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Abstract—Memristors are considered a promising emerging
device that may improve some specific applications, like mem-
ories, or make feasible new ones, mainly alternative computing
architectures. However, it is not a mature technology and their
characteristics can vary significantly depending on their struc-
tures. Also, variability and reliability might suppose an important
issue in some applications. In this paper, a chalcogenide mem-
ristor is studied and their main parameters are extracted. Then,
it’s discused how their properties can affect two applications:
a memory circuit and a digital computing alternative, the logic
implication technique.

I. INTRODUCTION

Memristor is a circuital element postulated by Leon Chua
at 1971 [1]. Conceptually, it’s a passive element that holds
a nonlinear relationship between magnetic flux and electric
charge. This fact implies that memristor resistance changes
with the history of charge that has passed through the device
at the past. Although theoretically demonstrated, little research
activity related with memristors has been done until 2008,
when Hewlett Packard connected their experimental nanode-
vices with the mathematical concept [2].

Memristive devices are a promising alternative because they
are nonvolatile memory elements, storing data in form of
resistance even if no charge is passing through it. It’s BEOL
compatible, and it can achieve higher density [3]. It’s expected
that memristive devices speed could match with the CMOS
devices. Nonetheless, currently it isn’t a mature technology
and there is a need to improve some characteristics. For
instance, variability and reliability are considered among the
most important issues [4].

Memristor applications cover memories, digital computing
applications and analog computing applications. Memristive
device is nonvolatile, thus ideal to store data without loss. This
feature and higher device density are two key properties for
memory applications. Several techniques and circuit topolo-
gies to perform computing has been arised, each one with
different and unique properties. Furthermore, their capacity
to store data, and concretely process analog data, make them
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attractive to explore non Von Neumann computing paradigms,
as memory and processing can be done with memristive
devices in the same area. For instance, analog computing
applications include neuromorphic computing might exploit
these memristive device characteristics for their own benefits.

This paper is organized as follows. Section II presents the
device studied and its memristive behavior and variability are
evaluated. Section III and IV show a memory application
and a digital computing application, respectively, and discuss
about the feasibility of these applications using the parameters
extracted from Section II. Finally, conclusions are summarized
in Section V.

II. DEVICE CHARACTERISTICS

Memristors used in this study are manufactured by Knowm
company [5]. The principal operation of these devices is
based on the generation and movement of metal ions through
a multilayer chalcogenide material stack when applying an
electric field. Also, a phase change mechanism can appear if
it is operated at high voltage (> 1 V). However, this work
region is omitted as is not relevant in this work. The metal
layer is easily oxidizable, and located near one electrode.
Applying a positive voltage, metal is oxidized and form
ions. These ions drift to the lower potential electrode. They
are reduced to their metallic form when they arrive at the
electrode and form a conductive path between both electrodes,
lowering the resistance of the device. Reversing the direction
of the applied potential makes the conductive path to dissolve
and the resistance of the device increases. The resistance is
related in any time to the amount of metal located within
the active layer [6]. This memristor corresponds to a bipolar
one. Hence, applying a positive threshold voltage V5. the
memristor goes to a lower resistance state (LRS) and applying
a negative threshold voltage V¢, its resistance drifts to a
higher resistance state (HRS).

Before collecting any data, the memristor is fresh and
needs to be electroformed. A 4156C Semiconductor Parameter
Analyzer is used for this task and also for the rest of the
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Fig. 1: Experimental data for 200 switching cycles of one memristor.

experimetal data shown in this paper. Electroforming is done
applying a voltage sweep from 0 V to 1 V, limiting current
up to 1 pA. Several switching cycles have been forced to
memristors in order to study its behavior. Figure la shows
about 190 cycles using a voltage sweep from -0.7 V to 0.5 V,
with a resolution less than 2 mV. This voltage sweep is slow,
each step is kept for 100 ms. The reason for this asymmetry
in the voltage range is to be sure that the HRS and the LRS
has been reached completely. Also note that current across the
device is limited to 10 pA in order to prevent the destruction
of the memristor when it changes from HRS to LRS. Curves
show a hysteretic behavior, but note that below 0 V is difficult
to perceive any trace of the LRS.

