By using this programming
algorithm, a sequence of increasing voltage pulses is applied on the bit
line (BL), connected to the MIM resistor, during forming and set op-
erations, whereas this sequence is applied on the source line (SL),
connected to the transistor source, during reset operations [16]. After
every pulse a read-verify operation is carried out. The programming
operation is stopped when the read-out current reaches the corre-
sponding I.

In order to statistically model the RS voltage distributions, a cri-
terion should be established to define what is considered a RS event
during forming, reset and set operations. As shown in Fig. 2, multiple
criteria can be established for each operation. For set operations (as
well as for the forming operation) there are two possibilities: the vol-
tage amplitude at which the maximum derivative of the read-out cur-
rent curve takes place (Vg p) or the voltage amplitude at which the set
L is overcome (Vg ). For reset operations two types of reset should be
considered [17]. During the 1st Reset (Resetl) after the forming op-
eration, the read-out currents feature a significant increase before
performing the reset switch. Hence, two definitions were considered:
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Fig. 2. Schematic illustration of the criteria definition of RS voltages on the
read-out current evolution during the ISPVA. The dotted lines represent the I
values.

the voltage amplitude at which the maximum current value is achieved
(Vres1 max) OF the voltage amplitude at which the highest current drop
takes place (V,.s gp). During the subsequent reset operations (Reset2)
such a current increase is suppressed. For these reset operations, Vies1 sp
definition remains still useful (V,.s_gp), however, one alternative defi-
nition to Vies1 max Was considered: the voltage amplitude at which the
reset I, is crossed down (Vs ).

3. Results and discussion
3.1. DTD variability in forming operation

In order to activate the RS behavior, a preliminary forming opera-
tion is required to bring the RRAM devices from pristine state to the LRS
[18,19]. To study the DTD variability of the forming voltages, the
forming operation was performed on a batch of 128 1T1R devices in-
tegrated in the 4-kbit array. The amplitude of the voltage pulses applied
by the ISPVA was swept in the range of 2-5V with a voltage step of
0.01 V. The LRS was defined by using a I value of 30 pA together with
a compliance current limitation imposed by a gate voltage (V) of 1.4V
applied on the word line (WL).

The evolution of the read-out current values measured after each
programming pulse during the voltage amplitude sweep is shown in
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Fig. 3. Evolution of read-out current values during ISPVA for forming (a), the 1st Reset (b), set (c) and second reset (d) operations on 128 devices (grey), its average
(dark grey) and on one specific device (red). The dotted orange lines represent the I,;, values. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 4. Statistical fits of the forming voltages (Vforming) for the 128 RRAM de-
vices under consideration: WD linear fit (a) and fit of the cumulative hazard
rate (CHR) calculated as -In(1-F) (b). The WD fit is obtained with the black line
and a reduction (increase) of a 10% in the 8, parameter was assumed in the
orange (magenta) line. The PHD fit is obtained with the green line. (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

Fig. 3(a). Based on the Vy, g, definition, the forming voltages (Vforming)
were obtained and the statistical analysis was performed starting with
the WD, as shown in Fig. 4(a), which is defined by the following ex-
pression:

ﬁv
F(V)=1- exp[—(VL) }
63%

where F(V) is the cumulative distribution function of voltages, f3, is the
shape parameter and Vg3, is the voltage value by which 63% of the
samples perform the RS. As it can be seen clearly in Fig. 4(a), this
distribution does not fit the experimental data. Therefore, other alter-
native distributions should be tried. The PHDs constitute a class of non-

@

(V)

