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ABSTRACT

A CRITICAL ASSESSMENT OF REALIZING CAPACITORLESS DRAM
WITH INNOVATIVE RECONFIGURABLE MOSFETS

The evolution of transistor architecture from conventional planar to three-dimensional
vertical nanosheet or nanowire coupled with innovation through low power Silicon-on-Insulator
(SOI) technology has largely contributed to enhancing transistor density in modern chips. Despite
critical innovations in transistor architecture and reduction of parasitic components, a fundamental
limitation of Complementary Metal Oxide Semiconductor (CMOS) technology is the requirement
of separate n-type and p-type transistors to implement logic circuits. If the polarity (type of
transistor) could be obtained through bias in the same structure (device) then separate transistors
would not be needed for implementing logic circuits. A three gated (3-gated) reconfigurable
MOSFET, also known as reconfigurable field effect transistor (RFET), permits selective carrier
injection through modulation of metal-semiconductor (M-S) Schottky contact with an additional

gate for channel control.

The possibility of showcasing single transistor (1T) capacitorless (0C) dynamic random
access memory (DRAM) through RFET adds to the multifunctional capability of the architecture.
The 3-gated RFET is ideal for 1T-DRAM as it facilitates the storage of generated holes in the
semiconductor film underneath the control gate (CG). A higher positive (negative) voltage at the
polarity gate (PG) causes band bending, and subsequent tunneling of electrons (holes) to the
semiconductor which transforms the region underneath PG to function as pseudo source/drain. The
location of pseudo source/drain regions away from the semiconductor region underneath the CG
due to the presence of underlap/ungated region allows the storage of holes at appropriate biases.
The feasibility assessment of implementing 1T-DRAM with RFET has been carried out through
well calibrated simulations with appropriate models for capturing inherent physical phenomenon

in the device.

The degradation of retention time (RT) with a change in bias is a serious concern in 1T-
DRAM. This degradation is critical for 1I'T-DRAM with RFET due to a greater (three) number of
gates. While front and back PGs can be electrically connected, the independent front and back CG

v



operation is required to implement 1T-DRAM through planar RFET. Therefore, the bias range able
to sustain a degradation of 50% of maximum retention time (RTmax) in RFET based 1T-DRAM has
been investigated to estimate the bias tolerance of retention time. In addition, the sensitivity of key

performance metrics of 1T-DRAM on device parameters has also been evaluated.

RFET can be designed with different combinations of lengths of CG (Lcg) and PG (Lpg)
and ungated region (Lgap) for a fixed total length (Lt = 2(Lpg+tLcar) + Lcag)). The storage length
(Ls = Lco + 2Lcap) depends on CG and separation between PG and CG. This essentially implies
that RFET could be designed with various values of Ls/Lt (with typical range of 0.4 to 0.8) for a
given Lt (100 nm). Hence, the choice of optimal biases for RFET based 1T-DRAM have been
ascertained as a function of Ls/Lt. In addition, the requirements of 1T-DRAM to function as on-
chip (embedded) memory is different from that for standalone applications due to the requirement
of fast write/read operations. An in-depth analysis in terms of write and read access times has been

carried out to ascertain the feasibility of RFET for implementation as embedded 1T-DRAM.

The use of nanowire (NW) transistor architecture has been largely dictated by the progress
in logic technology. Investigating the possible realization of 1T-DRAM with NW transistor
architecture is crucial for using same type of transistors for logic and memory blocks. Since
independent back gate operation is not possible in NW transistor, RFET serves as an ideal topology
to realize 1T-DRAM. In addition to exploring 1T-DRAM functionality, the impact of word line
(WL) and bit line (BL) disturbance in an array for various operations (write 1, write 0, and read)
has been examined for pragmatic memory realization. The biases for 1T-DRAM are usually
selected to ensure proper operations — write 1 (program), write 0 (erase), hold, and read. In an array
realization, an important parameter for bias selection is array disturbance apart from feasibility of
individual memory operations. Hence, bias optimization (for each operation) based on enhancing

the duration of disturbance tolerance has been carried out in RFET based 1T-DRAM array.

Overall, this thesis presents a critical assessment of implementing 1T-DRAM through
planar and nanowire topologies of RFET. Besides highlighting the working mechanism and device
physics for implementing 1 T-DRAM, the thesis has introduced fresh perspectives to enhance array

retention while focusing on bias selection based on the duration of disturbance tolerance.
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Write 1 (W1) and (c) Write 0 (WO0) operations.

Contour plots showing hole concentration (nn) with hold time
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Fig. 4.8

Fig. 4.9
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Chapter 1

Introduction

The number of transistors in a semiconductor chip has increased
tremendously due to in-depth understanding of transistor physics and operation,
and key advancements in processing, fabrication, and characterization [1-8]. This
increase in transistor density has followed the empirical prediction of G. Moore [9-
20]. The transistor density in the chip has increased since the invention of Intel’s
4004 microprocessor, which had 2300 transistors in an area of an eighth of an inch
[21]. In stark contrast, Apple’s M1 chip contains 57 billion transistors within a die

size slightly less than one square inch [22].
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Fig. 1.1 Growth in processor clock frequency from 1978 to 2017 (39 years) [5].

While the semiconductor industry has leveraged innovations in transistors,
interconnects, and fabrication processes [7-8], [23-29], the clock rate enhancement
of microprocessors, as illustrated in Fig. 1.1, has increase and then decreased over
the 39 years from 1978 to 2017. The available data shows a 15 percent increase per
year in microprocessor clock rate in the initial years (1978 to 1988) of the

microelectronic industry [5]. The clock rate further enhanced to 40 percent per year
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from 1988 to 2003, and thereafter to a meager 2 percent improvement per year was
observed from 2003 to 2017. The key point is that the increase in the clock rate (per
year) has been relatively insignificant since 2003 [5]. The other interesting
parameter is to compare the performance of modern processors with respect to the
initial computer developed in 1977. The Virtual Address Extension (VAX) model
11/780 was one of the first pioneering computers developed in 1977 by the Digital
Equipment Corporation (DEC) [5], [30]. Since 1978, the improvement in processor
performance has been variable with respect to VAX 11/780.
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Fig. 1.2 Growth in processor performance from 1978 to 2018 (40 years) [5].

As shown in Fig. 1.2, the trends for the 40-year period (1978 to 2018)
indicate that the initial years (1978 to 1986) saw an increase of 25 percent per year
in processor performance relative to VAX 11/780 [5]. Thereafter, the enhancement
in processor performance increased to a significantly high value of 52 percent per
year (relative to VAX 11/780) from 1986 to 2003 [5]. The growth then subsided
(slowed down) to 23 percent per year (with respect to VAX 11/780) from 2003 to
2011. Subsequently, the improvement in processor performance was 12 percent per
year (concerning VAX 11/780) from 2011 to 2015, and 2.5 percent per year
(relative to VAX 11/780) from 2015 to 2018 [5]. These results indicate that the rate
of improvement in the performance of processors has been slowing down. The data
also suggests that the semiconductor industry may not be able to continue following

the empirical observation of Moore [20]. Although processor performance has not



seen significant enhancements, the micro/nano electronic industry has achieved
remarkable progress through innovations in transistor architecture, fabrication,

characterization, and packaging technologies.

1.1 Downscaling Bulk Metal-Oxide-Semiconductor Transistor

A fundamental requirement for the transistor is to function as a switch, with
‘low’ current in the off-state and ‘high’ current in the on-state. Besides, the
transition from one state to another is governed by capacitances, which should be
small to facilitate fast switching [31]. The evolution of transistor architecture from
conventional planar (two-dimensional) to nanosheet or nanowire (three-
dimensional), coupled with innovation through Silicon-on-Insulator (SOI)
technology, has largely contributed to enhancing transistor density in modern chips
[7]. The fabricated transistors in the 1970s had a gate length (Lg) of several 100
micrometers. However, to enhance the transistor density in the chip without
compromising the performance of transistors, a reduction in the dimensions of the
transistor was inevitable. However, a decrease in gate length of a bulk Metal Oxide
Semiconductor (MOS) Field Effect Transistor (FET) can result in the space charge
region at the drain being close to the space charge region at the source [23]. This
reduces the control of the gate over the channel, and an electron could leak from
source to drain, which increased the off-current of the transistor. This condition,
detrimental to the functioning of the transistor as a switch, is known as short
channel effect (SCE) [6], [23], and its suppression is foremost to enable
downscaling of MOSFET.

The scaling down of the gate length of the transistor resulted in two-
dimensional effects that impacted the current-voltage characteristics. The most
prominent among them was the lowering of threshold voltage (Vtn) and drain-
induced barrier lowering (DIBL) [6], [23]. Both these contributed to an undesired
increase in the off-current of the transistor and a degradation of the on-to-off current
ratio. In the on-state, the reduction of gate length is beneficial as it enables an

increase in the current. However, care should be taken that the increase in drain



current is accompanied by a reduction in source/drain resistances [23]. Also, gate
length scaling supports a decrease in capacitance. For capacitance, the gate length
downscaling should be accompanied by a reduction in the fringing components as

compared to the channel capacitance [23].

The downscaling of MOSFET was primarily attributed to the scaling theory
proposed by Dennard et al. [32]. This resulted in the formulation of methodology
for the miniaturization of MOSFETSs. The theory of Dennard et al., [32] suggested
to increase or decrease parameters of MOSFET by the scaling factor (K). The data
from 1972 to 1992 (two decades) showed an increase in number of transistors (6000
to 3000000) and power consumption (20 mW to 10 W) by 50 times each for a
reduction in gate length from 6 um to 0.4 um [23]. The actual scaling adopted by
the semiconductor industry was different from the ideal theory proposed by
Dennard et al. [32]. The primary contributor to this difference was supply voltage
(Vpp) downscaling. The supply voltage was maintained constant to obtain the
benefit of high-speed operation [31-33]. Another challenge in Vpp reduction was
the reduction in Vtu. The non-adherence of Vpp downscaling was a factor
contributing to the high power consumption. The increase in the number of
transistors exceeded the projected factor K? [31-32]. For each technology
generation, the transistor size was reduced by a factor of K (= 0.7, and the area by
K? (= 0.7 x 0.7 = 0.5). This would have resulted in an increase in transistor count
by a factor of 2 (= 1/0.5). However, the actual transistor count increased by a factor
of 4 due to an increase in chip area by a factor of 1.5 [31]. The increase in power

consumption was also due to higher number of transistors on a chip.