In order to understand better all collected data, two more
graphics are provided. Figure 1b shows the current in loga-
rithmic scale, curves now have a butterfly shape typical found
in other memristive devices. This plot permits to observe
better the negative part of the hysteretic cycle. In Figure Ic,
each voltage-current points have been converted to resistance
and plotted in a voltage vs resistance in logarithmic scale.
Resistance is kept more or less invariant in the regions where
memristor doesn’t have to change its state. It’s worth noting
that the resistance switching event from HRS to LRS is abrupt
while the switching from LRS to HRS is smoother.

Some parameters have been extracted from these graphics,
concretely Rrrs, Rurs, Vorose and Voppn. To obtain
Rrrs and Ry rg values, memristor state in form of current

have been read at 50 mV, a voltage which memristor current
can be monitorized without change the state. Vorosge and
Vopren have been defined as the voltage where resistance
change (in logarithmic form) is highest in the positive and
negative half of the cycle, respectively. Mean values (X))
and the standard deviation (X, ) have been calculated. Results
obtained are Rpgrs, = 29k and Rprs, = 2.650k(),
RHRS,H = 7.388MS2 and RHRS,O’ = 1742MQ, VCLOSE,M =
0.2069 V and VCLOSE,U =0.032 V, VOPEN,,u =—-0.1176 V
and VOPEN,U = —0.0806 V.

Looking carefully, Vorose and Ry rs show less variability
than Voprpn and Ryrs. Vopen is by far the worst parameter
in terms of variability, as seen in 1b. As a final comment, this is
only cycle-to-cycle variability and device-to-device variability
should be added to have the full picture of these memristors
variability.

III. A MEMORY APPLICATION

Memristive memory systems are commonly organized in
a matrix-like structure called crossbar. The storage cell in
the crossbar can be built with only one memristor device
(1R cell), but due to the well-known problem of sneak-paths
(related with the leakage paths in the unselected devices of the
crossbar), what will degrade the output read signal in a specific
selected cell and might induce error [7]. For this, usually,
the bit storage cell is constructed by utilizing complementary
devices. One globally accepted proposed alternative is to use
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Fig. 2: An example of a 4x4 1TIR cell crossbar memory,
including a row and column decoder and a read circuitry.

a selecting device such as a FET transistor, being the name of
the bit-cell (1IT1R) [8]. The 1TIR cell generally consists of an
NMOS transistor and a resistive switching device (e.g. based
on a resistive material such as the former shown memristor),
then, in this structure the memristor current is correctly
controlled through the crossbar. In this sense, each memristor
is turned “on” or “off” based on the row address in the
crossbar. Moreover, 1TIR is usually chosen for the memory
implementation since it is CMOS compatible, to manufacture
the cell in existing fabrication process. Additionally, this
makes the crossbar completely sneak path-free, and improves
the noise margin, and moreover it is widely used in other
recent research works [9] [10] [11]. Regarding this, Figure
2 presents a memristive crossbar memory constructed with
ITIR as storage cells. Each 1TIR cell can be written and
read by applying the appropriate signals through the bitline
(BL), wordline (WL) and the select line (SL). Next, the write
and read processes are exposed for a ITIR cell inside the
crossbar.

A. Writing cycle in memory

Writing ‘1’ in the cell, also called SET process, consists on
the state change of the respective memristor from HRS to LRS
for the selected 1T1R cell. To perform a SET operation first the
corresponding WL is activated in the crossbar, and next while
the SL is grounded an appropriate voltage is applied at the
BL (Vpp). In this sense, Figure 3a shows the corresponding
voltages configuration to write ‘1’ in a single 1TIR cell and
the current path through the memristor device (prgar).

Changing the state of memristor from LRS to HRS, is
called the RESET process, and it is equivalent to writing a
‘0’ in the cell. For this process the WL is again activated,
when a proper voltage (Vpp) is applied at the SL, and while
the corresponding BL is grounded, the other BLs in the

Voo GND

E I

Vi —] V—]

SL SL

GND Voo

(a) SET process. (b) RESET process.

