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Abstract—We present energy-efficient, high-density,
high-performance memory macros based on 2T0C and
3TO0C IGZO eDRAM bitcells, implemented using an in-
house 7 nm node (N7). IGZO TFTs are optimized for
ultra-low leakage, achieving ~ 430 s / ~ 4 s retention at
27°C / 85°C. Bitcell architectures are designed to min-
imize WL-to-storage node coupling, and full-swing and
differential sensing schemes are employed to optimize
energy-performance-area tradeoffs. The macros integrate
dense BEOL arrays with FEOL periphery, achieving A10
SRAM-comparable density. 32 KiB configurations opti-
mized for high-performance (energy-efficiency) achieve
1.27 (4.17) ns access time at 85°C and 49 (40) Mb/mm?
density.

Index Terms—IGZO, eDRAM, 2T0C, 3T0C, DTCO

I. INTRODUCTION

SRAM has reliably supported on-chip memory for
decades, but the explosive growth of AI workloads
has exposed fundamental limits in capacity, band-
width, energy scalability, and cost. SRAM capacity
has increased by 100x in three years, while SRAM
bitcell area has only shrunk incrementally [1] (Fig. 1).
Emerging memories are therefore gaining traction,
offering different trade-offs in density, power, and
retention. For instance, STT-MRAM improves density
but suffers from high energy/latency [3]. SOT-MRAM,
while faster, incurs into additional area penalties [4].
BEOL-compatible oxide-semiconductor (OS) transis-
tors have been demonstrated [5], [6], yet integrating
them in 1T1C cells still demands extreme aspect-
ratio capacitors. In contrast, capacitor-less OS-based
eDRAM combines high density, ultra-low leakage,
BEOL integration, and energy-efficient operation with-
out capacitor complexity [7]-[9].

This work presents a comprehensive optimization
framework from device to macro-level memory de-
ployment. We first present the optimized IGZO thin-
film transistors (TFTs), engineered for ultra-low leak-
age at elevated temperatures. These devices are used to

Work enabled by NanolC pilot line (nanoic-project.eu), jointly
funded by the Chips Joint Undertaking, through the EU’s Digital
Europe (101183266) and Horizon Europe programs (101183277).

SRAM on-chip capacity and bitcell area evolution

—— SRAM bitcell scaling DIE Capacity « Wafer Capacity

Cerebras WSE-2  Cerebras WSE-3

=)
-
N

Tesla Dojo D1Wafer

=)
-
o

_d-Matrix Corsair

=)
=}
©

o
o
o
SRAM Bitcell Area [um?]

Testa Dojo D1

o
=}
5

g N3_EF -
Google NVIDIA - Al14_NS A10 FS
0% A100 GPU |

1
13015 2017 2019 2021 2023 2025 2027 2029
Year

On-Chip SRAM Capacity (MiB) [Log]
g
o
o
]

0.00

Fig. 1: On-chip memory demand is driven by Al
accelerators, with 100x / 10000x die / wafer demand
increase in just 4 years, while SRAM scaling becomes
costlier [1], [2].

10nm TiN
5nm A0, 10nm CAAC-IGZO
7nm a-IGZO0

60nm SiO, 40nm SisN,

20nm
15nm Al,0; —

(@) (b)

Fig. 2: Gate-last IGZO-TFT (a) schematic and (b)
cross-sectional TEM. The L, = 40nm, W = 210nm
fabricated devices were optimized for retention at
95°C [10].

implement 2TOC and 3TOC bitcells, achieving reten-
tion times of 430(4) s at 27(85)°C. We pursue column
construction to demonstrate function and project to
macro PPA with N7 FEOL periphery. Differential and
a hierarchical array full-swing sensing schemes are
employed to optimize energy-efficiency and density,
and performance profiles, with access times of 4.17
ns and 1.27 ns, respectively, and SRAM-comparable
density to A10 and N2 nodes.

II. IGZO DEVICES AND BITCELLS

IGZO-TFTs optimized for retention with atomic
layer etching as the active patterning technique were
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Fig. 4: 2TOC/3TOC schematic and corresponding 3D
view [12].

in-house manufactured [10]. The device schematic and
TEM image are shown in Fig. 2. Process details for the
gate-last architecture, including the oxygen tunnel and
CAAC-IGZO raised contacts, are followed from [11].
Post-processing Oy ambient anneal was applied to
optimize threshold voltage (V;;), and on/off-currents
(Ion, Toff). Devices with a gate length of 40 nm
were characterized at 27°C and 95°C. As described in
Fig. 3(a), a BSIM-based compact model (CM), used
for the experiments described in Section III, was then
calibrated to the median I-V curves.

