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THE BIGGER PICTURE Static random-access memory (SRAM) distinguishes itself from other memory tech-
nologies with its ultrafast access speed and robust cycling endurance under low operating voltage. These
advantages have made SRAM indispensable in high-performance applications such as CPU caches and
embedded memory in FPGAs, where speed and reliability are paramount. However, its widespread adoption
is constrained by two major drawbacks: a large cell size resulting from the excessive use of transistors per
data bit and considerable power consumption caused by persistent leakage currents to preserve data. To
address these limitations, we developed a CMOS-compatible integration technique that vertically stacks
logic transistors and memory components with more compact and complex interconnect structures. This
approach enables increased device density, reduced interconnect lengths with enhanced bandwidth and en-
ergy efficiency, and extended capabilities by incorporating multifunctional devices.

SUMMARY

Monolithic three-dimensional (M3D) integration of back-end-of-line (BEOL)-compatible and high-perfor-
mance transistors and memory devices offer a promising strategy to overcome the limitations of conven-
tional silicon-based computing techniques. Specifically, static random-access memory (SRAM), while valued
for speed and endurance, faces the challenges of a large footprint and static power consumption. Here, we
present a four-transistor-two-capacitor (4T2C) nonvolatile SRAM (nvSRAM) utilizing vertically stacked in-
dium gallium zinc oxide (IGZO) thin-film transistors (TFTs) and Hfy 5Zrq 50, (HZO)-based ferroelectric capac-
itors (FeCaps) under a BEOL-compatible thermal budget. The HZO FeCaps and IGZO TFTs are optimized to-
ward their M3D integration with high performance and inter-tier uniformity. Our 3-tier M3D-integrated 4T2C
nvSRAM achieves a 2-transistor (2T) footprint and data retention at 85°C for 10° s after power off. Moreover,
design space and optimization strategies of the 4T2C nvSRAM are explored for higher operation speed, lower
energy consumption, and more robust data stability.

INTRODUCTION

The back-end-of-line (BEOL) process connects individual de-
vices such as transistors, capacitors, and resistors fabricated
at the front end of line through depositing and patterning metal
interconnect layers, which is critical for silicon-chip fabrication.
BEOL-compatible and high-performance oxide-semiconductor
(OS)/two-dimensional (2D) materials/carbon nanotubes (CNT)-

based transistors'~® and emerging memory devices that include
resistive and ferroelectric random-access memory (RRAM/
FeRAM)°'° have triggered significant interest in their integration
into three-dimensional (3D) multi-tier circuits. Such monolithic
3D (M3D) integration that vertically stacks various functional
layers onto the same chip (Figure 1A) can increase the density
of devices, shorten interconnect lengths with enhanced band-
width and energy efficiency, and enable multifunctionalities
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Figure 1. lllustration of M3D integration for high-density nvSRAM

(A) M3D integration of BEOL-compatible devices enables enhanced device density, shortened interconnect, improved bandwidth, and extended functionality

with superior energy efficiency.

(B and C) Solutions to overcome challenges of conventional SRAM in its volatility and expansive footprint.
(B) Volatility-related issues can be effectively addressed by the implementation of nvSRAM through integrating nonvolatile modules onto SRAM.
(C) Innovations in nvSRAM structures from planar 6T2C and planar 4T2C to M3D-stacked 4T2C with significant area efficiency.

through incorporating devices for sensing, radiofrequency,
hardware security, etc., providing a feasible pathway toward
“more Moore” and “more than Moore.”'¢2°

Static RAM (SRAM) shows high speed and enhanced endur-
ance of read/write cycles with a low operation voltage (Vgq) and
has been used as a crucial memory component in various hard-
ware systems.”’*> However, SRAM technology faces draw-
backs due to its volatile nature and the large cell size of a typical
six-transistor (6T) design (Figures 1B and 1C). The former re-
sults in static power consumption dominated by the leakage
current of transistors, which becomes more significant at
advanced Si-CMOS nodes. Off-chip nonvolatile memory, e.g.,
embedded Flash, is usually required to back up data before
powering off SRAM for low-power artificial intelligence of things
(AloT) applications (e.g., mobile devices).”®> The two-macro
scheme (Figure 1B) increases the costs and causes extra delay
and energy when powering on/off. By integrating nonvolatile
modules onto the volatile SRAM cells (Figure 1B), nonvolatile
SRAM (nvSRAM) becomes one of the prevalent solutions for
overcoming the above challenges. In this way, when powering
on/off is necessary, data can be transferred between nonvola-
tile modules and SRAM cells in a parallel bit-to-bit manner
through the so-called recall/store operation.

