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Abstract— While standalone Flash memories (NAND) are
facing their physical limitations, the emergence of resistive
switching memories (RRAM) is seen as a solution for high density,
low cost and low energy NAND replacement candidate. However,
it has been shown that deeply scaled, high density RRAM
architectures, such as crosspoint, suffer of voltage drop effects (IR
drop) in metal lines, periphery overhead and metal line charging
time due to injected current during programming operations and
sneaking currents through unselected bitcells. In this work, we
first propose several innovative models for IRdrop, periphery
overhead and array-line charging time accounting for in-array
multiple bit-write operation. Then, we introduce a new
methodology for crosspoint memory design to determine IRdrop,
periphery overhead and timing associated with the optimal
characteristics of 1 selector-1 resistance (1S1R) device. We apply
the proposed methodology to various half metal pitch memory
technology nodes (from 50nm to 15nm) and to several written
word sizes (from 1 to 32 bits). We show that for 1 bit programmed
per array, the RRAM programming current has to be lower than
30pA and the selector leakage current lower than 10nA and that
limitations increase as soon as multiple bits are written
simultaneously in the same array. This, suggests massively parallel
multi-bank write of a small number of bits per array, as the best
solution for the RRAM memories to be competitive with NAND
memories

Keywords—RRAM, crosspoint memory, crossbar memory,
1S1R NVM device, NVM

. INTRODUCTION

The data deluge triggered by the Internet of Things (loT)
arrival in the consumer market spotlights the need for non-
volatile memories (NVM) for servers/data centers (standalone
NVM) and connected objects (embedded NVM). Both
standalone and embedded floating gate Flash memory
technologies are facing extreme process complexity and cost
increase (due to multiple patterning [1], split gate [2], air gap [3],
vertical stacking [4]), as well as performance reduction [5].

Facing this issue, new technologies, such as Resistive
Switching Memories (RRAM) are thought as a possible
replacement candidate for flash memories. Various RRAM
technologies are reported and demonstrated, each based on a
specific physical effect. Phase Change Memories (PCM) [6],
Magnetic Random-Access Memories (MRAM) [7] and
filamentary Resistive Memories (Oxide-based RRAM —
OxRAM and Conductive Bridge RRAM — CBRAM) [8,9], are
seen as the most popular RRAM technologies and explored as a
Flash replacement candidate by both industrials and academics.
The major strength of RRAM technologies compared to Flash
memories is the low-cost Back-End-of-Line (BEoL) integration

[10], the write speed (down to few nano-seconds [9]) and a high
scalability in the BEoL [11].

To increase the RRAM array density compared to 1
Transistor — 1 Resistance (1T1R) architecture, transistor-less
architectures, such as crosspoint are reported [12,13]. To ensure
operation of the crosspoint array, a BEoL Selection device must
be integrated in series with the RRAM device (1S1R). BEoL
selectors are widely studied in the literature [14]. However, this
additional device doubling the programming voltage [9]. This
ending up to a 1S1R programming voltage higher than 2.5 Volts
[15]. This force the use of thicker oxide and more area
consuming MOS transistors for the peripheral circuitry [16].

1S1R arrays basically enable 4F2 density with minimum
width and spacing metal lines. Practically, this density is
however impacted by the periphery due to the high
programming currents that cannot be reduced under a few tens
of microamperes required to ensure a reliable writing operation
[9]. This effect increases due to voltage drop effects in metal
lines [17].

Few studies considering voltage drop in metal lines are
reported [18-21]. However, none complete study considers the
full structure of the macrocell, i.e. the crosspoint device, the
array area, the array metal drop issues, the peripheral circuitry
overhead and the in-array timing. Furthermore, no study
considering multiple bit-write in a single array is reported. In this
paper, we propose three complementary models (in-array
timing, IR-drop and periphery overhead) taking into account
multiple bit-write in the same array and develop a methodology
allowing an extensive study of the crosspoint memories design-
space.

The remainder of this paper is organized as follows; section
Il presents the general background of this paper and the
previously published models, Section 111 extends the previously
published models for multiple bit-write and introduce a new
timing estimation model. Section IV presents an extensive study
of design space of crosspoint memory array while section V
discusses the results. Finally, section VI concludes the paper.

