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ABSTRACT The AI era is demanding ever-increasing memory capacity and bandwidth, where
3-D-stacked ferroelectric memory (FeRAM) utilizing nondestructive readout (NDRO) ferroelectric capac-
itors (FeCAPs) stand as a promising candidate. This work addresses NDRO sensing signal challenges in
deeply scaled 3-D FeRAMs using a current-mode sensing scheme, co-designed with the device architecture
to overcome signal degradation due to capacitive charge sharing. By exploring gm cell design and time-
differential bipolar readout, we demonstrate the feasibility of 3-D stacking up to 128 FeCAPs while
maintaining sub-µs access, transcending the conventional charge-sharing-defined stacking limit of 64 and
achieving an effective bit density of ∼200 Mb/mm2. Using a two-stage Miller-compensated high-GBW
operational transconductance amplifier (OTA) implementation, we additionally underscore the robustness
of our sensing scheme against variability in CMOS circuits, but also in bit-cell FeCAPs, such as FeCAP
area variation (∼80%), memory window fluctuation (∼15 aF), and work function asymmetry (∼200 mV).
The proposed architecture further provides a flexible design tradeoff between read speed and energy
consumption, where a single-stage low-power OTA design allows read energy scaling down to ∼10 pJ/bit
at µs-level access time. The FeCAP model is calibrated to experimental data, ensuring realistic simulation
fidelity. These results offer instrumental insights into the design-technology co-optimization (DTCO) of
3-D FeRAM-based storage-class memories (SCMs).

INDEX TERMS 3-D stacking, ferroelectric capacitor (FeCAP), ferroelectric memory (FeRAM), nonde-
structive readout (NDRO), storage-class memory (SCM).

I. INTRODUCTION

THE rapid growth of large language models (LLMs)
has triggered an unprecedented surge in data move-

ment, with model sizes reaching billions to trillions of
parameters [1]. AI inference workloads, in particular, are
increasingly memory-bound [1], demanding high bandwidth
and capacity. While high-bandwidth memory (HBM) offers
performance, it remains costly and limited in scalability.

General-purpose DDRs and SSDs, on the other hand, suffer
from bandwidth and endurance constraints [2].

Recently, 3-D-stacked ferroelectric (FE) capacitor
(FeCAP)-based memories [3], [4], [5] have emerged as
promising candidates for near DRAM buffer memory,
offering high density, nonvolatility, low write voltage, and
high endurance (Fig. 1) [6]. The nondestructive readout
(NDRO) variants of FeCAP [7], [8], in particular, decouple
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FIGURE 1. (a) Schematic of 3-D FeRAM. FeCAPs are vertically
stacked in pillars that sit on top of CMOS sensing circuitry
shared per column. (b) Zoomed-in view of N-stacked (Nstack )
FeCAP pillar array assuming a certain pitch (P), height (H), and
diameter (D). FeCAPs are formed at the intersection between
vertical SL metal, Hf0.5Zr0.5O2 (HZO) thin film, and horizontal PL
metal, separated by a vertical spacing of Tsp .

read endurance from the fatigue-limited write endurance
[7], making them especially suitable for read-intensive AI
inference workloads.

However, the sense margin during NDRO of FeCAPs
reported so far remains limited by their relatively small
capacitance window (capacitive memory window (CMW)
or, CMW of ∼10 fF/µm2 in metal-FE-metal (MFM)
FeCAPs [7]), corresponding to only ∼15% of the DRAM
(∼70 fF/µm2 [9]). Moreover, the common string line (SL)
electrode in the FeCAP pillar [SL, Fig. 1(b)] inadvertently
creates unwanted charge sharing among all stacked FeCAPs,
degrading the signal margin inversely proportional to Nstack,
with 64 shown as a practical upper limit [4]. This inevitably
raises concerns about the read signal integrity in 3-D ferro-
electric memory (FeRAM) vertical scaling.