2 Device 3, 100833, September 19, 2025

Various nvSRAM architectures have been proposed, including
RRAM-based 4T-two-resistor (4T2R)** and 7T1R,?® magnetic
tunnel junction (MTJ)-based 4T-two-MTJ (4T2M),® ferroelectric
FET (FeFET)-based 8T,”” phase-change memory (PCM)-based
8T2R,® charge trapping (CT)-based 8T,?° and ferroelectric capac-
itor (FeCap)-based 6T-two-capacitor (6T2C).>**° Compared to
these reported implementations, FeCap-based 6 T2C nvSRAM dif-
fers by using two FeCaps directly tied to the storage nodes of a
conventional 6T SRAM structure (Figure 1C), and such a simplifica-
tion becomes practical after the discovery of ferroelectricity in
CMOS-compatible hafnia-based thin films.*' Specifically, the uti-
lization of FeCaps eliminates additional access transistors to sup-
press the direct current (DC)-short current of the nonvolatile ele-
ments and does not require intricate control schemes and
peripheral circuits for data backup and restoration. Moreover,
the low power consumption, robust endurance, and retention of
the FeCaps ensure low energy consumption and a long lifetime
for frequent data recall and storage. Recently, the potential of
such 6T2C nvSRAM has been demonstrated and evaluated at
both the device and chip levels.**>%°

Although nvSRAM miitigates the volatility-related issue of SRAM,
the challenge in density due to the large cell footprint remains,
limiting capacity and further development. The emerging M3D
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Figure 2. Fabrication and physical characterization of M3D-4T2C nvSRAM
(A) Schematic diagram for the fabrication process flow of the M3D-4T2C cell. S&D, source and drain of TFTs.

(B) Top-view optical image of a fabricated 4T2C cell.

(C) Magnified schematic showing the M3D-4T2C cell with stacked FeCaps and IGZO TFTs. Plate line (PL), word line (WL), bit lines (BL/BLbar), storage nodes (Q/

Qbar), and the ground (GND) are labeled.

(D-F) Cross-sectional HRTEM and HAADF-STEM images (D) with EDS mappings of vertically stacked FeCaps in tier 1, driver TFTs in tier 2, and pass TFTs in tier 3

(E and F).

integration offers an opportunity to tackle this issue (Figure 1C). In
this work, we demonstrate M3D-integrated nvSRAM featuring
vertically stacked indium gallium zinc oxide (IGZO) thin-film tran-
sistors (TFTs) and Hfy5Zrg50, (HZO)-based FeCaps with a low
processing temperature of <400°C. This design achieves a small
2T footprint, which can ideally approach a ~67% reduction in
area (Figure 1C). The 4T2C structure is used here to save the tran-
sistor counts, as well as reduce the fabrication complexity and area
size compared to the 6T2C configuration. IGZO TFTs are adopted
for their low power consumption, high electron mobility, and BEOL
compatibility.'*°4*> IGZO TFTs are more mature in manufacturing
when compared with other 2D/CNT-based competitors, as they
have been commonly used in displays.*® The electrical perfor-
mance and fabrication process are optimized for HZO FeCaps
and 1GZO TFTs toward their M3D integration. The 3D-stacked
4T2C nvSRAMs are fabricated, with their functionality demon-

strated and discussed. The stored data can be recalled even after
10% s at 85°C, and a hold noise margin (HNM) of 0.28 V/write noise
margin (WNM) of 0.45 V/read noise margin (RNM) of 0.26 V are
achieved with a low Vg4 of 0.9V, illustrating the nonvolatility and
reliability of our M3D nvSRAM. We evaluate our 4T2C nvSRAM
through extensive simulations and propose the design space for
their further optimizations. Our proof-of-concept work demon-
strates a solution for memory technology with advantages in den-
sity, speed, endurance, power consumption, and compatibility
with M3D integration.