Il. BACKGROUND
A. 1 Selector — 1 Resistance Bitcell Model

Selective access to RRAM requires specific devices able to
drive the high programming currents. On one hand, regular
Complementary Metal-Oxide-Semiconductor (CMOS)
transistors can be used for this purpose but will severely increase
the bitcell area [22]. Other Front-End-of-Line (FEoL) selection
devices can be used (BJTs, vertical gate-all-around transistors)
at the expense of increased process cost and complexity [23]
[24]. On the other hand, crosspoint transistor-less architectures
have been proposed, that integrate one RRAM device at each
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crossing point of word-lines and bit-lines (WL, BL) without
FEoL devices in the array [12] [13]. These architectures achieve
maximum bitcell density but suffer from sneaking currents
through unselected bitcells (Sneakpath — SP) that quickly
overtake the programming current as soon as the array size
grows [25] [26]. To overcome these limitations, a BEoL selector
has to be integrated in the RRAM stack. In 1S1R configuration,
the SP effect is mitigated and can be efficiently compensated
[25] [27] still allowing a dense 4F? bitcell area only limited by
metal pitch. However, this BEoL selector causes an increase of
the programming voltages of a factor 2 at least increasing the
programming voltage of the bitcells from 1 to 1.5V [6] [9] up
to more than 2.5V [14] [28].

The considered 1S1R bitcell is simply modeled by two
parameters introduced in Fig. 1-a. The programming current
(Iprog) corresponds to the current needed to program the
selected RRAM in both High (HRS) by a reset operation, and
Low (LRS) Resistance States by a set operation. Usual values
for Iprog are from few tens of pA up to few mA [6] [9]. The
non-selected bitcells, that are polarized in half bias scheme, see
a potential under the BEoL selector threshold voltage (Vrw).
The unselected bitcells SP current (Isp) is determined as the
leakage current of the selector at half of the RRAM
programming voltage as shown in Fig. 1-b. Usual values for Isp
are from pA to pA [14] [28].
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Figure 1: (a) I-V curve of RRAM (blue) and 1S1R (red) bitcell. (b)
Illustration of the SP in a transistor-less array architecture using
1S1R bitcells.

B. Voltage Drop Model

In crosspoint memory arrays, the Iprog current combined
with the sum of the Isp currents results in important voltage
drops that have to be considered to correctly size the RRAM-
array and periphery. The line resistance equivalent to a bitcell
length is defined with the half metal pitch (F), the metal aspect
ratio (AR) and the metal resistivity (o) of the WLs/BLS (that are
supposed identical). The physical structure of a crosspoint array
with detailed parameters is introduced in Fig. 2. An aspect ratio
of 2 is considered for the metal lines, as suggested in the ITRS
roadmap for high density memory technology nodes [29]. This,
results in an increase of the resistance per bitcell as the
technology is scaled, as inferred by Eq. (1), that assumes a
minimum pitch bitcell.

R _a-L_ o 2F _2-0 1
unit = ¢ T F-(AR-F) AR-F )

The worst-case voltage drop that corresponds to the farthest
bitcell being programmed is considered. The first unit resistance
(Runit) sees the Iprog and Isp currents of all the bitcells in the
line. For every next bitcell, the current is reduced by one-unit SP
current until the last bitcell in the line is reached with only Iprog
left. In the end, the total voltage drop in a WL is as shown in Eq.
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(2), where n,, is the number of BL connected to the selected WL.
Eq. (2) is applied to BLs as well.
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Figure 2: Physical schematic of a 2 x 2 crosspoint array with detailed
physical parameters from [17].

C. Periphery Area Estimation Model

While the array area scaling is usually considered as the most
critical parameter of crosspoint memories, peripheral circuitry is
poorly seen in the literature as a constraint since large arrays are
considered. Beyond pitch matching issues (not considered in this
work) that will substantially increase the complexity of
peripheral circuitry layout (due to the thicker oxide transistors
needed), this section introduces a periphery area overhead model
of the ratio between the multiplexer (MUX) and the decoder and
the crosspoint memory array.