A. Bitcell Architectures

Fig. 4 presents the stacked implementation of 2TOC
and 3TOC bit cells using IGZO devices. Compared
to 3TOC, the 2TOC cell benefits from reduced area
and parasitics due to the absence of a dedicated

TABLE I: Layer Pitches and Bitcell Node Voltages

Layer CD (nm) Pitch (nm) Pitch 3TOC (nm)
Gate 40 120 120

WWL 25 180 240

WBL 25 85 85

RWL 25 180 240

RBL 25 85 85

Wite Node Voltage \ Read Node Voltage

WWL —1/1.35V | RWL 0/1V

WBL 0/1V RBL 0/1V

read transistor. However, large-array’s performance is
limited by read delays induced by disturb currents on
RBL and direct coupling between storage node (SN)
and RWL [7]. In contrast, 3TOC employs an isolated
read path, enhancing read latency in large arrays.
Table I summarizes BEOL layers, routing CDs/pitches,
and operating voltages, following in-house N7 BEOL
rules and IGZO CPP/active-pitch constraints. Given
an IGZO Vi, ~ 0.3 V, the WWL ON voltage is set
to 1.35 V. Based on IGZO devices and N7 BEOL
stacks, 3D cell layouts were constructed [12] and par-
asitic components extracted using Synopsys Raphael
FX [13]. The resulting bitcell areas are 0.015 um? for
2TOC and 0.020 pm? for 3TOC.

B. Data Retention

We define retention as the time till 100 mV drop
(increase) at storage node for data ‘1’ (‘0’). Both cells
exhibit retention exceeding 400 s at 27°C. Due to
the higher temperature sensitivity of IGZO, increased
I at elevated temperature degrades retention relative
to Si devices; however, optimized low-I.s devices
achieve a mean retention of ~ 4 s at 85°C, repre-
senting a ~ 100x improvement over prior work [7].
Fig. 3(b) shows the retention distributions from 1000
Monte Carlo samples for the 2TOC cell at 27°C
and 85°C, with similar behavior observed for 3TOC.
In [10], 200 s retention at 95°C is reported using
Vwwr = —1.4 V. and W = 210 nm, whereas this
work employs W = 40 nm and a FEOL-compatible
VwwL = -1 V.

III. OPTIMIZED SUBARRAYS AND MACROS
DESIGN

Fig. 5(a) shows the architecture of the proposed
2TOC/3TOC IGZO-based eDRAM bit array and its
periphery. IGZO devices are monolithically integrated
in the BEOL stack, while periphery and control logic
are implemented in N7 CMOS, to integration effi-
ciency. Arrays interface with periphery blocks at the
boundaries, with WWL, WBL, RWL, RBL, and VSS
(for 3TOC) routed through four metal layers (Fig. 4).

Both differential and full-swing sensing schemes
have been implemented for comparative studies. Fig.
5(b) and 5(c) describe the energy efficient, differential
sensing circuitry, and the hierarchical, full-swing sens-
ing circuitry, respectively. In differential mode, a refer-
ence level is generated via WBL underdrive to balance
‘0’/°1” delays, with each array including a periodically
refreshed reference row. A 130 mV differential voltage
ensures robust reads. However, differential sensing is
limited by low Ion and variability in IGZO read ports,
making sub-ns read access challenging.

To address this, a full-swing single-ended sensing
scheme with hierarchical bitlines is employed to re-
duce effective bitline capacitance and parasitics. This
reduction is critical for IGZO’s limited drive strength
and enables sub-ns access even with single-ended sens-
ing, at the cost of higher energy and reduced density.
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Local sense amplifiers are shared across a reduced
bits-per-bitline (bpbl), evaluating data locally before
driving short SBL segments and forwarding to the
muxed I/O. Although additional periphery is required,
BEOL array implementation allows the circuitry to be
placed beneath the array, minimizing area overhead
(Fig. 5).

A. Array Performance and Energy Analysis

Fig. 6 compares read latency for both schemes
across temperature and subarray size. Circuit evalu-
ations were simulated using Cadence Spectre [14],
where sensitivity trends are appreciated. In differential
mode, 3TOC offers 50% faster reads than 2TOC due
to negligible disturb current on RBL from unselected
cells. While latency improves with temperature, it de-
grades with larger subarrays sizes. Full-swing sensing
present 2/3x performance improvements over stan-
dard differential sensing. Here, smaller bpbl achieve
better delays at the expense of higher areas. Regarding
2TOC vs 3TOC performance, in full-swing sensing,
this difference is less noticeable, with 2TOC being
slightly faster than 3TOC on smaller arrays, with a

3TOC crossover at larger capacities. This fast scheme
maintains < 1.5 ns access even for 2 KiB banks,
supporting high-throughput.