The industry adopted actual (or pragmatic) scaling described above by
clearly identifying challenges for bulk MOSFET downscaling below 0.1 um. An
alternate methodology was suggested to enable MOSFET downscaling from 0.1
um to 40 nm [34-37]. The approach considered maintaining constant values of
substrate doping concentration (10'® cm™), gate oxide (3 nm), and supply voltage
(1.5 V) to enable scaling of gate length from 0.1 pum to 40 nm. The parameter which
was aggressively scaled (x(1/4)) was junction depth (xj), 1.e., from 40 nm (Lg = 100
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nm) to 10 nm (Lg = 40 nm) [34-37]. The result was complete control over SCEs
and hot carrier effects (HCEs) with a 30% increase in the on-current. The downside
of the approach was high resistance of ultra-shallow source/drain regions due to
aggressively scaled junction depth. Various modifications in the downscaling
approach were attempted [36-39] to overcome these challenges. One approach was
to limit the aggressive scaling of Lg and x; to 70 nm and 30 nm, respectively, and
instead reduce oxide thickness (Tox) from 3 nm to 1.5 nm while maintaining
constant Vpp (1.5 V) and substrate doping (10'® cm™). This resulted in a high on-
current of 1.4 mA/um and an extremely small direct tunneling leakage current of 2
nA/pm [31]. Although ultra-shallow (14 nm) bias controlled x; was achieved with
additional gates placed over the gate [40], the drawback of such an approach was
low on-current (two to three orders lower) in comparison to conventional bulk
MOSFET. Based on the different approaches and results of bulk MOSFET, the
transistor architecture for downscaling was envisaged to have elevated source/drain
regions with an insulator sidewall of 5 nm. For a bulk MOSFET with 5 nm of x;j,
the minimum Lg should be around 25 nm with Tox limited to 1.2 nm to avoid SCEs
[31]. Besides the technological challenges in ensuring the above criteria,
capacitance is indeed critical for speed. The fringing capacitance should not be
allowed to be a substantial component of the total gate capacitance. The channel
doping concentration was limited to 10'® ¢cm™ to reduce parasitic capacitance,
mobility degradation, and random dopant fluctuations governed by Vtu variability

[33].
1.2 Silicon-on-Insulator MOSFET

The problems with the downscaling of bulk MOSFETs can be understood
by the following equation, which relates the minimum gate length (Lg,min) with key

transistor parameters.

Lomin = (A)(Toxxj(Ws + Wp)?) (1.1)
where A = 0.41 A°C'» Wg and Wp are source and drain depletion widths [41-42].

(1/3)

For a given technology, doping (Na.) required for eq. (1.1) can be obtained [41] as



2 . 3
N, = (1.8 X 1017)(/Vg; + +/Va1 + Vps) (Soxrllm) (f::m :;’;) (1.2)

where Vi and Vps represent built-in voltage and drain bias, respectively.

As gate length is scaled down, the substrate doping increases, which causes
several issues for nanoscale MOSFET [1-3]. The problem associated with
downscaling can be circumvented if the vertical extension of the depletion width
can be limited without increasing the substrate doping. This is possible through SOI
technology, which dissociates the dependence of substrate doping and depletion
width, provided the semiconductor (Silicon) layer thickness is less than the
depletion depth at zero bias. As shown in Fig. 1.3 (a)-(b), SOl MOSFET can be
fabricated with thick and thin semiconductor layers [1], [3], [7]. The thick
semiconductor region (Fig. 1.3 (a)) will allow partial depletion at zero applied bias
and is classified as a partially depleted (PD) SOI MOSFET. The SOl MOSFET
with a thin Silicon layer (Tsi) is fully depleted at zero bias, and hence, the
architecture is referred to as a fully depleted (FD) SOl MOSFET [3], [7], [43-45].
In terms of scaling, FD SOI MOSFET holds promise as SCEs can be effectively
controlled. SOI MOSFET architectures with a thin Silicon layer are generally
referred to as ultra-thin body (UTB) MOSFETs [1], [7].

GATE GATE
OXIDE —
| S | D
SILICON s SILICON D GATE GATE
OXIDE OXIDE
ol SILIGON i s | siicon | b
BURIED OXIDE
BURIED OXIDE
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@) (b) () (d)

Fig. 1.3 Schematic representation of SOI MOSFET with relatively (a) thick
semiconductor layer, (b) thin semiconductor layer, (c) thin buried oxide layer, and
(d) double gate architecture. The substrate region (below the buried oxide) is not

shown as the focus is on the active semiconductor layer [7].

Apart from reducing the Silicon film thickness, the lateral electric field
(associated with the voltage at the drain) also flows through the buried oxide (BOX)



layer. This path of the lateral electric field can be curtailed by reducing the thickness
of the BOX layer [46] (Fig. 1.3 (¢)). MOSFET comprising of thin Silicon (body)
and thin BOX is generally referred to as ultra-thin body BOX (UTBB) MOSFET
[1]. Further downscaling of the gate length while maintaining an undoped body can
be achieved if the thickness of the buried oxide is kept similar to the front oxide
thickness, and another (second) gate is fabricated below the thin buried oxide. This
structure, shown in Fig. 1.3 (d), is referred to as the double gate (DG) SOl MOSFET
[1], [47].
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Fig. 1.4 Schematic representation of multi-gate  MOSFET cross-section
(perpendicular to current flow) for (a) vertical dual gate, (b) triple gate, (c) pi gate,

(d) omega gate, (e) quadruple gate, and (f) cylindrical nanowire architecture [1].

FDSOI technology resulted in lower parasitic capacitance, and the strong
control of the gate over the channel potential, which was instrumental in lowering
the off-current with respect to bulk Silicon technology [3], [7]. Further scaling of
transistor dimensions was facilitated through a reduction in BOX thickness (Tgox)

and semiconductor layer thickness (Tsi). In addition to Ts; and Tgox, the gate oxide
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thickness (Tox) was also reduced through the incorporation of high permittivity
(high-x) material and metal gate. The most relevant parameter for the high-k gate
stack is the equivalent oxide thickness (EOT) which allows a direct reference with
respect to silicon dioxide (Si0O2) layer. The available data for the 28 nm technology
node specifies a Tpox of 25 nm, Ts; of 7 nm, and EOT of 1.2 nm. Mathematically,
the ability of a transistor architecture to limit SCEs can be evaluated through an
estimation of natural/characteristic length (1) [41] through the solution of Poisson’s
equation with appropriate boundary conditions [48-50]. A depends on the vertical
dimensions (Tox, Tsi), permittivity of insulator (&ins) and Silicon (es;) and on the
location of conduction channel in the semiconductor. For a planar DG SOI

MOSFET shown in Fig. 1.3 (d), Apc can be obtained [48] as,
_ |(&siTsiTox €oxTsi
)\DG - \/( 2€&ins ) (1 + 4£SiT0X) (13)

To limit SCEs, (Lc/2A) should be at least greater than 5. Similarly, a

cylindrical nanowire MOSFET [51] is expected to further downscale in comparison
to planar MOS architectures as the gate surrounds the Silicon region from all sides
[2], [52]. The natural length (Acyr) for a cylindrical nanowire MOSFET under the

approximation Tsi/2 >> Tox [50] can be expressed as
iTsiTox x Tsi
Acyr, = \/(854;“50 ) (1 T 4S;Sisz) (1.4)

Since the fabrication of vertical dual gate [53] and gate-all-around [54]

structures, the MOSFET architecture has considerably evolved (since the late 90s)
through the demonstration of planar double gate SOI transistor, vertical (three-
dimensional) finFET (Fig. 1.4 (a)), trigate transistor (Fig. 1.4 (b)), pi-gate transistor
(Fig. 1.4 (c¢)), omega gate MOSFET (Fig. 1.4 (f)), quadruple gate transistor (Fig.
1.4 (f)), and nanowire (cylindrical) MOSFET (Fig. 1.4 (f)) [1], [43-45]. These
architectures (collectively referred to as multiple gate MOSFETs) essentially
increased the control of the gate over the channel through a higher number of gates,
and the influence of the drain (lateral) electric field over the channel was

consequently suppressed.
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Fig. 1.5 Schematic representation of cross-section (perpendicular to current flow)
of (a) multi-bridge-channel MOSFET [55-56], (b) forksheet MOSFET [57-59], and
(c) complementary MOSFET [60-61].

While SCEs could be minimized through multiple gate transistors, the
current drive in the on-state was limited by the volume of the semiconductor. An
increase in semiconductor dimensions (volume) could certainly ease constraints for
device fabrication, but could result in SCEs, and consequently, higher off-current.
A way to overcome this problem was through the extension of transistor
architecture in the vertical direction. This concept was effectively demonstrated in
2002 through the fabrication of a multi-bridge channel (MBC) transistor (Fig. 1.5
(a)) by Samsung [55-56]. Since then, different adaptations of the three-dimensional
transistor architecture, such as nanosheet and forksheet transistor (Fig. 1.5 (b)) [57-
59] and complementary MOSFET (Fig. 1.5 (¢)) [60-61] have evolved. The critical
aspect to be noted is that the aspect ratio (AR = height/width) of the semiconductor
region in a scaled-down transistor has been largely limited to < 1, i.e., the height of
the semiconductor film is lower than its width (separation between two lateral

gates).

1.3 Schottky Barrier MOSFET

One of the major concerns of downscaling MOSFET is the reduction in
channel resistance which tends to emphasize the importance of ideal source/drain

contacts. This reduction can be described through the increase in sheet resistance



of ultra-shallow source/drain regions [62-63]. Therefore, the use of metal
source/drain can bypass the limitations of contact resistivity [64]. The source/drain
Schottky contact can overcome this problem due to the nearly ideal silicide-silicon
interface and low sheet resistance [65]. The reduction in thermal budget enabling
integration with metal gate is another advantage of Schottky source/drain regions
[66]. A MOSFET with metal source/drain instead of conventional doped
source/drain is generally referred to as Schottky barrier (SB) MOSFET [67] is
shown in Fig. 1.6. The concept of SB MOSFET was originally proposed by Nishi
[68] in 1966. The patent was granted for the same in 1970. To enable circuits with
SB MOSFETs either midgap silicide with barrier height nearly equal to half of the
Silicon bandgap or complementary silicide (platinum silicide, erbium silicide,
ytterbium silicide) which provide two different barrier heights for n-type (low
barrier to electrons) or p-type (low barrier for holes) operation [67], [69]. SB
MOSFETs have been shown to be cost effective, energy efficient and scalable in
comparison to MOSFETs with doped source/drain regions [67], [70-71]. SB
MOSFETs may find applications in low-temperature electronics as source/drain

contacts do not freeze out at low temperatures [69].

While a metal source/drain can result in lower resistance than that offered
by the doped counterpart, a barrier is always present during the device operation.
Hence, the resistance essentially re-emerges in the device operation and lowers the
current drive [69]. In addition, the problem of higher off-current in SB MOSFETs
has also been reported in the literature [67], [69]. The higher junction leakage
current in SB MOSFET can contribute to ambipolar behavior [69].

GATE
High-x
METAL| SILICON |METAL|

BURIED OXIDE

Fig. 1.6 Schematic representation of Schottky barrier (SB) MOSFET [67].
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1.4 Reconfigurable Transistors

In order to avoid control of source/drain dopants close to the gate edge, the
use of metal source/drain is an interesting alternative. The workfunction of metal
contact should be near the midgap energy of the semiconductor. SB MOSFETs,
although an interesting choice for dopant free transistor, have been plagued by
ambipolar behavior which needs to be suppressed through an appropriate
mechanism [72]. Moreover, despite critical innovations in the transistor
architecture and reduction of parasitic components, a fundamental limitation of
complementary metal-oxide-semiconductor (CMOS) technology 1is the
requirement of separate n-type and p-type transistors to implement logic circuits. If
the polarity (type of transistor) could be obtained through bias in the same structure
(device) then separate transistors would not be needed for implementing logic
circuits. This is true for MOSFETs with Ohmic or Schottky source/drain contacts.
As conventional doped source/drain MOSFET is scaled down, the control of
source/drain doping near to the gate edge would be challenging [72-77].
Additionally, since the hole mobility is typically lower than that of electrons in
Silicon, the current drive of a p-type transistor is lower than that of n-type. The
current drive of p-type transistor is generally enhanced by increasing the width of
the transistor. This would result in an increase in the layout area of the transistor.
Additionally, the semiconductor should be intrinsic to avoid any influence of

doping on transistor operation and limit variability.

