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The emerging non-volatile memories (NVMs), including re-
sistive random access memory (RRAM) [1], phase-change
memory (PCM) [2], and ferroelectric random access mem-
ory (FeRAM) [3], have broad application prospects owing
to their non-volatility and near-zero static energy consump-
Compared to other NVMs, ferroelectric capacitors
(FeCAPs) offer advantages in energy consumption and en-
durance. However, the destructive read operation of capac-
itors (e.g., DRAMs and FeCAPs) destroys the stored data.
Thus, an additional write-back operation to refresh the cell
is required because after multiple rows of cells are activated
and read concurrently for compute-in-memory (CIM) op-
erations, they cannot perform their respective write-back

tion.

actions. Because most CIM operations must keep data for
reusing (e.g., weights in artificial neural networks), the de-
structive read operation restricts FeCAPs’ application in
CIM systems.

One way to realize CIM operations in FeCAPs is to use
the same copy-operation scheme as in DRAMs [4]. To re-
tain the stored data of CIM-operation cells, this scheme
copies the cells to specific rows and activates them for charge
sharing to realize a calculation. However, the copying op-
eration increases energy consumption and CIM-operation
Moreover, such specific rows decrease the effective
storage capacity by occupying the storage cells. The exist-
ing schemes such as 2TnC [5] and 1T2C [6] can improve in-
tegration of FeCAPs or operating speed, but still inevitably
use the copy-operation scheme.

time.

In this study, we used the ferroelectric domain character-
istics of FeCAPs to propose a half-destructive read scheme
(HDRS) for CIM operations, which uses the FeCAPs’ charge
in two steps. Figure 1(a) depicts the state transitions and
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the corresponding operation scheme of cellp and cell; in-
volved in a CIM operation. (1) Write: write ‘0’ and ‘1’ into
cellp and cellq, respectively. (2) CIM: a low voltage pulse
is applied to the plate lines (PLs), and part of each cell’s
charge is used for the CIM operation. (3) Restore: a large
voltage is applied to the PLs, and the residual charge of the
cells is used to be sensed and restore the data. The pro-
posed scheme neither includes the copy operation used in
other schemes nor requires additional rows for CIM opera-
tions. Thus, it offers superior computational latency, energy
consumption, storage cell utilization, and array endurance.
To validate our scheme, we first tested the essential charac-
teristics of Hfg.5Zr0.502 (HZO) FeCAP. Then, the proposed
HDRS was applied to the FeCAPs to extract parameters and
verify the feasibility of HDRS. Finally, the extracted param-
eters are used to perform simulations on a 128 x 128 1T1C
FeCAP array.

The structure of the used HZO FeCAP comprising a
TiN/HZO/TiN stack is shown in Figure 1(b). A 10-nm thick
HZO thin film was deposited by using an atomic layer depo-
sition technique (ALD) at 550°C. More details on the HZO
FeCAP’s characteristics are presented in Appendix A.

The HDRS was tested on the HZO FeCAP to verify its
feasibility. Figures 1(c) and (d) show the polarization (P)-
voltage (V') curves of the FeCAP cells storing ‘0/1’ in the
three phases of the HDRS. As evident from the figure, the
remnant polarization (P;) of the device storing ‘1’ signifi-
cantly changes in the CIM’s phase, implying that the bit-
line (BL) voltage rises after charge sharing occurs between
the cells and the BL in the FeCAP array. For the cell storing
‘0’, Pr changes slightly, implying that the BL voltage will be
minutely affected when the charge sharing occurs. Thus, the
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Figure 1

(Color online) (a) State transitions and the corresponding operation scheme of the FeCAP cells involved in CIM oper-

ations; (b) transmission electron microscope image of the HZO FeCAP structure; (c¢) P-V curves of the FeCAP storing ‘0’ in three
phases; (d) P-V curves of the FeCAP storing ‘1’ in three phases; (e) simulated BL voltage during the CIM operation; (f) schematic
of the simulation circuit for the HDRS; (g) comparison of the HDRS and copy-operation scheme for CIM operation in terms of

time, energy consumption, and area.

difference between P, changes in the restoring phase of the
two conditions (FeCAP storing ‘0’ or ‘1’) ensures that the
stored data (‘0" or ‘1’) can be read out and restored. The
detailed test scheme and the FeCAP’s variation analysis are
given in Appendix B.

Simulation and discussion. We performed the SPICE
simulation to verify our scheme. The simulation uses the
FeCAP model proposed in [7] with the 130-nm logic process
library. The CIM circuit is shown in Figure 1(f). The pe-
ripheral circuit can realize read and write as well as CIM
operations. Notably, with output signals of a sense ampli-
fier (SA) and different voltage pulses of PLs, the circuit can
implement different CIM operations, including “AND” and
“OR” logic (Vous) and “NOT”, “NAND”, and “NOR” logic
(Vout )

In addition, Figure 1(e) shows the BL voltage when the
two cells perform “AND” and “OR” operations with dif-
ferent internal states. The low voltage pulses applied to the
PLs can be adjusted for performing different CIM operations
with the sense marginally exceeding 50 mV. Additional in-
formation on simulation is presented in Appendix C.

As shown in Figure 1(g), we compared the performance
of the copy-operation scheme and the proposed HDRS in
terms of the operation time, energy consumption, and CIM-
operation area. The detailed instructions are presented in
Appendix D.

Conclusion. We proposed an HDRS based on the HZO
FeCAP for CIM operations. Based on the experimental
data of the FeCAPs, the simulation and analysis demon-
strated the advantages of the HDRS compared to the copy-
operation scheme in terms of computational latency, energy

consumption, effective storage capacity, and memory array

endurance.
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