Fig. 5. Statistical fits of the CHR of the reset voltages extracted from the Resetl
operation: Vyes max (a) and Vi g, (b); for the 128 RRAM devices under con-
sideration. The WD fit is obtained with the black line and a reduction (increase)
of a 10% in the B, parameter was assumed in the orange (magenta) line. The
PHD fit is obtained with the green line. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

res1_slp

negative distributions that makes possible to model complex problems
with well-structured results. Caused by their valuable properties, this
type of distributions has been used in reliability studies in diverse sci-
ence fields. Some particular cases of PHDs are the exponential, Erlang,
generalized Erlang, hyper-geometric and Coxian distributions, among
others. The versatility and advantages of PHDs can provide a better
analysis of the voltages distribution. Details such as the matrix structure
and different representations of PHD can be seen in [13]. As shown in
Fig. 4(b), the analysis based on PHD, where the k parameter stands for
the number of phases, fits the experimental data much better than in
the case of the WD. In particular, after the PHD analysis, an Erlang
distribution function works well because of the features of the
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Fig. 6. Statistical fits of the CHR of the set voltages extracted from the set
operation: Ve g (@) and Vi ., (b); for the 128 RRAM devices under con-
sideration. The WD fit is obtained with the black line and a reduction (increase)
of a 10% in the 8, parameter was assumed in the orange (magenta) line. The
PHD fit is obtained with the green line. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

transitions between the states obtained. The Erlang distribution is de-
fined by the expression:

k-1
FV)y=1-Y %exp(—/lV)(/lV)j

Jj=0

(2)

where k is the shape parameter and A is the rate parameter. The phase-
type representation is described in [13].

3.2. DTD variability in reset and set operations

After the forming operation, the batch of 128 1T1R devices was
switched to the HRS by means of the 1st Reset operation (Resetl).
Afterwards it was switched back to the LRS by means of a set operation
and finally switched again to the HRS by means of a reset operation
(Reset2). The RS voltage distributions obtained during these three
consecutive operations were studied in terms of DTD variability. During
these programming operations the amplitude of the voltage pulses ap-
plied by the ISPVA was swept between 0.5 and 2.0 V with a voltage step
of 0.01 V. The I, and V, values during the set operation were defined as
30 pA and 1.4V, respectively; whereas they were defined as 5pA and
2.7V, respectively, during the reset operations.

The evolution of the read-out current values measured after each
programming pulse during the Resetl operation is shown in Fig. 3(b).
The current peak featured by the read-out current characteristic during
the 1st Reset operation is clearly visible [17]. As illustrated in Fig. 5, the
voltage distributions obtained during the Reset1 operation are strongly
impacted by the definition chosen as reset switching criteria (Fig. 2). By
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Fig. 7. Statistical fits of the CHR of the reset voltages extracted from the Reset2
operation: Ve gp (@) and Vs o, (b); for the 128 RRAM devices under con-
sideration. The WD fit is obtained with the black line and a reduction (increase)
of a 10% in the B, parameter was assumed in the orange (magenta) line. The
PHD fit is obtained with the green line. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 8. Evolution of read-out current values during ISPVA for reset (a) and set
(b) operations during 200 reset-set cycles (grey), its average (dark grey) and at
one specific cycle (red). The dotted orange lines represent the I,;, values. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

using Vyes1 max the voltage distribution ranges between 0.75 and 1.00 V,
which is much narrower than the distribution obtained by using
Vres1_sip» Namely, between 0.6 and 1.3 V. Additionally, the former can be
well fitted with the PHD analysis (Erlang), whereas the later can be
better fitted with the WD.

In Fig. 3(c) the evolution of the read-out currents measured after
each ISPVA programming pulse during the set operation is depicted. As
shown in Fig. 2, two criteria were taken into account in order to define
the RS event during the set operation. The statistical analyses depicted
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Fig. 9. Statistical fits of the CHR of the reset voltages extracted from the reset
operations: Vi sp (@) and Vyego ¢ (b); during the 200 endurance cycles. The WD
fit is obtained with the black line and a reduction (increase) of a 10% in the 8,
parameter was assumed in the orange (magenta) line. The PHD fit is obtained
with the green line. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

in Fig. 6 does not show a significant difference regarding the criterion
used, namely, Vi gp O Ve . Both voltage distributions can be well
fitted by the PHD analysis, in particular, by the Erlang distribution. The
most remarkable difference between the two distributions is a slight
reduction of the voltage range from about 0.6-1.0 V in Vg, to about
0.7-1.0 V in Vi .

