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Abstract It is important that selector achieves voltage
compatibility with paired resistive random access memory
element. Nevertheless, unsatisfactory uniformity existing
in practical selector devices will lead to serious problems
during operation. This paper investigates the potential
impact of threshold voltage variation on crossbar array
with one-selector one-resistor cell. We prove that large
variation of threshold voltage may lead to unintentional
writing during read process. Therefore, we propose a
method to determine selectors’ threshold voltage range
within 1/2 or 1/3 bias scheme. Results indicate tolerable
threshold voltage range basically expands with the
increasing OFF-resistance or decreasing ON-resistance of
selectors. The proposed method gives a guideline for
choosing and fabricating appropriate selectors for RRAM
elements with specific parameters.

1 Introduction

Sneak current issue of crossbar RRAM array is one of the
main obstacles for the high-density memory application. It
can be effectively tackled by the addition of necessary non-
linearity to the RRAM by integrating a highly non-linear
and bidirectional selector device. This topology is known
as the 1S1R architecture [1-3].

Among selectors based on various mechanisms,
threshold switching selectors are widely concerned because
of large non-linearity and large drive current in the ON-
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state, including ovonic threshold switch (OTS) [4-12],
metal-insulator transition switch (MIT) [13-16], field-as-
sisted super-linear threshold switch (FAST) [17, 18], pro-
grammable metallization switch [19-25] and threshold
vacuum switch (TVS) [26]. As Fig. 1, during forward
voltage sweeps, it maintains high-resistive state (OFF-
state) before threshold voltage (Vy,) is achieved. When
applied voltage surpasses threshold voltage, an abrupt and
reversible transition occurs to conductive state (ON-state).
During reverse sweeps, it transits to OFF-state after applied
voltage is less than hold voltage (Vi,o1q)-

To investigate the impact of selector characteristics on
the 1SIR crossbar array performance, IMEC compare
various selectors and demonstrate that threshold voltage
and ON-state resistance (R ,,) are crucial parameters [26].
Nonetheless, the research is based on ideal circumstance,
which did not take devices variation into consideration.
Although it has not been emphasized, variation of threshold
voltage is a common phenomenon in established literature
[5, 6, 26, 26]. Unsatisfactory variation of reported selectors
will lead to serious problems during operation. Conse-
quently, novel operation scheme enabling easy integration
of selector and memory is proposed by He et al. to remove
the rigid voltage-matching requirements [26]. Nonetheless,
it needs two adjoined pulses to implement operation and
neglect the variation of devices, as well. In this work, we
discuss the impact of threshold voltage variation on array
performance. Meanwhile, a method is proposed to deter-
mine appropriate threshold voltage range within 1/2 and
1/3 bias scheme. The simulation is implemented by uti-
lizing matrix algebra with MATLAB [26].

This paper is organized as follows. The simulation set-
tings are presented in Sect. 2. The impact of threshold
voltage variation on array performance is analyzed in
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Fig. 1 Schematic behavior of threshold switching selectors in
voltage sweeps
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Fig. 2 Schematic of 2-D cross-point array. SEL selected cell, WLHS
WL half-selected cell, BLHS BL half-selected cell, NS non-selected
cell, WLS selected WL, BLS selected BL, WLNS WL unselected,
BLNS BL unselected, R,,;,. 5 Q/cell [26]

Sect. 3. In Sect. 4, appropriate threshold voltage range is
determined. The conclusion is given in Sect. 5.

2 Simulation setup
2.1 Array configuration

As in Fig. 2, wordlines (WL) perpendicularly intersect with
bitlines (BL) in a crossbar array with 1S1R cells built at the
junctions. All RRAM elements are identical, while
threshold voltage of selectors is variable. Simulation is
implemented using the worst case scenario for different

read and write operation modes (Table 1). The selected cell
is located at the farthest distance from voltage source and
ground. 1/2 and 1/3 bias schemes are adopted for single-bit
read and write operation. Default line resistance is fixed at
5 QJcell.

