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Abstract

Design Optimization of pMOS only eDRAM Macro
Cell at 28 nm Node

Embedded DRAM (eDRAM) architectures have been driven by
growing need for energy-efficient and high-density memory. The 2-
Transistor 0 Capacitor (2TOC) Gain Cell (GC) appears as compact logic-
compatible substitute for traditional 1T1C DRAMSs. However, a main
drawback of the 2TOC GC is its low Data Retention Time (DRT), which is
primarily degraded due to capacitive coupling and leakage currents at

advanced technology nodes.

This thesis explores an effective approach to enhance DRT by
using Double Gate (DG) topology with 2T pMOS-only GC structure at the
28 nm technology node. DG transistors offer better electrostatic control
over the channel, boost driving current and reduced leakage current, and
tunable threshold voltages through independent gate operation, all of
which are crucial for GC. Important contribution of this thesis includes a
two-step DRT enhancement approach. First, minimizing capacitive
coupling by independent gate bias operation to allow a larger voltage
difference (AV) between to logic levels. Second, suppressing leakage by
write bit line (WBL) bias tuning to significantly lower the data
degradation rate. The thesis work also analyses the effects of high

temperature operation and supply voltage downscaling on DRT.
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Chapter 1

Introduction

Semiconductor memory is regarded as the central component of any
digital system in the world. Every electronic device, from personal
computers to smartphones, from artificial intelligence processors to tiny
gadgets or Internet-of-Things (10T) sensors, requires some kind of memory
to store data. The features of memory impact the overall system
performance, like speed, area, power consumption and even cost [1].
Semiconductor memories are designed for fast access by Central Processing
Units (CPUs) to hold binary data and instructions so that processors can
access them quickly. Specifically, embedded memories become an essential
component of designs for System-on-Chip (SoC) [2]. As technology
progresses, the need for denser, faster, and power-efficient memory devices
has grown exponentially. These demands have driven innovations in Static
Random-Access Memory (SRAM), Dynamic Random-Access Memory
(DRAM) and Gain Cell embedded DRAM (GC-eDRAM) memory
architectures [3].

1.1 Overview of Memory

Memory can be broadly classified into two primary groups: non-
volatile and volatile memory [4]. Whereas non-volatile memories store
information regardless of power, volatile memories destroy their retained
data once the supply is removed. SRAM and DRAM are the two main forms

of volatile memories [5].



BL . BLB

Fig. 1.1 Schematic diagramzf a 6T SRAM bitcell [6].

1.1.1 Static Random-Access Memory (SRAM)

Over time, several memory technologies have been developed, each
with unique benefits and drawbacks. One of the most used forms is SRAM,
where data is stored in a bistable flip-flop circuit [6]. SRAM typically stores
a single bit of information using six transistors (6T). A standard SRAM cell
architecture consists of two access transistors and two cross-coupled
inverters (Fig. 1.1). This configuration ensures that the kept data remains
intact as long as power is accessible, without needing any periodic refresh
operations. The benefits of SRAM include very quick read and write
operations, great stability and reliability, and low dynamic power
consumption during access. These qualities make SRAM a popular choice
for small buffers, high-speed registers, and CPU cache memories. SRAM is
still remained essential for applications requiring very quick access and
minimal latency, like the L1 and L2 cache memories in modern
microprocessors [6]. However, SRAM uses more area. Hence, memory
density is reduced. Furthermore, SRAM is less suitable for very large
memories (main memories) since leakage currents cause it to consume
considerable static power, particularly in advanced technology nodes such
as 28 nm or below [7]. Another challenge of 6T SRAM is the difficulty in
scaling cells at lower supply voltages (Vop). The noise margins get reduced,
which makes SRAM cells more vulnerable to failure due to Vpp

fluctuations [4]. In order to guarantee dependable subthreshold (sub-Vn)



operation, alternative SRAM cells with 8, 10, or even up to 14 transistors

are necessary [8].

WL
M
BL
/ C
Write/Read 1

Port =5

Fig. 1.2 Schematic diagram of a 1T1C DRAM bitcell [9].

1.1.2 Dynamic Random-Access Memory (DRAM)

Another common type is DRAM, which keeps each piece of
information using one transistor and one capacitor (1T1C) [9]. Fig. 1.2
shows a schematic diagram of a 1T1C DRAM bitcell. The fundamental idea
behind DRAM is very simple: charge either present or absent on the
capacitor marks a binary '1' or '0', respectively. The biggest benefit of
DRAM is its high density. Only one transistor and one capacitor allow
DRAM for the formation of vast memory arrays. Because of this, DRAM
is the recommended option for main memory (RAM) in servers, graphics
cards, and Personal Computers (PCs) [5]. However, DRAM suffers from a
leakage problem. Even if the device is kept powered on, the charge that is
stored on the capacitor eventually tends to leak out. Because of this, DRAM
cells need to be refreshed on a regular basis in order to recover lost charge
and preserve data integrity. As a result, periodic refreshing increases energy

consumption and complicates the memory controller [10].



Fig. 1.3 Basic configuration of GC-eDRAM macrocell [11].

1.1.3 Gain Cell Embedded DRAM (GC-eDRAM)

As computers became more powerful and needed to handle larger
amounts of data quickly, embedded DRAM (eDRAM) [5] was introduced
to combine the advantages of DRAM (high density) with better integration
in logic processes. Larger memory embedded straight on the logic process
chip, such as CPUs or Graphics Processing Units (GPUs), always benefits
rather than depending on outside main memory. The main reasons for this
are: (1) higher system-level integration densities are facilitated by
embedded memory, and (2) going off-chip connectivity via capacitive lines
and input/output (1/0) terminals on printed circuit boards (PCBs) differs
from on-chip connections and demands more power consumption [12]. Two
forms of eDRAM are examined: (1) traditional 17T1C eDRAM, where a
single access transistor and a unique, high-density, 3D capacitor (trench or
stack capacitor) builds a macrocell [9], and (2) GC-eDRAM, whose
macrocell is built from 2 to 5 MOSFETSs [13], [14]. Fig. 1.3 shows the basic
configuration of the GC-eDRAM bitcell. Traditional 1T1C eDRAM
processes are not completely compatible with logic complementary metal-
oxide-semiconductor (CMOS) technologies as it requires a special
fabrication process to create a dense trench or stacked capacitors on chip
[9], for which manufacturing becomes complex and costly. An alternative,
GC-eDRAMs are thus completely logic compatible and readily
implemented into SoCs with no additional price. GC-eDRAMs promise a

good balance between storage density and speed, which makes it a low-



power alternative to SRAM [15], [16], [17], [18], [19], [20]. The following

table summarises the key differences:

Table 1.1 Comparison of SRAM, DRAM and GC-eDRAM [1].

Feature SRAM DRAM GC-eDRAM
Cell Size Large Small Small
Refresh Needed No Yes Yes
Process Complexity Low High Low
Read Destructive No Yes No
Leakage Power High Low Low
Access Speed Very Fast Medium Fast

1.2 Evaluation of Gain Cells (GCs)

The continuous scaling of CMOS technology has enabled a
significant improvement in the performance of digital systems. But this
aggressive scaling has also introduced some critical challenges, especially
for embedded memories, which occupy at least half of SoCs' overall size
and power budget [21]. As technology scaled down to nanometer sizes,
traditional memory architectures like SRAM and DRAM have faced
significant limitations. In this regard, eDRAM macrocell, also known as
gain cell-based memories (GC memories), have developed, which provide

a balanced solution between speed, storage density, and energy efficiency.

To store data as an electric charge, the traditional eDRAM bitcell
needed a physically built storage capacitor [12]. It additionally utilizes the
storage capacitor for write and read operations using a single MOSFET.



Unfortunately, making high-density trench or stacked capacitors for this
kind of conventional eDRAM needs extra steps in the processing line. As
feature sizes reduced, building sufficiently large and reliable capacitors
became extremely difficult. That is why it is incompatible with common
CMOS technologies [9]. On the other hand, traditional SRAM cells have
lower noise margins and higher leakage currents in highly scaled nodes (65
nm, 45 nm, and 28 nm). As technology scales further, the transistor
mismatch and reduced Vpp make SRAM less reliable unless an extra area

and complexity are sacrificed, such as using 8T or 10T SRAM designs [8].

WWL RBL

I

—— Cgqy

RWL
Fig. 1.4 Schematic diagram of a 2TOC DRAM macrocell [15].

The gain cell (GC) concept [22] was introduced to overcome the
limitations of traditional SRAM and DRAM memories. It offers a middle-
ground solution by providing logic compatibility, small area size, and
reduced leakage without the need for any complicated process steps. A GC
iS a memory structure that stores data dynamically on the parasitic
capacitance of a transistor's node (called the storage node, SN) rather than
an explicit capacitor. A typical GC uses two transistors, a write transistor
(MW) to write the data into the SN and a read transistor (MR) to read the
stored data (Fig. 1.4). To improve stability or retention performance, some
topologies use one or two additional transistors. GC-eDRAM is completely

compatible with popular digital CMOS technologies, as the device is



fabricated solely from accessible metal and vias and MOSFETs. MOSFETS
are utilized as Metal Oxide Semiconductor Capacitor (MOSCAP) and as
access transistors (write and read transistors). One can improve the storage
node capacitance by use of metal layers and vias [1]. Since GC-eDRAM
offers many of the benefits of both SRAM (like standard digital CMOS
logic compatibility) and 1T1C eDRAM (like better storage density) and
prevents many of the problems of both SRAM (like the large bitcell) and
1T1C eDRAM (like destructive reading, restoring, and additional
manufacturing expenses for specific processes) [12], it is an interesting
substitute. That is why GC-eDRAM macrocells are easy to integrate into
every digital system without extra production expenses. Dynamic data
retention characteristics are the primary issue of GC-eDRAM over SRAM,;

hence, it demands periodic refresh operations.
WWL RBL WWL RWL

1l 1 H-

MR |

I— ——{ MR I % MS

RWL Voo

WWL RBL RWL
WEL I I MR RBL
| MW MB | o ” l:
I { MR * MS

MF }7—

(c) |

GND RWL Voo

Fig. 1.5 Schematic representation of (a) 2T Gain Cell [16], (b) 3T Gain Cell
[18], (c) 4T Gain Cell [23], and (d) 5T Gain Cell [14].