To achieve n-type or p-type conduction from the same device, the following
three possibilities exist:
(1) Selective carrier injection through two independent gates modulating the metal-
semiconductor contacts in 2-gated configuration:
In this architecture shown in Fig. 1.7 (a), one of the gates is required for selective
carrier injection while the other blocks the flow of opposite type of carrier. This
architecture does not require any gate over the middle of the semiconductor
(channel) region. Since source/drain are symmetric, any one gate can be utilized to

ensure selectivity, i.e., one type of carrier in the channel, while the other gate can
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tune the conductance through the channel of allowed carriers. Fully symmetric
current-voltage characteristics and logic circuits have been experimentally

demonstrated through the concept.

(i1) Selective carrier injection through simultaneous modulation of metal-
semiconductor contacts with an additional gate for channel charge control in a 3-
gated configuration:

In this topology shown in Fig. 1.7 (b), two gates modulate selectivity by enabling
the desired carrier through the Schottky contact while the channel conduction is
governed through the additional gate which controls the thermionic barrier. The
number of gates in this topology is higher than the previous architecture. Vertically

stacked nanowires have been experimentally demonstrated using this topology.

(1i1) Carrier selection and injection through front and back gates through 2-gated
configuration:

As shown in Fig. 1.7 (c), a back gate positioned below source/drain allows injection
of both type carriers which are filtered (polarity checked) in channel through the
bias at the top gate. The back gate facilitates ambipolar characteristics similar to

that exhibited by SB MOSFET.

All the above architectures (Fig. 1.7 (a)-(c)) have been used to demonstrate
a universal transistor, referred to as reconfigurable transistor (RFET), that can
function either as n-type or p-type through applied bias. The essential aspect of
RFET is to introduce mobile carriers through applied voltage [76]. Hence,
depending on the polarity of voltage, either electrons or holes can be injected into
the channel. A minimum of two independent gates are required to realize RFET

operation [75].

The research on RFETs started in 2000 in Taiwan [78-79], and the early
phase of development was from 2000 to 2008, growth was witnessed from 2010-
2013 and functional diversification of RFETs was observed from 2014 to 2020 [76].
Initially, the concept of two gates was used to limit the high off-currents in SB

transistors. One gate (called as main gate) was placed at the source side while the
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other (sub-gate), separated from the main gate by passivation oxide, was placed
over the entire channel [78]. The net result was a reduction in off-current and on-
to-off current ratio of 10° [79]. The word ‘reconfigurable’ was first introduced in
2011 by Heinzig et al., in the work which demonstrated independent control of
Schottky junctions in a 2-gated nanowire heterostructure transistor which exhibited

on-to-off current ratio of 10° [80].
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(c)
Fig. 1.7 Schematic representation of (a) 2-gated RFET (b) 3-gated RFET, and
(c) 2-gated (front and back) RFET architecture [74]. Notations: PG and CG

represent program gate and control gate, respectively.

The circuit (inverter) functionality of RFETs was also demonstrated
through nanowire transistors with nearly equal electron and hole conduction
[81]. Also, a 3-gated RFET was fabricated with vertically stacked nanowires

exhibiting n-type as well as p-type functionality with on-to-off current ratio of
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10° and near ideal subthreshold swing [82]. In addition, exclusive-OR logic
(XOR) operation was also demonstrated with 3-gated RFET [83-84]. It was
shown that RFETs allow XOR and majority (MAJ) gates to be implemented
with lower transistor count than traditional CMOS [82-83]. Research on
RFETs has largely focused on fabrication and characterization [85-115],
circuit realization [116-132], implementing ferroelectric dielectric layers
[133-136], exploiting negative differential resistance [ 137-138], implementing
binary neural network [139], application in hardware security [140], compact

modeling [141-145], and analog/RF applications [146-148].

1.5. Comparison with Conventional MOSFETsSs

A comparison of 3-gated RFET (Fig. 1.7 (b)) with conventional DG
FDSOI transistor (Fig. 1.3 (d)) reveals that the total source-to-drain length (L)
is longer in RFET than that in MOSFET (for the same gate length). This is
because of more gates, control gate (CG), and program gate (PG), and the
mandatory separation between the gates (Lgap). Intuitively, the longer Lt may
not appear to support the downscaling of RFET along the channel direction.
However, the presence of a greater number of gates (control and program)
allows for dynamic programming which enhances the multifunctionality of
RFETs for circuit design [73-78]. In other words, comparison between RFET
and MOSFET should be carried out at the circuit level and not through the
evaluation of a single device. An inverter with RFET and conventional CMOS
technology requires 2 transistors each along with a logical effort of 1 for both
[120]. This might appear to be disadvantageous for RFET as a single device
would require more footprint owing to the longer Lt. However, the
comparison between RFET and CMOS technology becomes interesting if a 3-

input NAND or 3-input NOR is designed.

Both logic realizations would require 4 RFETs as compared to 6
FDSOI transistors in CMOS technology [120]. Additionally, the total logical
effort would be 5 for implementing 3-input NAND and 7 for 3-input NOR in

14



conventional CMOS technology. However, for RFET based logic design, the
total logical effort would be 3 for implementing both NAND or NOR logic.
Similarly, 2-input XNOR implementation requires 8 CMOS transistors

whereas RFET count is expected to be 4.

In short, innovative approaches towards circuit design using RFETs
are required for a fair performance comparison with CMOS technology. An
interesting aspect of the same is through a comparison of 1-bit arithmetic logic
unit (ALU) designed with RFET and CMOS technology. Results [120]
indicate that 30% area benefit is achieved with respect to CMOS technology
if 1-bit ALU is designed efficiently through dynamic programming facilitated
by RFET. However, if the same circuit is used as applicable for CMOS
technology with RFET then 71% more area is required due to longer Lt of
RFET. The reported results also indicate that the reduced critical path in
efficient logic design through RFETs contributes to better performance of the
1-bit ALU. The functional range of RFET based 1-bit ALU has also been
shown to be higher in comparison with traditional CMOS ALU [120]. In
addition, another interesting study proposes the efficient approach of sea-of-

tiles to improve manufacturability of RFET circuits [131].
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Fig. 1.8 Schematic representation of 3-gated RFET utilized for implementing
capacitorless 1T-DRAM. Notations: PG and CG represent program gate and

control gate, respectively.
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1.6 Memory Architecture

A von Neumann computing architecture is followed in modern computer
systems for data processing. In this system, the data is processed by the processor
core and stored in memory. In a memory hierarchy [149], memory with the lowest
latency (static random access memory (SRAM)) is placed close to the processor
core. In contrast, memory with higher latency is placed in lower levels of the
memory hierarchy. The SRAM requires a higher number of transistors (8-16) to
store the data, which reduces its area efficiency. The processor searches for data in
higher levels (L1, L2, L3) of the memory hierarchy (Fig. 1.9). The memory with
higher capacity (hard disk drive) lags in latency (in ms). The latency and capacity
are both crucial for the processing of data through the processor core. This gap is
filled by placing dynamic random access memory (DRAMs) between the SRAM
(used for L1 cache to L3 cache levels) and hard disk drives, solid-state drives, and
storage-class memory used at lower levels. DRAMs offer the benefits of lower
latency (< 10 ns) and moderate capacity (~10 GB). Due to lower latency (< 10 ns)
and higher integration density, DRAM is also used in level 4 cache as embedded
DRAM memory [149].

There are broadly three different configurations of DRAMs, which differ in
terms of charge storage. The one transistor (1T) and one capacitor (1C) based
DRAM stores the charge in the physical capacitor [150]. In contrast, the two
transistors (2T) and zero capacitor (0C) based DRAM uses the gate of the second
transistor (read transistor) as the storage node [151]. The other variant of DRAM is
one transistor (1T) and zero capacitor (0C) that stores charge in the body of the
transistor [152]. Since the capacitor is not present, the 2TOC DRAM and 1TOC
DRAM are often termed as 2T-DRAM and 1T-DRAM, respectively. The logic
incompatibility with the presence of a capacitor is the major issue with 1T1C
DRAM. The ITIC can be replaced by 2T-DRAM, but the extra transistor used for
storing charge consumes a larger area. The I T-DRAM overcomes the issue related

with 1T1C and 2T-DRAM by utilizing single transistor for storing and reading of
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charge. The absence of a capacitor enables it to be logic-compatible [152], and the

use of a single transistor consumes less area than a 2T-DRAM.
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Fig. 1.9 Memory hierarchy based on latency and capacity [149].

1.7 Potential of RFET for Capacitorless Dynamic Random Access
Memory (1T-DRAM)

Although 1T-DRAM been demonstrated through conventional FDSOI
MOSFET [153-181], tunnel field effect transistor [182-196], junctionless transistor
[197-200], feedback FET [201-202], and Schottky FET [203], the possibility of
showcasing memory operation through RFET would add to the multifunctional
capability of the architecture. Limited studies are available in the literature that

focus on the implementation of RFET based capacitorless DRAM [204-205].

Amongst the different RFET architectures shown in Fig. 1.7 (a)-(c), the 3-
gated topology is ideal for 1T-DRAM as it facilitates the storage of generated holes
in the semiconductor film underneath the back control gate (Fig. 1.8). The
architecture of the 3-gated RFET is particularly advantageous, as the holes are
stored away from the pseudo source/drain regions due to the inherent separation
(Lcar) between the three gates. In a conventional FDSOI MOSFET, the generated
holes are stored at the back surface of the semiconductor film through the formation

of an electrostatic potential well. However, the proximity of holes to conventional
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doped source/drain regions in FDSOI MOSFET tends to degrade the retention
characteristics. Hence, gate-source/drain underlap architecture is preferred to
separate holes from source/drain [206]. While RFET has shown multi-functional
attributes in terms of transistor operation from the same device (n-type and p-type
functionality from the same structure) and opportunities for logic design with area
benefits, implementing 1TOC DRAM with RFET has been largely unexplored in

the literature.

1.8 Hole Generation Mechanism in 1T-DRAM

The 1T-DRAM operation is primarily governed by the difference in the
holes generated during programming and those removed during erase. As
previously discussed, 1T-DRAM has been implemented in various transistors;
however, different architectures require different hole generation mechanisms. A
tunnel field effect transistor [182] uses band-to-band tunnelling (BTBT)
mechanism to generate holes. In BTBT based mechanism [182], a negative voltage
at the gate along with a positive voltage at the drain is used. The bias applied
reduces the separation between the conduction band and the valence band at the
drain end. Consequently, BTBT occurs and holes are accumulated in the valence

band, whereas the electrons move to the conduction band.