Array performance for read or write operation can be
evaluated by read margin (RM), write margin (WM), read
power (Pr) and write power (Pw). Read margin is defined
as the ratio of readout disparity between HRS and LRS
states over readout of LRS state. Write margin is defined as
the ratio of voltage drop on selected RRAM over applied
voltage. Read power and write power is the total power
consumption of array in read and write process,
respectively.

2.2 RRAM model

The RRAM device structure is usually a resistive switching
layer sandwiched between two electrodes. As shown in
Fig. 3a, RRAM device can switch between a high-resis-
tance (HRS) and a low-resistance state (LRS) by applying
opposite voltage. In our mathematic model, LRS/HRS are
assumed being linear, where Ryrs and Ry rs are fixed at
500 and 50 kQ, respectively. It leads HRS/LRS resistance
ratio equals to 10, which represents a typical resistance
ratio for HfOx-based RRAM device [26]. The parameter-
ized RRAM has symmetrical set and reset voltages of
£1.5 V. Nonetheless, unintentional switching of practical
devices occurs occasionally when applied voltage is less
than write voltage. Disturb voltage is defined to determine
the maximum voltage drop on the RRAM element, beyond
which the element state may change unintentionally. At
this stage, default disturb voltage value is set to 1.0 V.

2.3 Selector model

Three parameters are employed to describe the threshold
switching selectors, namely threshold voltage (Vy,), OFF-
resistance (R, orr) and ON-resistance (R ,,). Like RRAM
element, there are two distinct states existing in threshold
switching selectors, namely OFF-state and ON-state. Take
ovonic threshold switch for example, the Poole—Frenkel
(P-F) conduction mechanism accurately accounts for the I—

Table 1 Worst case data
pattern

Set Reset Read ‘0’ Read ‘1’
RRAM SEL: HRS ALL LRS SEL: HRS SEL: HRS
WLHS: LRS WLHS: LRS WLHS: LRS
BLHS: LRS BLHS: LRS BLHS: HRS
NS: LRS NS: LRS NS: LRS

Threshold switching selector

SEL: maximum threshold voltage (Vi max)
Others: minimum threshold voltage (Vi _min)
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Fig. 4 Relationship between read performance with threshold volt-
age variation in 1/2 or 1/3 bias scheme

V characteristics in the OFF-state regime [6]. While in the
ON-state regime, it is widely thought as ohmic because of
linear I-V behavior ( Fig. 3b). The current of OFF-state is
usually millesimal or even smaller of the ON-state current.
For simplicity, in our model, OFF-state is also regarded as
linear. The non-linearity (NL) of selectors is defined as
OFF-/ON-resistance ratio ranging from le3 to le5. Previ-
ous studies alleged that non-linearity can even attain le7
[4, 5], which is promising for high-density array applica-
tions. In this case, once the selector is turned to ON-state, it
will keep this state till the applied voltage is removed.

3 Analysis of impact of threshold voltage variation
on array performance

3.1 Possible adverse outcomes

As in Table 1, variability of threshold voltage is expressed

by the worst case scenario. In the array, selected selector
possesses maximum threshold voltage (Vi max) Wwhile

others possess minimum threshold voltage (Vi mi). This
will lead to serious problem during operation.

During set/reset operations, large applied voltage is
required to switch selected RRAM element. Thus, partial
bias voltage drop on unselected selector is likely to be
larger than Vi, mi,. This may lead to unselected selectors
turn on. On one hand, ON-state selectors are not able to
limit the current of the unselected elements. Leakage cur-
rent results in the reduction of voltage in selected wordline.
Consequently, it reduces voltage drop on selected cell and
fail the operation. On the other hand, unintentional ON-
state selector may result in wrongly writing of unselected
RRAM element because most of the voltage drops over the
RRAM.

