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Abstract—The growing need for advanced memory architec-
tures leveraging 3D integration has become increasingly critical in
modern computing systems. In particular, memory architectures
that match the performance of static random access memory
(SRAM) while significantly increasing density are highly impact-
ful. In this paper, we propose a 3D integration-based hybrid
InGaZnO(IGZO)/Si embedded dynamic random access memory
architecture (Hybrid-3D) and circuit design, which markedly
increases on-chip memory density and enhances system perfor-
mance. The superiority of Hybrid-3D is demonstrated through
rigorous validation involving process integration verification,
transistor-level modeling, and circuit-level memory design. De-
tailed evaluations of the vertically stacked memory operation
confirm stable operations, enabling a 22× increase in on-chip
memory density compared to SRAM. Integrating Hybrid-3D on-
chip memory into neural processing unit (NPU) architectures
results in substantial improvements in energy efficiency and
processing speed. System-level evaluations across vision and nat-
ural language processing (NLP) tasks reveal a maximum energy
efficiency improvement of 3.2× and a throughput increase of 2.6×.

Index Terms—IGZO memory, embedded DRAM, monolithic 3D
integration, neural network accelerators, on-chip memory

I. INTRODUCTION

The neural processing unit (NPU) accelerates deep learning
computations and have been advancing in tandem with deep
learning technology [1]–[3]. With the growing complexity
of deep learning models, the demand to efficiently process
these large models within an NPU has made enhancing the
density and performance of on-chip memory a top hardware
priority [4]–[6].

However, the scaling of CMOS technology has been slowing
down. In particular, scaling of static random access memory
(SRAM) has become particularly challenging compared to logic
scaling [7], making implementation of large on-chip memory
more difficult. To achieve higher integration density for on-
chip memory, 2T embedded dynamic random access memory
(eDRAM) has garnered attention for its higher density than 6T
SRAM [8], [9] as shown in Fig. 1(a). However, 2T eDRAM
based on Si channels faces a limitation of insufficient retention
time (tret) due to data loss caused by high subthreshold leakage.
To ensure sufficient tret, IGZO-based eDRAM (IGZO-2T),
which exhibits low-leakage characteristics, has recently gained
attention [10]–[13] as shown in Fig. 1(b). Furthermore, unlike
Si-based devices, IGZO-2T allows for 3D stacking, which
enables even higher cell density. Despite such advantages,
IGZO-2T suffers from low operating speed due to small driving
current caused by the low carrier mobility, failing to meet on-
chip memory performance requirements.

Fig. 1. (a) A CMOS-based gain cell [9], an IGZO-based 3D-stacked gain cell,
a gain cell combining IGZO and Si, and a 3D-stacked IGZO/Si eDRAM-based
hybrid memory architecture (Hybrid-3D).

Recently, as shown in Fig. 1(c), a hybrid Si/IGZO eDRAM
(Hybrid-2T) has been introduced as an alternative for on-chip
memory [14], [15], combining the long retention characteristics
of IGZO-2T and the high performance of Si eDRAM. By
using IGZO for the write transistor channel and Si for the read
transistor channel, Hybrid-2T achieves both long retention and
high read performance. However, Hybrid-2T faces limitations
in benefiting from further cell density improvements through
multi-layer monolithic 3D integration because the Si read
transistors are composed of transistors with a single-crystal
silicon lattice.

To overcome this limitation, we propose a 3D stacked
IGZO/Si eDRAM based hybrid memory architecture (Hybrid-
3D), in which a Hybrid-2T is fabricated on the bottom
layer and IGZO 2T devices are stacked above, as shown in
Fig. 1(d). Hybrid-3D allows monolithic 3D integration because
Si transistors are placed at the bottom layer and memory
cells at the upper layers use IGZO transistors only. From the
perspective of 3D memory architecture, the bottom silicon-
based layer responsible for read operations in the Hybrid-
2T memory, located at the lowest tier, is co-fabricated on
the same layer as the silicon channel-based transistors that
constitute the peripheral circuits. Along with a single IGZO
layer vertically stacked above, the memory array forms the
Hybrid-2T structure. Additionally stacked IGZO layers are used
to vertically implement the read and write transistors of the
IGZO-2T, respectively. In conclusion, this approach results in
an on-chip memory structure that simultaneously achieves both
high density and performance.