RESULTS AND DISCUSSION
M3D integration of 2T-footprint nvSRAM

Figure 2A illustrates schematics of the fabrication process flow
of the M3D-integrated 4T2C nvSRAM, with the key fabrication
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steps shown in methods, Note S1, and Figure S1. The fabrication
temperature is <400°C throughout the whole process. 30 nm W
was used as top and bottom electrodes for HZO FeCaps. 6 nm
IGZO and 10 nm HfO, were used as the channel and gate dielec-
tric layers, respectively, for both driver and pass TFTs. For the
vertical stacking of multi-tiers, 300 nm SiO, is deposited by
plasma-enhanced chemical vapor deposition (PECVD) as the
interlayer dielectric (ILD), which can also passivate the 1GZO
channel, according to previous studies.®”° The top-view opti-
cal image of the fabricated cell is presented in Figure 2B. The
magnified schematic in Figure 2C shows the 3-tier sequential
stacking of FeCaps, driver TFTs, and pass TFTs, as well as the
plate line (PL), word line (WL), bit-line pair (BL and BLbar), stor-
age node pair (Q and Qbar), and the ground (GND). As a result,
the effective cell size can be reduced, approaching the footprint
of a 2T configuration. The cross-sectional transmission electron
microscopy (TEM) and high-angle annular dark-field (HAADF)
scanning TEM (STEM) images provide a detailed view of the
three stacked tiers (Figure 2D). Figures 2E and 2F show the en-
ergy-dispersive X-ray spectroscopy (EDS) mapping profiles of
our M3D-4T2C nvSRAM device, capturing the elemental distri-
butions of the W/HZO/W FeCap at tier 1, IGZO TFTs at tier 2
and tier 3, and the SiO, ILD. The distinct signals from different el-
ements verify clean interfaces, negligible inter-tier diffusions,
and uniformly deposited stacks. The top-view scanning electron
microscopy (SEM) image of the fabricated 4T2C device, along
with more cross-sectional SEM and TEM images, is illustrated
in Figure S2.

Optimization of HZO FeCaps and IGZO TFTs for M3D
integration

For FeCaps, we chose tungsten (W) to act as the electrodes. It has
been reported that W has a lower coefficient of thermal expansion
(CTE) when compared with other commonly used electrodes such
as TiN, contributing to higher tensile stress and hence more
enhanced ferroelectricity in HZ0.%° Moreover, robust retention
under temperatures up to 125°C and excellent endurance of
102 cycles were demonstrated in W/HZO/W according to previ-
ous work.*! 7 nm, instead of regular 10 nm, HZO was used in our
study for a lower operation voltage. The W/7 nm HZO/W capacitor
requires only a low thermal budget (400°C, 10 min) for the forma-
tion of the ferroelectric orthorhombic- (o-)phase within the HZO
layer (Figure S9). The high-resolution TEM (HRTEM) and the cor-
responding fast Fourier transform (FFT) images for the HZO layer,
shown in Figure S10, suggest a crystalline structure and the pres-
ence of the o-phase. Figure 3A shows the polarization-voltage
(P-V) and current density-voltage (J-V) loops from a woken-up Fe-
Cap (area size: 50 x 50 pm) with 10-kHz triangle pulses, where a
high double remnant polarization (2P,) of ~45 pC/cm? was
observed. The W/HZO/W FeCap showed a 2P, of 35 pC/cm?
even in its pristine state, and the P-V loop became almost satu-
rated after 10 wake-up cycles (Figure S11). The leakage current
of our FeCap was characterized by the DC measurement, and
its conduction mechanism can be attributed to the Poole-
Frenkel emission (Figure 3B; see methods for details), similar to
that reported by Park et al.*> The FeCap leakage is a critical
parameter for the functioning of the 4T2C nvSRAM, which will
be discussed in detail in a following section. The fabrication of
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IGZO TFTs on both upper tiers demands 10 min rapid thermal pro-
cessing (RTP) at 300°C in O, to reduce oxygen vacancies in IGZO
channels.*® Hence, we compared the P-V behaviors from our Fe-
Caps with and without the extra thermal treatment, where no
obvious change was observed (Figure 3C), confirming the
W/HZO/W FeCap is friendly with the following M3D TFT
integration.