Fig. 3: Writing schemes for a 1TIR cell.

block are all in high impedance mode. Figure 3b shows the
corresponding voltages scheme to write ‘0’ in a single 1TIR
cell.

B. Reading cycle in memory

The read process in a memristive crossbar can be imple-
mented by using two different methods; one is based on
voltage, the other one is based on current. The former needs
an extra resistor before the sense amplifier, as it is shown in
Figure 2. In this approach, a Vread voltage (lower than the
write voltage) is applied to the corresponding 1TIR cell, and
the BL voltage (a voltage division of the read voltage though
the memristor resistance and the resistor R,), will be detected
though the comparator giving the state of memristor and bit-
cell. A reference cell, consisting of a reference resistance
(Rrey), is used to generate a reference voltage to be compared
in the comparator. A resistive device in LRS state will produce
a higher voltage in comparison with one at HRS mode. Note
that the read voltage (Vyeqq) is much lower than the write
voltage Vpp in order not to modify the state of memristor
in the read operation. Moreover, regarding the read mode
based on the current (Figure 4), a small current ([,¢qq) 1S
injected through the BL to the corresponding 1TIR cell
and the memristor voltage is sensed and compared with a
reference voltage, produced by a reference cell, through a
sense amplifier. For instance, Figure 4 shows a 2x2 crossbar
utilizing the read mode based on the current. The square boxes
in this figure are multiplexers, which govern the appropriate
voltage or current to be applied to the cells. Now then, the read
mode based on voltage is chosen, the reason is controlling the
applied voltage to the memristive cell is easier and also the
model which we will later use for circuit simulation works
better in voltage mode.

C. Impact of variability on the reliability of the memory

An analytical approach to evaluate the reliability can be
described considering the cycle-to-cycle variability of the two
resistance states (LRS and HRS) of the memristive devices
as two normal distributions. From this assumption it can be
derived the read probability error P,, a variable that determines
the likelihood of an incorrect read in the memristive memory
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Fig. 4: A 2x2 crossbar with a read mode based on current
instead of voltage.
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Fig. 5: Impact of variability on memories: (a) normal distribu-
tions of LRS and HRS and (b) probability of error depending
on a reference resistor Ryj,.

cell in function of a reference resistance value (R;;), with
which the reference resistance is compared. The variable is
the key robustness factor of the memory. The P, can be
display as indicated in Figure 5, where also the two assumed
normal distribution of the resistances is plotted (in the figure
an arbitrary pair of normal distributions are plotted). The P,
graph is evaluated while considering a reference point R,.s
and sweep it along the two distributions resistive domain
corresponding to LRS and HRS.

As it can shown that the P. is minimized for reference
resistance located in the interval between the two resistances
distribution. Using the data shown before for the chalcogenide

TABLE I: Logic Implication Truth Table

Case p|lq| ¢=p—q
1 00 1
2 0|1 1
3 110 0
4 1 1 1
Vi Vy
P q
(&
Re

Fig. 6: Logic Implication gate circuit

memristor, the situation presented in Figure 5 is only possible
if the continous use of the memristors makes HRS and LRS
to get close. Hence, eventually errors when reading the cell
can be a reality.

IV. A COMPUTING APPLICATION

In this section, we have focused in digital computation and
among this cathegory, the logic implication technique [12].
Among all computing techniques for memristors, logic im-
plication is interesting because it exploits the store capability
of the memristor and it’s very scalable due to compatibility
to memristor crossbar arrays. In addition, any function can
be programmed using the same topology, only a sequence of
voltage pulses have to be defined properly.

A. Logic Implication

Logic implication is a two-variable boolean function which
truth table is shown in Table I and it can be interpreted
as: “if p is 1, then output is equal to p; otherwise, output
is always 1”. A complete set of boolean functions can be
produced using this operation and the false operation (e.g.
put a variable to ‘0’). Note that each row of the truth table is
labeled with a numbered case. Through the rest of the paper,
they will be mentioned in this way. Figure 6 presents the
circuit that performs logic implication. The circuit comprises
two memristors p and q which store p and ¢ variables.