Therefore, this article works toward overcoming limited
NDRO signal in 3-D FeRAM using a circuit–device co-
designed current-mode sensing architecture. We develop
a robust sensing solution for deeply scaled NDRO 3-D
FeRAM, targeting low latency, resilience to variability, and
scalability. Specifically, the proposed current-mode sensing
circuit can accurately distinguish FeCAP states across vary-
ing stack densities and device conditions.

This article is organized as follows. Section II reca-
pitulates the device assumptions for 3-D FeRAM NDRO
and implications on circuit sensing solutions. Section III
presents the current-mode read sensing scheme and the
simulation results, which is followed by discussion on its
power-performance scalability in Section IV and conclusion
in Section V.

II. 3-D FeRAM BIT DENSITY SCALING VERSUS
READABILITY
Fig. 1 illustrates the 3-D FeRAM array architecture, where
N-stacked FeCAPs separated by an isolating spacer thick-
ness Tsp occupy an area defined by the FeCAP pillar pitch
P2. As each FeCAP stores one bit information [i.e., “0”
and “1”; see Fig. 2(b)], the normalized area per bit stored
in the FeRAM array evaluates to P2/Nstack, the inverse of
which (Nstack/P2) gives the “intrinsic bit density” (BDint)
[the effective bit density (BDe f f ) however could vary as

FIGURE 2. (a) GIXRD data of an in-house fabricated HZO-based
FeCAP exhibiting crystallization of the HZO thin film in a
mixture of FE orthorhombic (o) and/or non-FE tetragonal (t)
phases. Experimentally measured (b) quasi-static CMW from
small-signal C-V measurements and (c) transient charge
memory window (QMW) characteristics of FeCAP [7] with CM
calibration. The total thickness of the FE stack (tFE ) is 12 nm
(9 nm HZO, 2 nm Nb2O5, and 1 nm TiO2) and (d) intrinsic bitcell
density and CM-simulated equivalent NDRO ∆CFE
[transient-derived from (c)] assuming P ≈ 90 nm, D ≈ 72 nm,
and Tsp = 45 nm [symbols in Fig. 1(b)]. The tFE is extrapolated
to 9 nm at a read voltage of 500 mV. An example of 3-D NAND
flash bit density is given per [10].

a function of CMOS circuitry footprint underneath which
will be addressed later]. Obviously, piling up more FeCAPs
in each pillar maximizes BDint, which is particularly desired
for expanding memory capacity in AI inference. Never-
theless, this is accompanied by the unwanted reduction in
FeCAP area (AFE), i.e., the lateral area of the cylinder
at the cross-point between the plate line (PL) and SL
[SL; Fig. 1(b)], and accordingly changes the capacitance.
Knowing that the FeCAP pillar height is constrained by
etch aspect ratio (AR ≤ 50) in the fabrication process, i.e.,
H ≤ AR × D, the AFE is defined by

AFE ≈ π · D ·
�

H
Nstack

− Tsp

�
< π · D ·

�
AR · D

BDint · P2 − Tsp

�
(1)

where AFE decreases even faster than 1/BDint.
On the other hand, for a FeCAP such as an MFM stack

with a 9-nm HZO as the FE layer, 1-nm TiO2 as the seed
layer, and 2-nm Nb2O5 as the cap layer (refer Fig. 2(a)
for grazing incidence X-ray diffraction (GIXRD) data),
NDRO relies on the CMW between the states “0” and “1”
[Fig. 2(b)], which is currently inadequate [7], [9]. Moreover,
to prevent inadvertent switching of FeCAP polarization state
during NDRO, one is obliged to suppress the read field
(bias) to below the coercive field (voltage), which in turn
renders a limited transient charge memory window (QMW;
normalized) of only ∼6 fC/µm2 (Fig. 2(c); [7]).
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FIGURE 3. Sources of FeCAP variation. (a) Area variation related
to process nonuniformity. (b) Memory window fluctuation due
to polycrystalline HZO FE material. (c) Shift in effective voltage
from asymmetric FeCAP electrodes.