We examined the performance of our IGZO TFTs. Figure 3D
presents the measured drain current (/y)-gate voltage (V) trans-
fer curves of the fabricated IGZO TFT (channel width-to-length
ratio [W/L] of 10:2 um) with the source grounded and the drain
voltage (V) varied from 0.1 to 3 V. The gate leakage currents
were negligibly low throughout all measurements. The device ex-
hibits a positive threshold voltage (V4,) of ~0.7 V, a saturation
mobility of 15.8 cm?/Vs, a subthreshold swing (S.S.) of
125 mV/decade, an on-current exceeding 40 pA/pm, and an
on/off current ratio greater than 108, compatible with the recent
report.” The ILD layer plays a crucial role in isolating different
tiers for M3D integration.>®****® The I4-V, curves of 1GZO
TFTs with and without a PECVD-SIO, ILD layer on top are
compared in Figure 3E. The deposition of the ILD induces an
~1V negative shift in V4, which is attributed to hydrogen incor-
poration into the IGZO channel.®® The hydrogen can act as a
donor, increase the carrier concentration in the channel, and
thereby reduce the Vy,. However, TFTs with a positive Vy, are
preferred for the proper functioning of the 4T2C nvSRAM. As a
result, further optimizations of the 1GZO TFT fabrication pro-
cesses are necessary. To obtain a positive Vi, to ensure stable
SRAM operations, we investigated Vi, modulation by optimizing
the IGZO deposition process. The IGZO TFT V4, could be modu-
lated by reducing the sputtering power (Figure 3F).*" After
reducing the sputtering power while maintaining a roughly similar
IGZO thickness and In:Ga:Zn stoichiometry, a positive V4, shift
was achieved, which has been attributed to a lower oxygen va-
cancy concentration.’”**® We explored further shifting the Vi,
positively by decreasing the IGZO channel thickness by control-
ling the deposition time (Figures 3F and S12). It has been re-
ported that the lower carrier concentration*® and lower number
of intrinsic free charge carriers®® resulting from thinner channel
films lead to the observed positive V4, shift. We investigated
the impact of the ILD SiO, deposition conditions on the V.
Figure 3G illustrates that decreasing the PECVD power during
SiO, deposition further increases V4, which can be explained
by a lower PECVD power reducing the plasma energy and
thereby minimizing the possible hydrogen-doping effect in the
IGZO layer.”" Dynamic secondary ion mass spectrometry (D-
SIMS) measurements confirm that the hydrogen concentration
in the IGZO layer decreases with reduced ILD deposition power
(Figure S13), strongly supporting our above hypothesis.

With these optimized fabrication processes, we sequentially
stacked the tier-2 and tier-3 IGZO TFTs onto tier-1 FeCaps.
Figures 3H and 3l compare the statistical results of transfer
characteristics of TFTs from both tiers based on measurements
from 40 devices in each tier (inset in Figure 3H). The results
demonstrate nearly consistent performance between different
tiers, with median V;,/S.S. values of 0.75 V/160 mV/decade for
tier 2 and 0.71 V/126 mV/decade for tier 3, which underscores
the potential of our optimized fabrication process flow of IGZO
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Figure 3. Electrical behavior and optimization of HZO-based FeCaps and IGZO TFTs
(A and B) Measured P-V and J-V loops of ferroelectric switching (A) with static leakage current density (B) in 7 nm HZO-based FeCaps.

(
(D) Measured transfer characteristics of IGZO TFTs.

(E) SiO, ILD on top of IGZO TFTs leads to an ~1 V negative shift in its Vy.
(

(
(I) S.S. and V4, distributions in tier-2 and tier-3 TFTs extracted from (H).

C) Measured P-V loop of HZO-based FeCap (50 x 50 um) before/after RTP O, annealing process. The P-V loops are measured with 10 kHz triangular pulses.

F and G) Optimizations in V4, by lower IGZO deposition power and thinner IGZO thickness (F) and lower SiO, ILD deposition power (G).
H) Device-to-device variation of tier-2 and tier-3 IGZO TFTs from 40 devices (80 TFTs in total). Inset: transfer curves from each tier (V4 = 0.5 V).

Solid/dashed lines in (D) and (G): the drain/gate leakage current densities (/4//g). Thick orange arrows indicate the Vi, shift direction.

TFTs for M3D integration. It should be noted that TFTs in tier
2 have a smaller variation compared with those in tier 3.
Possible mechanisms, including surface roughness of the chan-
nel and gate bump roughness, have been proposed by Yuvaraja
et al." to explain the differences in variations in TFT electrical
performances across multi-stacked layers. The higher thermal
budget experienced by the tier-2 TFTs may also play a role in
its improved variation, as the thermal budget is critical for the
IGZO TFT performance. Likewise, the higher thermal budget
experienced by the tier-2 TFTs may also play a role in its
improved variation, as the thermal budget is critical for the
IGZO TFT performance.®”

Functionality demonstration of M3D-4T2C nvSRAM

Building upon the optimized FeCaps and IGZO TFTs developed
in the previous section, we constructed a 4T2C nvSRAM cell
through M3D integration. The optical image of an array of
nvSRAM cells is illustrated in Figure S14. The working princi-
ples and timing chart for read and write operations in normal
SRAM mode, as well as storing (store) and retrieving (recall)
nonvolatile data through the FeCaps, are detailed in Note S2
and Figure S3.%° Our proposed circuit design for an integrated
M3D-4T2C nvSRAM array is shown in Figure S15, which allows
the store and recall operations to be performed with minimal
adjustments to a conventional 6T SRAM circuit, thanks to the
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compatibility and flexibility offered by our optimized device
structures.

