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Abstract—This paper proposes C2FeRAM, a 2T2C/cell
ferroelectric compute-in-memory (CiM) scheme for energy-
efficient and high-reliability edge inference and transfer
learning. With certain area overhead, C2FeRAM achieves
the following highlights: (i) compared with FeFET/FeMFET,
it achieves disturb-free CiM and much higher write
endurance (equal to FeRAM), leading to >100x inference
time with <1% accuracy drop for VGG8 in CIFAR-10 dataset,
along with the enhanced endurance for weight updates, e.g.,
CiM-based transfer learning; (ii) compared with 1T1C
FeRAM inference cache, the achieved disturb-free feature
and CiM capability in C2FeRAM lead to improvements of 4x
energy, 200x speed, and 3.2e5x life cycles. Such benefits
highlight an intriguing solution for future intelligent edge Al.

Index Terms—Ferroelectric memories, FeFET, FeRAM,
compute-in-memory (CiM), endurance, read disturb.

|. Introduction

COMPUTE-in-memory (CiM) Dbased on ferroelectric
memories are being actively exploited for high-speed and
energy-efficient edge intelligence [1][2]. This has been
increasingly promising with the rapid ferroelectric device
development progress, including ferroelectric capacitors,
transistors, and tunneling junctions in [3][4][5]. However, the
existing ferroelectric devices are still facing the challenge of
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Fig. 1. (a) Challenges of ferroelectric devices; (b) cell scheme and
read/write of proposed C2FeRAM,; (c) ferroelectric devices comparison.
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reliability, as illustrated in Fig. 1(a). For ferroelectric random
access memory (FeRAM), the destructive read limits the
application of continuous inference with CiM [6]; For
ferroelectric FET (FeFET) and ferroelectric-metal FET
(FeMFET), the low write endurance raises lifetime concerns in
data-intensive training with frequent updates [7].

Different mechanisms cause these limitations in edge CiM
acceleration. The destructive read results from the same
charging/discharging path shared by write/read. By integrating
the ferroelectric (FE) layer to the gate of MOSFET, the FeFET
supports non-destructive read through the MOSFET channel
but still suffers from reliability issues, e.g., high write voltage
and low endurance. As reported in [8][9], the ferroelectric layer
fatigue and the gate stack deterioration lead to the endurance
degradation of the HfO,-based FeFET. In some devices, gate
stack deterioration is the critical cause of device degradation
[10][11][12]. For FeMFET, although it is possible to achieve
lower write voltage and higher endurance with a small
Arr/Amos ratio, its endurance is still lower than that of FeERAM
[13]. In addition, a small Are/Awmos ratio raises scaling difficulty
and susceptibility to disturbances. The prior work in [14] using
in-cell amplification tries to combine FeRAM and FeMFET for
higher read sensitivity, but the read destruction issue remains
unsolved, which limits its application using CiM approaches.

To overcome these challenges, this letter proposes
C?FeRAM, a ferroelectric CiM scheme that achieves both
disturb-free read and high write endurance. As illustrated in Fig.
1(b), it consists of one capacitor, one ferroelectric capacitor
(FeCap), and two transistors. The disturb-free read also enables
the multi-level cell (MLC) for further memory density
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advanced process. The comparison between existing
ferroelectric devices is shown in Fig. 1(c), which highlights the
advantages of C2FeRAM. Section II and III will present the
operating mechanism and experimental results, respectively.

Il. Device Mechanism

The FE layer in both FeMFET and FeFET couple with the
MOSFET in read and write. Therefore, the MOSFET gate
voltage can hardly be manipulated. In the proposed C2FeRAM,
the M, gate voltage (node G) can be controlled by the plate line
(PL) through the coupling of the plate capacitor Cpr. The direct
control over the internal gate voltage enables disturb-free read
and high-endurance write.

To reduce the footprint overhead, stacking the capacitors on
top of the transistors is an effective approach [15]. Fig. 2(a)
illustrates two integration approaches. The planar Cgg and Cpr
in Fig. 2(a) is compatible with the existing CMOS process. The
structure of the cylinder cap in Fig. 2(a) has been demonstrated
by [16] with 1Xnm DRAM technology. Moreover, a potential
structure with channel-all-around (CAA) transistors [17], in
which Crg is a planar capacitor, and Cpyr is a cylinder capacitor,

10 10? 10°
Normalized FeCap Life Cycle

Fig. 5. Experiments: (a) setup with discreet Crg, Cp. and MOSFET on

a probe station; (b) Cre Vs Vre; () QseriaL VS Vri2; (d) read-disturb

measurement showing ~10° lon/lorr after 10° cycles; (€) Remnant Vg of

state ‘1’ degradation; (f) measured endurance as good as FeCAP.

could achieve higher density, as illustrated in Fig. 2(b), (c). Like
[17], apossible brief process sequence of the two CAA NMOS
FETs is illustrated in Fig. 2(d). Firstly, an MIM structure is
formed. A hole is then etched on the MIM structure for the
vertical channel. The channel, gate insulator, and gate electrode
are deposited in the hole in sequential.

The compact 3D cell structure could lead to interference with
adjacent cells due to coupling in a memory array. To alleviate
the interference of coupling, the odd rows and even columns
can be activated in a time-interleaved style. In one phase, once
the odd PLs are activated, that adjacent even PLs will be
grounded. In turn, the odd PLs and the even PLs will be
grounded and activated in next phase, respectively.