The key contributions are summarized as follows:



Fig. 2. Schematics of (a) Hybrid IGZO/Si eDRAM (Hybrid-2T) and (b) IGZO-
based eDRAM (IGZO-2T). 3D architectures of (c) Hybrid-2T and (d) IGZO-
2T. Layout and layer details of the (e) read transistor (NR) and write transistor
(NW) in Hybrid-2T, and (f) NR and NW in IGZO-2T.

• We propose the Hybrid-3D memory structure and process
architecture to achieve high memory density while main-
taining performance similar to SRAM. Hybrid-3D offers
22× the on-chip memory capacity compared to Si CMOS
SRAM.

• We validate the operation of Hybrid-3D by conduct-
ing a macro-level memory design using 3D technology
computer-aided design (TCAD) process and SPICE circuit
simulations. These simulations confirmed that reliable
memory operations were maintained across all vertically
stacked layers.

• We demonstrate the advantages of Hybrid-3D by evalu-
ating the system-level operation of NPU equipped with a
Hybrid-3D-based on-chip buffer. The results showed up to
a 3.2× increase in energy efficiency and a 2.6× increase
in throughput compared with NPU with SRAM buffer.

II. BACKGROUND AND MOTIVATION

A. Background: Limitations of SRAM scaling

SRAM is an essential component for CPUs, serving as cache
memory, and for NPUs, acting as buffer memory due to its
high-speed operation [1], [16]. However, the requirement of six
transistors per cell limits area efficiency, making on-chip mem-
ory capacity a critical factor in system design. Push-rules have
been applied in each technology generation to improve density
and energy efficiency [17]. Nevertheless, as lithography scaling
slows, SRAM now scales less effectively than logic circuits [7].
Thus, expanding on-chip memory requires circuit–system co-
design with careful consideration of device technology.

TABLE I
LAYER INFORMATIONS OF THE HYBRID-2T/IGZO-2T

B. Motivation: IGZO-based eDRAM Technologies

Research aimed at increasing density while maintaining the
high performance of SRAM is advancing rapidly. CMOS-
based eDRAM [8], [9] and IGZO-based eDRAM [10], [11],
[13] are two popular memory technologies that rely solely
on conventional materials and processes commonly used in
the industry. A clear trade-off exists between these two tech-
nologies. CMOS-based eDRAM can achieve performance lev-
els comparable to SRAM; however, it suffers from refresh
overhead due to its data retention time at the µs scale. This
limitation results in additional power and timing overhead.
In contrast, IGZO-based eDRAM can avoid refresh overhead
due to its retention time exceeding 10 s. However, its low
mobility makes it challenging to replace SRAM due to slow
read/write time. Recently, Hybrid-2T, which uses single-crystal
silicon for read transistors and IGZO for write transistors, has
been proposed as an alternative that meets both the need for a
long refresh time and high performance [14], [15]. However,
the Si-based read transistor in Hybrid-2T restricts its potential
for monolithic 3D integration. Thus, demonstrating a memory
architecture that combines the high cell density, performance,
long retention time of Hybrid-2T, and compatibility with 3D
integration technology becomes crucial.

III. PROPOSED HYBRID-3D MEMORY ARCHITECTURE

A. Bit Cell Configurations

a) Cell Structure: Each unit cell in Hybrid-3D functions
as an eDRAM-based memory, providing a compact area with
high performance. Figs. 2(a) and (b) show the cell schematics
for Hybrid-2T and IGZO-2T, respectively, showing both read
transistors (NR) and write transistors (NW). The structural
characteristics of each cell center on two aspects: 1) the channel
materials used for NR and NW, and 2) architectural design.
Hybrid-2T incorporates different channel materials, with Si
nMOS for NR and IGZO-TFT for NW (Fig. 2(c)). In contrast,
IGZO-2T uses IGZO-TFT transistors for both NR and NW
(Fig. 2(d)). Another key structural feature in both Hybrid-2T
and IGZO-2T is the 90◦ rotation between NW and NR, which
enables a compact cell layout and flexible design options. Both
types of cells employ M1/M2 layers on the bottom layer for the
read word-line (RWL) and read bit-line (RBL), while the top
layer positions M1/M2 layers for the write word-line (WWL)
and write bit-line (WBL), forming the in/out ports.



