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Abstract— This paper explores a novel 3D one transistor /
one RRAM (1T1R) memory cube. The proposed architecture
integrates HfO,-based OXxRAM with select junctionless (JL)
transistors based on low-voltage Gate-All-Around (GAA)
stacked NanoSheet (NS) technology. A bitcell size of
23.9xF?/N is achieved (‘N’ being the number of stacked-NS)
as well as a very high write and read parallelism. Extensive
characterization of JL transistors and OxRAMs is performed
to show their ability to be co-integrated inside a same 1TIR
memory cell. Electrical characterization of 4kbits OxRAM
arrays shows a large memory window (HRS/LRS=20) up to
10* cycles with a current compliance of 150pA, compatible
with the performances of our JL transistors. Then, we
experimentally demonstrate scouting logic operations
capability with 2 operands, which should be extended to 4
operands thanks to an original two cells/bit “double coding”
scheme assessed by SPICE simulations. Finally, we evidenced
that this computing scheme is 2 times more energy efficient
than a write-verify approach.

I. INTRODUCTION

Today, storage-class memories like high-density 3D
crossbar Resistive-Random-Access-Memories (RRAM) are
promising for applications requiring a large amount of on-chip
memory. RRAM is a leading candidate due to its high density,
good scalability, low operating voltage, and easy integration
with CMOS devices [1-7]. Another attractive aspect of RRAM
is their ability to perform primitive Boolean logic operations for
in-memory [8] and neuromorphic computing [9]. However, if
the 1TIR design is the most reliable architecture for in-
memory-computing (IMC), the cell size remains limited by the
conventional access transistor. In this work, our 1TIR
architecture benefits from the high density of vertically stacked
NS transistors, developed for advanced CMOS, which feature
excellent scalability and 3D integration scalability. This novel
1TIR 3D RRAM architecture is competitive from the crossbar
density point of view, while getting rid of any sneak path
current, enabling large-scale IMC. Some of the RRAM-based
architectures for IMC proposed in the literature imply
programming operations [10-11]. Here, we promote the
“scouting logic” (SCL) approach, which is only based on
reading operation [12-13], ensuring high memory endurance. In
the following, we first present the design and the process
integration of our 3D RRAM architecture. We discuss the
performance of JL transistors and 4kbits OxRAM arrays. Next,
based on these experiments, SPICE simulations assess the
ability of our 3D RRAM cube to perform SCL operations with
up to 4 operands. Finally, we discuss the high parallelization

and flexibility for operands selection for write and SCL
operations.

II. DESIGN FOUNDATIONS

A. Structure topology and bitcell operating conditions

Our 3D ITIR architecture is derived from our GAA CMOS
structure and process flow [14]; the main difference is that each
horizontal GAA channel features an independent source
connected to a BitLine (BL) and a drain directly connected to a
pillar of RRAM memory cells (Fig.2). This imposes a
horizontal Wordline (WL) and vertical Bitline/Sourceline
(BL/SL) (Fig. 3). A bitcell located at X,YoZ, is thus selected by
the activation of the Wordline (WL), in a XY plane, the
Sourceline (SL)x, in a YZ plane and the Bitline (BLy) (‘N
being the number of stacked channels). Unselected bitcells are
under a WL biased at Vw,=GND and/or inhibited at Vg =Vg.. A
parallel programming is possible in the selected Z, plane
without any parasitic SET/RESET. Similarly, parallel read
operations are also allowed in different planes (Z,, Zo+1, etc.)
on different Bitlines for each plane.

B. Emulated Process-Flow

Fig. 4 shows the process flow used to fabricate the 3D
RRAM cube. Itis very similar to the GAA CMOS one [14]. We
start with an epitaxial growth of (Si:P/SiGe) multilayers and
patterning to create the active grid. In-situ phosphorus doped Si
layers are used to benefit from doping in the source/drain (S/D)
region. Then, a staircase structure is formed at an edge of the
memory array. This will enable each BL to be connected
independently. Next, the SiO,/Poly-Si dummy gate is patterned
and a SiN spacer fabricated before the anisotropic etching of the
(SiGe/Si) fins in the S/D regions. A selective etch of SiGe is
then performed prior to the formation of SiN inner spacers.
Then, a new module is integrated to reduce the BL resistance,
which consists in contacting the Si:P S/D with a lateral
metallization, forming a metal spacer. The first option that we
had considered was to keep the BL material in n-doped Si
(compatible with the JL transistor). Obviously, this
configuration would result in too high BL resistivities (Fig. 5).
The use of metals reduces the BL resistance by a factor of 10°,
enabling longer BL lines. Next, cutting gate poly-Si in a manner
that keeps the spacers intact, ensures the integrity of the metal
lines under the spacer. Finally, we used a replacement metal
gate process to form the WL (gate of selector) and the memory
stack is deposited in the SL region with a self-aligned-contact
like process. Via0 contacts the Metall with the WL, the SL and
the different BL stairs. Such a process flow emulation enabled
us to define tentative design rules derived from a 28nm CMOS
design kit.