Figure 4A shows the WL/BL/BLbar waveforms and Figure 4B
shows the measured voltages of Q/Qbar nodes during the read
and write operations of our M3D nvSRAM in the normal SRAM
mode with V4q = 0.9 V. As shown in Figure 4A, data “0” were
stored in the initial state with Q at GND and Qbar at V4. To verify
the write “1” operation, BL was set to V44, and BlLbar was
grounded. As WL turned on, Q was brought up to V4, whereas
Qbar was discharged from V44 to GND through pass TFTs.
Q/Qbar voltages (data 1) could be maintained when the WL/BL/
BlLbar voltages decreased to 0 V. The write 0 operation was
sequentially performed by setting BL to 0 V and BlLbar to Vgyg,
which alters Q to GND and Qbar to Vg after turning on pass
TFTs. We demonstrated that both 0 and 1 states could be held
for a long time over 100 s, which should be attributed to the opti-
mized balance between the static currents of IGZO driver TFTs
and FeCaps and indicates the reliability of the fabricated M3D-
4T2C nvSRAM. Due to large parasitic capacitance, the write
operation is demonstrated in the millisecond range. To address
this limitation, several optimization strategies are proposed to
suppress parasitic effects, aiming for high-frequency operation
and high-performance computational systems (Note S3).

The incorporation of FeCaps in the 4T2C structure enables the
nonvolatility. The operation to save the nonvolatile data to Fe-
Caps before power off is indicated as store, and on the contrary,
the operation to retrieve the stored data during power-on is
defined as recall. Our store operation testing was implemented
as a proof-of-concept demonstration, focusing on confirming
the polarization switching of two FeCaps during data storage
(Figures 4C, 4D, and S16). The schematic for storing data 1 is
shown in Figure 4C, and the operation details, including node
voltage and FeCap switching, are illustrated by our simulation re-
sults in Figure S16.

For a proof-of-concept demonstration of the recall operation
of data 1 (Figures 4E, 4F, and S17), two 470 pF capacitors are
coupled to BL and BLbar nodes, respectively, acting as the BL
parasitic capacitances in an SRAM array. The utilization of those
capacitances ensures that PL voltage can be effectively applied
on the FeCaps to switch the polarization. The stored data on Fe-
Caps can be recalled by sensing the BL voltage difference
(Figure 4F). Recent advancements have enabled the sensing of
signal margins smaller than 0.1 V,** and the state-of-the-art
comparator has achieved high sensitivity in detecting voltage
differences as small as 10 mV,*® ensuring the robustness of
the recall operation. Moreover, for future chip-level applications
with more specialized and advanced readout circuits, a higher
sensing margin can be expected. Okuno et al. reported a sensing
margin of >0.48 V with HZO-based FeCaps of similar 2P, to
ours.”® Then, a write-back operation is conducted to write the re-
called data into the device by setting nodes Q and Qbar to cor-
responding voltage levels (V44/0 V). In this manner, the nonvola-
tility of our 4T2C nvSRAM mainly depends on the retention
property of the FeCaps after power removal. Extensive studies
have reported robust 10 year retention in HZO-based FeCap de-
vices®” ™% and arrays,®*°" and pronounced retention at 150°C
over 10° s has been shown in a 128 kb 1T1C FRAM chip.®’ As
shown in Figure 4F, the stored data 1 can be successfully re-
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called even after the M3D-4T2C device is baked at 85°C for
10° s, demonstrating its robust nonvolatility. The BL voltage dif-
ferences of both data states, 1 and 0, over a wide range of time
durations under 85°C baking are shown in Figure S18. It should
be noted that in our experiments, a low V44 of 0.9 V was used for
the low-power normal mode, while a higher operation voltage of
1.8 V was required for store and recall operations to ensure suf-
ficient polarization switching in the two FeCaps (Figure $19).5?
These store and recall operation voltages can be reduced by
scaling down the HZO thickness®® or reducing the coercive field
(Ve).5* Maintaining Vg below the V (1.2 V in this work) of FeCaps
during read and write operations is preferable so that the unde-
sired ferroelectric switching is suppressed and the endurance of
FeCaps can be enhanced.®” The endurance test of our W/HZO/
W FeCap is shown in Figure S20, and through further process
optimizations, robust endurance beyond 10'2 cycles*' can be
expected. Our time-dependent dielectric breakdown (TDDB)
measurement®® indicates that reliability of over 10 years can
be guaranteed to operate at a Vyq of 0.9 V for the normal
SRAM mode (Figure $21).5?