During read operation, larger applied voltage for selec-
ted cell is demanded for larger Vi, ... It may lead to
unintentional writing of selected RRAM element because
most of the voltage will drop on RRAM after selector turns
on. In addition, non-selected selectors with Vi, i, may
wrongly turn on and increase the readout current. This will
make read margin less sharp and even induce wrong read
results mixing HRS with LRS. In other cases, HRS is
attained if applied voltage is not enough to turn on the
selected selector regardless of the real state.

3.2 Simulation verification

Compared to set/reset operation, impact of Vy, variation on
read operation is more severe. Worst outcomes in set/reset
operation may occur in read operation as well. Thus, this
subsection aims at providing the evidence that Vy;, variation
may induce wrong results by simulating read operation.
A threshold switching selector is designed with thresh-
old voltage of 0.8 V. OFF-resistance and ON-resistance are
set to le8 and le4 Q, respectively. The non-linearity is 10*
enough for the 1 Mb array if no variation of threshold
voltage is taken into account [26]. In fact, variation
apparently occurs among devices. Thus, it is necessary to
study the relationship between read performance and
threshold voltage variation within different bias schemes (
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Fig. 4). In Fig. 4a, read margin barely changes with the
increase of threshold voltage variation. In the meantime,
applied voltage, needed to turn on the selector, increases
with the rising variation in Fig. 4b. However, there is a
problem when the variation increases to 0.2 V. According
to aforementioned definition, variation of 0.2 V means
minimum and maximum threshold voltage is 0.6 and
1.0 V, respectively. Thus, applied voltage of 1.1 V is uti-
lized to turn on the selected selector. Under such circum-
stance, read HRS state of RRAM fails because it changes to
LRS state unintentionally after selector turns on, which is
not tolerable during read process. Owing to large HRS
resistance of RRAM relative to ON-resistance of selector,
most of the applied voltage will be dropped on RRAM
element after selector turns on. In addition, even if the
variation is appropriate such as less than 0.2 V, larger
power consumption accompanies the increasing applied
voltage with similar power efficiency in Fig. 4c, d.

Through the simulation results of above read process, it
testifies that variation of threshold voltage of selector may
lead to mistakenly writing or larger power consumption
under the same circumstance. So it is essential to assure the
threshold voltage is in appropriate range to match the
requirements of RRAM element.

4 Appropriate threshold voltage range
4.1 Minimum threshold voltage determination

To explore appropriate minimum threshold voltage of
selectors, simulation of reset process is implemented.
Applied voltage and power consumption are chosen as
evaluation indices. First of all, applied voltage must be
adequate to turn on the selected selector. Then, applied
voltage must guarantee that voltage drop on RRAM satis-
fies the requirement for reset. Nevertheless, unselected
selector may be wrongly turned on under worst scenario if
Vih_min 1S too low. At last, the critical one with minimum
applied voltage is defined as the minimum threshold
voltage.

The simulation involves two parts: First of all, it is
necessary to determine the minimum applied voltage to
complete operation. Then, according to determined applied
voltage, Vi, min 1S determined by seeking the minimum
tolerable Vi, min. Concrete calculation is as following
steps: (1) calculating the voltage distribution with all
selectors under OFF-state to check if selected cell can be
turned on; (2) calculating the voltage distribution to check
if selected RRAM can be reset. If so, calculating the write
margin and power consumption (considering the fact that
changing state of RRAM takes time); (3) checking the
validity of results according to Kirchhoff’s current law,
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Ohm’s law and current continuity; (4) repeating above
calculation after altering the Vi, mi,. Relationship between
minimum threshold voltage and varying OFF-/ON-resis-
tance of selectors is analyzed within 1/2 and 1/3 bias
scheme.