In PD SOI-based 1T-DRAM [179], the impact ionization mechanism has
been used for generating holes. In this method, a high positive voltage is applied
to the gate and drain to initiate impact ionization. The positive voltage at the gate
lowers the barrier height for electrons that collide with the atoms near the drain due
to the high electric field. This mechanism requires a relatively higher voltage for

the generation of holes.

In RFET based 1T-DRAM, the hole generation can be performed by either
a positive feedback mechanism induced by impact ionization [207] or through the
Schottky tunnelling mechanism [208]. In the impact ionization based mechanism,
electron tunneling is facilitated by a positive bias at the PG. Narrow tunnelling

width is essential at SB to allow tunnelling of sufficient electrons. A high positive
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bias is also applied to the front CG (FCG) and drain of the RFET. The high positive
bias is essential to reduce the barrier height underneath the FCG to allow electron
flow towards the drain. Consequently, weak impact ionization occurs, resulting in
the generation of excess electrons and holes. The generated excess holes
accumulate underneath the back CG (BCG) due to the potential well created by
applying a negative bias. The generated excess electrons contribute to the current
flow. The excess holes stored underneath the BCG raise the potential of the channel,
which further reduces the barrier height underneath the FCG. As a result, the rate

of impact ionization is enhanced.

The facility of selective carrier injection through Schottky tunneling in
RFET provides a unique method for the generation of excess holes. In this
mechanism, the excess holes tunnel through the Schottky barrier by applying a
negative bias at PG and a positive bias at the drain. The excess holes accumulate

underneath the front and back CGs due to the application of a negative bias.

1.9 Problem Formulation and Thesis Objectives

In this work, the potential of 3-gated RFET has been investigated for
implementing 1T-DRAM. Based on the literature gap, the following objectives

have been defined for the thesis work.

(1)  The degradation of retention time (RT) with a change in bias is a concern
in 1T-DRAM. This degradation is critical for 1'T-DRAM with RFET
due to a greater number of gates. While front and back PGs can be
electrically connected, the independent front and back CG operation is
required to implement 1T-DRAM. Therefore, the bias range able to
sustain a degradation of 50% of maximum retention time (RTmax) needs

to be carefully evaluated to estimate the bias tolerance of I T-DRAM.

(i1))  RFET can be designed with different combinations of lengths of CG
(Lcg) and PG (Lpc) and Lgap for a fixed total length (Lt =2(Lpc + Lgar)
+ Lcg). The storage length (Ls = Lcg + 2Lgar) depends on CG and the
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separation between PG and CG. This essentially implies that RFET can
be designed with various values of Ls/Lt (0.4 to 0.8) for a given Lr.
Optimal bias for RFET based 1T-DRAM should depend on Ls/Lt. In
addition, the requirements of 1T-DRAM to function as on-chip
(embedded) memory are different from those for standalone
applications due to fast write/read operations. An in-depth analysis in
terms of write and read access times is required for ascertaining the

feasibility of RFET for embedded 1T-DRAM.

(ii1)) The use of nanowire (NW) transistor architecture has been primarily
dictated by logic technology. Hence, investigating the possible
realization of 1T-DRAM with NW transistor architecture is crucial.
Since independent back gate operation is not possible in NW transistor,
RFET serves as an ideal topology to realize I T-DRAM in NW topology.
In addition to exploring 1T-DRAM functionality, the impact of word
line disturbance (WLD) and bit line disturbance (BLD) in an array for
various operations (write 1 (W1), write 0 (W0), and read (R)) needs to

be examined for pragmatic memory realization.

(iv) The biases for 1T-DRAM are usually selected to ensure proper
operations — W1, W0, Hold (H), and R. In an array realization, an
essential parameter for bias selection is the array disturbance, apart from
the feasibility of individual memory operations. Hence, bias
optimization (for each operation) should be based on enhancing the

duration of tolerance towards WLD and BLD.

1.10 Thesis Outline

The thesis focuses on critically assessing the realization of 1T-DRAM
with RFET and has significantly contributed to formulating design guidelines for
achieving optimal performance in a 3-gated RFET architecture. The key

contributions of the thesis work are given below for each chapter.
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In chapter 1, the motivation behind the work has been discussed, which
includes (1) evolution of transistor architecture from bulk MOSFET to RFET, (ii)
Comparison of RFET with conventional MOSFET, (iii) Potential of 3-gated
RFET for 1T-DRAM, (iv) and various mechanisms (BTBT, impact ionization,
Schottky tunnelling) for the generation of holes in 1T-DRAM. Finally, problem

formulation and thesis objectives are discussed.

Chapter 2 involves details of the simulation models and calibration details
of RFET with experimental DC, and transient characteristics of MOSFET based
IT-DRAM. The chapter presents the working methodology of RFET as nMOS
and pMOS devices through energy band diagrams and transfer characteristics for
different drain voltages (low and high). The formation of pseudo source/drain
regions underneath the PG is also discussed. In the subsequent part of the chapter,
the working principle of the RFET based 1T-DRAM by adopting a positive
feedback mechanism is discussed. RT and Sense margin (SM) are two essential
parameters for 1 T-DRAM, which have been assessed at different temperatures,
i.e., 85 °C and 125 °C. The sensitivity analysis for the voltage applied at each
gate, i.e., PG, FCG, and BCG, during H and R operations has been carried out.
The voltage range capable of supporting a 50% change in RT/RTmax has been
used to assess the sensitivity towards biases. Finally, the sensitivity of SM, RT,
and current ratio (CR) on RFET parameters such as Lpg, Lcg, Lgap, Tsi, and Tox

has been evaluated.

Chapter 3 presents a length-dependent assessment of RFET for 1T-
DRAM. The chapter starts by showcasing the 1T-DRAM operation in RFET with
Ls of 40 nm and Lcg of 20 nm. The bias optimization is further extended for Ls
of 80 nm and 60 nm for a fixed Lcg of 20 nm to investigate the impact of Ls on
RT and SM. The length dependence of bias is further studied with respect to Lcg
for each Ls (40 nm (Ls/Lt = 0.4), 60 nm (Ls/Lt = 0.6), and 80 nm (Ls/Lt = 0.8))
at a fixed Lt of 100 nm. The applicability of RFET for embedded applications
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has been analyzed by operating it at a lower duration (sub-5 ns). Finally, the

results are benchmarked with published data for different 1T-DRAM.

Chapter 4 presents the 1T-DRAM operation in NW GAA RFET by
adopting the Schottky tunneling mechanism to generate holes. The impact of the
number of voltage levels (nvr) on RT is showcased. This chapter highlights the
impact of WLD and BLD which lowers RT of the 1T-DRAM array. The
disturbance analysis for a total of 12 cases by considering each operation, i.e.,
W1, W0, and R, has been carried out for different voltage levels (3 and 4).
Finally, disturbance-centric bias optimization is presented to extend the

immunity of the 1T-DRAM array.

Chapter 5 concludes the thesis work by providing a detailed description
of the research findings. The chapter also outlines scope for future work on

DRAM.
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Chapter 2

Working Mechanism of RFET and Implementing
Capacitorless DRAM

2.1 Introduction

The continuous downscaling of conventional complementary CMOS
technology is approaching its limit, thus presenting a bottleneck for design of
high performance system-on-chip (SoC) [81]. RFET, also referred to as a
programmable or polarity-controlled device, is an innovative alternative to
conventional CMOS transistors. This is due to its unique ability to merge n-type
(nMOS) and p-type (pMOS) behaviour through a single device [77]. RFET can
be configured as an n-channel or p-channel transistor by applying biases, which
can extend the multi-functional attributes without aggressive downscaling [76].
Reduced area requirement of circuit-level implementations of RFET over their
conventional CMOS counterpart has been demonstrated through NAND, NOR,
and XOR logic gates [118], [209]. Multi-threshold operation of RFET has been
shown to reduce static power consumption [210]. A steep subthreshold swing (<
6 mV/decade) with RFET has also been demonstrated, thanks to impact
1onization induced by positive feedback [207]. The polymorphic nature of RFETs
has opened new avenues in hardware security applications [140], and

watermarking [211].

Apart from high-performance logic applications, implementing 1T-
DRAM with RFET can be a way forward to improve the overall logic and
memory ecosystem. Implementing 1 T-DRAM with RFET would serve as an add-

on to RFET functionality due to the intrinsic channel and built-in architecture, as

23



the ungated region separates two PGs from the CG [207] (Fig. 2.1). The factors
that support enhanced 1T-DRAM functionality in 3-gated RFET include an
undoped Si channel, two carrier generation mechanisms [207-208], a location of
the storage region away from the source (S) and drain (D) regions, and a
relatively longer Ls. In RFET, Lgap, and Lcg contribute to Ls (= 2(Lgar) + Lco),

whereas Lpg, Lgapr, and Lcg contribute to Lt (= 2(Lpg + Lgar) + Lco).
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Fig. 2.1 Schematic diagram of a dual (front (F) and back (B)) gate architecture
of reconfigurable field effect transistor (RFET) with two polarity gates (PG) and
one control gate (CQG). The Lpg, Lcar, Lcg, Ls, Lt, Tox, and Ts; are program gate
length, ungated region length, control gate length, storage region length, total

length, oxide thickness, and Silicon film thickness, respectively.

This chapter provides details regarding the operation of RFET, including
the simulation models used to calibrate the results with the transfer characteristics
(drain current (Ips) versus control gate bias (Vcg)) of RFET and the transient
characteristics of conventional 1T-DRAM. Following the calibration,
simulations of RFET based 1T-DRAM were performed. The calibration of
transient characteristics of MOSFET based 1T-DRAM is essential to capture the
time-dependent phenomenon (recombination and generation) that governs the
hold state of dynamic memory. Thereafter, a detailed explanation of the operating
mechanism for different 1T-DRAM operations (W1, W0, H, and R) at 85 °C is
presented. Further, the impact of temperature change (from 85 °C to 125 °C) on
IT-DRAM metrics is investigated. As RFET requires appropriate biases at PG
(Veg), front CG (Vica), back CG (Vica), S (Vs), and D (Vp) for IT-DRAM, a
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sensitivity estimation has been carried further to improve the operating range for
Vice and Vecg during R operation. Along with voltage, 1T-DRAM metrics are
also influenced by variation in Lpg, Lca, Laar, Tsi, and Tox during fabrication
[212]. Hence, sensitivity analysis for device parameters is also discussed in this

chapter.
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Fig. 2.2 Comparison of simulated with (a) experimental transfer characteristics

(Ips versus Vcg) of RFET [92], (b) simulated transfer characteristics for both

nMOS and pMOS, (c) experimental read current transient as a function of hold

(H) time in MOSFET based 1T-DRAM [214].