The compound effect of AFE reduction and NDRO nature
leads to an inevitable tradeoff between 3-D FeRAM BDint

and equivalent ∆CFE in NDRO. In Fig. 2(d), we calculate the
equivalent ∆CFE for different Nstack with AFE per (1) assum-
ing a 90-nm pillar pitch, while the CMW is estimated using
compact model (CM) extrapolation to 6-nm HZO layer (plus
2-nm Nb2O5 and 1-nm TiO2 [7]), at a read voltage of
500 mV (field 0.56 MV/cm); note that the same assumptions
will be used henceforth consistently. The CM used in this
analysis is calibrated to experimental FeCAP data from [7],
ensuring realistic simulation fidelity. Remarkably, according
to Fig. 2(d), a 1 Gb/mm2 BDint at eight-stacked FeCAPs
would allow no more than 1 fF ∆CFE , while an attempt to
reach typical 3-D NAND flash density (∼10 Gb/mm2; [10])
with 64-stacked FeCAPs would land below <0.1 fF. The
capability of distinguishing sub-fF ∆CFE is therefore the
foremost challenge to NDRO sensing.

On top of the magnitude of ∆CFE , another major chal-
lenge to NDRO in scaled 3-D FeRAM lies in the variability
of FeCAPs (Fig. 3) that broadly comes in three types:
1) area variation related to process nonuniformity; 2) ∆CFE

fluctuation in polycrystalline HZO layer; and 3) shift in
effective voltage across the FE layer (VFE) from asymmetric
electrodes. Possible mismatch among CFE for FeCAPs in
proximity, on the other hand, is left for future work.

III. CURRENT-MODE SENSING SCHEME
A. CIRCUIT ARCHITECTURE
The (sub-)fF-level CFE in deeply scaled 3-D FeRAMs
significantly complicates conventional, charge-based
switched-capacitor (“SW-cap”) integrator-based sensing
schemes [11], which would necessitate multiple charge-
transfer iterations in order to accumulate a sufficient
signal amplitude, risking excessive power consumption and
poor scalability. Addressing these limitations, we instead
propose a current-domain readout architecture, as shown in
Fig. 4(a), tailored to NDRO in 3-D-stacked FeRAM. The
core concept is to employ a transconductance (gm) cell
to convert the small voltage difference induced by ∆CFE

into a current signal, which is subsequently integrated on a
capacitor (Cint). The gm cell amplifies the minute voltage
signal and can potentially isolate parasitic effects associated
with FeCAPs and routing interconnects (Cpcell in Fig. 4);
this will be elaborated on in Section III-B. During read

FIGURE 4. (a) Proposed current-mode sensing scheme with gm
cell. A current integrator generates different output voltages
(Vout ). A current subtractor removes the DC component of the
gm current. (b) Array readout of selected word bytes with
multiplexing.

FIGURE 5. Timing diagram of the proposed time-differential
bipolar readout.

operation, a read voltage V f e is applied across the target
FeCAP [Fig. 4(a) and (b)], forming a voltage divider at the
gate of the gm cell. The resulting CFE-dependent current is
then integrated on the capacitor Cint, generating Vout at the
output node. The following equation shows the dependency
of Vout and CFE :

Vout, 0/1 = Vfe
CFE, 0/1

CFE, 0/1 + Cp-cell
× gm

Tint

Cint
. (2)

Fig. 5 shows the timing diagram of the current-mode
system featuring time-differential bipolar readout, where
one bit information is stored in two complementary FeCAPs
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FIGURE 6. (a) Basic gm cell. (b) gm cell with simple
preamplification. (c) gm cell with an in-cell SW-cap integrator.

[C f e+ and C f e− in Fig. 4(a)] with opposite states (i.e., “01”
and “10” used as one binary bit). During the read operation,
the selected complementary FeCAP pair [Fig. 4(a)] is sensed
in two consecutive phases. In the first phase, one of the
two FeCAPs is driven with a bipolar V f e1 pulse, and the
resulting FeCAP state-dependent gate voltage is converted
by the gm cell into a modulated current that is integrated
on Cint, producing the first sampled output Vph1 (Fig. 5). In
the second phase, the complementary FeCAP (which sits
in spatial proximity) is driven with a V f e2 pulse of identical
time and amplitude to V f e1 and sensed through the same
gm-cell and current-integrator path, producing the second
sampled output Vph2 (Fig. 5). This generates two Vout

voltages (Vph1 and Vph2) in two consecutive clock cycles,
sampled at ph1 and ph2, respectively. The binary state stored
in the complementary FeCAP pair is then determined by
their difference Vph1 − Vph2 through its sign and magnitude.