The simulation results are illustrated in Figs. 5 and 6.
Figure 5 shows reset requirements as function of OFF-/
ON-resistance of selectors under 1/2 bias scheme. Applied
voltage positively correlates to ON-resistance while nega-
tively correlates to OFF-resistance (Fig. 5a). Larger ON-
resistance of selector leads to less voltage drop on RRAM
element. Thus, larger voltage has to be applied to satisfy
reset requirement. In the meantime, all selectors are in
OFF-state on initial stage. Larger OFF-resistance sup-
presses leakage current more efficiently. In this way,
voltage decaying in selected wordline will be less drastic.
So more voltage will drop on selected cell and finish reset
operation. That means larger OFF-resistance is better.
However, curves of OFF-resistance with 5e7, 1e8 and
1e9 Q take on similar trend and value as indicated in
Fig. 5a. It demonstrates that OFF-resistance of 5e7 Q is
adequate to suppress leakage current with certain array size
(1 Mb). Further increasing OFF-resistance will not pro-
mote the reset performance. Figure 5b shows the tendency
of minimum threshold voltage. As mentioned above, lim-
itation on minimum threshold voltage is to prevent unse-
lected selector from switching unintentionally. Therefore,
it is closely connected to applied voltage and presents
similar tendency as applied voltage. To be specific, mini-
mum threshold voltage increases with increasing ON-re-
sistance and decreasing OFF-resistance of selectors.

Power consumption and write margin are the other two
criterions for reset performance. As illustrated in Fig. Sc,
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Fig. 5 Relationship between reset performance and OFF-/ON-resis-
tance of selectors, including: a applied voltage, b minimum threshold
voltage, ¢ power consumption, and d write margin
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Fig. 6 Relationship between reset performance and OFF-state resis-
tance of selectors, including: a applied voltage, b minimum threshold
voltage, ¢ power consumption, and d write margin

power greatly increases with ON-resistance increasing.
Larger applied voltage inevitably consumes more power.
Power decreases with increasing OFF-resistance all the
while. The power is known to be driven by OFF-current of
unselected cells rather than ON current of the selected one.
Under ideal conditions, unselected selectors are all in OFF-
state, so larger OFF-resistance will consumes less power.
Relationship between write margin and resistance is
reverse to the one between applied and resistance (Fig. 5d).
Figure 6 depicts the impact of bias scheme on reset
requirements and performance. As an important circuit
parameter, array bias scheme strongly affects the operation
performance. Voltage on selected wordline and bitline is
applied voltage and 0, respectively, under any bias
schemes. The difference between these schemes is the
voltage on unselected wordline and bitline. Under 1/2 bias
scheme, voltage on unselected wordline and bitline is half
applied voltage. Under 1/3 bias voltage, voltage on unse-
lected wordline is one-third of applied voltage and voltage
on unselected bitline is two-thirds of applied voltage.
OFF-resistance is set to le7 Q. In Fig. 6a, applied
voltage of 1/2 bias scheme is slightly larger than 1/3 bias
scheme. The phenomenon/reason can be explained as fol-
lows. Maximum voltage on unselected cell along selected
wordline and bitline is half applied voltage under 1/2 bias
scheme. However, it is one-third applied voltage under 1/3
bias scheme. Thus, with same applied voltage, leakage
current along selected wordline and bitline is larger under
172 bias scheme. Larger applied voltage is needed to
compensate required voltage for switching RRAM. In a
similar way, minimum threshold voltage under 1/2 bias
scheme is larger than 1/3 bias scheme (Fig. 6b). As well-
known, 1/3 bias scheme consumes much more power than

1/2 bias scheme under same conditions (Fig. 6¢). Because
voltage drops on all cells are 1/3 applied voltage under 1/3
bias scheme. This leads to larger leakage current than 1/2
bias scheme.

In summary, minimum threshold voltage increases with
rising of ON-resistance and decreasing OFF-resistance. It
causes the increasing of applied voltage, consumes more
power and lowers write margin. So it is desirable to design
threshold switching selectors with lower ON-resistance and
higher OFF-resistance. In the meantime, minimum
threshold voltage of 1/3 bias scheme is lower while con-
sumes more power than 1/2 bias scheme.