The area estimation methodology is described in [17]. It
considers two contributions: the active area width of the
transistors (that scales with the required current) and the
minimum size constraints (width, length, transistor-to-transistor
spacing) that has to be considered in order to provide accurate
area estimation. In this work, a 150nm gate length 1O transistor
from a 28nm CMOS technology, reliable up to 3V, is
considered. Each cell of the MUX contains two blocks, one
driving WL or BL when selected, and one driving the WL or BL
when not selected. The selected driver width is scaling with
Iprog and Isp while the non-selected driver only scales with Isp.
The decoder topology is detailed in [17] where minimum width
transistors are considered.

I1l. MODELS

In this section, we introduce a timing estimation model
based on metal lines parasitic capacitance, and extend the
previous IR drop and periphery area models from [17] to
include the multiple-bit programming case.

A. Timing Estimation Model

Beyond the IR-drop and overhead estimation, with the
scaling of the array, the time required to charge and discharge
the selected WL and BL might have a significant impact on the
overall programming and access time.

The parasitic capacitance is defined as the facing lateral and
vertical capacitances of crosspoint memory metal lines (while
crosspoint arrays with aggressive pitch can be integrated in high
BEoL levels [12], coupling capacitance with silicon substrate is
not considered in this work). Two different unit capacitance
contributions are considered based on the physical schematic
presented Fig.2: (i) the lateral capacitance C,,., between the
selected line and the ones running in parallel; (ii) the vertical
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capacitance C,,,, between the studied line and the ones crossing
it perpendicularly.

A vertical spacing of AR = F with a typical SiO, permittivity
(g, = 3.9) is considered. As the distance between the considered
line to the crossing lines (AR * F) is higher than the crossing
lines pitch (F) those can be approximated by a plane. This leads
to an opposing surface of 2F? which considers only the fringe
capacitances in the direction of the studied line.

The horizontal spacing corresponds to the pitch of the
technology. This makes C,,; capacitance more critical. Hence,
Flash NAND process commonly uses low-K insulator [30],
such as air-gap (e, = 2). The opposing surface of horizontal
capacitance is 2 x AR * F? as seen in Fig. 2. While integrating
airgap represents a huge additional process cost, in the following
simulations we consider typical SiO, permittivity.

Considering all these parameters, C,., and C,; unit
capacitances are shown in Eq. (3) and (4), respectively. Those
inferred equations only take into account fringe capacitances in
the bottom metal layer direction for the vertical capacitances. An
increase of 50% and 20% of the C,..and C,,; capacitances,
respectively, would still be optimistic as benchmarked with a
50nm half pitch-pitch technology.
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Once the equivalent capacitance is calculated, the worst-case
bitcell is considered, that is the one laying in the last BL and WL
from the MUX. Thus, the delay is calculated for a line length
corresponding to the considered array parameters.
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Figure 3: Two major capacitance contributions are considered, the
vertical capacitance and the lateral capacitance. The equivalent
schematic diagram is a ladder RC network.

The considered RC network, presented Fig. 3, is a Ladder
RC network. To simplify the calculation, an EImore delay [31]
is considered, that approximates the time constant of n RC units

(Ea. (5)).

n2

thon = =R C (5)

Then, the array delay is determined for 95% of the full

charging time, i.e. 3 * Tp¢ . The sum of charge and discharge

times of the line is considered for the last bitcell of the line and

the column. Runit, and the sum of C,.,.and C,,; capacitances are
injected in Eq. (5) to determine the time constant.

It is interesting to note that in the considered model, the

metal resistivity is proportional to 1/F while the capacitance is

proportional to F. This results in a timing estimation that is
independent of the half pitch physical dimension.

B. Multiple-Bit In-Array Voltage Drop Model

When writing multiple bits, in addition to the SP current, the
WL MUX has to provide Iprog times the number of bitcells that
are written. These bitcells are spread along the WL. Each
accessed bitcell is distributed every n,/n,, where n, is the
number of programmed bitcells and n,, is the total number of
bitcells in the WL, i.e., number of BLs. The BL MUX drives a
single bitcell but n,, BL MUX are activated simultaneously. Fig.
4-a presents an example of 2 bit-write in a 4WL-8BL array. Each
red dot corresponds to selected WLs, BLs and bitcells, while
each orange dot corresponds to non-selected WLs, BLs and
bitcells, biased to half of the programming voltage.