Importantly, the use of time-differential bipolar readout
is crucial to overcoming CMOS mismatch in circuitry, as
the two complementary FeCAPs will experience the same
mismatch that cancel each other out, while the bipolar
V f e traverses both positive and negative voltages across the
FeCAP, making it immune to FeCAP electrode asymmetry
[Fig. 3(c)]. To enable such cancellation, the two comple-
mentary FeCAPs encoding one bit are intentionally placed
above or under each other within the same vertically stacked
pillar, so that dominant process-induced FeCAP variations
are spatially correlated and move together; residual uncor-
related FeCAP-to-FeCAP mismatch is not fully canceled
and remains part of the device-variability margin. This time-
differential read approach effectively relaxes the gm cell size
and supports a greater Nstack even if it halves the BDe f f

and doubles the read time. To recover BDe f f , each gm cell
in the array is shared by multiple FeCAP pillars through
multiplexing [Fig. 4(a)] which reduces its layout overhead;
meanwhile, multiple gm cells operating on the same row
define the word width [Fig. 4(b)].

B. EXAMPLE IMPLEMENTATION IN 22-nm CMOS
TECHNOLOGY
Three gm-cell variants are designed with increasing design
complexity (Fig. 6), aiming at resolving shrinking ∆CFE

with Nstack (Table 1). Notably, variant (c) incorporates a
preamplifier (-A) and an in-cell SW-cap integrator in the

TABLE 1. Simulated Comparison of gm-Cell Architectures.

TABLE 2. Sim. Read Across gm Cells Versus FeCAP var.

gm cell; the preamplifier forces the SL voltage in the pillar
[Fig. 1(b)] at a constant virtual ground level regardless
of Nstack, while the in-cell SW-cap integrator transfers
CFE-dependent charges on the cell integrator Cint,cell, accu-
mulating voltage signal on the gm gate (Vg) over integration
cycles. Importantly, it is via the feedback provided by the
preamplifier (gain ∼ 200) that our design successfully
decouples the output sensing signal from the “self-parasitic”
(Cpcell) of stacked FeCAPs, i.e., NstackCFE [4], enabling
vertical stacking up to 128 where the ∆CFE is less than
20 aF.

Meanwhile, the introduction of in-cell preamplfier in
Fig. 6(b) and (c) also makes its input-referred noise the
dominant noise contribution rather than that of the column
operational transconductance amplifier (OTA) or from other
sources. This preamplifier noise appears at Vg and is subse-
quently amplified through the gm cell and current integrator.
To ensure output signal integrity, the relevant noise metric
needs to be evaluated at the comparator input by comparing
the time-differential output signal (Vph2 – Vph1) [Fig. 4(a)]
with its simulated output noise level.

The proposed sensing scheme is simulated on a 22-nm
CMOS technology platform [12] as a proof of concept,
using thick-oxide transistors (1.8 V VDD). The integrator
employs a two-stage OTA with Miller compensation, sup-
porting a GBW of 200 MHz. In the implemented design,
the OTA achieves a simulated DC gain (A0) of 83.6 and
3-dB bandwidth (ω0) of 83.85 krad/s, and a phase margin
of 71◦ at the typical 27 ◦C corner. For the column gm
current integrator [Fig. 4(a)], the OTA DC open-loop gain
determines the steady-state virtual-ground accuracy at the
OTA input that sees the column bitline parasitic capacitance
[Cpara; Fig. 4(a)], while the GBW determines how fast
the input gm current settles onto the feedback integration
capacitor Cint. The gm current settling time (τcol) is jointly
determined by the OTA GBW and by the Cpara at the
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TABLE 3. Read Simulations: “Basic” and “In-Cell SW-Cap Integrator” gm Cells in Fig. 6 Versus CMOS Variabilities.