Fig. 3. (a) Gate voltage (VGS) - drain current (IDS) curve of NR in Hybrid-
2T and (b) IGZO thin-film transistor (TFT) modeling [10] based on 28-nm
technology. Retention characteristics of (c) Hybrid-2T and (d) IGZO-2T.

b) Cell Layouts: The cell layout of Hybrid-2T and IGZO-
2T is designed based on the design rules of 28-nm technology.
The most notable point is that the identical feature size of
Hybrid-2T and IGZO-2T results in a cell density 5.5× higher
than that of SRAM. Fig. 2(e) shows the layouts of NR and
NW of Hybrid-2T, while Fig. 2(f) presents the cell layouts of
IGZO-2T. The detailed dimensions of each layout component
are available in Table I. A distinctive layout feature is that the
storage node (SN) in NW aligns with the gate contact of NR.
With NW (PC.T) and NR (PC.B) gates arranged orthogonally,
the gate of NR coincides with the drain of NW, providing
additional cell density gains beyond simple NR–NW stacking.

B. Modeling and Electrical Characteristics

a) Transistor-Level Modeling: To predict and validate
the seamless operation of Hybrid-2T and IGZO-2T within
Hybrid-3D, accurate modeling of the bit cell characteristics is
crucial. We performed sequential TCAD-level and SPICE-level
modeling based on the characteristics of fabricated devices [18]
and the process design kit (PDK) to ensure consistency. Hybrid-
2T has characteristics based on the CMOS process, so we
used the SPICE model of a 28-nm PDK (Fig. 3(a)). For
IGZO-2T, we conducted TCAD modeling based on fabricated
devices [10], then created a Verilog-A model and performed
rigorous calibration (Fig. 3(b)). IGZO, with a wide bandgap of
3.0 eV, strongly suppresses gate-induced drain leakage (GIDL),
resulting in an extremely low subthreshold leakage (ILEAK) of
7× 10−18 µA/µm.

b) Retention Time Evaluation: Figs. 3(c) and (d) show
the trets of Hybrid-2T and IGZO-2T, measured at 121.2 and
38.3 s, respectively. After writing data “1” (D1) in the write
condition, the SN voltage (VSN) is monitored while maintaining
the hold condition. Due to the difference in equivalent oxide
thickness (EOT), the gate oxide capacitance (COX) of the
NR in Hybrid-2T is higher than that of IGZO-2T (1.5 and
6 nm). Therefore, the storage node capacitance CSN differs
significantly, at 290 and 79 aF, respectively. Even with the same
ILEAK flowing through the NW in each cell, this capacitance
difference causes a variance in tret. Nonetheless, both Hybrid-
2T and IGZO-2T achieve excellent retention times tret of

Fig. 4. 3D process integration of Hybrid-3D: (a) bottom and (b) top layers of
Hybrid-2T, (c) bottom and (d) top layers of IGZO-2T, and (e) conceptual 3D
view of the Hybrid-3D memory and (f) detailed cell array structure.

Fig. 5. Design of the memory macro for (a) Hybrid-2T and (b) IGZO-2T.
Concept diagram including the placement of each block and schematic.

over 30 s, providing long enough time for use in NPU on-
chip memory to effectively disregard refresh cycles during
operations.

C. Process Integration Scheme

Hybrid-3D integrates Hybrid-2T and IGZO-2T cells, verti-
cally stacked via monolithic 3D integration. We performed 3D-
TCAD process simulations to predict cell/circuit performance
from the 3D structure and verify port-connection design rules.
The process flow maps as follows: Hybrid-2T NR and NW
correspond to Figs. 4(a) and (b), and IGZO-2T NR and NW
to (c) and (d); in all layers, NW and NR are fabricated using
a high-κ metal-gate process. Hybrid-3D comprises 11 layers:
layer #0 uses Hybrid-2T with a single-crystal Si channel, while
layers #1–#10 use IGZO-2T. Starting from layer #0, IGZO



Fig. 6. (a) External resistance and capacitance in the vertical direction (Rv
and Cv) of the stacked IGZO-2T. (b) D1/D0 read timing diagrams for layers
from #1 to 10 and (c) rigorous verification of the sensing margin.