Over the past ten years, a wide range of GC topologies with 2-5
transistors have been proposed [14], [16], [18], [23]. A basic example of
these GCs is displayed in Fig. 1.5. Every one of these designs utilizes a MW
to access and store charge on the SN. Additionally, every GC topology has
an SN capacitor made up of MW junction capacitance and MOSCAP. In the
two-transistor (2T) configuration, the MOSCAP storage transistor can also
be used as MR. The comparatively bigger three-transistor (3T) [18] version
demonstrates a more reliable read operation because it uses a distinct MR
that separates the read bit line (RBL) from MR. For enhanced read
robustness, certain four-transistor (4T) [23], [24] GCs use a fourth transistor
as MOSCAP capacitively connects the RBL to the SN and boosts the SN
capacitor. The word ‘gain’ refers to the read transistor's transconductance
gain, which indicates little changes at storage node voltage (gate voltage of

MR) can result in a change in read path current (drain current of MR) [25].

1.3 Different Types of GC Topology

Several gain cell topologies have been proposed in the research
community, each offering different trade-offs between area, speed,
retention time, and complexity. While the fundamental principle of storing
data dynamically using parasitic capacitance remains the same, the number
of transistors in all of these circuits is lower than in standard SRAM circuits.
This section will explore the popular GC topologies, such as 2T, 3T, 4T,
and 5T, with their structure, fundamental principles, benefits, drawbacks,

and trade-offs.

1.3.1 2T Gain Cell

The two-transistor (2T) gain cell [16], [17], [26], [27], [28] is the
simplest and most area-efficient design. In 2T designs, the simple topology
usually has a MW for writing and a MR that stores information and also
reads it. The parasitic capacitance corresponding to SN is typically formed

between the drain region and the substrate or adjacent interconnects.

8



As soon as the write word line (WWL) is asserted, MW links the
write bit line (WBL) to SN and writes the available data at WBL to SN [16].
When the read word line (RWL) is asserted, MR drives a current through
the RBL, and that is how we read the data from the SN without destroying
the stored charge. During hold mode, both transistors remain off, and the
charge (data) stored on SN is retained for a certain duration depending on
leakage currents. However, data retention time (DRT) is comparatively
limited because the storage node is weakly held [29].

One of the major advantages of 2T gain cells is area efficiency. With
only two transistors, the cell footprint is very small compared to SRAM or
DRAM, enabling higher memory density. Another benefit is non-
destructive read, as the read transistor allows current through the readout
path without lowering the stored charge [30].

The 2T topology suffers from lower retention time. Capacitive
coupling (CC) effects between SN and the control lines (WWL, RWL, and
RBL) arise from the 2T configuration. CC and leakage paths through MW
and MR cause rapid data loss, which compromises the data integrity and
reduces efficiency [31]. Thus, a third transistor is usually added, mostly to
prevent RBL leakage and to avoid annoying capacitive couples between SN
and RWL. In modern designs, implementation of several techniques, like
using high-threshold (high-V) write transistor, body biasing, and
optimized WBL during hold, has been applied to extend DRT, which makes
it suitable for embedded memory applications [32].

1.3.2 3T Gain Cell

To solve problems observed in 2T, the three-transistor (3T) gain cell
[33], [34], [35], [36], [37], [38], [39] is utilized. This design reduced
threshold voltage drop during write [40] and improved isolation between

the write and read paths. Some designs also minimize RBL leakage and



prevent disrupting CC from RWL to SN. This helps maintain data for longer
times without considerably expanding the area and makes it more robust
than the 2T model. To improve retention and lower refresh requirements,
certain 3T designs incorporate asymmetric transistor sizing or body biasing
approaches [41]. Techniques like preferential boosting, where the read bit
line or internal node is dynamically boosted by tying the MR drain to RWL
instead of ground. Hence reducing some of the positive SN voltage in the
pMOS MW design, further improve access times and prevent read-disturb
[18]. The 3T GC improves noise margins and minimizes disturbance during
read operations by having a dedicated read buffer. But it comes with a larger
area and a little more control complexity. To maintain high-speed
performance, surprisingly big cache memory designs choose the 2T

topology at the expense of extra peripheral circuits [16], [26], [30].

1.3.3 4T Gain Cell

Turning now to the four-transistor (4T) gain cell, the design usually
incorporates extra transistors for data integrity, boosting, or decoupling.
These are frequently utilized in applications that require more stability and
prefer refresh-free operation [23], [24]. Common designs use two
transistors for write or access and two for read or isolation. The additional
transistors contribute in the more separation of the write and read paths for
non-destructive reads [20]. Another 4T design with three transistors and a
‘gated diode’ (MOS transistor serving as a storage device and amplifier for
the cell voltage) enables techniques like preferential boosting for improved
signal levels [42]. Even though 4T topologies have improved retention and
better control over noise and leakage, they occupy more area and need

complex circuit design because of more word lines or control signals.
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1.3.4 5T Gain Cell

The five-transistor (5T) gain cell is a more modern invention
designed for specialized applications like parallel sensing, ternary logic, or
ultra-low power operation [43]. This design typically has three transistors
for write/read and two for storage or level tuning. The extra transistor
enables the storage node to be biased at an intermediate voltage level, so
storing either '0,' '1," or an intermediary X' logic [14]. This configuration
allows more bits to be stored per cell. Other 5T designs, such as those in
ultra-low power FDSOI, are perfect for 10T or biomedical edge applications
because they achieve picowatt-level standby power [44]. Still, the area cost

increases dramatically, and the design complexity increases as well.

In conclusion, the selection of the gain cell topology is an
investigation of design space that balances performance, area, power, and
retention. The 2T cells offer the highest density but the weakest retention,
3T maintains a balance with better control, 4T offers reliable read/write
operation and long retention, and 5T creates opportunities for more
sophisticated features like multi-bit storage and parallel sensing.

Table 1.2 Comparison of different types of GC topology [13].

Feature 2T GC 3T GC 4T GC 5T GC
Area Efficiency | Highest High Medium Low
DRT Low Medium High Very High
Read Stability | Moderate High High Very High
Complexity Very Low Low Medium High
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1.4 Features and Applications of Gain Cells

The GC-eDRAM shows particular characteristics and enables
design choices that are uncommon to regular DRAMs and SRAM. The

features of GC are described as follows —

WWL t RBL
T g
[
WBL : Read Port
I : MW O
SN
| ______ ; MR : Read
/ Write ' :
(- |
Write Port [y Can 1
: 1
ok —1 . RWL
I

Fig. 1.6 Schematic representation of 2T GC showing write and read port
[28].

An important aspect of gain cells is that they have two-port
compatibility [28], which is their most notable characteristic. The GC-
eDRAM is a dual port memory (Fig. 1.6) since a GC has both a write and a
read port. As a result, it usually has separate address decoders for the write

and read addresses.

With dual-port compatibility, another most advantageous
characteristics of GC-eDRAM architecture is that it supports pipelined
refreshing, which makes sure to simultaneously read and rewrite data for
different cells within a single clock cycle [45]. This feature drastically
lowers dynamic and leakage power compared to traditional DRAM
architectures. With dual-port capability, the information can be refreshed
by reading the content of the row at generic address n, while writing the
previously read content back to the row at generic address n—1 within the
same cycle. This capability is absent from traditional single-port DRAMs,

which need two cycles to complete the same refresh operation [45].
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As GC has two-port functionality for which reading becomes non-
destructive and does not require any restore operation, unlike in 1T1C
DRAM, where a single port is used for both write and read operations, and
after every read operation, the data must be restored back to the capacitor
[28]. Since the read path is isolated by another read transistor, the stored
data can be sensed without changing the node voltage. By avoiding the need
to restore the data, GC-eDRAM decreased power consumption per access
cycle and reduced external circuit complexity and protected data during
reading [46].

The small area footprint of gain cells is one of their most remarkable
characteristics. Conventional 6T SRAM cells consume more space by using
access transistors and cross-coupled inverters; gain cells are built by using
only two transistors. Higher memory density is especially important in
cache memory arrays, Artificial Intelligence (Al) and Machine Learning
(ML) accelerator designs where vast amounts of on-chip memory are
needed [26]. Apart from area, gain cells show logical process compatibility
as discussed earlier.

In addition to features, GC has a wide and expanding range of
applications, from low-power 10T sensors to high-speed logic cores.
Because of its smaller footprint, GC has recently gained a lot of popularity
as an on-chip cache memory, particularly as last-level cache in high-end
processors [26]. GC is also used as eDRAM in portable electronic gadgets
[47] and 10T deployments for sensor networks [48] because of low power
consumption. GCs are utilized in Compute-in-memory (CIM) macros in Al
accelerators and edge inference engines in order to reduce data movement
overhead, which is one of the main sources of power consumption in neural
accelerators [49]. Where power budgets are very limited in biomedical and
IoT applications, subthreshold GC designs have shown great success;
operating below 0.5V these designs can retain data using minimum power,

like pico-watts per bit range [44]. Physical Unclonable Functions (PUFs),

13



where the inherent variations in leakage and retention time across gain cells
are utilized as a form of silicon fingerprinting, is another new application
[32].