The static noise margin refers to the minimum level of noise
that SRAM can withstand without changing its logic state.®®
Figures 4G4l represent the measured HNM, WNM, and RNM
of our M3D nvSRAM, respectively. Even under a low V44 of 0.9
V, reliable SRAM operations characterized by sufficiently high
noise margins (HNM of 0.28 V, WNM of 0.45 V, and RNM of
0.26 V) can be achieved. These excellent noise margins are
attributed to the precise modulation of the IGZO TFT Vi,
and the optimized FeCap characteristics, which collaboratively
enhance the overall data stability and device reliability. As
WNM and HNM typically have larger values, enhancing RNM is
more essential for maintaining optimal SRAM stability.?’ The
RNM is further evaluated with various ratios of channel widths be-
tween pass and driver TFTs (Wpass/Whriver), gate voltages of pass
TFTs (WL), and Vq4gs, as depicted in Figures 4J-4L. Although
increasing the Wpase/Whyiver ratios and WL voltage can boost
write/read speeds, these changes reduce the RNM because
the Q/Qbar node voltages become more unstable by
interference from the BL/BLbar voltages through pass TFTs. It
is notable that the RNM of our 4T2C nvSRAM reaches an opti-
mized value at Vyq of ~1.1 V and then decreases, which will be
discussed in the following section.

Performance evaluation and design space exploration of
M3D-4T2C nvSRAM
We have developed device models of HZO-based FeCaps and
IGZO TFTs (see methods for details) for comprehensive de-
vice-level simulations to fully explore the potential of our 4T2C
nvSRAM. Relying on these models, we investigated challenges
associated with device scaling and the parameter matching be-
tween these components. Then, strategies were explored to
optimize memory cell dimensions while preserving high perfor-
mance. These efforts are essential for 4T2C nvSRAM technology
to meet critical requirements of high-density, high-speed, and
low-power applications.

The design space of normal SRAM operations is first explored.
The read and write operations are conducted in the same
manner as those in conventional SRAMs. Intuitively, integrating
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Figure 4. Functionality and reliability demonstration of M3D-4T2C nvSRAM

(A and B) Applied waveforms of WL, BL, and BLbar (A) with measured Q and Qbar node voltages (B) during normal SRAM operations. Both write 1 and 0 op-
erations are demonstrated, and the states can be stably held over 100 s.

(C and D) The schematic of the store operation of data 1 (C) with measured current density at BL/BLbar when WL is turned on and PL is pulled down to 0 V (D). The
two FeCaps are switched to different polarization states as Q/Qbar is at high/low voltage level, respectively.

(E and F) The schematic of the recall operation by pulling PL to high and turning on WL (E) with measured BL/BLbar voltage during the recall of data 1 after the
device baked at 85°C for 10° s (F). The opposite polarization states of FeCaps lead to a sensible voltage difference between BL and BLbar through capacitance
coupling.

(G-I) Measured butterfly curves for static noise margins at Vyq = 0.9 V with HNM = 0.28 V (G), WNM = 0.45 V (H), and RNM = 0.26 V (I).

(J-L) Measured RNMs with varied channel-width ratios between pass and driver TFTs (Wpass/Woriver) (Wobriver kept at 4 pm and V44 = 0.9 V) (J), gate voltages of
pass TFTs (Vg4q = 0.9 V) (K), and Vg4gs (L). Extracted RNM values are shown as the insets.
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Figure 5. Proposed design space for M3D-4T2C nvSRAM

(A-C) Design space of write time (A), write energy (B), and static power consumption (C) of 4T2C nvSRAM cell with various FeCap/TFT device sizes and IGZO
mobilities (ug). FeCap and TFT channel areas are scaled simultaneously. Dual V44s are used during the write operations in (A) and (B), with 1.8 V for WL and 0.9 V
for PL/BL/BLbar. Single V44 0f 0.9 V is set during the hold operation in (C). Red stars (blue pentagrams) indicate the smallest TFT channel (FeCap) area reported so
far.’®'* Insets of (B) and (C): energy and static power ratio of FeCap/entire 4T2C device. Sub-10 ns write speed can be achieved with both FeCap and TFT channel

areas <10° nm? or mobility >100 cm?/Vs.
(D) RNM variation with different FeCap areas and Vgyg.

(E) RNM dependence on FeCap area for different nvSRAM and SRAM technologies. RNM window shifts to the left direction (smaller FeCap area) with increased
FeCap leakage (blue arrow in the top image) and the use of IGZO TFT (vs. Si-based FET, purple arrow in the top image). Optimized RNM is achieved when FeCap

and FET currents (Vrecap = Vg = V4 = Vyq) are comparable.

(F) Integrity of nonvolatile states as a function of V/,, during normal SRAM operations at V44 of 0.9 V, characterized by the difference of FeCap polarization: AP = |
PreL — Prerl- FeCap states are reserved when V. > Vyq (left schematic in the inset) and lost when V., < Vg4 (right schematic in the inset).