TABLE II
MEMORY OPERATION CONDITIONS OF HYBRID-2T AND IGZO-2T

channels are vertically stacked, with NR and then NW added
iteratively to complete all 10 IGZO-2T layers. Feature sizes
remain constant across layers for precise alignment. Fig. 4(e)
provides the 3D overview consolidating the process integration,
while (f) presents the concrete 3D structure rigorously validated
by the process simulation.

IV. MACRO ARRAY CIRCUIT DESIGN AND ANALYSIS

A. Circuit-Level Memory Macro Designs

The Hybrid-3D memory macro integrates Hybrid-2T for
layer #0 and IGZO-2T for layers #1–#10. To minimize circuit
overhead and maximize capacity, each type of macro (Hybrid-
2T and IGZO-2T) shares one memory control and a set of
peripheral circuits (Figs. 5(a) and (b)). Each IGZO-2T sub-array
provides 64 kb, configured as a 256×256 cell array. Compared
to an SRAM macro, the proposed design introduces two major
features: 1) a layer select signal (LSEL) for efficient control of
stacked IGZO-2T layers, and 2) level shifters for proper voltage
management of IGZO-TFT cells.

TABLE III
FEATURE SUMMARY

The LSEL<9:0> signals denote active layers from #1 to
#10, while non-active layers remain in hold state to reduce
power consumption. Two dedicated level shifters are used:
one between the WWL/RWL driver and the sub-array, and
another between the write driver and the sub-array. During
write operations, the high supply voltage (VDDH = 1.8V) is
applied to the WWL of Hybrid-2T to drive its NW transistor
and to the WBL of IGZO-2T to drive its NR transistor. In
addition, the WWL level shifter generates a boosted voltage
(VDDB = 2.15V) to drive the WWL of IGZO-2T, thereby
activating its NW transistor and enabling sufficient charging
of VSN during D1 writes. Since the nominal drive voltage for
the 28-nm PDK is 1 V, the read operation voltage (RBL/RWL
voltages for both Hybrid-2T and IGZO-2T) is constrained by
PDK specifications, which strictly define cell operation and
peripheral integration as shown in Table II.

B. RC Components for Vertical Stacking

In the Hybrid-3D structure, IGZO-2T layers share common
peripheral circuits at the bottom, so resistance and capacitance
(Rv, Cv) from vertical stacking affect signal transfer (Fig. 6(a)).
As stack height increases, the sub-array–peripheral connection
length grows, raising Rv and Cv proportionally in upper layers.
These components influence read/write signals, with IGZO-2T
showing slower RBL development than Hybrid-2T due to the
limited drivability of IGZO-TFTs. Upper layers suffer further
delay, so the RBL development time is set by layer #10 to
guarantee reliable sensing. The vertical RBL pitch is 2.4µm,
while the horizontal matches the cell pitch. Rv includes metal,
via, and vertical contact resistance (30Ω/layer), and Cv arises
mainly from wire coupling (3 fF/layer).

Fig. 6(b) shows read behavior from layer #1–#10. Compared
to 2D structures, 3D stacking requires a longer read time,
here 10 ns. Layer #10 exhibits a data-out delay (tSAD) of
196 ps, degraded by 38 ps from layer #1, but still reliable with
extended cycles. Fig. 6(c) highlights SAE# activation, showing
a 20 mV reduction in sensing margin between top and bottom
layers. The worst-case margin occurs between D0 at layer #1
and D1 at layer #10, so VREF = 950mV is chosen for safe
separation. Thus, full-stack read/write characteristics must be
carefully evaluated to ensure reliable operation under Rv, Cv,
and reduced sensing margin.

C. Read/Write Characteristics

The read/write operation of Hybrid-3D is verified at 500
MHz. Figs. 7(a) and (b) show timing for Hybrid-2T and IGZO-
2T, where the key difference is observed in cycle time (tread,



Fig. 7. Timing diagram for the write/read of data ”1” (D1) and data ”0” (D0)
in (a) Hybrid-2T and (b) IGZO-2T. Analysis of the data out (DO) signal for
(c) D1 and (d) D0 in Hybrid-2T and the corresponding analysis for (e) D1 and
(f) D0 in IGZO-2T.