1.5 Motivation for 2T pMOS-only GC

I Wwwi I Wwwi
VIR MW SN

Mmwl_3N VIR
. Io 18 & T 8
= RWL —— = RWL ——
(a) (b)
—_— WL — AL
MW 5N VIR MW 5N VIR
! T z . T 2
= RWI —d— = RWI —A—
(c) (d)

Fig. 1.7 Overview of 2T gain cell implementation options: (a) All pMOS
Cell, (b) Mixed pMOS-nMOS Cell, (c) Mixed nMOS-pMOS Cell, and (d)
All nMOS Cell [28].

In memory design, selecting the device architecture is vital,
particularly when the objective is high data retention, low leakage power,
and compatibility with deeply scaled technologies such as 28nm.
Depending on the type of devices used (pMOS or nMOS) for these
transistors, four 2T configurations are possible, which are shown in Fig. 1.7.
The 2T pMOS-only gain cell is the effective option among different gain
cell topologies for embedded dynamic memories intended for better

retention and high-performance low-power applications [17], [28].

The most convincing reasons for choosing a 2T structure are its

simplicity and compactness. It achieves an extremely compact area with just
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two transistors, MW and MR, which allows more bits stored in a given
silicon area. For applications like on-chip caches and portable electronics,
where memory space frequently limits overall chip size, the 2T gain cell is
an especially interesting choice [47].

Along with simplicity, choosing to use pMOS-only devices offers
several benefits, especially at lower nodes such as 28nm and even below.
When compared to nMOS devices, pMOS transistors inherently have lower
subthreshold leakage currents. This is because pMOS devices have lower
leakage when they are turned off due to their lower carrier mobility (1) and
higher Vth. The main cause for SN charge loss is subthreshold leakage via
MW. Thus, selecting the all-pMOS arrangement helps to increase the

capacity of the memory to retain information without frequent refresh [16].

1.6 Conclusion

In conclusion, the expansion of memory technologies has created
demand for low-power, high-density structures with simple logic circuit
integration. GC-eDRAM offers a promising solution by combining the
advantages of SRAM and DRAM while dealing with their main drawbacks.
Two major benefits of using a 2T pMOS-only gain cell in cutting-edge
technologies like 28 nm are simplicity and leakage reduction. While many
GC topologies have been investigated, the 2T design stands out for its
compactness and retention efficiency. This chapter discussed the
background and motivation behind GC memories, compared several

topologies, and highlighted their features and uses.

15



1.7 Organization of The Thesis

This thesis aims to explore and optimize a 2T pMOS-only gain cell
based on 28nm double gate pMOSFET, with a focus on enhancing DRT and
ensuring reliable operation at low supply voltages. There are five chapters

in this thesis. The description of which is outlined below.

The study starts with chapter 1, which discusses the evaluation of
GC memories, various topologies such as 2T, 3T, 4T, and 5T, and their key

features and applications.

The detailed working of the 2TOC gain cell and the importance of
DRT is presented in chapter 2.

Chapter 3 presents an analysis of 2TOC GC using 28 nm double gate
PMOSFET. This chapter highlights the importance of back bias to reduce
capacitive coupling and subthreshold leakage to get enhanced DRT.

The effects of temperature and supply voltage downscaling on GC

performance are reported in Chapter 4.

The findings of this work are summarized in chapter 5.
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Chapter 2
Operation of 2TOC DRAM

First chapter discussed GC as a promising solution for on-chip cache
memory, especially as last-level cache in high-end processors [30]. This
chapter will cover a detailed explanation of the operation of memory cell,
explaining the fundamental write, hold, and read operations, as well as data
storage using a parasitic node capacitor instead of a physical capacitor.
Since its working depends on stored voltage levels at a floating node (SN),
it is very important to understand charge leakage and device characteristics.
This charge degradation at SN governs the retention time. The concept of
data retention time (DRT), and the parameters influencing it, will also be

discussed.

2.1 Working of Gain Cell

The fundamental idea behind any GC is to store digital information
dynamically using charge on an internal node. This is achieved using two
transistors, one for write access and another for read access. These two
devices together form a memory element that stores data dynamically on
SN. The working of GC happens in three operations: (1) writing data, (2)
holding data, and (3) reading the stored data. Depending on the type of
devices used (pMOS or nMOS) for these transistors, four 2T configurations
are possible: (1) PP or All-pMOS cell where both MW and MR are pMOS
transistors, (2) PN or Mixed pMOS-nMOS cell where MW is a pMOS-type
transistor and MR is an nMOS-type transistor, (3) NP or Mixed nMOS-
pMOS cell where MW is an nMOS transistor and MR is a pMOS transistor,
and (4) NN or All-nMOS cell where both MW and MR are nMOS-type
transistors (Fig. 2.1). Even though four configurations are different, all of
these topologies follow a similar operating principle [29]: during write, MW
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is turned ON, and it charges or discharges SN depending on the data
available on WBL for writing; in the hold phase, both transistors are OFF,
and the charge is expected to stay at SN until the next refresh; during the
read phase, MR is turned ON, and the voltage at SN determines whether
current will flow through MR to the read bit line (RBL), thus reading the

stored value.

read "0 Wlﬁ
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WWL
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| | 3 C
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I SN t D I SN t |12 :)D
RWL
GND GN 3
(1) PP or All-pMOS cell (2) PN or Mixed pMOS-nMOS cell
read ‘0’ read ‘0
IDD t TB 00sT read ‘1

read ‘1’ WWL

_\Jj wwL i, D
Ftﬁ %

ICSN S ICSN & Voo
RWL =\
GND GxD
(3) NP or Mixed nMOS-pMOS cell (4) NN or All-nMOS cell

Fig. 2.1 Two transistor gain cell implementation options including the
schematic waveforms [29].

2.1.1 Write Operation

In a 2T gain cell, writing a bit involves turning ON MW and
transferring available WBL voltage (data) to the SN [45]. The WWL, which
is the gate terminal of MW, is activated (set high for nMOS MW and set
low for pMOS MW), which turns ON the MW transistor (Fig. 2.1). The
MW now connects the WBL to SN and transfers either logic '1' (high) or
logic '0" (low) depending on the value of WBL. MW either pulls the storage
node SN toward Vpp (logic 1) or lets it fall closer to the ground (logic 0).
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For a pMOS-only GC topology, a negative control bias is fed to the
WWL node so that the gate to source potential (Vgs) becomes more
negative than the threshold voltage of the MW, and the MW turns ON.
However, due to the threshold voltage drop of the pMOS transistor, pMOS
MW passes a weak ‘0’ and a strong “1°. This weak logic '0" is a vulnerability,
as it will rise further during the hold phase due to leakage. This incomplete

voltage swing affects retention time, which will be discussed in detail later.

2.1.2 Hold Operation

After the data has been written, WWL is de-asserted (turned low for
nMQOS and high for pMOS MW), which turns OFF the MW transistor, and
the SN holds the stored voltage. Since there is no physical capacitor, the
only element holding the charge is the parasitic capacitance at SN, which is
made up of MW junction capacitance, MOSCAP, and any metal
interconnects. Unfortunately, over time, leakage currents from the
source/drain junctions through MW slowly destroy the charge. This process
causes the voltage at SN to drift away from its original value - a
phenomenon known as data degradation, and this degradation defines DRT.
Factors like temperature and supply voltage downscaling directly impact
this degradation, and that will be discussed later. The aim of this work is to

minimize data degradation, i.e., maximizing DRT.

For a pMOS-only GC topology, the control bias is changed to
positive so that the Vgs becomes less negative than the threshold voltage of
the MW, and the MW turns OFF. This configuration is favorable because
pMOS transistors leak less than nMOS, thanks to high V1 and lower hole
mobility (pp). Since pMOS passes weak '0', that is the reason for logic ‘0’
degrading much faster than logic ‘1’ in pMOS-only topology.
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2.1.3 Read Operation

The read transistor allows data to be sensed by the sense amplifier
(SA) from RBL, depending on the charge present on SN. To read out the
data, we applied a drain to source (Vps) potential across MR so that MR
turns ON and current can flow. Keep in mind that during write and hold, we
kept Vps equal to zero so that no current would flow through the readout
path even if MR was activated by the SN (gate of MR). Before reading, to
keep Vps of MR zero, both RWL and RBL are either pre-charged (for
nMOS MR) or pre-discharged (for pMOS MR). As the nMOS passes a
strong '0" and the pMQOS passes a strong '1'. Before the read operation, RBL
is pre-charged for nMOS (pre-discharged RBL for pMOS) to enable
changes in RBL to be sensed during readout.

In the read phase, RWL is pulled low (for nMOS MR) or high (for
pMOS MR), and Vps becomes nonzero. For a pMOS-only GC topology, if
SN holds a logic ‘0’, then the gate to source potential (Vgs) of MR becomes
more negative than the threshold voltage, which turns ON MR, and current
will flow from RWL to RBL [45]. This charges RBL, and thus read data as
logic '0'. If SN holds a logic ‘1°, then the Vgs of MR is less negative than
the threshold voltage, and MR remains OFF. No current will flow from
RWL to RBL, RBL voltage will remain at zero, and thus we fetch data as
logic '1'. The schematic waveforms describing GC working for different

topologies are shown in Fig. 2.1.

2.2 Data Retention Time (DRT)

DRT is an important characteristic parameter of volatile memory
because after this time period, memory needs refreshing. In GC, data is
stored as electrical charge on a SN, which degrades over time. DRT is the

time up to which the sense amplifier can read the data correctly [40].
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Fig. 2.2 Three types of leakages that can destroy stored data in a
conventional 2T gain cell [17].