FeCaps into 4T2C devices does not significantly impact the read
operation, as the voltages at the data nodes Q and Qbar, which
are directly connected to the FeCaps, remain stable throughout
the process (Figure S3B). It should be noted that this behavior
contrasts with that of 6T2C nvSRAMSs, where the integrated Fe-
Caps offer additional paths for discharging the BLs, enhancing
the read speed.*®” We then primarily focus on analyzing the
write operation. The write speed and associated energy con-
sumption are simulated as functions of IGZO mobility and device
area, considering both simultaneous scaling of FeCap and TFT
channel area (Figures 5A and 5B) and solely scaling FeCap
(Figures S4A and S4B). As a result, enhancing 1IGZO mobility
or reducing the device area can coherently boost the write
speed and reduce energy consumption. The integration of Fe-
Caps introduces two capacitances directly connected to the
storage nodes Q and Qbar. The charging/discharging of linear
capacitances of FeCaps slows down the voltage flipping of Q
and Qbar nodes, resulting in a write latency (see simulated
node voltage evolution and FeCap switching in Figure S22).
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Therefore, this side effect can be reduced by FeCap scaling,
which enhances the write speed and lowers the energy con-
sumption (Figures S4A and S4B). When both FeCap and TFT
channel areas are sufficiently small, a sub-10 ns write speed
can be achieved (Figure 5A), and the TFTs become the primary
factor in energy cost (inset of Figure 5B). When the FeCap area is
smaller than the TFT channel, the write speed and energy con-
sumption are influenced predominantly by the TFT channel
area (Figures S4A and S4B). Therefore, we can expect that at
the advanced technology nodes, the degradation in write oper-
ation can be effectively mitigated.

Figures 5C and S4C show the simulated static power of 4T2C
cells with various device sizes and mobilities. Attributed to the
extremely low off-leakage current in IGZO-TFTs and ultra-low
leakage from FeCaps, the static power consumption is several
orders of magnitude lower than a 180 nm Si-based 6T SRAM.*?
Reducing the FeCap arearesults in a suppression of their leakage
current, which in turn leads to gradually lower power consump-
tion compared to TFTs (insets of Figures 5C and S4C). We
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Table 1. Summary of optimization strategies toward high-
performance 4T2C nvSRAMs

FeCap area Vya o
Operation speed l 1 1
Energy efficiency 1 l T
Static power | | -
Noise margin /' /N -

1/1, positive/negative correlation; ,/\,, non-monotonic, optimal point ex-
ists; —, limited effect.

observe that based on the most advanced technology reported
so far, including the smallest TFT channel area (width/length =
80/40 nm, red stars in Figures 5A-5C),"® the smallest FeCap
area (5 x 10 nm?, blue pentagrams in Figures 5A-5C),"* and
extremely high mobility (uo = 152 cm?/Vs),°® accompanied by
our FeCap thickness of 7 nm and sufficiently low V44 of 0.9V,
we can expect a write speed of 3.7 ns, write energy of 103 fJ,
static power of 3.2 fW, and recall + store energy of 230 fJ. In
particular, if the mobility can approach that of Si, then both the
write time and energy can be comparable to those of a normal
Si-based 6T SRAM, indicating that the M3D 2T-footprint 4T2C
can be a competitive alternative to standard SRAMs.

The noise margin, as discussed in the previous section, has
been treated as a critical metric for data stability. An optimal
RNM that balances the FeCap area and V44 can be identified
(Figure 5D), consistent with our measured RNM shown in
Figure 4L. More specifically, on the one hand, the FeCap area
should be tailored because its effective resistance affects the
voltage division between FeCaps and TFTs. Purely reducing
the FeCap area degrades the RNM by lowering the Vqp,, at
Vq = 0V, whereas increasing the FeCap area raises the Vgpar
at Vg = V4q. On the other hand, adjusting V44 modulates the cur-
rent drive capability of pass TFTs. Elevating V44 effectively en-
hances the device reliability by booting the on current (/,,,) of
TFTs but may undermine the RNM as Vqp,, rises at Vq = Vygq.
We also investigated optimization strategies for ensuring robust
operations regarding the couplings of V44s and device parame-
ters (Note S4; Figures S5 and S6). Figure 5E compares the
RNMs of various types of SRAMs, including 4T2C nvSRAM us-
ing TFTs, as well as 4T2C nvSRAM, 6T2C nvSRAM, and tradi-
tional 6T SRAM using 180 nm Si-based FETs. The maximum
RNM in 4T2C nvSRAMSs is smaller than that in 6T-based
SRAMs due to the highly non-linear /-V characteristics of
p-type load MOSFETs compared to that of the resistor-load-
like property of FeCaps.®® In 4T2C nvSRAMSs, an optimal RNM
can be achieved when the currents flowing through FeCaps
and TFTs are comparable (bottom of Figure 5E). Since the
reduction of the FeCap area is critical for improving the speed
and energy consumption of our nvSRAM, as discussed earlier,
the required FeCap area can be minimized by enhancing the Fe-
Cap leakage current (blue arrow in the top image of Figure 5E),
attaching resistors in parallel with FeCaps, or suppressing the
FET current (purple arrow in the top image of Figure 5E,
comparing the use of Si-based FETs and IGZO TFTs).