integrator input per the following form:

τcol =
1
ωp

=
1

ω0

�
1 + A0Cint

Cpara+Cint

� . (3)

Using GBW = A0ω0 = 1.27 Grad/s, A0 = 15 135, Cint =

300 fF, and Cpara = 2 pF, the τcol evaluates to 6 ns.
Utilizing the gm cell and OTA designs above, Table 1

gives the power-performance-area estimate of the FeRAM
NDRO operation. It is revealed that the read time is primar-
ily dictated by the current integration time needed to achieve
a sufficient sense margin across CMOS PVT corners in the
presence of noise sources (Table 3), a process that oftentimes
lasts significantly longer than τcol. Indeed, the read time
amounts to 160 ns in the case of basic gm cell [Fig. 6(a)],
whereas for the in-cell SW-cap integrator gm cell [Fig. 6(c)]
it takes up to 820 ns before the accumulated signal to
noise ratio (SNR) at the gate of gm cell can effectively
overcome the noise generated by the preamplifier. In both
cases, however, the read time is significantly longer than and
thus not limited by τcol (6 ns), and by extension not limited
by the GBW (200 MHz) of our OTA design. In fact, based
on our sensitivity studies, a 75-MHz GBW would suffice
to support all three types of gm cell designs presented in
Fig. 6 in terms of sensing signal integrity; in other words,
the foremost challenge to FeCAP NDRO operation is not
about the speed, but rather about the signal amplitude.
This suggests that the OTA design space allows additional
power-speed tradeoff without compromising NDRO itself
(see Section IV).

Notwithstanding the demonstrated high resolution in
∆CFE in deeply scaled 3-D FeRAMs, the growing com-
plexity in gm cells with extra transistors (Fig. 6) does add
to silicon area overhead, notably, the in-cell preamplifier.
Fortunately, this area can be shared via multiplexing (Fig. 4),
allowing BDe f f to linearly scale with Nstack across different
gm cells (Table 1). Comparing BDe f f and BDint [Fig. 2(d)],
though, it is evident that the density scaling in our design
is limited by the sensing circuitry rather than by the 3-D
FeRAM array, which leaves room for improvement. Further,
with enhanced ∆CFE resolution in Fig. 6(b) and (c), the
read time and energy inevitably increase with Nstack (and
hence BDe f f ) in order to guarantee the desired success read

rate, thus presenting a tradeoff between density scaling and
energy/speed.

C. VARIABILITY RESILIENCE
Unless otherwise stated, the robustness simulations reported
in Tables 2 and 3 use the high-GBW two-stage OTA
implementation. The FeCAP variability simulations further
assume that the two complementary FeCAPs used to encode
one bit are adjacent within the same vertically stacked
pillar, so that dominant process variations are correlated.
The proposed architecture demonstrates notable resilience to
the FeCAP variability discussed in Fig. 3, with the results
summarized in Table 2. Taking the “basic gm cell” as an
example [Fig. 6(a)], the system tolerates up to 80% area
variability, can reliably read out the signal under a ∆CFE as
large as 180 aF and remains functional up to 200 mV VFE

shift caused by electrode asymmetry (at a Vread of 500 mV).
Regarding CMOS PVT and mismatch variations, Table 3

presents circuit simulation results obtained using both basic
gm cell [Fig. 6(a)] and the in-cell SW-cap integerator gm
cell [Fig. 6(c)] under the same conditions presented in
Table 1. PVT simulations include two extreme operating
temperatures (−20 ◦C and 100 ◦C), a ±10% supply-voltage
variation, and all five process corners. In the worst PVT
corner, ∆Vph12 = |Vph1 − Vph2| still holds 52 and 68 mV
for the basic and in-cell SW-cap integrator gm cells, respec-
tively, offering a 43-mV (basic) and 14-mV (in-cell SW-cap)
margin above the 2σ output noise level. In the meantime,
the CMOS mismatch proves to have fairly limited impact
(≤33 mV at Monte Carlo 2σ) thanks to our time-differential
read technique (Fig. 5).