The primary reason for stored data (Vsn) degradation is leakage
through MW and MR. Fig. 2.2 shows the structure of a conventional 2T
eDRAM cell with its three types of leakages [17]:

(1) Subthreshold leakage: The dominant leakage mechanism that
destroys the stored data the most. Even when the MW is OFF, some current
penetrates through its channel. This mechanism weakens both logic '0' and
logic '1".

(2) Gate leakage: In advanced technology, thin gate oxides allow
tunneling current to pass through the gate terminal. This leakage mechanism
weakens one logic and strengthens another. To turn OFF the pMOS MW,
we need a positive voltage at the gate terminal, which charges both logic '0’

(weakens) and logic '1' (strengthens).

(3) Junction leakage: Reverse-biased diodes between drain/source
and substrate leak small currents, especially at high temperatures, which
also weakens one logic and strengthens another [29]. These leakage
phenomena pull the voltage on SN away from its stored state, and if not

refreshed in time, the stored value flips.
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2.2.1 Importance of DRT

The importance of DRT is that power consumption is inversely
proportional to DRT [50]. One might think that if DRT is low, then why not
just refresh more frequently? The problem is refreshing consumes power,
and in GC the total power consumption is dominated by the retention power
due to periodic refreshing. A system/array with many cells, the required
energy for refreshing every few microseconds will be substantial.
Moreover, in low-power systems, where the system spends long idle periods
in sleep or near-zero power modes, a short DRT would lead to unnecessary
wakeups just to refresh memory, and the refresh energy may exceed the
energy used to compute. Therefore, it is always better to improve DRT
rather than refresh more often. Equation 2.1 shows that memory will
consume less power if DRT is high [50]. Hence, DRT is a critical design

parameter that must be understood and optimized.

Erefresh (2.1)

Pretention = Pleakage + Prefresh = Vbplieax + ¢
refresh

1.0
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Time (a.u.)

Fig. 2.3 Storage node voltage (Vsn) degradation of 2T GC after write

operation.
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2.2.2 Method to estimate DRT

There are two popular methods [10], [27] to estimate the data
retention time of a gain cell. One is the threshold voltage-based method, and
the other is the 200 mV differential method. Fig. 2.3 shows the degradation
of the stored information (Vsn) over time. As lower voltage is considered
logic '0" and higher voltage is taken as logic '1', so after a write operation,
the storage node voltage for logic '0" increases and for logic '1' decreases

over time.

2.2.2.1 Method 1 — Threshold Voltage of Read Transistor (MR)

This method [27] is based on determining the rate of decay of the
storage node before a read error occurs. In this method, DRT is defined as
the time up to which the voltage on the SN remains below (for logic ‘0’) or

above (for logic ‘1°) the threshold voltage (Vn) of the read transistor MR.

0.8 — Data 0 e tret 0)
0.7 _\--- Data "1 Hetret (1)
~064 Teeeil
N Y T e T
E 05 - Voo — |Vin, mrl|
G
> 04 -
0.3 A
09 DRT = 38 (a.u.)
0 20 40 60 80 100
Time (a.u.)

Fig. 2.4 Storage node voltage (Vsn) degradation of an arbitrary pMOS-only
GC after write operation and DRT estimation using 1% method [27].
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During read, the current flowing through MR depends on the Vgs)
and Vn. For one stored logic (depending on the type of MR), at the gate of
MR will activate the read transistor ON, which results in a current flow
through MR, and for other logic, MR will remain OFF and no current will
follow. In this way, SA can distinguish between logic '0" and logic '1', and
reading occurs. As an example, a pMOS read transistor will follow current
as long as stored node voltage (Ves, mr) remains below (logic '0") its
threshold value. As leakage changes SN voltage, so logic ‘0’ drifts upward,
and once it crosses the critical point (Vpp - [VTh, mr]), the read transistor
can’t distinguish logic ‘0’ from a logic ‘1’ anymore, and data will be lost.
This method estimated DRT for both logic '0" and logic '1' separately, and
the overall DRT is taken as the minimum of that. Fig. 2.4 shows the Vsy
degradation after the write operation and presents the estimated DRT value
according to this method. This approach is accurate and straightforward for
simulation because it reflects actual read failure conditions, but there is a
limitation to this method. If, just after writing, Vsn for both logic lies either
below or above the critical value (Voo - |V mr|), then MR cannot
distinguish logic '0" and logic '1' levels. That is why alternate method for
estimates DRT is required. In this method, DRT is the time when the voltage
difference between two logic levels reaches a value of 200 mV [10].

2.2.2.2 Method 2 — 200 mV Differential Method

In this simpler approach, DRT is evaluated by tracking how long the
voltage difference between logic ‘1° and ‘0’ stays above 200 mV [10]. It is
assumed that data is still readable as long as there is a voltage difference of
at least 200 mV between logic ‘0’ and logic ‘1’ on SN. This strategy is based
on the assumption that modern sense amplifiers can reliably detect a

potential difference of 200 mV.
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Fig. 2.5 Storage node voltage (Vsn) degradation of an arbitrary pMOS-only
GC after write operation and DRT estimation using 2" method [10].

Fig. 2.5 illustrates the degradation of the stored information over
time and presents the estimated DRT value according to this method. At the
onset of the hold operation, we got a voltage difference (AV) between logic
1" and logic '0". As lower voltage is considered logic '0" and higher voltage
is taken as logic '1', hence after a write operation, the storage node voltage
for logic '0" increases and for logic '1' decreases over time, and AV decreases
over time. DRT estimated as the moment when the voltage difference
between two logic levels reaches a value of 200 mV. In an ideal scenario
this difference should be 0 V to distinguish between logic '0" and logic '1',
but in practice this 200 mV gives a sufficient margin to the sense amplifier
to distinguish between '0" and '1' even if there is any fluctuation. This
method is more conservative and gives safer design margins, which is why
it’s often used in several reports [20], [44], [46]. In this work, this method
is used to estimate DRT.
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2.2.3 Improving DRT

Improving DRT is better approach to minimize frequent refresh. In
a dynamic memory cell like the 2T gain cell, the primary cause of data
degradation is leakage current, particularly the subthreshold leakage
through MW. This current continuously drains the stored voltage on the
floating storage node during the hold state. Therefore, the most direct and
effective strategy for enhancing DRT is to suppress leakage as much as
possible. This includes using transistors with higher threshold voltages [29]
(such as pMOS) and applying reverse body biasing [51] to control V1 such
that MW enters into the hard-off state during hold.
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Fig. 2.6 Impact of leakage and capacitive coupling on storage node voltage

(Vsn) degradation.

Fig. 2.6 illustrates the degradation of the stored information over
time due to leakage. Along with this continuous degradation, there is a
sudden degradation of data at the onset of the hold operation, and this

degradation is because of capacitive coupling (CC).
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Beyond leakage suppression, there are also architectural solutions
that can enhance DRT. Gain cell topologies [14], [19], [39] such as 3TOC,
4TOC, and 5TOC include extra transistors to improve data stability. These
designs improve write/read isolation and enhance retention capabilities.
However, these improvements come at the cost of increased area and
peripheral circuit complexity, which makes them less suitable for dense
arrays or compact on-chip memory macros where space is vital [47]. Fig.
2.7 shows the reported DRT values for different architectures.
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Fig. 2.7 Reported DRT values [14], [16], [18], [19], [20], [39], [43], [52],
[53] of Si GC-eDRAM at different technology nodes.

To address this trade-off, the focus of this work remains on the 2T
topology, which is the most compact among gain cell structures. Instead of
adding extra transistors, this work explores the use of double gate (DG)
PMOSFETS to improve DRT. DG devices offer better electrostatic control
over the channel and significantly reduce subthreshold leakage and
minimize CC effects at the storage node. These properties make them

perfect for extending data retention without introducing any area overhead.
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2.3 Conclusion

The functional behavior of the 2T gain cell memory has been
thoroughly covered in this chapter, with a particular focus on the pMOS-
only configuration. Study started with a general overview of how the gain
cell operates, elaborating it into its three main states - write, hold, and read.
This chapter explored how the stored charge is vulnerable to various leakage
mechanisms. This chapter also had a focus on understanding data retention
time, a critical metric for dynamic memory cells. Two commonly used
methods for evaluating data retention time, based on the threshold voltage
of the read transistor and the 200 mV voltage margin rule, were presented
in detail. The understanding gained from this chapter prepares one for the

next stage of this work.
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Chapter 3
Double Gate based 2T pMOS-only
GC

3.1 Double Gate (DG) p-type MOSFET
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Fig. 3.1 Schematic diagram of a DG-MOSFET.

The increasing need for high-density and low-power digital systems
is driving CMOS transistors to continue scaling into the nanoscale regime
[54], [55]. However, as CMOS technology scales down beyond 28nm,
controlling leakage currents and improving electrostatic integrity become
more challenging due to the occurrence of short channel effects (SCEs)
[56]. Traditional bulk MOSFETSs have higher leakage and threshold voltage
variability due to their poor channel control and increasing SCEs. To

overcome this issue, a multi-gate transistor, specifically a DG-MOSFET
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architecture is used in this work for the design of a 2T gain cell. Compared
to traditional planar CMOS technology, the DG concept can significantly
improve SCE mitigation at shorter channel lengths [57].

Fig. 3.1 shows the schematic of a double gate MOSFET, where the
source and drain are connected at either end of the channel. Unlike single-
gate MOSFETSs (SG-MOSFETS), where the gate controls the channel from
one side, DG MOSFETs employ two gates, a top gate (also known as the
front gate) and a back gate (also known as the bottom gate), to control the
channel simultaneously from both sides. Ve and Vge are the control
voltages at the top gate and at the back gate, respectively. Vs and Vp are the

voltages at the source and the drain terminals.

Table 3.1 Dimensions of DG-pMOS used in this work.