Finally, the evolution of the read-out current values measured
during the Reset2 operation is shown in Fig. 3(d). Compared to the
current characteristic of Resetl (Fig. 3(b)), the current increase fea-
tured before the reset switching is suppressed during the Reset2 op-
eration. This absence of a current peak during reset operations endures
along the subsequent RS cycles [17]. Similarly to the set operation, the
statistical analysis shown in Fig. 7 does not show significant differences
regarding the criterion used to define the reset switching, namely,
Vres2_sip OF Vryeso i An Erlang distribution function works well after the
PHD analysis with both voltage distributions. In this particular case the
range of the voltage distribution is shifted from about 0.5-1.1V in
Vres2_sip to about 0.7-1.3V in Vieso .

3.3. CTC variability in reset and set operations

After the first forming-reset-set sequence, 200 reset-set cycles
(where the reset operation of the first cycle is the Reset2 operation)
were performed to statistically analyze the CTC variability of the RS
voltages. The ISPVA parameters used during this endurance test were
the same as those used during the study of the DTD variability. In ad-
dition, the RS criteria are once again those defined in Fig. 2: Vyes2 gp and
Vyes2 ¢ for reset operations; and Vi, g, and Vi, for set operations.

The evolution of the read-out current values measured during the
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cycles within a series of RS events) for Vi sp, Vreso thy Vet sip and Ve g, series.
The ACF minimum threshold bounds are shown with dashed lines.

200 reset operations is shown in Fig. 8(a). The voltage distributions
obtained during this cycling are depicted in Fig. 9. The RS criterion
selected in this analysis has a strong impact on the result. The dis-
tribution obtained by using the definition of V., g, ranges between
about 0.65 and 1.05V and is well fitted by the PHD analysis, whereas
by using V.2 w it ranges between about 0.75 and 1.10V and is better
fitted by the WD. These results contrast with those in Fig. 7 for the DTD
analysis, where both distributions were well fitted by the PHD analysis.

In Fig. 8(b), the evolution of the read-out currents measured during
the 200 set operations is illustrated. As shown in Fig. 10, the PHD
analysis fits well both voltage distributions, namely, Ve g, and Ve,
like in Fig. 6 for the DTD study. However, the rage of voltages covered
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by these distributions is quite different. By using Vi g, a voltage range
of about 0.7-0.9 V is covered, whereas by using V., »» the range is about
0.50-0.95 V.

Finally, the autocorrelation function (ACF) between cycles has been
calculated along the endurance cycling for the Vieso gp, Vreso thy Vsersip
and Vg 4, series. In study the correlation between a certain cycle and
the previous cycles within the same RS series is calculated. In Fig. 11
the dependence of the data in the CTC variability case (up to a cycle lag
of 25) is clearly illustrated. The threshold values shown, namely,
0.1386 and 0.1422, are used in the Time Series analysis to detect the
need of regressed terms in modeling a variable with respect to the va-
lues of the previous values within a statistical series. This result is in
line with the idea that the remnants of CFs after a reset operation in-
fluence the subsequent RS operations [7].

4. Conclusions

In this work, the DTD and CTC variability of the RS voltages were
statistically studied in Al:HfO,-based RRAM devices integrated in 4-kbit
arrays during forming, reset, and set operations. The statistical fitting
most commonly used, namely, the WD, proved not to be an accurate
option in most of the analysis. In contrast, the PHD analysis showed a
greater versatility fitting most of the voltage distributions, which turned
out to follow an Erlang distribution. It deserves to be mentioned that
the choice of a specific criterion to define the RS event can influence
strongly the distributions obtained. The correlation analysis performed
on the CTC data exhibited a clear dependency of the switching behavior
of one cycle on previous cycles, caused by the remnants of CFs after
reset operations.
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