Fig. 8. (a) Supported communication paths of Hybrid-3D-based on-chip
memory. (b) Interleaving strategy of Hybrid-2T/IGZO-2T enabling memory
operations equivalent to SRAM.

twrite) due to the lower current drivability of IGZO transistors
compared to Si. The design is defined in three aspects: 1)
Hybrid-2T tread is 2 ns (1 cycle), equivalent to SRAM speed,
indicating that Hybrid-3D operates at the same level as SRAM
in terms of data read. 2) Hybrid-2T twrite is 6 ns (3 cycles),
extended to compensate for weak NW drivability. 3) IGZO-2T
tread/twrite are 10 ns (5 cycles), where longer twrite is required
to charge RBL to VDDB, and extended tread ensures robustness
of the top IGZO-2T layer.

A notable difference is observed in tRWL SS, the interval
during which RWL remains active (VRWL = VSS): 650 ps
for Hybrid-2T and 7.85 ns for IGZO-2T. This extended time
secures the sensing margin and represents the main cause of
the read latency gap. tread must be regulated according to the

time designated for RWL to remain at VSS, since during this
period RBL discharges and the sense amplifier (SA) must
be enabled to detect against VREF. Figs. 7(c)–(f) show DO
behavior, with tSAD after SA enable measured as 176 ps in
Hybrid-2T and 158 ps in IGZO-2T. As can be confirmed in
Table II, these differences in operating conditions highlight the
distinct characteristics of each structure. In summary, Hybrid-
3D integrates Hybrid-2T and IGZO-2T, each showing distinct
tread/twrite, so an on-chip buffer design equivalent to SRAM is
required for practical use. This highlights that although Hybrid-
3D can significantly enhance memory density, careful timing
regulation and buffer design are indispensable to ensure stable
and efficient system-level operation.

D. On-Chip Buffer Design with SRAM Equivalence

Fig. 8(a) shows the proposed memory buffer structure de-
signed to ensure that the Hybrid-3D-based memory exhibits
the same read/write characteristics as an SRAM buffer. This
structure highlights communication paths with the DRAM, the
compute unit, and newly added internal paths between Hybrid-
2T and IGZO-2T. In this configuration, 1 the compute unit
receives data from the Hybrid-2T in Hybrid-3D memory. Since
the tread of Hybrid-2T is 1 cycle which is identical to that
of SRAM, Hybrid-3D-to-compute unit data transfers achieve
the same throughput as SRAM-based buffers without requiring
any modifications. 2 DRAM data can be transferred to both
IGZO-2T and Hybrid-2T. Despite the twrite of IGZO-2T being
5 cycles and that of Hybrid-2T being 3 cycles, the DRAM-to-
Hybrid-3D data transfer rate remains consistent with DRAM-
to-SRAM transfers because the data transfer rate from DRAM
is inherently lower than the on-chip data rates, obviating the
need for circuit modifications. 3 For internal data transfers
from IGZO-2T to Hybrid-2T, the longer tread of IGZO-2T
and the twrite of Hybrid-2T compared the those of SRAM
are effectively hidden using a bank-interleaving scheme, as
illustrated in Figs. 8(b) and (c). This interleaved bank structure
ensures that the read/write throughput aligns with that of an
SRAM buffer as shown in Table III (256 bit/cycle). Similarly,
4 for data transfers from the compute unit to IGZO-2T or
Hybrid-2T, the longer twrite can also be masked using the
interleaving scheme. Consequently, the proposed Hybrid-3D
buffer delivers macro-level read/write characteristics equivalent
to those of an SRAM buffer, while offering significantly greater
memory capacity.

E. On-Chip Memory Configurations

The sub-array level expands to a 256×256 configuration,
placing x/y-direction decoders and memory controllers among
four sub-arrays to form a single sub-bank. Four sub-banks com-
bine to create one bank. Hybrid-2T employs four banks, while
IGZO-2T utilizes eight banks through interleaving. The 5.5×
higher cell density of Hybrid-2T enables a twofold increase in
on-chip memory capacity compared to 1 MB SRAM within
the same area, achieving 2 MB using Hybrid-2T alone. The
smaller relative increase in memory capacity at the array level,
compared to the improvement in cell density, arises from the
limited scalability of peripheral circuits. Encouragingly, with



Fig. 9. Neural processing unit (NPU) utilizing Hybrid-3D as on-chip memory.
System-level.