W (nm) L (nm) Tox (nm) Tsi(nm)

1000 28 1.3 7.2

Table 3.1 shows the dimensions of DG-pMOS used in this work,
where W is width, L is the gate length, Tox is oxide thickness of SiO- layer,

and Tsiis the silicon thickness of the transistor.

The utilization of double gates effectively enhances the coupling
between the gate and channel, thereby facilitating the suppression of SCEs
[57]. Furthermore, dual gate architecture creates a symmetric electrostatic
field on the channel, which suppresses unwanted influence from the drain
and source. As a result, DG-MOSFET exhibits reduced off-current,
contributing to overall enhanced performance and efficiency in circuit
design [58]. DG-MOSFETs offers higher ON current and reduced OFF
current, enabling operation at lower supply voltage [59]. Operating at

threshold voltages also reduces the power consumption. Thus, DG-
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MOSFETs can improve DRT in gain cell applications by reducing SCEs

and the off-state leakage current.

10" T—Smuation — WIL=1 28 am[ 9-O
[Vsp| =08V

0.0

1013 T=300K

00 02 04 06 08 1.0
Vsal (V)

Fig. 3.2 Transfer characteristics of DG-pMOS.

As illustrated in Fig. 3.2, simulated transfer characteristics (Isp vs
Vsc) of DG-pMOS transistor. The simulation [60] included field,
concentration and temperature dependent carrier mobility besides module
for generation-recombination and quantum confinement effects.

Temperature dependent carrier lifetime was also considered.

Two important parameters for transistor are on-current (lon) and off-
current (lorr). lorr is a source to drain current (Isp) when source to gate
voltage (Vsg) at 0 V and source to drain voltage (Vsp) at Vpp. In this work,
Voo is equal to 1 V. lon is a source to drain current (Isp) when source to
gate voltage (Vsg) and source to drain voltage (Vsp) at Vopp.

Mathematically, the same can be expressed as
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IOFF = ISD @ (VSG == O % and VSD = VDD (31)

Ioy = Isp @ (Vsg = Vsp = Vpp (3.2)

The most significant advantage shown in the above plot (Fig. 3.2) is
that the DG-pMOS device achieves almost twice the lon compared to the
SG FDSOI [61]. This means that the DG transistor will finish the transition
more quickly during a write operation when a logic value needs to be stored
on the floating storage node of the gain cell. This leads to a significant
improvement in the write speed capability of the device. Furthermore, the
lorr in DG-pMOS is decreased by nearly two orders of magnitude in
comparison to SG FDSOI [61]. This reduction is extremely helpful during
the hold phase, where subthreshold leakage has to be minimized to maintain
the voltage level on the SN. The main aim of this work is improving data
retention time, which increases with the duration of the SN able to preserve
its value. The next sections will investigate the utilization of this DG-pMOS
device in 2T pMOS-only gain cell design and way of enhancing DRT

through effective biasing.
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3.2 Double Gate 2T pMOS-only Gain Celli

3.2.1 Introduction to DG 2T pMOS-only GC

This section presents the proposed gain cell (GC) architecture which
utilizes the advantages of a double gate (DG) 2T pMOS-only configuration.
The cell is designed to reduce leakage, suppress capacitive coupling, and
extend DRT without significantly increasing the area beyond the classical

2T footprint.
\ RBL

WBL

.

BG

RWL,

1 _RrRwWL

Fig. 3.3 Schematic representation of double gate 2T pMOS only gain cell.

Fig. 3.3 shows the suggested architectural schematic of DG 2T
pMOS-only gain cell. The fundamental design is still the same as that of a
traditional 2T gain cell. It consists of a MW and a MR, with the SN in
between. Both transistors are implemented using double gate pMOS and
connected such that the front and back gates of every device can be
independently biased to optimize leakage control and capacitive behavior.
The MW on the left is controlled by WWL; (front gate) and WWL. (back
gate). The front gate of MR is connected with SN. During read, MR is
controlled by RWL (source) and RWL: (back gate). A single SN connecting

MW and MR, storing logic ‘1’ or ‘0’ depending on the last write operation.
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The WBL provides data for writing, and from the read bit line RBL the data
can be fetched. This cell is fully compatible with standard logic CMOS and
offers scalable leakage control using the double gate structure. The use of
pMOS-only transistors reduces gate and subthreshold leakage.

3.2.2 Working of DG 2T pMOS-only GC

3.2.2.1 Write Operation

WWL, A RBL
4
ol .

RWL

Fig. 3.4 Schematic representation of DG 2T pMOS-only GC showing write

and read paths.

Fig. 3.4 illustrates schematic with write and read paths of DG 2T
pMOS-only GC. In a 2T gain cell, writing a bit involves turning ON the
MW and transferring available write bit line voltage (data) to the SN [45].
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Logic ‘1" Write o —QV

Write operation

Fig. 3.5 Bias representation of DG 2T pMOS-only GC during write

operation.

In DG 2T pMOS-only GC, the write operation is enabled by
activating both WWL1 and WWL: (pulling them LOW for pMOS) to turn
ON the MW. To write logic ‘1°, WBL is pulled to Vpp (=1 V), and SN is
pulled toward the Vpp through the conducting MW. Similarly, to write logic
‘0’, WBL is grounded to 0 V, and SN is pulled down to a level near ground.
As shown in Fig. 3.5, WWL and WWL are pulled to -1 V to ensure strong
conduction through MW. This helps write the data very fast. Meanwhile,
the MR remains OFF since RWL: is held high and also zero potential
difference between RWL and RBL (Vsp, mr) makes sure no current will
flow through MR.

35



3.2.2.2 Hold Operation

Logic ‘0" Hold
WWL, , \RBL

T 1vl oV

WBL
1V MW SN
—q| MR p—{RWL;
oV —_r : 1V
1V i
WWL, ‘TCSN
Logic ‘1" Hold =m0V

Hold operation

Fig. 3.6 Bias representation of DG 2T pMOS-only GC during hold

operation.

Once the data is written to the SN, the write word lines WWL and
WWL, are deactivated (set to 1 V, which is high for pMOS and thus turns
MW OFF). At the same time, RWL is also high to turn OFF MR (Fig. 3.6).
This isolates the SN completely, allowing it to retain its charge on the

storage node capacitance Cs.

This mode is highly sensitive to leakage and capacitive noise. Here
the pMOS-only configuration becomes favorable because pMOS transistors
leak less than nMOS due to their higher V1 and lower pp. Furthermore, due
to the double gate pMOS structure, an independent bias at WWL, can

further increase the Vrn of the MW transistor and suppress leakage.

36



3.2.2.3 Read Operation

Logic ‘0’ Read
9 WWL, _A|RBL
1V | Loy
|
|
WBL
1V MW SN :Read
RWL,
T L Y
|
1V i I
WWL, TCSN :
: |
Logic ‘1" Read Es san 11V
R LI

Read operation

Fig. 3.7 Bias representation of DG 2T pMOS-only GC during read
operation.

As shown in Fig. 3.7, to perform a read, a drain to source potential
is applied across MR in order for current flow, and at this time WWL. and
WWL. remain high (MW is OFF). The read word line (RWL) pulled HIGH
(1 V), keeping RBL at 0 V. If SN holds a logic ‘0’ (0 V), then the Vs of
MR becomes more negative than the threshold voltage, which turns ON
MR, and current (Ips) will flow from RWL to RBL. This charges RBL, and
thus read data as logic '0". If SN holds a logic ‘1’ (1 V), then the Vgs of MR
remains less negative than the threshold voltage, and MR stays OFF. No
current will flow from RWL to RBL, RBL voltage will remain at zero, and
thus data read as logic '1'. This operation ensures no disturbance to SN

during read because of two port compatibility.

37



3.2.2.4 Timing Diagram

Write ‘0’ Hold  Read ‘0" Write 1’ Hold  Read ‘1’
1V 1V
Vgl LOY_0V ]| ov [ jov
1V 1V
VWWL1 oV lov
VivwL2 AV 1V
057V 1v 117V
o) 0V OV '
o Vg VOV p= o 0V |
S 1V | 1V
= Vg lov_ov [ lov ov |
1V 1V
Vewi 2oV ] lov |
Vel |2V v

0 1 2 3 4 5 6 7 8 9 10
Time (ns)
Fig. 3.8 Timing diagrams demonstrating DG 2T pMOS-only GC

operations.

The timing diagram in Fig.3.8 displays voltages over time for WBL,
WWL1, WWL,, SN, RWL, RWL,, and RBL during a complete Write —
Hold — Read sequences for both logic ‘0’ and logic ‘1°. During the write
operation, Vwwe1 and Vwwez =-1 V turn ON MW, and SN is driven to 0 V
for logic ‘0’ (VweL =0V)and to 1 V for logic ‘1’ (VweL = 1 V). In the hold
operation, Vwwi1 and Vwwi2 = 1 V turn OFF MW, and SN is expected to
remain data. SN drifts the data over time because of leakage and capacitive
coupling. One can notice that although 0 V is written for logic '0', but at the
onset of hold, SN voltage instantly degraded to a higher value such as 0.57
V. This is because of capacitive coupling. The detailed analysis has been
present in the next section. For read '0' operation, MR turns ON and RBL

charges towards 1 V.

38



3.2.3 Capacitive Coupling (CC)

1.0

— Logic '0"
- = Logic'1’

v Data degradation due
: to capacitive coupling

\Y

0 100 200 300 400 500
Time (a.u.)

Fig. 3.9 Impact of capacitive coupling (CC) on storage node voltage (Vsn)
at the beginning of hold state.