Typically, to prevent unexpected data loss, a dedicated cir-
cuit design is responsible for automatically executing a store
operation at power failure. Here, we propose that introducing
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a store operation after each recall or write can preserve the
stored nonvolatile states during the subsequent normal SRAM
operations, provided that Vyq < V. is maintained (Figure 5F).
Otherwise, only a minor portion of the ferroelectric polarization
can be retained in the same direction, causing the loss of the
nonvolatile states (right schematic as the inset in Figure 5F).
Then, adopting a larger-V, FeCap allows for a greater P, to be
retained during normal SRAM operations, and in this work, a
V. of 1.2 V is sufficiently high to suppress undesired polarization
loss, thereby improving device endurance (left schematic as the
inset in Figure 5F).

The trade-offs and optimization strategies are concisely out-
lined in Figure S23 and Table 1, focusing on key performance
metrics, including operation speed, energy consumption, and
data stability. The systematic evaluation of the overall reliability
of the 4T2C nvSRAM, based on the performance of both TFTs
and FeCaps, is illustrated in Figure S5. Achieving optimal perfor-
mance in the 4T2C nvSRAM requires enhancing IGZO mobility
while cautiously managing device area, leakage current, and
supply voltage. Our research into parameter optimization en-
sures seamless coordination between memory and logic com-
ponents, thereby enabling higher integration density and
enhanced device efficiency for the future mass production of
M3D-4T2C nvSRAM technology.

Conclusions and outlook

We presented a 2T-footprint M3D-integrated 4T2C nvSRAM
through 3-tier stacking of optimized IGZO TFTs and HZO-based
FeCaps with BEOL-compatible temperatures (<400°C). Our
design addresses the limitations of conventional Si-based
SRAMs by achieving nonvolatile data retention after exposure
to 85°C for 10° s and reducing the cell size through vertical stack-
ing and minimizing transistor numbers. In addition to the function-
ality demonstration, an HNM of 0.28 V, a WNM of 0.45 V, and an
RNM of 0.26 V are achieved with a low Vg4 of 0.9 V. Based on
comprehensive simulations, we have provided detailed design
space for the 4T2C nvSRAM toward higher operation speed,
lower energy consumption, and more robust data stability.
Table S1 benchmarks our results against state-of-the-art exper-
imentally demonstrated nvSRAMs in the literature.”>2%° Qur
work supports the M3D-4T2C nvSRAM as a compelling memory
solution for 3D-stacked emerging computing systems, requiring
high density, fast speed, superior write/read endurance, robust
nonvolatility, and low power consumption, but also underscores
the potential of M3D integration with emerging logic and memory
devices for more innovative device technologies.

Future studies may advance this work in two main directions,
including device innovation and process optimization, aiming
for full compatibility with advanced CMOS technology nodes
while achieving continuous improvements in density, speed,
and power consumption. On the one hand, adopting OS transis-
tors with superior mobility and stability can enable faster and
more energy-efficient operations, and further scaling of FeCaps
with lower coercive voltages and enhanced reliability may elevate
nonvolatile performance. On the other hand, breakthroughs in
MB3D integration, particularly via vertical channel transistors and
3D FeCaps, are poised to push integration limits further, paving
the way for highly compact and efficient system architectures.
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METHODS

M3D fabrication of 4T2C nvSRAM

BEOL-compatible M3D fabrication processes for 4T2C nvSRAMs
were developed. Further details are provided in Note S1 and
Figure S1.

Characterization techniques

TEM and EDS were employed for microscopic imaging, GIXRD
was used to characterize crystal structures, D-SIMS was adop-
ted to analyze hydrogen depth profiles, and electrical measure-
ments were conducted to evaluate electrical characteristics of
FeCaps, TFTs, and operations of 4T2C devices. Further informa-
tion on the characterization techniques is available in Note S5.

Device modeling and simulations

Models for HZO-based FeCaps and IGZO TFTs were developed.
The FeCap module captures polarization switching and leakage
current behaviors, and the IGZO TFT module reproduces /-V and
C-V characteristics. Detailed modeling formulations are pro-
vided in Note S6 and Figures S7 and S8.
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