25



2.2 Simulation and Device Description

In this work, the potential of 3-gated RFET has been investigated for
implementing 1T-DRAM. The analysis has been carried out through well-
calibrated simulations [213]. The conduction in RFET, as shown in Fig. 2.1, is
controlled through (i) metal-semiconductor (M-S) Schottky barrier (SB), and (ii)
CG energy barrier. The positive (negative) PG bias allows electron (hole)
tunnelling to form a pseudo-S/D region underneath PGs. The universal Schottky
tunneling model [213] was used to capture SB tunneling, while models for over
the barrier conduction include field, temperature (T), and doping dependent
mobility, along with modules for generation—recombination, impact ionization,
and temperature dependent carrier lifetime. The transfer characteristic of RFET
shown in Fig. 2.2 (a) agrees well with published data [92]. The comparison of
simulation based transfer characteristics, which include nMOS and pMOS
behavior, is also shown in Fig. 2.2 (b). In addition, the calibration of transient
simulations is also essential for realizing 1T-DRAM. The same was carried out
(Fig. 2.2 (c)) through the published experimental data of 1T-DRAM with

conventional inversion mode MOSFET [214].
2.3 Working Mechanism of RFET

In this section, the working of RFET is discussed in detail through an
energy band diagram. The reconfigurability is achieved by selectively injecting
carriers (electrons or holes) through the SB with appropriate bias. Vpg > 0 allows
the tunnelling of electrons through the SB, whereas Vpg < 0 supports the
tunnelling of holes. The conduction of electrons and holes over the energy barrier
underneath the CG is achieved by applying Vcg > 0 and Vce < 0, respectively.
Understanding the phenomenon behind the operation of RFET is essential for
comprehending the implementation of 1T-DRAM because both types of
behaviour have been used in IT-DRAM functionality with RFET.
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Fig. 2.3 Impact of positive Vpg on Schottky barrier (SB) at Vcg = Vs = Vp =0
V. The curve is extracted at the surface of the RFET channel.

2.3.1 Impact of Positive Vpc on SB

The tunnelling of electrons is governed by the modulation of SB with the
application of different positive Vpg values. An increase in Vpg from 0 V to 0.4
V leads to a reduction in the tunnelling width across the SB that enhances the
tunnelling of electrons (Fig. 2.3). The tunneling width is further reduced for Vpg
> 0.8 V. The higher energy barrier underneath the CG available for electrons is

due to zero voltage at Vcg, i.e., Vcg =0 V.

2.3.2 N-Type Pseudo Source/Drain Regions

To facilitate the n-type MOSFET, pseudo source/drain regions must be
formed in the semiconductor region underneath the PG. The magnitude of Vpg
applied determines the concentration of electrons available underneath the PG.
The application of a low Vpg (= 0.4 V) results in an electron concentration (ne)
of ~10'7 cm™ underneath the PG as shown in Fig. 2.4 (a). The lower neis due to
a relatively wider tunnelling width (Fig. 2.3). The electron concentration
increases to ~10%° cm™ after the application of Vpg = 1.2 V due to a sufficiently
lower tunnelling width (Fig. 2.3), which supports the enhanced tunnelling of
electrons through the SB. The presence of a high ne (~10?° cm™) enables the
formation of n-type pseudo-S/D regions underneath the PG, an essential aspect

of nMOS operation. The higher energy barrier underneath the CG (Vcg =0 V)
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maintains the device in the off-state due to a lower ne of ~10'* cm™, as observed

in the contour plots shown in Fig. 2.4 (a) and (b).
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Fig. 2.4 Variation in electron concentration (ne) underneath the PG after the
application of (a) Ve = 0.4V, (b) Vpg = 1.2 Vat Vcg = Vs =Vp =0 V. A filled
circle denotes the point where the electron concentration (ne) is mentioned in the
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Fig. 2.5 Impact of positive Vg on energy barrier underneath the CG at Vpg = 1.2
V, Vs =Vp =0 V. The curve is extracted at the surface of the RFET channel.
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Fig. 2.6 Variation in electron concentration (n.) underneath the CG after the
application of (a) Ve =04V, (b) Vecg=1.2Vat Vpg=12V,Vs=Vp=0 V.
(c) Transfer characteristics of RFET (Ips versus Vcg) showing nMOS behavior
at different Vps, i.e., 50 mV and 1 V. A filled circle denotes the point where the

electron concentration (n.) is mentioned in the contour.

2.3.3 Impact of Positive Vcg on Energy Barrier Underneath CG

To form the electron-type conducting channel underneath the CG, a
positive voltage has to be applied to the Vcg. The impact of Vg on the energy

barrier is shown in Fig. 2.5. The energy barrier remains high for Vcg = 0 V and
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reduces to ~0.15 eV after Vcg = 0.4 V. The energy barrier further reduces below
0.1 eV for Vcg > 0.8 V. A lower energy barrier underneath the CG facilitates the
formation of an electron-type conducting channel underneath the CG. An
increase in Vg to 0.4 V results in ne of ~10'7 cm™ underneath the CG, as shown
in Fig. 2.6 (a). The neincreases to ~10?° cm™ after the application of Vcg=1.2 V
(Fig. 2.6 (b)) due to a sufficiently lower energy barrier underneath the CG (Fig.
2.5).

2.3.4 N-Type Conduction in RFET

RFET operates in the on-state, and an electron channel is formed by
applying appropriate biases at the PG (Vpg = 1.2 V) and CG (Vg = 1.2 V) as
shown in Fig. 2.6 (b). The transfer characteristics (Ips versus Vcg) at Ve = 1.2
V for Vb =50 mV and 1 V are shown in Fig. 2.6 (c). For a fixed Vpg of 1.2V,
the Ips is equal to 0.23 pA/um at Vcg = 0.4 V, which further increases to 0.77
HA/um at a higher Veg of 1.2 V for Vpsof 50 mV. The enhanced Ips is attributed
to a sufficient ne, as shown in Fig. 2.6 (b). At higher drain to source voltage (Vps)
of 1 V, a higher Ips (0.75 pA/um) is observed. Ips increases to 10 pA/um at a
Vegof1.2V,and Vps=1 V.

2.3.5 Impact of Negative Vpg on SB

The tunnelling of holes is governed by the modulation of the SB with the
application of negative values of Vpg (0 V, -0.4 V, -0.8 V, and -1.2 V). A more
negative Vpg of -0.4 V (compared to 0 V) leads to a reduction in the tunnelling
width across the SB that supports the tunnelling of holes (Fig. 2.7). The tunneling
width is further reduced after the application of more negative values of Vpg = -
0.8 V. At Vpg = -1.2 V, a marginal change in tunnelling width is observed as
compared to Vpg = -0.8 V because the tunnelling width is sufficiently narrow
even at Vpg = -0.8 V. The higher energy barrier (in the valence band) available

for holes underneath the CG is due to zero bias at CG, i.e., Vcg=0 V.
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Fig. 2.7 Impact of negative Vpg on Schottky barrier (SB) at Vcg = Vs =Vp =0
V. The curve is extracted at the surface of the RFET channel.
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2.3.6 P-Type Pseudo Source/Drain Regions

The concentration of holes available underneath the PG is determined by
the magnitude of the negative Vpg applied. The application of Vpg = -0.4 V
results in a hole concentration (nn) of ~10'7 cm™ underneath the PG as shown in
Fig. 2.8 (a). The lower nn is due to a relatively higher tunnelling width (Fig. 2.7).
nn is further increased to ~10?° cm™ after the application of Vg =-1.2 V, which
is due to a sufficiently narrow tunnelling width (Fig. 2.7) which supports the
enhanced tunnelling of hole through the SB. The presence of np (~10%° cm™)
enables the formation of a p-type pseudo-S/D regions underneath the PG, an
essential aspect of pMOS operation. The higher energy barrier underneath the
CG (Ve = 0 V) maintains the device in the off state due to a sufficiently lower

np~10" em™,
2.3.7 Impact of Negative Vcg on Energy Barrier Underneath CG

To form the hole-type conducting channel underneath the CG, a negative
Vce has to be applied. The impact of negative Vcg on the energy barrier
underneath the CG is shown in Fig. 2.9. The energy barrier for holes in the
valence band remains high for Vcg = 0 V and becomes approximately -0.15 eV
at Vcg = -0.4 V. The energy barrier for holes further reduces below -0.1 eV for
more negative Vcg, 1.e., -0.8 V, and -1.2 V. A lower energy barrier underneath
the CG facilitates the formation of hole-type conducting channel underneath the

CG.

2.3.8 P-Type Conduction in RFET

An application of Vcg = -0.4 V results in a ny of ~10'7 cm™ underneath
the CG (Fig. 2.10 (a)). The lower ny with Vcg =-0.4 V is due to a higher energy
barrier underneath the CG observed for hole (Fig. 2.9). nx increases to ~10%° cm’

3 after the application of Vcg = -1.2 V (Fig. 2.10 (b)).
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RFET operates in on-state, and a hole channel is formed by applying
appropriate biases at PG (Vpg =-1.2 V) and CG (Vcg =-1.2 V) as shown in Fig.
2.10 (b). The transfer characteristics (Ips versus Vcg) at Vpg =-1.2 V for Vps =
-50 mV and -1 V are shown in Fig. 2.10 (¢). Conduction of holes occurs after the
application of Vps. For a fixed Vpg of -1.2 V, Ips 0of 0.057 uA/um at Ve =-0.4
V,and 0.11 pA/um at Vcg of -1.2 V, was achieved at Vps of -50 mV. At more
negative Vps of -1 V, Ips increases to 0.125 pA/um) at Ve =-0.4 V and to 1.45
UA/pum ata Veg of -1.2 V.

The above analysis of RFET was performed by applying the same
voltage across the front and back CGs. However, in this chapter, I T-DRAM
operation is performed by applying different voltages at front CG and back CG,
i.e., an independent CG operation. Independent CG operation is essential W1
operation because positive feedback mechanism requires a negative voltage at
the back CG and positive voltage at the front CG for hole generation. PGs are
electrically connected during different operations (W1, WO, H, and R) of 1T-
DRAM.

s [pGg| |cg| [PG| D
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Fig. 2.9 Impact of negative Vcg on energy barrier underneath the CG at Vpg = -

1.2V, Vs=Vp=0 V. The curve is extracted at the surface of the RFET channel.
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2.4 Working Mechanism of RFET-based 1T-DRAM

1T-DRAM consists of two different states i.e. 1 and 0. State 1 is initiated

by W1 operation, which is followed by hold operation for state 1 (H1) and read
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operation for state 1 (R1) whereas state 0 is initiated by WO operation, followed
by hold operation for state 0 (HO) and read operation for state 0 (RO). The
working mechanism of each operation (W1, H1, R1, W0, HO, and RO) by
considering the biases shown in Table 2.1 is discussed below. The durations of
W1, WO, and R considered are 10 ns, 10 ns, and 40 ns, respectively. No voltage
is applied at the source of the RFET during any operation of dynamic memory,

1e.,Vs=0V.