In nanoscale CMOS circuits, capacitive coupling is an important
phenomenon that refers to a voltage change in one node affecting the
voltage of an adjacent node through a parasitic capacitor [62]. The impact
of CC is most prominent right after a write operation, at the beginning of
the hold phase. The Fig. 3.9 shows logic ‘0’ on SN has a sharp voltage level
jump. This degradation is not gradual and cannot be assigned to leakage
currents. Instead, it is the result of rapid gate voltage transitions, particularly
when WWL or RWL switches states. This sudden jump compromises the
voltage difference (AV) between logic levels and reduces DRT. Thus,
suppressing CC becomes an essential strategy for enhancing retention.
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Capacitive coupling refers to the unintentional transfer of electrical
energy between two nodes without having any direct electrical connection
between them [63]. This transfer occurs due to the presence of parasitic
capacitance between the nodes, where a voltage transition at one node
induces a voltage shift at another node. The coupled voltage can be

approximated by ohm's law-based equation 3.3, which represents larger bias

changes over shorter timescales (‘;—‘:) induce higher capacitive coupling.

Veouptea = (c i—Z)R (3.3)
WWL RBL
C
--.C1
S - -
B %\
WBL MW \|'| 1
- - S MR
1SN
\ —
\\ S
C! F--{rmt

Fig. 3.10 Schematic of a 2T GC with the coupling capacitances between
SN, WWL, RBL, and RWL [62].

MOSFET contains many parasitic capacitances, but here the
schematic highlights 3 major parasitic capacitances that are directly
connected to the storage node and other control nodes (Fig. 3.10). In gain
cells, the SN is surrounded by several control and data lines, such as WWL,
RWL, and WBL — all of which are capable of coupling the charge on the
SN during transitions. The effect of CC is that if a node voltage changes

rapidly, then it induces a change in the storage node voltage [63].
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Fig. 3.11 Impact of capacitive coupling on storage node voltage during

transitions of control node biases [63].

The Fig. 3.11 above illustrates the effect of CC on SN voltage
throughout memory operation. During write, a lower WWL voltage
activates the pMOS MW, and SN voltage is driven to VwsL. At the onset of
the hold operation, when we increased the WWL voltage to turn OFF MW,
then some voltage is induced through gate to drain capacitance (Cqq) into
the storage node. When the RWL bias is changed to read the data, it again
coupled an unwanted shift on storage node voltage [63]. This phenomenon
is captured by the following mathematical models [62], which conclude a
larger change in control node biases (such as AVwwe and AVrwi) results in

a larger change in storage node voltage (AVsn).

c1
C1+C2+C3

(3.5)

Ay = —22

=—— AV,
c1+c2+c3 ~ RWL

41



Write Hold Read
- -

-
Voywe —0V TV
| -1V
Write ‘17 1V
Vel L0V *Write of ... oV ...

-------------------
---------

o)
@
= Ven|—QV : 0V F5E7V! 0.73V Read ‘O’
=

Vewe j—2Y l v
Vge |0V oV
o 1 2 3 4 5
Time (ns)

Fig. 3.12 Timing diagrams demonstrating capacitive coupling in 2T GC.

The impact of CC on SN is visualised in timing diagrams during
memory operation [55]. Fig. 3.12 presents a timing chart showing the
changes in SN voltage when transitions happen on various control nodes
during write, hold, and read phases. During the write operation, 0 V for
logic '0" and 1 V for logic '0" were successfully written, and after that at the
beginning of hold operation the value increased due to CC. The violet
highlighter represents CC due to WWL voltage changing, and the blue one
represents CC due to change in RWL voltage. At the beginning of the hold,
WWL is switched from -1 V to +1 V. This 2V change couples charge onto
SN, causing it to jump from OV to 0.57 V for logic '0' and from 1 V to 1.17
V for logic '1'. Again, due to a 1 V change in RWL at the beginning of the
read operation, SN shifts to 0.73 V for logic '0' and to 1.26 V for logic '1".

In summary, capacitive coupling is a critical challenge for
maintaining robust DRT in 2T gain cells. It causes immediate SN
disturbance at every transition point, particularly at the start of hold and
activation of read. As nodes scale, parasitic capacitances become more
prominent due to reduced dimensions, making CC effects more pronounced

when technology is scaled.

42



3.3 Approach to Enhance DRT

Enhancing data retention time in a 2T gain cell design requires a
specific understanding of how charge is lost from the storage node. As
discussed in earlier chapters, DRT essentially depends on the leakage
through MW, along with the parasitic capacitive coupling effects that

disturb the stored voltage.

3.3.1 Motivation

The motivation behind this work arises from a fundamental question
— Can DRT of a 2T gain cell be further improved, especially in advanced
technology nodes like 28 nm? Although several device topologies [14],
[39], including reverse body biasing [64] schemes and hybrid architectures
[19], have tried to address DRT degradation, the maximum reported DRT
at 28 nm remains limited to roughly 32 pus at 300 K and 3.2 ps at 358 K.

< 107 TR

= 400] 270C DRAM

2 10-

= 102 CanDRTbe  [93]

[ 10 3 improved? [53]1
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T 1041 [20]
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Dq:) 10'6 [52] e T3 [16]
10-°+
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Fig. 3.13 Reported DRT values [16], [19], [20], [43], [52], [53] of 2T GC

eDRAM at different technology nodes.

As shown in Fig. 3.13, which plots reported DRT values across

technology nodes, DRT improves slightly with larger nodes due to reduced
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leakage (as in 55 nm and 65 nm implementations). However, to achieve
compact memory, it is important to optimise designs within more advanced
technology, such as the 28 nm node. In this context, the objective of this
thesis is to use a double gate (DG) pMOS-based 2T gain cell to achieve
higher DRT. By using independent gate biasing, the DG structure can

significantly reduce leakage current which can enhance DRT.

3.3.2 Two-Step Approach to Enhance DRT

Enhancing DRT requires minimizing the degradation of the voltage
stored on the storage node. In 2T gain cell, this degradation is mainly caused

by two effects:

(1) Capacitive coupling from word lines, especially during

switching events.

(2) Subthreshold leakage current through the write transistor during
the hold operation. The following section describes a two-step approach to

address both capacitive coupling and leakage.

3.3.2.1 Step 1 — Maximize the voltage difference (AV)
The Fig. 3.14 (a) shows the typical degradation profile of SN voltage

in a 2T gain cell without any optimisation. Here, both logic '1' and logic '0’
begin at their respective post-write levels, but the voltage difference (AV)
between the two logic levels is not the same as pre-write levels. The second
chapter already covered how capacitive coupling and leakage cause this
voltage difference to decrease over time, and DRT can be estimated as the
time when this voltage window reaches a level equal to 200 mV (method
2). In order to increase the time required to reach a level of 200 mV, our
first step is to maximize this AV level (Fig. 3.14 (b)). This can be achieved
by reducing capacitive coupling. When CC is suppressed, the initial data

degradation (AVsn) is also reduced, which results in maximizing the AV.
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Fig. 3.14 Approach to enhance DRT — (a) a typical Vsn degradation with
lower voltage difference (AV), (b) Vsn degradation with increased voltage
difference (AV), (c) a pre-optimized Vsn degradation with higher slope, and
(d) an optimized Vsn degradation plot having reduced degradation slope

along with increased voltage difference (AV).

3.3.2.2 Step 2 — Lowering the data degradation slope (dVsn/dt)

The second step is minimizing the data degradation slope along with
maximizing the AV, so that it reduces the rate at which AV decreases. When
the degradation rate of the AV is kept to a minimum, it will take more time
to reach a level of 200 mV, which significantly enhances DRT. This step
can be visualized in Fig. 3.14 (c) and Fig. 3.14 (d).

This two-step approach, first reducing capacitive coupling to
maximize the voltage difference between two logic levels and second
suppressing leakage to slow down voltage drift, forms the foundation of
enhancing DRT in the proposed DG 2T pMOS Gain Cell.
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3.4 Enhancing DRT - Bias optimization

The previous section introduced a two-step strategy for improving
data retention time (DRT):

(1) Reducing capacitive coupling (CC).
(2) Suppressing leakage current.

This section will look at how adjusting the voltages applied to
various nodes, particularly the write word lines (WWL1, WWL>) and write
bit line (WBL), impacts our two-step strategy and thus influences overall
DRT.

3.4.1 Optimizing WWL node bias

The first step is reducing CC, and that can be carried out by carefully
optimizing write word line node bias. The write word lines WWL; and
WWL. are connected to the front and back gates of the double gate pMOS
MW. These nodes play a key role in enabling the write operation, but they
also influence CC during switching. The WWL node needs to be biased in

such a way that the following two conditions are satisfied:

(1) Allow full-swing voltage to be written on the SN with very fast access
time. It enables reliable logic ‘0’ and ‘1’ voltage on the SN without
having any threshold voltage drop.

(2) Minimize the CC by reducing abrupt voltage change at the WWL node
during switching (write-to-hold transition). This maximizes the AV.

Moving forward with the first requirement, i.e., writing full-swing
voltage to SN, the write transistor needs to be turned ON, and for that,
applied WWL voltage should be greater than its V1n. Back gate bias has an
influence on the threshold voltage of MOSFET [65]. Fig. 3.15 shows
threshold voltage as a function of back gate bias (Veg). VTh can be extracted

by many methods, such as constant current, transconductance-to-current
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(gm/lps) ratio, and the linear extrapolation method [66]. In this work, the
constant current method has been used to extract V', as the gate voltage
corresponds to a defined threshold current (Ith). The mathematical equation
to determine Vi is as follows:

Iy, = (%) 100 nA (3.6)
Vrn = Vs @ Isp = Iy, (3.7)
0.0
28 nm dual gate pMOS
-0.2 - VDS =50 mV
T =300K
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Fig. 3.15 Impact of back gate bias (Vsg) on threshold voltage (V).