C. Bitcell layout

Using this dedicated design kit, we designed a typical bitcell
size of (23.9xF’)/N, ‘N’ being the number of stacked layers, and
‘F’ the minimum feature size (45nm in our case) (Fig. 6). It
should be pointed out that this size is limited by the poly-cut
(Wer) width, the space to Via0 distance (Scr.vo), the metal/via
pitch (Py), and the transistor width in the Z direction as well as
the gate to Via( distance and the poly pitch in the X direction.
This means that our proposed 3D RRAM technology is
competitive with the crossbar memory density (of 4xF’ area) as
soon as the number of stacked layers is higher than 6.

III. SELECTOR TRANSISTOR AND RRAM EXPERIMENTS

In the following, we study the performance of GAA JL
transistors. First, preliminary TCAD simulations enabled us to
optimize the channel doping (Np) and the channel width to find
a good compromise between high performance and good
electrostatic control. Typical Ins(Ves) curves for W=80nm and
different N, are shown in Fig. 7. For a 10nm channel thickness
and a NS width of 80nm (yielding a higher Ioy current for GAA
transistor thanks to a higher effective width), TCAD
simulations show that Nyclose to 10” cm” is a good tradeoff,
yielding a DIBL=28mV/V (Fig. 8-9). In order to confirm this
statement, we fabricated nMOS JL transistors with one level of
NS (EOT=1nm, Ts=10nm and N;*8x10"cm”) (Fig. 10). They
exhibit an Iox=120pA at Vips=1.3V, V=1.5V, Lc=60nm and
W=50nm, which should be translated into a compliance current
Icc close to 150pA at W=80nm (maximum width of GAA
transistors already demonstrated [14]). We also checked that
the local variability is not strongly degraded with JL transistors
(Figs. 11 and 12) and that they can be cycled up to V=2V
more than 10’ times with negligible electrical characteristic
modifications. Such a performance is compliant with RRAM
programming. Similarly, we characterized 4kbits 1'TIR RRAM
arrays following a similar integration (TiN bottom
electrode/5Snm HfO,/5nm Ti/TiN top electrode integrated in the
BEOL) as in refs. [15-17]. Cumulative distributions of LRS and
HRS states for various Icc and Vigser are shown in Fig. 13. They
show that the high (HRS) and low (LRS) resistive states can be
well differentiated for high values of Vigsr (3.25V) and Iec
(150uA). A large memory window (HRS/LRS=20) and an
endurance >10" cycles are obtained (Fig. 14 to 16). From those
experimental data (Fig. 13b), LRS and HRS distributions are
fitted with normal and/or lognormal distributions for different
compliance currents (75, 100, and 150uA). These resistances
are then used in SPICE simulations with a transistor model
emulating the performances of JL transistors.

IV. EVALUATION OF THE CUBE FOR SCOUNTING LOGIC
BY SPICE SIMULATIONS

In this last part, we discussed the feasibility of SCL,
enabling native Boolean operations, with our 3D RRAM cube
(Fig. 3). Monte Carlo simulations are performed with 1000
runs, and variability is considered up to +/-36. To perform SCL
operations on n operands, n 1TIR layers are selected
simultaneously by activating the appropriate WL and setting the
corresponding BL; to the read voltage. The resulting total
current Ioyr belongs to different distributions depending on the
number of activated cells at HRS (i.e. logic state ‘0’) and LRS

(i.e. logic state ‘1’) (Fig. 17a). By setting a reference current
Iwer between the different possible current distributions, and
comparing lour to these references, OR and AND operations can
be performed natively (Fig. 17b). In Fig. 18, we show an
experimental demonstration of Ioyr distributions, with our
4kbits OxXRAM array, based on two operands. The distributions
related to the states ‘00’, ‘01/10” and ‘11’ have large enough
memory window (MW) enabling sensing operation. To
evaluate the best bitcell configuration and programming
conditions, we simulated three cases, for various I.c: (a) “Single
Coding” (SC) where a bitcell is represented by a single ITIR
device. (b) “Double Coding” (DC) where a bitcell is
represented by two parallel 1T1R devices sharing the same SL
and programmed at the same value, and (c) SC with a maximum
of five write-verify cycles (SC-WV) to tighten the OxRAMs
resistance distributions. Simulations show that SCL can be
successfully achieved with up to four activated layers (for
Iec=150pA) with DC and SC-WYV, since DC and SC-WV
increase the MW, facilitating sensing operations compared to
SC (Fig. 19). As shown in Fig. 20, DC and SC-WYV seem to
provide the highest number of operands (No») with positive MW
compared to SC. Moreover, DC is the only one to provide
proper read operations at the lowest I.c (Fig. 21). Moreover, as
shown also in Fig.21, the DC coding scheme is 2 times more
energy efficient than the SC-WV one, when considering one
write operation followed by a successful read or SCL
operations. Finally, our cube enables high parallelization and
flexibility for operands selection. Unlike planar RRAM arrays,
SCL can be performed between words of different planes, as
long as they share the same row levels in each plane (Fig. 22).

V. CONCLUSION

In this work, we proposed a novel 1TIR 3D RRAM
architecture combining two emerging technologies (GAA
stacked-NS transistors and RRAMs). We show that a proper
engineering of JL GAA transistors can result in compliance
currents (Ic.c=150puA) which are high enough to address
OxRAM arrays whose memory window reaches HRS/LRS=20
up to 10* cycles. This new architecture, which offers a high
write and read parallelism, can be leveraged for IMC. Actually,
SPICE simulations show that under optimal bitcell
configuration and programming conditions, SCL operations
can be successfully achieved with up to four operands.
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