The first Runit of the WL sees a total current of n,, - Iy, +
(n, —nyp) - I, corresponding to n,, bitcells being programmed
plus the SP currents on all the bitcells in the WL (n,, — n,). The
total current is reduced by I, every non-selected bitcell and by
Lyrog€very programmed bitcell (n,/n,). Eq. (6) shows the total
IR drop in the selected WL. The voltage drops in both WL and
BL are then added. IR drop in the WL is based on Eq. (6) while
the one in the BL is based on Eq. (2). Eq. (7) shows the worst
case total voltage drop when programming n,, bits in a n,, WL
and n, BL crosspoint memory array.

C. Multiple-Bit Periphery Area Estimation Model

The periphery area model has been extended to consider
multiple bit writing. In particular, the sizes of the MUX are
changed according to the required drives, as foreseen in Fig. 4-
a. TP transistors in the BL side still only require to drive 1xIsp
as only 1 active WL crosses each unselected BL.
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Figure 4: (a) Organization of the decoders, MUX and array, with
driving requirement for each WL and BL. (b) Schematic diagram of
the proposed optimized MUX. DAo-n signals are generated by WL
and BL decoders from [17]. Unselected lines are connected to the
half bias circuit through TP (orange), while selected lines are
connected to the Write (WrA) and Sense (SA) Amplifiers through
the transfer gates (red).



On the other hand, WL side TP transistors has to drive as
many Isp as active BLs, that is, the amount of programmed bits.
TG transistors driving the WLs additionally need to drive as
many lprog as written bits, while on the BL side TG transistors
size remains unchanged.

The periphery area estimation model takes as an input the
MUX proposed in Fig. 4-b. This MUX is more compact than
the one previously published in [17]. When unaccessed, the
array is disconnected from the writing circuitry and biased to
GND when EN_WR signal is low. When accessed (ENy g =
1", the Half-Bias generator (repectively the Write or Sense
Amplifiers — WrA and SA) is connected to TP gate (resp. TG).
TP and TG are controlled by the DAo- Signals generated by the
dynamic decoder proposed in [17]. When TG is activated, TG
is turned off. TP contains only a p-type transistor because the
driven voltages are higher than its threshold voltage (half of the
programming voltage). TG is made of p-type + n-type MOS
transistors in parallel because the selected WL or BL has to be
driven to a low or high voltage without voltage loss through the
MOS transistors.

IV. DESIGN SPACE EXPLORATION METHODOLOGY

In this section, we explore the design space of crosspoint
memories. We introduce a design methodology that we first
apply to a 1-layer crosspoint memory with 1 bit-write per array.
For filamentary-based RRAM technologies (OXRAM,
CBRAM), the assumption is taken that electro-forming step was
achieved with a Iprog current. While this step is performed once
in the lifetime of the device [9] MUX transistors reliability is
assumed not critical and this step is considered as already
achieved. During each programming operation (set or reset),
programming conditions (current and voltage control, variability
compensation, SP compensation) are controlled from the WrA.
WLs and BLs MUX transistors have to sustain huge voltage
differences across their terminals, forbidding cascode strategy.
Such voltages make impossible the use of thin gate oxide
transistors from sub-30nm CMOS nodes [16]. Thereby, thicker
oxide 150nm gate length MOS 10 transistors from a 28nm
CMOS technology node are considered. Assuming a 3V CMOS
operating voltage and a 2.5V 1S1R programming voltage, an
IRdop of 0.5V is considered as the maximum in the following.
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Figure 5: Maximum possible array size and area versus selector

leakage per 1S1R and RRAM programming current. The array size

is limited by the leakage and the programming current.

First, we calculate the maximum possible array size based on
the IR drop model presented in section Il-b and Il1-b. For each
Isp/Iprog couple, we determine the maximum possible array size
for a given set of technology parameters taken from [29]. The
maximum array size is calculated by increasing progressively
the array size until the IR drop reaches the 0.5V criterion
introduced previously. Square arrays are considered in order to
provide equalized IRdrop between the selected WL and BL. It
also provides an identical sizing between WLs and BLs MUXGs.

In the following, a copper metal half pitch of 25nm with a
conductivity (c2snm) Of 6.8uQ.cm™ at 300°K and anAR) of 2 are
considered. Contacts and vias resistivity between the access
transistors and the array are not considered.