Memristors codify p and ¢ variables values as follows: a
‘1’ is codified as a Rprs state and a ‘0’ is codified as a
Ry rg state. Voltage drivers apply different voltages to write
memristors, to perform logic implication operation or to read
memristors state. Also, high impedance output may be useful
when a memristor in a array is not used.
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To succesfully perform logic implication operation, there
are two aspects to check. First one is about initial conditions.
Resistance switching in memristors will be triggered if voltage
across them exceed Vopose or Vopen at the instant of
applying Vconp and Vggr pulses. Looking at Table I, this
only must happen in case 1, where memristor ¢ change from
HRS to LRS. If for every truth table case the voltage across
memristors p and ¢ are analysed, a set of conditions (1), (2)
and (3) are derived to guarantee the correct behavior of this
circuit at ¢ = 0s. For example, to derive (1), V, > Vorose
condition is used. When designing the logic implication gate
circuit using these bounds, memristor p can’t change in any
case.

Vser > Verose > Veonp (D
Vser —Veconp < Veorose 2
Ve — V.

COND2 SET Yo 3)

Also, R bounds can be found using 1 and 2 conditions:

Re < Ropr Vser — Vorose @

2-Verose + Veconp — Vser
Vser — Vorose )
Veonp +Verose — Vser

Re > Ron

Once initial conditions are verified, the evolution of re-
sistance switching of memristor p in case 1 is observed.
Memristor ¢ will change its state depending on R, and R¢ and
its final state is defined approximately by (6) [13]. In fact, it’s
demonstrated that is not possible to fully switch from HRS to
LRS. Hence, there is an existence of a state drift in memristor
q at the end of case 1. In addition, this state drift can impact
in other cases from Table I when doing subsequent logic
implication operations using affected memristors. To illustrate
this phenomena, a simulation is run. This simulation computes
the final resistance of memristor ¢ for differents initial states
of memristors p and ¢. Memristors models used are based
on VTEAM model [14] and parameters are taken from the
ones obtained in Section II, except for Rry; = 1k and
Rprs = IMS. Results are shown in Figure 7. For example,
if case 1 is evaluated and R, and R, are equal to 1M,
memristor g should switch to Ryrs but instead is kept in
an intermediate state. If this memristor is then used in other
logic implication operation as a memristor p it can produce
again an state drift and keep the output memristor in another
intermediate state, as shown in the plot. This eventually can
end in a wrong evaluation of a logic function.

Verose Re ©)

R, tinal =2 ————————
q, final
Vser — VorLose

B. Variability

Variability also will be discussed in two parts, for initial
conditions and for the state evolution of case 1. Of course,

x10°
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Fig. 7: Final state of memristor g after logic implication
operation vs initial state for memristor p and ¢

variability in Vorose and Vopgen will change initial condi-
tions presented before. Now a range of possible Vorose and
Vopen values must be considered and Vsgr and Vorose
bounds are checked for this whole range, shown in (7) - (10).
This fact difficults the choice of the two design values.

Vser > VorLose,mas )

Verose,min > Voconp (8)
Vser —Veonp < Verose,min )
Veconp — VseT

> VOPEN,max (10)

2

High device-to-device variability for HRS and LRS values
can be an important issue for Rg. Even if Vorosge pulse
comes before Voonp, g can switch to LRS in an undesirable
manner. As for the state evolution in case 1 and further
operations, variability could provoke easily larger drift state
in memristor g, as state drift depends on R,,.

V. CONCLUSION

In this paper, a chalcogenide memristor device has been
characterised in order to evaluate the memristive behavior
and the cycle-to-cycle variability in short term. Next, these
results have been used to discuss the impact of variability
in a memory and a digital computing application. As shown,
memory performance is primarily affected by memristor en-
durance and not for variability if enough HRS to LRS ratio
is achieved. When explored logic implication technique, the
analysis should the presence of a state drift phenomena fact
that is a clear limitation for effective application, the cycle
to cycle and process variabilities even increases the limitation
worsening the problem.
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