In the C?’FeRAM, the FeRAM-style write operation is
adopted. Additionally, the gate voltage stress of M, during
programming can be lowered through PL by Cpr coupling. As
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the gate stress is mitigated, the C?FeRAM can achieve the
endurance comparable to FERAM. Fig. 3(a), (b) shows the low-
Vg-stress high-endurance weight update during learning,
including the biasing schemes and transient snapshots. Sub-
10fF is a typical value of cell capacitance in 1y nm DRAM cell
[18]. Therefore, the transient snapshots are simulated with the
model in [19], with Cp.=5fF, 30nm x 30nm Cgg between 3fF
and 7fF. While the conventional write scheme of FERAM or
FeMFET is applicable, the proposed write scheme achieves
low-Vg-stress by applying an opposite voltage bias at the
plateline PL. For example, to switch to positive polarization,
+Vw and —Vw are applied to BL and PL, respectively, leading
to sufficient write voltage across Crg but a small M, gate stress
voltage V. The row-level write is carried out by performing
erasing (write ‘0’) and programming (write ‘1”) sequentially. In
practice, the write voltage in BL and PL could be set as needed;
CpL could be optimized to achieve the maximum difference
between settled Vg of states ‘1’ and ‘0°, as Vg is modulated by
both the total capacitance at node G and the Cpr/Crg ratio. For
the unselected cells, the WS will be set to -Vw so that Cgg will
not be disturbed by the write operations to the selected rows.
For the read operation, the FeMFET-style non-destructive
read is performed through M». Fig. 3(c)-(e) shows disturb-free
read and CiM operations with ultra-low disturbance. With
C?FeRAM, a traditional crossbar sensing scheme is supported
by setting Vpr as the input to access the cells in the selected
rows, with the scheme in (c), waveforms in (d), and bitline
currents for different accumulation results in (e). Excitingly,
raising Vpr to set M, in linear region improves the linearity
without the worry of Crg, state disturbance, as this does not add
extra voltage stress to the floating Crg with M; turned off.
Practically, an optimized Vpr, could be achieved for the balance
between high computing accuracy and low power consumption
during inference. To deal with leaky Vg, a restore could be
performed as in FERAM. For the CiM operation, the summation
of cell currents within an array can be affected by the device-
to-device variation. For binary cells, the impact of variation is
insignificant. For MLC cells, a verify operation after writing the
trained weights will effectively alleviate the impact of variation.
Write amplitude, pulse width, and the ratio between Cgg and
Cpr could all affect the internal voltage Vg, which indicates the

dynamic range of a C’FeRAM memory cell. Fig. 4(a), (b)
shows simulated fJ-level write energy and settled Vg vs 10-
100ns write pulse duration, for a varying write amplitude of
1.5V-2.4V. A larger Vw and longer pulse width would result in
larger Vg as well as greater write energy. Meanwhile, the ratio
between Crg and Cpr has a more complex relationship with Vg,
where Vg is determined by both the Crg polarization charge and
the total capacitance of Crg and Cpr in parallel. Under a given
Vu, a larger Cpr/Crg would result in a larger voltage across Crg
and thus a greater ferroelectric polarization, but the total
capacitance of Cpr, and Crg would also be greater. Therefore, a
maximized Vg could be achieved when Cpr, and Crg are nearly
matched, as shown in Fig. 4(c). Fig. 4(d) shows the simulated
CiM stability characteristics with matched Crg and Cpr. Thanks
to the floating Crr scheme, even with over 103 times read, the
polarization degradation is <7%. In contrast, the degradation of
FeMFET after 10° times read is close to 30%.

[ll. EXPERIMENTAL RESULTS

We assembled in-house discrete components to evaluate
C’FeRAM. Fig. 5(a) shows the experiment setting, with Cgp
measured between 165pF and 195pF in Fig. 5(b), and the
hysteric Cre in series with a 470pF Cpr in Fig. 5(c). With
Vw=2V, Fig. 5(d-¢) shows that after 10° CiM read, the dynamic
‘0/1” Ip sensing range with Vp=50mV is well around 103, and
the remnant Vg for ‘1’ is still over 0.36V. In the experiment,
sensing ‘0’ is limited by the noise floor sensitivity, and sensing
‘1’ is limited by M» Ip-Vg saturation. Moreover, Fig. 5(f) shows
that the C2FeRAM write endurance is as good as the standalone
FeCap. Although the achieved write endurance is currently
limited to 10% due to a large in-house device size above
2,500um?, it could be significantly improved with size scaling.

We have also evaluated the C*)FeRAM-based CiM arrays for
VGGS inference on the CIFAR-10 dataset with the architecture
shown in Fig. 6(a). The simulation is carried out with NeuroSim
[20]. Without disturbing the ferroelectric state, Fig. 6(b) shows
that Vp. optimization in C2(FeRAM CiM achieves high linearity.
Fig. 6(c) shows that, owing to the disturb-free capability,
C’FeRAM  CiM  successfully achieves <1% accuracy
degradation after 10° CNN inferences, while the baseline
FeMFET array degrades by 77%. In comparison with the
FeRAM cache solution, Fig. 6(d) shows the energy, latency,
and lifetime improvements up to 4x, 200x, and 3.2e5x,
respectively, because C2’FeRAM does not need an extra recover
operation after each inference cycle.

IV. CONCLUSIONS

This letter proposes C*FeRAM, a 2T2C/cell CiM scheme that
achieves disturb-free CiM and high write endurance
comparable with FeRAM. The compact 3D cell structures are
also proposed to alleviate the footprint overhead. Application-
level benchmarks for VGG8 in CIFAR-10 dataset have
demonstrated C?FeRAM CiM achieving >100x inference time
with <1% accuracy drop compared with FEMFET CiM, and 4x
energy, 200x speed, and 3.2e5x life cycles over FERAM cache.
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