Table 2.1: Biases used for different operations in RFET based 1T-DRAM

Operation | Ve (V) | Vrcc (V) | VBcc (V) | Vb (V) | Vs (V) | Time (ns)
W1 1.5 1.5 -1.5 1.5 0.0 10
WO 1.5 1.5 1.5 0.0 0.0 10

H 1.0 0.0 -1.5 0.0 0.0 -
R 1.5 0.5 -1.5 1.5 0.0 40

2.4.1 Write 1 and Write 0 Operations

Generation of sufficient excess holes (nn) during W1 is essential for the
functioning of 1T-DRAM. During W1 operation, excess carriers are generated
through the positive feedback mechanism induced by weak impact ionization
near the drain side because of a higher electric field [207]. To perform the W1
operation, (1) a higher lateral electric field (due to Vp,w1), (i1) a lower SB width
at the S/D M-S junction (through Vpg,w1), (ii1) a lower front CG barrier (achieved
through Vrco,wi), and (iv) a potential well near the back CG (negative Vecg,wi)

are needed, and the same can be enabled through biases outlined in Table 2.1.

A positive PG bias (Veg,w1 = 1.5 V) reduces the tunneling width for
electrons at the M-S junction. It enables the flow of electrons for an appropriate
higher drain bias (Vp,w1 = 1.5 V), which causes impact ionization near the M-S
junction at the drain side. Excess holes stored underneath the back CG (Vsco,wi

= -1.5 V) increase the potential of the body, and hence, the barrier at the front
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CG is lowered, and a positive feedback mechanism is triggered, which further
increases the impact ionization rate. Excess holes generated (~10?° cm™ after 10
ns) during W1 are stored in the electrostatic potential well underneath the back
CG (VBcgwi = -1.5 V) as shown in Fig. 2.11. Unlike W1 operation, the W0
operation is performed by applying a positive bias at the back CG (Vscg,wo= 1.5
V) which removes excess holes available underneath the BCG i.e. excess np
reduces to ~10* cm™ (Fig. 2.11). The sufficiently low excess np available
underneath the BCG after WO is due to the application of a high magnitude of
Vicag,wo = 1.5 V. The bias during W1 operation has been selected such that it can
produce sufficient excess holes to initiate 1T-DRAM operation in a given
duration of W1 operation (twi1 = 10 ns, twi being the duration over which the W1

operation is performed).

2.4.2 Hold Operation

During H operation (i) a negative back CG bias is applied (Vecgu=-1.5
V) to hold the excess holes, (ii) a positive PG bias (Vegu= 1 V) is applied to
prevent the tunneling of holes from S/D to channel, (iii) equal bias at source/drain
(Vs,u = Vpu=0 V) is used to prevent the leakage of holes, and (iv) a zero front
CG bias (Vrcgu = 0 V) is utilized to form a barrier for electrons to prevent
recombination of holes. The ny underneath back CG (Vecg,u = -1.5 V) reaches
10'7 ¢cm? after HO operation due to thermal generation and weak impact
ionization (Fig. 2.12). No change in np is due to Vecgu = -1.5 V. Selection of
appropriate biases during hold at PG (Vpgn), FCG (Vrcg,n), BCG (VBcgh), S
(Vsu), and D (Vppn) that can balance both recombination during H1 and
generation during HO to achieve higher retention in RFET based 1T-DRAM.
Deviation from the bias shown in Table 2.1 during the H operation can lead to
enhanced recombination in H1 and enhanced generation in HO. Both tend to
degrade the RT of the memory. RT of the IT-DRAM is defined as the hold time
(tmovp) until the states, i.e., 1 and 0, can be distinguished. The RT of I T-DRAM
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can be estimated through degradation in SM and CR. The two approaches of RT

estimation are discussed later in the thesis.
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Fig. 2.11 Hole concentration (nn) along the channel direction underneath the back
control gate (BCG) for write 1 (W1) and write 0 (WO0) operation at Temperature
(T) = 85 °C, along with the contour plots of write 1 (W1) and write 0 (WO0). The

curve is extracted at the bottom surface of the RFET channel.
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Fig. 2.12 Hole concentration (nn) along the channel direction underneath the back
control gate (BCQG) for hold 1 (H1) and hold 0 (HO) operation at Temperature (T)
= 85 °C, along with the contour plots of hold 1 (H1) and hold 0 (WO0). The curve
is extracted at the bottom surface of the RFET channel.

38



2.4.3 Read Operation

The different values of n, for H1 and HO, as shown in Fig. 2.12, result in
different front CG potentials during R1 and RO operation (Fig. 2.13 (a)). Thus,
the application of an appropriate bias (Vegr= 1.5V, Vicgr =0.5V,and Vpr=
1.5V, ) allows RFET to achieve an appreciable difference in the currents of states
1 and 0 i.e. SM (difference in read current for states 1 (I1) and 0 (Io) i.e., (I -lo))
of ~16.6 uA/um with a high CR (= Ii/Ip) of ~7x10°. A higher value of nn results
in a higher potential underneath the front CG after R1 operation is performed.
While a lower nn does not significantly influence the front CG barrier, it results
in lower potential after the RO operation. Read operation essentially requires (i)
negative Vpca,r to sustain np, (ii) VpGRr to enable tunneling of an electron at the
SB (iii) Vpr for current conduction, and (iv) positive Vrcgr to lower the barrier
for electrons and enable current during read operation (I; during R1 and Iy during
RO). A current transient involving different operations is shown in Fig. 2.13 (b).
The higher I, (current flowing during R1) is due to a higher potential (lower
energy barrier) during R1, whereas the lower Io is the result of a lower potential
(higher energy barrier). The biases selected during the R operation are such that
IT-DRAM performance in terms of RT, SM, and CR is optimal for a given

duration over which the R operation is performed (tr).

2.4.4 Retention Time Estimation

The ny during the H operation (H1 and HO states) degrades with thoLp
because of recombination (during H1) and generation (during HO), as shown in
Fig. 2.14 (a), which causes a percentage change in SM with thoLp. The variation
in percentage change in SM with tgorp is shown in Fig. 2.14 (b). The np of (~
10?° cm™) after H1 operation does not deteriorate with tyorp (from 100 ns to ~ 5
s) due to high Vecgn =-1.5 V, as shown in Fig. 2.14 (a). The relatively higher
magnitude of negative Vecg,u (= -1.5 V) helps in reducing the recombination by
increasing the depth of the potential (where the holes are stored). The degradation

in ny is only observed in HO state (after thoLp =~ 10 us) due to thermal generation

39



and weak impact ionization. The tyoLp when SM degrades to 50% (~ 8.3 pA/um)
of its maximum (~ 16.6 pA/um) value is defined as RT [215]. RFET based 1T-
DRAM achieves an impressive RT of ~3.2 s (Fig. 2.14 (b)). The percentage
change in SM is primarily governed by degradation in Iy, as R operation follows
H operation. No change is observed in I; due to a negligible degradation in the

np of the H1 state (Fig. 2.14 (a)).
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Fig. 2.13 (a) Potential along the channel direction underneath the front control
gate (FCQ) for read 1 (R1) and read 0 (RO) operation at Temperature (T) = 85 °C
(curve is extracted at the front surface of the RFET channel). (b) Drain current
transient for the sequence of 1T-DRAM operation with RFET at temperature (T)
=85°C.

2.4.5 Performance at High Temperatures (125 °C)

This section includes the high temperature operation of RFET based 1T-
DRAM [185]. The generation and recombination phenomenon that governs the

RT of 1T-DRAM is temperature-dependent. hence, the RT is expected to degrade
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at higher temperatures (> 85 °C). The variation in n, with thorp at 125 °C is
shown in Fig. 2.15 (a). Compared to 85 °C (Fig. 2.14 (a)), the minor degradation
in ny after tyorp of 10 us at 125 °C is attributed to enhanced recombination during
the H1 operation. During the HO operation at 125 °C (Fig. 2.15 (a)), ny starts to
degrade after tnoLp = 1 ps (nn = ~10'® cm™) and reaches ~102° cm™ after tnorp =
100 ms. The enhanced generation of excess holes during HO at 125 °C leads to
an increase in the percentage change in SM (Fig. 2.15 (b)). Hence, the RT of
RFET based 1T-DRAM is reduced to 160 ms at 125 °C. Despite being operated
at higher temperatures, the RFET based 1T-DRAM achieves an impressive RT
of 160 ms.
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Fig. 2.14 (a) Variation in hole concentration (ny) with hold time (tnorLp) for H1
and Ho states. (b) Variation in sense margin (SM) with hold time (thoLp) at

temperature (T) = 85 °C.

2.5 Sensitivity Analysis

The functioning of 1T-DRAM remains susceptible to process and voltage
variations. The optimal 1T-DRAM design should ideally exhibit minimal
sensitivity to voltage and process variations. In the optimal 1T-DRAM functioning,
the voltages applied during W1 and WO operations do not influence the RT. Hence,
only the variation in voltages during H and R operations are considered. Process
variations essentially alter the dimensions of RFET. Therefore, the impact of
variations in Lpg, Lcg, Lgar, Tsi, and Tox on SM, RT, and CR is discussed in this

section.
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Fig. 2.15 (a) Variation in hole concentration (nn) with hold time (torp) for H1 and
HO states. (b) Variation in sense margin (SM) with hold time (taorLp) at temperature

(T) = 125 °C.
2.5.1 Analysis of Voltage Sensitivity During Hold Operation

The biases applied during the H operation at PG, CG, S, and D
predominantly affects the RT of IT-DRAM by governing recombination and
generation. Hence, an optimal design should exhibit minimal sensitivity towards
bias during H operation. A higher PG hold bias (Vrgn) reduces the barrier for
electrons, whereas a lower PG hold bias (Vpgn) supports the tunneling of holes.
Either of the two (enhanced electron or hole tunneling) is disadvantageous for 1T-
DRAM. RFET based 1T-DRAM shows a RT of 5.2 s at PG hold bias (Vpg,n) of 0.8
V (Fig. 2.16). A lower value of PG hold bias (Vpg,u <0.8 V) can lead to a reduction
in maximum normalized RT (RT/RTmax) as shown in Fig. 2.16. (a). This can be
attributed to enhanced hole tunneling (hole generation), which initiates the
generation (deterioration) in the HO state. The retention has been normalized with
respect to the maximum value in the investigation. Hence, RT/RTmax value below
1 indicate degradation. A higher value of PG hold bias (Vegu > 0.8 V) leads to
enhanced recombination in the H1 state and consequently, the RT/R Tiax is reduced
below 1. Thus, a window of ~580 mV is observed for Vpgn for sustaining 50%

degradation in peak RT.
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Fig. 2.16 Variation of normalized RT with (a) hold (H) PG bias (Vrgn), (b) hold
(H) BCG bias (VBca,n), (¢) hold (H) FCG bias (Vecg,n), at temperature (T) = 85 °C.

A less negative BCG hold bias (Vscg,u>-1.5 V) supports the recombination
in H1 state, whereas a more negative BCG hold bias (Vecgu < -1.5 V) enhances
the hole generation in HO state. Recombination occurs due to a reduction in the
energy barrier whereas generation occurs due to an increase in the energy barrier.
Consequently, RT/RTmax (RTmax = 3.2 s) reduced below 1 for Vecgu > -1.5 V
(recombination in H1 state) and Vpcgn <-1.5 V (generation in HO state). A smaller
operating bias window (evaluated as the range of bias for which RT reduces by
50% of its peak value (RTmax)) of ~530 mV is observed for Vecg,n as shown in Fig.
2.16 (b). Similar to the back CG hold bias, the front CG hold bias also governs the
RT of the RFET based 1T-DRAM by altering the ni through recombination (in H1
state) and generation (in HO state). A Vrcgu > 0.1 V leads to a reduction in
RT/RTmax below 1 because of recombination in the H1 state, while for Vrcgn < 0.1
V, RT/RTmax 1s reached below 1 due to hole generation in the HO state.