Regarding energy consumption, Fig. 6 shows that
energy per bit is dominated by read and pre-charge
phases. Full-swing sensing consumes more energy (~
3.5x) than differential due to full swing on BLs. Even
though temperature has minimal effect, energy scales
with subarray size.

B. Macro Power, Performance and Area Metrics

Column-level measurements are extrapolated to es-
timate macro-level metrics. Array efficiency—defined
as the ratio of bitcell area to total macro area—is
0.84x for high-density (HD) macros [15] and 0.75X%
for high-performance (HP) macros, providing a basis
for macro density estimation. With advanced CMOS
periphery, macro read/write latency is dominated by
nanosecond-scale column latency. Subarrays are op-
timized for energy efficiency (differential sensing) or
high performance (full-swing single-ended sensing). A
32 KiB macro is stitched via a two-layer H-tree from
16 128 x 128 subarrays. Table II compares the array
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TABLE II: Comparison of different L3 memory candidates based on 256x256 row x column size. Further, a
comparison of 32 KiB macro implemented with IGZO 2T0C/3TOC and SRAM

[1] [3] [8] [9] This work
Technology A10 SRAM N7 ST-MRAM  'IWO 2TOC N7 IWO 2TOC N7 IGZO 2T0C
Bitcell area (;xm?2) 0.015 0.0158 0.032 0.021 0.0153
Retention time (s) NA 70@85°C 1@85°C 0.32@27°C 4.3@85°C
Read time (ns) 0.1-0.2 1.5-2.5 >3 <1 1.5-2.5
Write time (ns) <03 5-10 >3 <05 <05
Bitcell FEOL BEOL+FEOL BEOL BEOL BEOL

TConsidering single eDRAM layer

Macro Params

Energy-efficient

High-performance High-density

Bitcell N7 3T0C N7 2T0C A10 SRAM [1]
Sensing scheme Differential Full swing Differential
Subarray size (bits) 128x128 128x128 256x256
#Subarrays 16 16 4
Read delay (ns) at 27°C / 85°C 5717417 1.68 /1.27 0.26 / 0.25
Write delay (ns) at 27°C / 85°C 0.73 / 0.57 0.50 / 0.40 0.28 / 0.29
Read energy (fJ/bit) at 27°C / 85°C 15.11/ 15.63 39.77 1 37.97 8.10 / 8.64
Write energy (fJ/bit) at 27°C / 85°C 7.96 / 8.01 6.41/6.42 29.34 / 31.58
Refresh energy (fJ/bit) at 27°C / 85°C 26.79 / 27.56 4741/ 45.65 NA
Leakage power (uW) at 27°C / 85°C 521739 8.84 /624 158 / 538
Retention (s) at 27°C / 85°C 434 /43 434 /4.3 NA
Bitcell area (pm?) 0.020 0.0153 0.0151 [1]
Macro area efficiency 0.84 0.75 0.84 [15]
Density (Mb/mm?) 40 49 55.6
specifications of the proposed work against literature, REFERENCES

and summarizes energy-efficient (EE) and HP macro
specifications; refresh energy includes read, write, and
precharge.

For differential sensing approach based 1GZO
and A10 SRAM macros area efficiency of 0.84 is
used [15]. High-performance 2TOC macro uses 128 x
128 subarrays with 8 bpbl, and requires larger pe-
riphery than differential approach-Fig. 5(c). With a
macro area efficiency of 0.75—where peripherals can
only be partially placed under the BEOL arrays, 49
Mb/mm?2 density is achieved. Density can be further
improved by optimizing under-array periphery place-
ment, achieving densities closer to A10 SRAM. The
proposed HP and EE macros match A10 and N2
SRAM density [15], respectively, while using a five
generations older technology. This projects to ~ 2.5x
improvement over N7 SRAM efficiency applying a
20% energy reduction per node [15].

IV. CONCLUSIONS

This work introduces an IGZO-based eDRAM scal-
ing path for Al memory beyond SRAM limits. Ultra-
low-leakage IGZO TFTs enable 2TOC/3TOC bitcells
with 430 s/4 s retention at 27°C/85°C. Differen-
tial and hierarchical full-swing sensing optimize en-
ergy and speed. Monolithic BEOL integration with
N7 FEOL periphery achieves 40/49 Mb/mm? den-
sity and 4.17/1.27 ns access for energy-efficient/high-
performance macros, matching A10/N2 SRAM den-
sity [1], [15].
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