IV. SCALABILITY OF CURRENT-MODE SENSING
Incidentally, the read energy consumption in the read
scheme discussed above appears noticeably high
(∼102 pJ/bit; Table 1) even compared to 3-D triple-
level cell (TLC) 3-D NAND flash NAND flash (∼10 pJ/bit;
[13]). The root cause is identified as the OTA in the
integrator [Fig. 4(a)] accounting for >75% of the total
power consumption, which so far has been optimized
for GBW by adopting a two-stage Miller OTA (Fig. 7).
Replacing it with a low-GBW design (e.g., single-stage
5T OTA; Fig. 7) curtails energy consumption by removing
extra biasing current while only slightly increasing the
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FIGURE 7. Simulated read speed-energy in Nstack = 128 (MUX
64-to-1) using gm cell design in Fig. 6(c), with energy-speed
tradeoff achieved by simplified OTA design and biasing
conditions. TLC 3-D NAND flash read energy and speed are
based on [13], while SLC read speed on [14].

integration time (from 0.82 to 1.2 µs; Fig. 7) required to
reach the desired sensing margin.

It should be noted that the robustness results reported
in Tables 2 and 3 correspond to the high-GBW two-stage
OTA implementation, whereas the single-stage low-power
OTA in Fig. 7 is only used to illustrate energy-speed
tradeoff. Nevertheless, since the OTA GBW and conse-
quently the τcol are hardly limiting the current integration
time—as discussed in Section III-B—such tradeoff is not
expected to majorly impact the read speed. Indeed, in the
128-stacked example in Fig. 7, the read time only increases
by less than 50% once we switch to a single-stage 5T
OTA, while the read energy immediately drops by ∼10×.
Further scaling of read energy to ∼10 pJ/bit level at
µs-scale speed can be accomplished by lowering the full
circuit VDD and by decreasing the gm bias voltage Vcm1
[Fig. 4(a)]. While a lower VDD would understandably affect
the virtual-ground accuracy by lowering the A0, we estimate
the consequences to be minor across a broad range of
A0 ≥ 46 dB (based on sensitivity studies), and as such
the current integration time for reading to be well within
2 µs (Fig. 7). Still, the projected µs-level speed would be
significantly faster than the 40-µs read latency reported for
TLC 3-D NAND flash [13]. Meanwhile, although single-level
cell (SLC) 3-D NAND flash can achieve a comparable read
latency (e.g., ∼4 µs for SLC [14]; see Fig. 7) and thus
remains relevant for read-speed comparison, the inherent
Fowler–Nordheim program operation still relies on high
voltages (e.g., 12 V; [14]), which inevitably limits its write
endurance (∼105; [2]). In contrast, 3-D NDRO FeRAM,
thanks to its polarization switching physics for writing,
offers low-voltage write operations (sub-3 V in this work)
and therefore high endurance (109; [7]), which positions it
more favorably for SCM applications (up to 108; [2]). Our
scheme hence promises scalability in power-performance by
properly targeting the energy and speed specifications based
on application-driven memory bandwidth requirements.

V. CONCLUSION
This work proposed a class of current-mode-integrator
circuit sensing solutions to NDRO 3-D FeRAM-based
storage-class memories. Exploiting current-mode gm cell
designs, we demonstrated sub-µs readout in 128-stacked
FeCAP arrays achieving an effective bit density of
200 Mb/mm2, highlighting the feasibility of overcoming
charge-sharing-defined 3-D stacking limit by employing cir-
cuit feedback techniques. We further emphasize our unique
time-differential bipolar readout that guarantees NDRO sig-
nal integrity against multiple variability sources, both in
CMOS and in FeCAP. The proposed sensing scheme, in
addition, offers flexibility in tailoring read speed-energy
tradeoff based on application demands and hence scalability
for 3-D FeRAM-based SCMs.
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