Recombination (Vrcgn > 0.1 V) in the H1 state leads to a sharp degradation in
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RT/RTmax, whereas the degradation due to generation (Vrcgu < 0.1 V) is relatively
slower. A higher operating bias window of ~1.6 V is observed for Vrcg,n than ~0.53

V for VBcGH.

1.0 RT = B:2 1.0 Lt =125 nm i
0.8 A 0.8 =00
> @© H
®© E 0: RTmax = 3.2}
I_EO.G . =06 e N s0%
Of. . = [T s o: RT, 1.1
i \04 n max f :
=l = 220 MY\
0.2 - 0.2 L R
0.0 . 0.0 - S S
1.0 1.3 21 -18 -15 -1.2 -09
(a) Vecr (V) Vecar (V)
1.0
0.8
g
EO.G
-~ 04
Xo.2

(c)
Fig. 2.17 Variation of normalized RT with (a) read (R) PG bias (Vpgr), (b) read
(R) BCG bias (Vecar), (c) read (R) FCG bias (Vrcag,r), at temperature (T) = 85 °C.

2.5.2 Analysis of Voltage Sensitivity During Read Operation

The biases applied during the R operation at PG, CG, S, and D
predominantly affect the RT of 1T-DRAM through a degradation in I; and Io.
Hence, an optimal design should exhibit minimal sensitivity towards bias during R
operation. PG bias during read (Vpgr) influences the barrier for electrons. Hence,
higher Vpgr enhances SM (= I1-1p), which can also result in a rapid degradation of
Ip while smaller Vpgr results in faster degradation of I;. Consequently, RT/RTmax
reduces below 1 for Vpgr > 1.5 V due to enhanced degradation in Io, whereas for
Vrgr < 1.5V, RT/RTmax 1s reduced below 1 due to enhanced degradation in I;.
Hence, the optimal operating window is limited to ~0.5 V (Fig. 2.17 (a)).
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Achieving high CR requires a reduction of Ip through a lowering of BCG read bias
(VBcar), which also affects 11, and consequently, RT is compromised. SM can be
enhanced through an increase in I; through FCG read bias (Vrcg,r), which can also

degrade Io, and consequently, a lower RT is obtained.

A reduction in Vrcgr leads to a deterioration in I; and a very narrow
window (~ 75 mV) for Vrcgr is observed (Fig. 2.17 (c)). An increase in VBcGr
results in faster degradation of Ip (Fig. 2.17 (b)), which only allows for a narrow
window (~ 0.22 V) for Vecgr. The lower bias range for read can be enhanced by
using RFET with longer Lgap through the reduction in control (Lcg = 20 nm) and
program gate length (Lpg =20 nm). This device length change results in a reduction
in peak RT (1.1 s at 85 °C). However, a wider window for Vrcgr (150 mV) and
Vecgr (300 mV) can be obtained through architectural optimization of RFET as
shown in Fig. 2.17 (b) and (c), respectively. The relatively wider window for Ve r
can be attributed to suppressed recombination during the H1 state in the optimized
architecture due to an increase in Lgap of 32.5 nm (Lgap = 25 nm in the earlier
design). The increase in ungated region length also limits generation during HO,
and consequently, the optimized architecture provides a wider window of 300 mV

(as compared to 200 mV with the earlier architecture).

2.5.3 Process Sensitivity

Sensitivity analysis (Srom = ((AFOM/FOM)/(AP/P)) [216] through the
impact of parameter (P) such as Lcag, Lgar, Lrg, Tox, and Ts; on figure of merits
(FOM such as SM, CR, and RT) is carried out through £5% variation in a parameter
about its mean value (Fig. 2.18). Lpg is least sensitive as it does not contribute to
storage region whereas Lgap and Lcg influence RT due to their contribution to the
storage region. Tsi, Tox, Lcg, and Lgap are critical parameters for I T-DRAM. Ts;
can considerably influence lo, and hence, the sensitivity of CR is higher for Tsi. As
I strongly depends on resistance, SM is more sensitive to Lgap as compared to Lcg
and Lpg. RT is most sensitive as it is affected by I; and Io. SM is the least sensitive
as it is governed by I1. SM and RT are particularly affected by Tox due to its impact

on ;.
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Fig. 2.18 Sensitivity of RT, SM, and CR on RFET parameters (Tsi, Tox, Lca, Lra,
and Lgap), at temperature (T) = 85 °C. The highlighted region shows medium and

low sensitivity.

2.6 Conclusion

In this chapter, the working mechanism of RFET-based 1T-DRAM is
presented. Results indicate that RFET based 1T-DRAM can achieve high retention
time (3.2 s) along with appreciable SM (> 6 pA/um) and CR (~10%). Furthermore,
the high-temperature performance of 1T-DRAM is also investigated at 125°C, and
a RT of 160 ms was achieved (> 64 ms). Moreover, voltage and parameter
sensitivity analysis have also been showcased. The challenge for the practical
realization of IT-DRAM is expected to be the high sensitivity towards read biases,
with stringent conditions for the front control gate read bias in terms of an
extremely narrow optimal window (75 mV) to withstand a 50% degradation of the
peak retention value. However, the high sensitivity towards the front control gate
voltage can be reduced to a certain extent by optimizing the Lcg. Additionally,
precise control of film thickness is necessary due to its contribution towards higher

sensitivity of RT and CR.
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Chapter 3

Length Dependent Constraints in RFET based

1T-DRAM

3.1 Introduction

As evident from the architecture, RFET consists of different gates, i.e., PG
and CG, that are separated by an ungated region [92]. Various applications of RFET
have considered different values for Lpg, Lcg, and Lgap [81]-[148]. The
performance of RFET strongly depends on the individual Lpg and Lcg, as well as
on Lgap, as proper etching of PG and CG electrodes is a critical step in the
fabrication at nanoscale dimensions [92], [216-218]. A twin-gated RFET has also
been employed for realizing I T-DRAM [204]. Due to better gate controllability and
location of the storage region, 3-gated RFET can show a superior performance over
2-gated RFET. It has been intuitively inferred that a longer Ls can enhance RT.
However, achieving a longer Lgap (for a given Lt) may be a challenge in devices
due to the downscaling trend, as it would add to the series resistance and degrade
the current drive [74], [219]. The design guidelines in terms of the ratios of different
lengths in RFET remain unexplored in previous work on RFETs. This chapter
focuses on understanding the dependence of the ratios of different length

components on the operation of RFET based 1T-DRAM.

In chapter 2, the basic working mechanism of RFET based 1T-DRAM was
shown at Lt of 125 nm. The variation in Lpg, Lcg, and Lgap for fixed Lt can affect
the 1T-DRAM operation. For example, the variation in Ls (comprising the CG and
ungated region) can affect hole generation during W1. Similarly, variation in Lg

can also result in variation in currents during the R operation, which can affect the
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SM of 1T-DRAM. The RT of 1T-DRAM, governed by the recombination and
generation process, is also influenced by variations in Ls due to a change in the
lateral electric field. The extension of RFET multi-functionality beyond logic
applications requires a feasible memory operation for which an understanding of
the impact of various length components on physical mechanisms is essential.
Hence, assessing various length components affecting memory operation, bias, and
performance metrics associated with RFET architecture is of paramount
importance. The analysis is also essential because RFET architecture-supporting

logic operations may not be an optimal choice for 1T-DRAM operation.

An assessment of lengths (Lpg, Lgap, and Lcg) and their impact on biases in
RFET-based 1T-DRAM for a fixed Lt = 100 nm is discussed in this chapter.
Results indicate that the performance of RFET based 1T-DRAM depends strongly
on the contribution of Lcg in both Lt and Ls instead of the contribution of Ls in Lr.
As RT can vary over a wide range (550 ms to 8.7 s) for a fixed Lt (100 nm),
understanding the contribution of Lcg in Lt and Ls is advisable rather than focusing
on individual lengths. The different lengths associated with RFET are shown in
Table 3.1. Through a comprehensive analysis, the reasons for low RT in several
RFET topologies are thoroughly investigated. Furthermore, the feasibility of RFET
for on-chip memory is also explored for various Ls values. For example, a storage
region length of 40 nm can be achieved through various combinations of Lcg
outlined in Table 3.1. However, all combinations may not exhibit similar memory
performance. RT and SM of 1T-DRAM have been estimated for sub-5 ns write
(tw1) and read (tr) durations, making it applicable in on-chip applications. During
H operation, the bias at a terminal that achieves maximum RT for the considered
Ls value is considered the optimal bias. The bias for R operation is optimized by
considering that memory can achieve SM > 6 pA/um and contribute to enhanced
RT. Thereafter, the impact of Lcg (for each Ls as shown in Table 3.1) on bias and
its contribution to SM and RT are analyzed. Finally, a comparison is made with

existing 1 T-DRAM technologies.
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Table 3.1: Combination of Lpg, Lgap, and Lcg values for Lt = 100 nm.
Lt (nm) Lrc nm) Lcap (nm) Lcgamm) | Ls(nm) | Ls/Lr
15 10
30 10 20 0.4
5 30
25 10
20 20
20 15 30 0.6
10 40
100 > >0
35 10
30 20
25 30
10 20 40 0.8
15 50
10 60
5 70

Table 3.2: Biases for 1T-DRAM with Ls =40 nm (Lpg = 30 nm, Lcg = 20 nm).

Operation \(7‘1;; ‘gf)c ‘Z:,C)G Vb (V) (VVS) Time (ns)
W1 1.5 0.65 -1.0 1.5 0.0 10
WO 1.0 1.0 1.0 0.0 0.0 10

H 1.0 0.0 -1.3 0.2 0.2 -
R 1.5 0.3 -1.0 1.5 0.0 30
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Fig. 3.1 Variation of hole concentration (ny) at the back surface of RFET along the
channel direction (x-direction) during (a) write 1 (W1) and write 0 (WO0), (b) hold
1 (HT) and hold 0 (HO) operation. (¢) Variation of potential at front surface during
read 1 (R1) and read 0 (RO) operation. (d) Current transient of RFET based 1T-
DRAM for various operations. Variation of (e) hole concentration (nn) and (f) read

current for R1 and RO with hold time (thoLp). Biases are mentioned in Table 3.2.
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3.2 Impact of Storage Length on 1T-DRAM Performance

To analyze the impact of variation in Ls, three different values (40 nm, 60
nm, and 80 nm) were considered, as shown in Table 3.1. For Ls of 40 nm, Lcg
varies from 10 nm to 30 nm, whereas for Ls of 60 nm and 80 nm, Lcg varies from
10 nm to 50 nm and 10 nm to 70 nm, respectively. The working mechanism and
role of biases during different operating modes are discussed to analyze the
influence of Ls on biases (Veg, VrcGg, VBcGg, Vb, Vs) for 1T-DRAM. The
phenomenon of a positive feedback mechanism induced by weak impact ionization
is responsible for the W1 operation. The current flow in RFETs of different Ls
values can vary due to the wvariations in Lcg and Lgap. The
recombination/generation mechanism responsible for RT is influenced by the
lateral dimensions (Lpg, Lca, and Lgap) through the lateral electric field of the
device. Besides W1 and H operations, the R operation is also governed by the

contributions of Lcg and Lgap in Ls.