Fig. 3.15 illustrates that Vtn is nearly equal to -0.4 VV when both
gates (WWL; and WWL>) are tied, and when the back gate (WWL.>) is
grounded and only the front gate (WWL.,) is active, VT is equal to -0.7 V.
Since MW is a p-type device, it will turn ON when gate voltage is more
negative than V1. Hence, to perform a proper write operation, WWL1 must
be lower than -0.7 V (VwwL1 = -1 V while keeping Vwwr2 = 0 V). This
guarantees MW turns ON and allows a full-swing write operation.
However, this introduces a new problem. During the hold state, WWL 1 must
be brought back to a high voltage (typically to Vop=1 V) to turn MW OFF.
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This transition from -1 V to +1 V creates a 2 V swing, which couples
strongly into SN and minimizes AV. The result is shown in Fig. 3.16, where
the SN experiences a sharp voltage change due to high CC. Here, the
difference between logic ‘0’ and logic ‘1’ is AV = 0.48 V, and the estimated
DRT is only 65 us due to the strong CC disturbance.
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coupling (CC)
Fig. 3.16 Pre optimized Vsn degradation of DG 2T pMOS-only GC

following write operation.

It is important to note that when Vwwe1 = -0.4 V and Vwwi2 = -0.4
V, then also the problem exists. Although this transition from -0.4 V to +1
V creates a lower voltage swing of 1.4 V, but now it has the coupling on SN
from both of the gates. Using both gates (WWL: and WW.Ly)
simultaneously during writing adds more coupling paths [62]. Hence,
Vwwi2 is fixed at 0 V (grounded) and control MW using only WWL1. The
mathematical models for capacitive coupling are shown in equations 3.8

and 3.9, which conclude that a larger change in write word line biases (such
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as AVwwi1 and AVwwe2) results in a larger change in storage node voltage
(AVsn) and minimizes AV.

AVsy = C1+C2+C3+C4 AVwwia (38)
AVsy = C1+C2+C3+C4 AVwwia (3.9)
WWL, RBL

WBL

WWL, 1 RwL

Fig. 3.17 Schematic of a DG 2T pMOS-only GC with the coupling
capacitances between SN, WWL1, WWL., RBL, and RWL.

Moving forward with the second requirement, i.e., reducing CC and
improving DRT, the voltage swing on WWL1 need to be decreased. From
the threshold voltage curve (Fig. 3.15), it is clear that MW turns ON at
around Vwwe1 = -0.7 V while keepingVwwi2 = 0 V. Therefore, instead of
using -1 V, set Vwwe1 = -0.7 V, which is just enough to write data while
still turning off with a smaller voltage swing (from -0.7 Vto+1V =17V
swing, instead of 2 V). The result is shown in Fig. 3.18, where the SN now
experiences less voltage change due to reduced CC. Here, AV increases
from 0.48 V to 0.57 V, giving more sensing margin, and DRT improves to

102 ps from 65 ps.
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Fig. 3.18 Vsn degradation with optimized WWL node bias.
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Fig. 3.19 (a) Change in storage node voltage at the beginning of hold

operation under different bias, and (b) Written voltage level for logic ‘0’ on

storage node under different bias conditions.

Fig. 3.19 provides a trade-off perspective between capacitive
coupling and write strength. The left plot (Fig. 3.19 (a)) shows the variation
of AVsn with Vwwii for several fixed values of Vwwio. A lower AVsy is
desirable because it implies less capacitive disturbance during the write-to-

hold transition. When Vwwu2 is high, such as 0.5 V or 1 V, AVsn remains
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low because the total coupling from MW is reduced due to reduced back
gate participation. This suggests that higher WWL.2 bias helps to reduce CC,
but this comes at a cost. The right plot (Fig. 3.19 (b)) shows how well logic
‘0’ is written onto the SN for different Vwwi1 values, again under five
WWL, voltage conditions. A lower SN voltage after writing logic ‘0’
indicates stronger writing, which is essential for full-swing memory
operation. When Vwwu2 is high (e.g., 1 V or 0.5 V), the SN does not reach
a proper ‘0’ level even when Vwwui1 IS very negative. This is because the
back gate is pulling the channel in the opposite direction, increasing the
threshold and weakening MW’s conduction. The best trade-off occurs
where Vwwe2 =0V and Vwwe1 =-0.7 V. This ensures a full-swing logic ‘0’
write while maintaining moderate capacitive coupling. Therefore, Vwwi1 =
-0.7 V and Vwwi2 = 0 V are selected as the optimized WWL bias for our 2T
pMOS-only DG Gain Cell.

Using a higher negative WWL. bias (like -1 V) ensures strong
writing but introduces high CC. On the other hand, using a less negative
WW.L: bias (like -0.7 V) slightly reduces write strength but significantly
improves DRT by reducing CC. The Fig. 3.18 also shows data degradation
slope of 1.663 V/ms which needs to be minimized to improve DRT further

and for this WBL bias need to be optimized.

3.4.2 Optimizing WBL node bias

After optimizing the WWL node to reduce CC, the next important
step in enhancing DRT is minimizing the leakage current that causes a slow
degradation of the stored data over time. This can be effectively achieved
by optimizing the write bit line bias. During the hold phase, the MW is OFF,
and SN is left floating. However, there is a voltage difference between the
WBL and SN (a non-zero Vsp across MW), resulting in leakage current
flowing through the MW transistor. This causes a slow but continuous
degradation of SN voltage, reducing DRT. When Vsp (= VwsL - Vsn) is
minimized by choosing the WBL voltage during Hold, the leakage can be
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suppressed and improve retention further, which leads to best-case

retention.
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Fig. 3.20 Vsn degradation of logic ‘0’ with three fixed WBL node bias.

The idea is to fix the WBL voltage during hold to a level that
minimizes the voltage difference between SN and WBL. This minimizes
the leakage current through MW. However, this also requires careful
balancing, because in a practical gain cell, one logic tends to degrade very
quickly. For pMOS-only designs, logic '0' tends to degrade faster.
Therefore, a focus on optimizing logic ‘0’ retention is needed. Different
choices of WBL bias lead to either worst-case or best-case retention
behavior. The worst-case scenario occurs when WBL is pulled opposite to
SN logic, i.e. set to a voltage level that maximizes Vsp. For example, if SN
stores logic ‘0°, set WBL to 1 V, and if SN stores logic ‘1°, set WBL to 0
V. This high potential difference results in significant subthreshold leakage
through MW and causes rapid degradation of the SN, as shown by the steep
slope in Fig. 3.20. The best-case scenario is achieved by fixing WBL at a

level that minimizes Vsp for both logics.
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To understand how fixed WBL bias affects leakage and DRT,
simulation results are shown in Fig. 3.20. The WBL voltage during hold
was swept across three fixed values: 1.0V, 0.9V, and 0.8 V. At VweL = 1.0
V, the voltage difference (Vsp) across MW is large, leading to high leakage
and a fast SN degradation slope (dVsn/dt) = 1.663 V/ms. At VweL =0.9V,
leakage reduces, and the slope decreases to 0.044 V/ms. At VweL = 0.8V,
leakage is minimal, and the slope drops to a very low value of 0.001 V/ms

— an improvement of 3 orders of magnitude.
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Fig. 3.21 Optimized Vsn degradation of DG 2T pMOS-only GC following

write operation.

Fig. 3.21 shows that fixing WBL at 0.8 V during hold operation
drastically reduces leakage current and minimizes the SN degradation slope,
and DRT increases to 38 milliseconds. The analysis confirms that WBL
biasing is a powerful tool to suppress leakage and enhance retention nearly
by 1000x [40].
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3.4.3 Optimizing RWL and RBL node biases

RWL and RBL node biases have less influence on DRT because
these nodes are isolated from the SN by the read transistor. Hence,
optimizing of RWL and RBL node bias is required to improve read access
time (RAT).

During the write and hold operations, the read path should remain
OFF. To ensure this, the drain to source voltage (Vps) of MR is kept at 0 V,
so that no leakage is introduced through the read transistor. For this we can

consider two scenarios:
(1) Setting both RWL and RBL nodes at 0 V.

(2) Setting both RWL and RBL nodes at 1 V, again ensuring zero
Vps.

During read operation, RWL is pulled high (for the 1 scenario) or
pulled low (for the 2" scenario), which creates a change in RBL, and thus
reading happens. Although both cases are acceptable, but the first option is
preferable for pMOS read transistors as pMOS passes a strong '1' and a
weak '0". In read phase, when RWL is changed to 1 VV from 0 V, it creates a

change in RBL very quickly and thus improves read access time.

3.5 Benchmarking

The optimized results are compared with other reported works as
shown in Fig. 3.22. Based on the proposed design and optimization using
independent gate biasing, the final result shows a significant enhancement
in DRT of the 2T topology. Estimated best case data retention time is 38 ms
at 300 K and 300 ps at 358 K.
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Fig. 3.22 Benchmarking of reported Si GC-eDRAM at different technology
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3.6 Conclusion

The double gate 2T pMOS-only gain cell has been thoroughly
studied in this chapter, with a focus on improving data retention time.
Discussion started with the basic device behaviour of the double gate
PMOSFET, focusing on its enhanced electrostatic control and lower leakage
than single gate devices. The architecture of the DG 2T pMOS-only gain
cell was introduced, followed by a step-by-step explanation of its write,
hold, and read operations. Key physical phenomena such as capacitive
coupling and subthreshold leakage were identified as critical barriers to

achieving long retention times. To address these issues, a two-step
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enhancement strategy, involving (1) minimizing capacitive disturbances
through optimized word-line biases and (2) suppressing leakage currents by
carefully fixing the write bit-line during the hold phase, has been analysed.
Detailed simulation results confirmed that this approach significantly

improves the DRT from 65 ps to 38 ms.
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Chapter 4
Impact of Supply Voltage and

Temperature

As technology scales down and low-power operation becomes more
important, lowering the supply voltage has become a popular way to
minimize dynamic power consumption. Voltage scaling in digital and
embedded memory systems not only helps to lower the total power budget
but also enables compatibility with energy-constrained platforms including
wearable electronics, biomedical implants [28], portable devices and loT
sensors [48]. This chapter investigates the impact of downscaling the supply
voltage and increasing temperature on the data retention time of the

proposed double gate 2T pMOS-only gain cell.