Fig. 10. (a) Neural processing unit (NPU) utilizing Hybrid-3D as on-chip
memory. System-level (b) energy consumption and (c) runtime analysis for
vision and language models with Hybrid-3D and SRAM used as on-chip
memory.

the 3D integration of IGZO-2T securing an additional capacity
of 20 MB, Hybrid-3D achieves a 22× on-chip memory capacity
advantage over SRAM. Table III summarizes the features of
Hybrid-3D compared to SRAM.

V. SYSTEM-LEVEL EVALUATION

A. Experimental Setup

a) NPU with Hybrid-3D On-Chip Buffer: We imple-
mented the edge NPU architecture as shown in Fig. 9 to
evaluate the system-level impact of Hybrid-3D.

This design utilizes 22 MB Hybrid-3D as the on-chip mem-
ory, whereas the baseline architecture employs 1 MB SRAM.

The NPU architecture employs a systolic array with a weight-
stationary dataflow for matrix multiplication [1]. Following the
hardware configuration of a previous edge NPU [3], the systolic
array consists of 32×32 processing elements (PEs). Consistent
with DRAM settings in edge devices, the DRAM bandwidth is
set to 2.5 GB/s [3], assuming the use of LPDDR DRAM [19]. A
vector unit is responsible for executing vector operations, such
as partial sum accumulation and activation functions. Energy
consumption and overall runtime of the NPUs are evaluated by
using the SCALE-Sim [20], a simulator for systolic array based
accelerators.

b) Benchmark: To compare the system-level performance
of NPUs incorporating the proposed Hybrid-3D memory versus
conventional SRAM, we evaluate their energy consumption
and runtime across various deep learning models. For vision
tasks, we include convolutional neural networks (CNNs) such
as MobileNet-v1 [21] and ResNet-18 [22], as well as Vision
Transformers (ViTs) like ViT-base-224-16 and ViT-base-384-
16 [23], which use image sizes of 224×224 and 384×384,
respectively, with a patch size of 16×16. For natural language
processing (NLP) tasks, we evaluate BERT-base models, with
input token lengths indicated in their names, such as BERT-
base-256 and BERT-base-512 [24].

B. Evaluation Results

The evaluation results for energy consumption and overall
runtime are presented in Figs. 10(a) and (b), respectively.
By increasing on-chip memory capacity by 22× compared to
SRAM, Hybrid-3D significantly reduces data movement be-
tween DRAM and the NPU. Thus, Hybrid-3D delivers improve-
ments in both energy efficiency and speedup across a range
of deep learning models. The performance improvements with
Hybrid-3D are most pronounced in scenarios where DRAM
access is the primary performance bottleneck. For example, in
MobileNet-v1, which suffers from significant energy overhead
due to frequent DRAM access, adopting Hybrid-3D reduces
overall energy consumption by 69% compared to the baseline
and improves energy efficiency by 3.2×. Similarly, for ResNet-
18, which experiences significant memory stalls, adopting
Hybrid-3D reduces overall runtime by 62% compared to the
baseline and improves throughput by 2.6× compared to the
baseline.

VI. CONCLUSION

In this paper, Hybrid-3D is proposed to increase memory
capacity and achieve high performance. The Hybrid-2T/IGZO-
2T unit cell inside the memory architecture achieves a 5.5×
improvement in cell density compared to SRAM. Thanks to
monolithic 3D integration, Hybrid-3D improves on-chip mem-
ory capacity by 22×. Transistor-level modeling and circuit-
level design of Hybrid-3D memory operations are finalized,
followed by rigorous verification. The evaluation includes a
thorough assessment of external components due to the stack-
ing structure, ensuring reliable operation. Furthermore, the
introduction of Hybrid-3D as on-chip memory in the NPU
architecture demonstrates superior performance. The system-
level evaluation covers tasks from vision to NLP, achieving up
to 3.2× energy efficiency improvement and 2.6× increase in
throughput.
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