Fig. 5 shows the array size (WL and BL amount) and area
(um?) versus Iprog and Isp currents. The array area is
4F2*WL*BL. Logically, the lower Iprog and Isp, the lower the
effects of the IR drop, i.e., the bigger the array can be. Two main
array size limitation zones are identified: the selector limiting
zone and the RRAM limiting zone. While the Isp are summed
along the selected WL and BL, only one Iprog is required as only
one bitcell per array is programmed in this section. Thus, Isp has
a higher impact in the limitation of the array size. The maximum
design-able array size is directly limited by the 1S1R device
specifications. As an example, a couple Iprog=40pA and
Isp=10nA per device gives a 2048 WLs and BLs array.

Once the array size is determined, the total SP current
consumed on the unselected WLs and BLs can be calculated.
Thus, using the periphery estimation model presented in sections
I1-c and Ill-c, we calculate the MUX and decoder area of the
peripheral circuitry. The MUX area is calculated using the
schematic presented Fig. 4-a. In the proposed MUX, for 1 bit-
write in the array (p=1 in Fig. 4-c), the p-type transistor (TP)
drives Isp current while the n-type + p-type transmission gate
(TG) drives Iprog + m*Isp (where m is the number of WL and
BL of the considered array). The transistors width is thus
calculated depending on the current consumed by the array. The
total MUX area is the sum of the WL and BL MUXs. The
decoder is calculated using the same methodology than the
MUX. Fig. 6 presents the area of TG (blue) and TP (red). It
appears that the TP transistor impact on the MUX area is
negligible in regards with TG area. TG area scales with both
Iprog and Isp. In this section, the dynamic decoder area is not
detailed, but will be taken into account in the area overhead
estimation. For high lprog and Isp, the TP area is negligible in
regards with the TG area.

Once the peripheral circuitry (MUX and decoders) and the
array areas are determined, the area overhead of the periphery
w.r.t. the array is calculated by dividing the periphery area by
the array area. Fig 7 presents the area overhead versus Isp and
Iprog current. The previous example, Iprog=40puA and
Isp=10nA per device giving a 2048 WLs and BLs array, has a
resulting area overhead of 45%.

With these data, it is possible to determine the requirements of a
RRAM and BEoL selector devices for a specific application. As
an example, in order to be competitive with Flash NAND
memories, the area overhead must be lower than 20%. Thus,
considering that constraint, Iprog must be lower than 30pA and
Isp lower than 10nA. The resulting array size is bigger than 2500
WL and BL. As a reference, in Fig. 7, the red zone shows how a



20% area overhead limit, reduce the field of possible device
specifications for the RRAM and the BEoL selector.
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Figure 6: Detailed area of the TP transistor (red) and TG tranmission
gate (blue) constituting the line and columns MUX, versus selector
leakage per 1S1R and RRAM programming current. For high
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Figure 7: area overhead of crosspoint array versus selector leakage
and RRAM programming current for F=25nm.

Two 1S1R specific limitations are also presented in Fig. 7.
The first one is the non-volatile minimum Iprog (Min NV Iprog).
Depending on the RRAM technologies, it has been shown that a
too low Iprog will result in volatile behavior or increased
variability of the resistive state [32]. Thereby, this limitation
gives a lower bound in the Iprog. The second limitation comes
from the selector Isp that may be difficult to achieve below tens
of pA.

With the increase of the array size, as introduced in section
I1l-a, the array WL and BL charging time may become a
limiting parameter. Fig. 8 presents the charging time of a
crosspoint array line versus the technology node and the
number of WLs and BLs. For deeply scaled half metal pitch,
copper lines resistivity increases from 6.8uQ.cm™ (50nm) to
8.5uQ.cm™ (15nm) [29] [33].

Considering that, the lines charging time should not take
more than 10% of the total programming pulse that can be as
short as 10ns still ensuring a reliable RRAM operation [9], array
size is limited by the timing. At F=25nm, 1ns charging time is
achieved for a 3100 WL and BL array. In Fig 7, this maximum
array size limitation is shown as a blue zone.

In this section, we explored the design space of crosspoint
memories using the IR drop, the periphery area overhead and the
in-array line charging time. In order to detail the methodology,
we took as an example an F=25nm copper interconnect 1-layer
crosspoint memory in which only one bit is written at a time.