4.2 Maximum threshold voltage determination

Simulation of read process can be utilized to evaluate the
maximum threshold voltage. If threshold voltage of
selected cell is too high, larger applied voltage is required.
Thus, most voltage drops on RRAM after the selector turns
on, which may lead to wrong writing. Simulation is divided
to four parts: (1) calculating the voltage distribution with
all selectors under OFF-state resistance to check if selected
cell can be turned on. If selected selector is turned on, drop
voltage on RRAM element is calculated immediately to
check if it may induce wrong writing; (2) calculating the
voltage distribution to define readout voltage and power
consumption; (3) checking the results according to Kirch-
hoff’s current law, Ohm’s law and current continuity; (4)
calculating read margin after simulating high-resistance
and low-resistance state of RRAM.

Results are analyzed through two aspects. Firstly,
maximum threshold voltage is ascertained by calculating
the voltage allocation between selector and RRAM.
Selector switches to ON-state after voltage drop on selector
surpass the threshold voltage. At this moment, voltage drop
on RRAM element is approximately Rygrs/(Rurs + -
R on) X Vip. It must be less than Vg to avoid wrong
writing. Thus the threshold voltage should be less than
(Rurs + Rs_on)/Rurs X Vais, namely

Vlhvmax < (RHRS + Rsvon)/RHRS X Vdis (1)

It indicates maximum threshold voltage is positively
correlated to disturb voltage of RRAM element and ON-
resistance of selector (Fig. 7). Larger disturb voltage
means tolerable voltage drops on RRAM is higher.
Meanwhile, larger ON-resistance means less voltage will
drop on RRAM after selector turns on. Thus, larger voltage
can be applied to turn on selector with higher threshold
voltage.

The second one is discussing relationship between read
performance and ON-resistance of selector as shown in
Fig. 8. Disturb voltage of RRAM and OFF-resistance of
selector is set to 1.0 V and 1e8 €, respectively. In Fig. 8a,
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voltage, ¢ power consumption, d power efficiency

read margin decreases with increasing ON-resistance of
selectors within both bias schemes. It is reasonable because
larger ON-resistance decreases disparity between high-re-
sistance state and low-resistance state of RRAM. As a
result, read margin is lowered. Figure 8b reflects that
readout voltage of reading HRS decreases with increasing
ON-resistance of selectors. Increasing ON-resistance leads
to lower readout current corresponding to lower readout
voltage. In addition, readout voltage of 1/2 bias scheme is a
bit higher than that of 1/3 bias scheme and easier for
accurately test. However, power consumption of 1/3 bias
scheme is much higher than 1/2 bias scheme (Fig. 8c).
Within both schemes, power consumption is unrelated to
ON-resistance under 1/3 bias scheme and decreases with
increasing ON-resistance under 1/2 bias scheme. Under 1/3
bias scheme, all selectors but selected one are in OFF-state
and consume power. While under 1/2 bias scheme, only
selectors along selected wordline or bitline consume
power. Thus, ON-resistance of selected selector will induce
more obvious effects. Moreover, power efficiency of 1/3
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bias scheme is also unrelated to ON-resistance while it
sharply decreases with increasing ON-resistance under 1/2
bias scheme (Fig. 8d).

In summary, larger ON-resistance of selectors permits
higher maximum threshold voltage. But read margin and
readout voltage will decrease with increasing ON-
resistance.

5 Conclusion

Threshold voltage variation of threshold switching selec-
tors severely affects array operation and performance.
Controlling impacts in the appropriate range is proved to be
essential before integrating selector and RRAM element. In
this work, we analyze the possible impact of variation in
threshold voltage of selectors. Meanwhile, we propose a
method to determine minimum and maximum threshold
voltage in crossbar array according to array performance of
write and read operation. We have demonstrated that
minimum threshold voltage is closely related to OFF- and
ON-resistance of selectors while maximum threshold
voltage is related to ON-resistance of selectors. Higher
OFF-resistance and lower ON-resistance will assure that
array can stand larger variation of threshold voltage with-
out increasing the complexity and power of the operation.
This method to attain the threshold voltage range can be
used to assure the voltage compatibility between selector
and RRAM.
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