4.1 Impact of Vpp scaling on DRT

Scaling Vop is an effective method for reducing dynamic power, as
the power (P) consumed is proportional to the square of Vpp i.e., P < Vpp’
[5]. In energy-sensitive applications where battery life is critical, this
method is especially helpful. However, voltage scaling has a negative
impact on memory behavior, especially for gain cells or embedded DRAMs,
as it deteriorates sensing margins, makes it harder to write full-swing data,

and exacerbates leakage behavior [27].

One critical reason for the degradation in DRT is the increase in
leakage in the gain cell during hold. It seems that if supply voltage is scaled
down, then Vsp of MW is reduced and leakage current also decreases. But
in this case, it is not true, because scaling down not only changes the

horizontal electric field (source to drain) but also the vertical electric field
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(gate to channel). As a result, lower positive voltages at the WWLs (gates
of MW) terminal during the hold state prevent the MW from entering a
hard-off state. In pMQOS devices, entering a strong cut-off state requires Vsc
to be sufficiently positive. When Vpp is reduced, the voltage difference
between the gate and source terminals becomes smaller, which weakens the
off-state behavior of the pMOS. As a result, subthreshold leakage increases,
leading to faster charge loss from the storage node and significantly

reducing the retention time.

Another critical reason for the degradation in DRT is the decrease
in AV. As supply voltage is reduced, one of the immediate effects is the
decrease in the full-swing write voltage. With Vpp = 1.0 V, the write bit line
alternates between 0 V and 1 V, so enabling a complete swing of 1 V to be
applied to the SN. As a result, the SN is written with an accurately distinct
‘0’ and “1’, ensuring a longer DRT. However, when Vpp is scaled down to
0.7 V, the WBL now operates between 0 V and 0.7 V, reducing the voltage
swing to just 0.7 V. This restricts the distinguishability between logic ‘1’
and logic ‘0’, so lowering the AV and hence lowering the DRT.

1.0 T=300K —xon;-gﬁ
0.9 T---__ V=08V
0.8 _ ---"'"-...___VDD=O-7V
> 0.7 -
&
> 0.6 =
0.5
04 -
0.3 ' '
103 102 10-1 100

Time after write (s)
Fig. 4.1 Vsn degradation at four different supply voltages at 300 K.
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The stored voltages degrade faster when the write swing is lowered
and leakage is increased. Fig. 4.1 illustrates these issues, where the
degradation of the storage node voltage is plotted for different supply
voltages between 1.0 V and 0.7 V at room temperature (300 K). This plot
clearly highlights how aggressively retention time reduces as Vpp is scaled.
At Vpp = 1.0 V, the cell achieves the maximum DRT of 38 ms. At Vpp =
0.9V, retention drops to 18.1 ms, which is roughly a 50% degradation. With
further scaling to 0.8 V, DRT shrinks to 6.7 ms, a 5.7x reduction compared
to 1.0 V. At Vpp = 0.7 V, the DRT drops drastically to just 2.0 ms, nearly a

20x reduction from the baseline.

Table 4.1 Impact of supply voltage (Vop) scaling on DRT at 300 K.

Supply Voltage | Difference Window | WBL Bias DRT
[Voo] (V) [AVt=0] (V) V) (ms)
1.0 0.58 0.8 38.0

0.9 0.52 0.7 18.1

0.8 0.48 0.6 6.7

0.7 0.45 0.5 2.0

Supply voltage scaling poses a significant problem for memory
retention even though it is advantageous from a power-saving point of view.
From the analysis above, it is clear that downscaling Vpp in a gain cell
memory directly reduces the data retention time for several reasons —
reduced full-swing write, poor pMOS off-state, increased leakage, and

lower sensing margin.
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4.2 Impact of higher temperature on DRT

In practical case, electronic circuits including embedded memories
do not run at perfect room temperature conditions. While most simulations
and characterizations start at 300 K (27°C), actual conditions can differ. As
a device heats up, its threshold voltage reduces, which makes the
subthreshold leakage current rise. The leakage contributes to even more
heat, and consequently, the temperature rises further. Because of this,
memory arrays usually work at temperatures well above room temperature.
Simulating and analyzing the behavior of our DG 2T pMOS-only gain cell
at high temperatures is crucial to fairly estimate its DRT. Thus, the present
work investigates performance criteria at T = 358 K (85°C), a reasonable

upper limit for modern CMOS technology under continuous operation.
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Fig. 4.2 Transfer characteristics of DG pMOS at different temperatures.

Vsp| = 0.9V
DG pMOS WIL = 1 um/28 nm

60



To understand the impact of temperature on memory performance,
this study starts with the transfer characteristics (Isp vs Vsg) of the pMOS
write transistor. The simulated curves (Isp vs Vsg) at 300 K and 358 K for
a 28 nm double gate pMOSFET are plotted against each other in Fig. 4.2.
The most noticeable change is the rise in Isp at higher temperatures. As
temperature rises, thermal excitation also increases, and thermal energy
helps excite more intrinsic carriers. As a result, threshold voltage reduced
and leakage currents increased. The results show OFF current is increased
by a magnitude of almost two orders when temperature changes from 300
K to 358 K.
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Fig. 4.3 Optimized Vsn degradation of DG 2T pMOS-only GC at two

different temperatures.
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The Fig. 4.3 represents SN voltage degradation at 300 K and 358 K
for a 28 nm DG pMOS-only GC. The red curve corresponds to nominal
room temperature operation where leakage is minimal. Hence, a relatively
flat Vsn degradation slope of nearly 0.001 VV/ms and a higher DRT of 38
ms. However, the degradation of Vsn is much steeper at T = 358 K, even
under the same biasing conditions. The steeper Vsn degradation slope of

0.113 V/ms results sharp drop in the data retention time to just 300 ps.

Table 4.2 Impact of higher temperature on DRT at Vpp =1 V.

Temperature | Difference Window | Degradation Slope DRT
[T] (K) [AV]t=0] (V) [dVsn/dt] (V/ms) (ms)
300 0.58 0.001 38
358 0.49 0.113 0.3

One key observation is that even the logic '1' (dashed curve) begins
to slope downward as compared to room temperature. Previously, even
when the bias of several nodes changed, logic '1' was mostly immune to
degradation at fixed room temperature. This highlights that, although logic
‘0’ still degrades more rapidly due to the weaker strength of pMOS to write
zero, both logic states suffer at higher temperatures. The second major
noticeable point is that lowering the AV. Higher temperatures also worsen
short-channel effects and parasitic coupling, which means a small voltage
transition in adjacent control lines can now significantly disturb the SN
voltage. The effective sensing voltage window level decreased to 0.49 V
from 0.58 V as the temperature increased to 358 K from 300 K. As a
combined effect, DRT reduces to 300 ps from 38 ms when the temperature
rises to 358 K from 300 K.
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4.3 Impact of Vpp scaling at 358 K

This section investigates the combined impact of low supply voltage
and high temperature on the performance of a 2T DG pMOS-only gain cell.
Fig. 4.4 below shows the combined effect of Vpp scaling and high
temperature (T = 358 K) on DRT. At Vpp = 1.0 V, the gain cell retains data
for about 320 ps, but drops sharply to 30 ps when Vpp is reduced to 0.7 V.

360
300

g 240

— 180

Y

0O 120
60

DG 2T pMOS-only GC
T=358K 300 usf

0.7 0?8 0?9 1.0
Supply Voltage (V)

Fig. 4.4 Impact of supply voltage scaling on DRT at 358 K.
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4.4 Conclusion

This chapter focused on exploring the robustness of the proposed
DG 2T pMOS-only gain cell under two critical conditions — supply voltage
scaling and temperature elevation. It begins with motivation for Vpp
scaling, which is central to low-power design, especially in portable and
embedded systems. Then the impact of high temperature is also discussed.
Finally, combining both effects, this chapter demonstrated the challenges of
low supply voltage and high temperature operation for DRAM as DRT falls

below 60 ps in the worst-case situation.
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Chapter 5

Conclusion and Future Work

5.1 Conclusion

This thesis explores an effective approach to enhance DRT by using
Double Gate (DG) pMOSFETSs within a 2T pMOS-only GC structure at the
28 nm technology node. The work started with a basic understanding of gain
cell operation and focused on addressing two major DRT limiting factors

— capacitive coupling and subthreshold leakage.

A major highlight of this work is the use of independent-gate control
to minimize capacitive coupling and subthreshold leakage. This work
discussed a two-step DRT enhancement approach. First, minimizing
capacitive coupling by independent gate bias operation, so allowing a larger
voltage difference (AV) between two logic levels. Second, suppressing
leakage by WBL bias tuning, so significantly lowering the data degradation
rate. Simulation results confirmed that this approach significantly improves
the DRT from 65 ps to 38 ms.

The work also analyzes the effects of higher temperature operation
and supply voltage (Vop) downscaling. After careful optimization, the
obtained results exceed those reported in the literature. The work highlights
the importance of GC optimization to improve DRT. Also, independent gate
operation can utilized to further improve the performance of silicon based
GCs at advanced technology nodes.
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5.2 Future Work

Although the main goal of this thesis work was to enhance data
retention time, the read access time is remains one important performance
parameter needs to be improved. Read access time is directly related to the
time required for the read transistor to charge or discharge the read bit line
when it is turned on. To achieve this, future work can explore the

optimization of read transistor.
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