We showed that IR drop limits the maximum possible array
size whereas reduction of periphery overhead would tend to
design the biggest array possible. We also demonstrate that the
lower the Iprog and Isp are, the bigger arrays can be designed
for an equivalent area overhead. These parameters are however
physically limited and thus arbitrary large arrays cannot be
achieved. Moreover, large arrays would severely impact the time
required to charge and discharge the lines.
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Figure 8: Charging time and discharge of a crosspoint array versus
the array size and the metal half pitch F. Increase of the metal
resistivity with the scaling is taken into account.

V. DISCUSSION

The proposed design methodology can be applied to any
technology node used to implement a crosspoint memory array.
However, when scaled, metal line resistivity and periphery
overhead becomes a strong limitation. The extension to
multiple-layer crosspoint memory will not impact the density
due to a peripheral circuitry that will be multiplied as much as
the amount of stacked crosspoint layers.

This study shows that Isp has a major impact, however,
regarding the literature, arrays sizes are commonly small
(576*2048 in [13] and 2048*4096 in [12]). Thus, from the point
of view of the IRdrop, designing a selector providing less than
InA SP current is not critical while the programming current
cannot be reduced under few tens of micro-ampere without
reliability reduction [32].

Due to huge area overhead, crosspoint bit density is lower
than Flash NAND memory even though the bitcell area is the
same (4F2). This gap increases as more bits are written in
parallel. Fig. 9 shows the bit density of a crosspoint memory
using Iprog=30u1A and Isp=10nA versus the metal half pitch
(from 50nm down to 15nm) for different word-length written in
a single array (1bit to 32bits), and compared to other memory
technologies (Flash NAND and DRAM). The presented bit
densities are determined using the methodology presented in
section IV and the multiple-bit write IR drop and periphery
estimation models presented in section I11-b and I1I-c. It appears
that as the programmed word grows, the density quickly
decreases.

While 1 bit-write enable bit densities (47Gb/cm?2 at F=15nm)
almost competitive with planar Flash NAND densities
(76Gb/cmz for F=16nm [30], 56Gb/cm?2 for F=19nm [34] and
28Gh/cm? for F=32nm [35]), 16 and 32 bit-write per array
strongly reduce the bit density (less than 5Gb/cm? for 16 bit-
write at F=15nm) lower than DRAM density (9.4Gb/cm? for
F=20nm [36] and 3.8Gb/cm? for F=37nm [37]). This result



highlights the need for write a small number of bits per array in
order to maximize the density.

2 T T T T T T
N + 301 134
+ P4 Planar Flash NAND

-
2y a I I

1Bit/Array - Crosspoint

8Bit/Array

[vy

-
o

Bit Density [Gb/cm?]

32Bit/Array

10

15 20 25 30 35 40 45 50

Metal Half Pitch [nm]
Figure 9: Extrapolated bit density in Gb/cm? for 1-layer crosspoint
memories compared to planar Flash NAND and DRAM product bit
densities versus the half metal pitch in nm. For bit-write in a
crosspoint array, the bit density is reduced due to the higher amount
of current needed in the array, i.e., increased IR drop and periphery
area overhead.

VI. CONCLUSION

In this work, we first present 3 innovative models (IR drop,
periphery overhead and timing estimation) accounting for
multiple bit-write in crosspoint memory arrays. We then
introduce a design methodology for crosspoint memory arrays
based on the proposed models. This methodology consists in,
first, calculating the maximum array size taking in account the
IRdrop effects in the metal lines and then, using the array size in
order to determine both the area and the overhead of the
periphery. Finally, the optimal lproc, Ise, array size and physical
BEoL specification can be determined considering the physical
specifications of the 1S1R device and the in-array timing
constraint. Finally, we apply this methodology to several
application cases (1 to 32 simultaneous bit-write per array) and
various technology nodes (from 15 to 50nm half metal pitch).
We show that the area overhead and IRdrop strongly limits the
crosspoint memory density (47Gb/cm? in 15nm for 1 bit-write)
making it not yet competitive with flash NAND and even with
DRAM for more than 16 bit-write per array. Reducing the
written word length by spreading it in parallel in several banks
appears as an effective way to provide competitive bit density
for crosspoint memories.
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