3.2.1 IT-DRAM Operation with Different Storage Lengths

To showcase 1T-DRAM functionality, RFET with a 10 nm Lgap, a 30 nm
Lpg, and a 20 nm Lcg has been considered, which accounts for 40 nm and 100 nm
of Ls and L, respectively. The biasing scheme used for W1, W0, H, and R is shown
in Table 3.2. The set of bias values shown in Table 3.2 is optimized to provide
maximum RT with Ls = 40 nm and SM > 6 pA/um. During W1 operation, excess
carriers are generated through a positive feedback mechanism induced by weak
impact ionization near the drain side due to a higher electric field [207]. To perform
the W1 operation, (i) a higher lateral electric field (due to Vp,wi), (i1) a lower SB
width at the S/D M-S junction (through Vpgwi), (iii) a lower front CG barrier
(achieved through Vrcg,wi), and (iv) a potential well near the back CG (due to
negative Vecg,wi) is needed. A positive PG bias (Veg,w1 = 1.5 V) reduces the
tunneling width for electrons at the M-S junction. It enables the flow of electrons
at a higher drain bias (Vp,w1 = 1.5 V), which causes impact ionization near the M-
S junction at the drain side. Excess holes stored underneath the back CG increase

the potential of the body, and hence, the barrier at the front CG is lowered, which
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further increases the ionization rate. After 10 ns of operating time for W1 operation,
a generation rate ranging between 10?® and 10°° cm™s™! is observed (i) between PG
and CG, and (ii) near the M-S junction at the drain side (Vp,wi1) in RFET. Excess
holes (~10?° cm™ after 10 ns) during W1 are stored in the potential well underneath
the back CG using a negative back CG bias (Vscg,wi1 = -1 V) as shown in Fig. 3.1
(a). The WO operation is performed by applying a positive bias at the back gate
(VBcg,wo =1 V), which removes excess holes available underneath the back control
gate, i.e., the excess hole concentration reduces to ~10* cm™ (Fig. 3.1 (a)). During
H operation (i) a negative back CG bias is applied (Vscg,n) to hold the excess
holes, (i1) a positive PG bias (Vpg,n) is applied to prevent the tunneling of holes
from S/D to channel, (iii) equal bias at source/drain (Vsu = Vp,n) is used to prevent

the leakage, and (iv) a zero front CG bias (Vrca,n) is utilized to form a barrier for

electrons to prevent recombination of holes.

Since H operation follows W1 operation, a negative bias is applied at the
back CG (Vecon = -1.3 V) that accommodates excess holes (~10?° cm™) as shown
in Fig. 3.1 (b). Excess hole concentration underneath back CG (Vpcgu=-1.3 V)
reaches 10'7 cm™ after HO operation due to thermal generation and weak impact
ionization (Fig. 3.1 (b)). The different values of hole concentration for H1 and HO
provide different front CG potentials during R1 and RO. Thus, the application of an
appropriate read bias (Vegr= 1.5V, Vrcgr = 0.3 V, and Vpsg = 1.5 V) allows
RFET to achieve an appreciable sense SM (= I1-Ip) of ~9.77 pA/um with a high CR
(= 1i/Io) of ~8x10*. A higher ni results in a higher potential underneath the front CG
when R1 operation is performed. While a lower ni does not significantly influence

the potential underneath the front CG during the RO operation.

Read operation essentially requires (i) negative Vpcgr to sustain hole
concentration, (ii) Vpgr to enable tunneling of an electron at Schottky Barrier (iii)
a Vppr for current conduction, and (iv) positive Vrcgr to lower the barrier for
electrons and enable current during read operation. A current transient involving
different operating modes is shown in Fig. 3.1 (d). The higher I; is due to a higher

potential (lower energy barrier) during R1, whereas the lower I is the result of a
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lower potential (higher energy barrier). The hole concentration during the H
operation degrades with thoLp due to recombination (during H1) and generation
(during HO), as shown in Fig. 3.1 (e), which causes degradation in I; and Ip currents,

as shown in Fig. 3.1 (f).

The presence of an ungated region in RFET prevents band-to-band
tunnelling during H operation, which results in relatively slower degradation of
state ‘0’ and contributes to an improved RT. The tnoLp when SM degrades to 50%
(~4.88 pA/pm) of its maximum (~9.77 pA/um) value is defined as RT, and RFET
based 1T-DRAM attains an impressive RT of ~3.95 s with an Lcg of 20 nm and Ls
of 40 nm.

Table 3.3: Biases for IT-DRAM with Ls = 80 nm (Lpg = 10 nm, Lcg = 20 nm).

Vrc VFrcG VBcG
Operation Vb (V) | Vs(V) | Time (ns)
V) V) V)
W1 1.5 1.1 -1.0 1.5 0.0 10
WO 1.0 1.0 1.0 0.0 0.0 10
H 1.0 0.0 -1.2 0.2 0.2 -
R 1.5 0.55 -1.0 1.5 0.0 30

3.2.2 Trade-offs Associated with Storage Length and Retention Time

In general, a longer Ls is desirable in 1T-DRAM operation because it can
accommodate a higher hole concentration and result in an enhanced RT due to
suppressed recombination and generation. In RFET, the lateral electric field is
affected by the length of the PG (for fixed Lt). The longer Lpg weakens the lateral
electric field, whereas the shorter Lpg enhances the lateral electric field. Thus, the
selection of appropriate lengths (Lpg, Lcg, and Lgap) is crucial to achieving
improved 1T-DRAM performance. Fig. 3.2 (a) shows the transient characteristics
of RFETs (Lt = 100 nm) for Ls of 40 nm and 80 nm for a fixed Lcg of 20 nm. The
variation in SM with tyorp for each RFET is shown in Fig. 3.2 (b). To showcase

IT-DRAM operation for Ls = 80 nm, a different set of biases has been used, as
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shown in Table 3.3. With Ls = 40 nm, the RFET based 1T-DRAM can achieve SM
of ~9.7 nA/um along with a good RT of ~3.95 s. Due to a relatively longer Lgap
(=30 nm) in RFET with Ls = 80 nm (Lcg = 20 nm), the series resistance increases,
and thus, RFET requires a relatively higher Vrcg,w1 = 1.1 V to generate sufficient
holes, and Vrcgr = 0.55 V to achieve an acceptable SM (> 6 pA/um). Even at a
higher read bias, RFET with a longer Ls (= 80 nm) shows a marginally lower SM
(~8.7 nA/um) due to the longer Lgap (= 30 nm). Apart from lower SM, 1T-DRAM
with Ls = 80 nm exhibits a relatively reduced RT (= 1.4 s) because of two main
reasons — (a) higher Vrcgr needed for longer Ls (= 80 nm) causes Io to increase at
a faster rate with tyoLp, and (b) maximizing Ls implies minimizing Lpg (for fixed
Lt) which contributes to storage region being closer to source/drain, and
consequently HO state is degraded. The CR of both 1T-DRAM designs is
reasonable, i.e., over 4 orders. Therefore, for the same Lcg (20 nm), RFET with a
shorter Ls (40 nm) achieves better RT and SM. The results indicate that longer Ls
in RFET may not always ensure better I T-DRAM performance. With appropriate
bias selection during H (Vscg,n) and R (Vrcg,r) operations, a shorter Lg for a fixed

Lt may result in enhanced 1T-DRAM performance.
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Fig. 3.2 Comparison of (a) Drain current transient and (b) Variation in SM with
hold time (taoLp) of Ls = 40 nm and 80 nm for fixed Lcg = 20 nm with optimal
bias. For Ls= 40 nm, all biases are the same as shown in Table 3.2, while for Ls =

80 nm, biases are the same as shown in Table 3.3.
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3.3 Storage Length Dependent Bias Optimization

The storage length consists of Lcg and Lgap. To ensure reasonable Ls (for
fixed Lt), Lpg should be minimized. Apart from enabling carrier flow at the M-S
junction, PG also reduces the influence of the lateral electric field on the storage
region, i.e., it maintains the storage region away from the S/D. Therefore, in RFET
with a shorter Ls (for fixed Lt), RT is limited by the lower Ls. However, in RFET
with longer Ls values, RT is limited by the strong influence of the lateral S/D
electric field on the storage region. Thus, an optimal range of Ls is essential to
maximize the retention of 1T-DRAM. A longer Ls translates into a longer Lgap or
Lca, which introduces a higher series resistance. The different values of Lpg and
Lgap in RFET with Ls =40 nm (Lpg = 30 nm, Lgap = 10 nm), 60 nm (Lpg = 20 nm,
Lgap = 20 nm), and 80 nm (Lpg = 10 nm, Lcar = 30 nm) for fixed Lt of 100 nm
cannot provide optimal 1T-DRAM performance with the applied bias as shown in
Table 3.2. To showcase the dependence of Ls on 1T-DRAM behavior, the Lcg of
20 nm is fixed for each Ls of 40 nm, 60 nm, and 80 nm. The impact of Ls on W1,
H, W0, and R operations, along with corresponding bias optimization to ensure
optimal memory performance, is discussed in the next section. The bias shown in
Table 3.2 has been applied in different operating modes for each Ls (40 nm, 60 nm,
and 80 nm) with Lt = 100 nm and Lcg = 20 nm. The deterioration in memory
operations is then improved by applying a different set of biases (termed optimal)

based on the contribution of Lpg, Lgar, and each Ls (40 nm, 60 nm, and 80 nm).

3.3.1 Bias Optimization for Write 1 Operation

The W1 operation is crucial for operating 1T-DRAM. Failing to generate
sufficient hole concentration during W1 can lead to non-distinguishable read
currents. Hence, bias optimization is essential for W1. To showcase the impact of
Ls (for fixed Lcg of 20 nm and Lt of 100 nm) on the functioning of 1T-DRAM, a
common set of biases, as shown in Table 3.2, is applied at the terminals of the
RFET. W1 operation in RFET with Ls= 60 nm and 80 nm exhibits a subdued level
of impact ionization compared to the RFET with Ls = 40 nm (for fixed Lt = 100
nm) for the same Vpg,wi = 1.5V, Vecg,w1 = 1.1 V, Vecgwi =-1 Vand, Vp,wi = 1.5
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V. Consequently, lower hole concentration is generated during W1, i.e. ~2.5x10'®
cm™ for Ls = 60 nm, and ~2.5x10'” ¢cm™ for Ls = 80 nm as compared to ~7.9x10"
cm™ for Ls = 40 nm (Fig. 3.3 (a)). The RFET design with Ls= 60 nm and 80 nm is
expected to achieve a low W1 current due to the subdued impact ionization (Fig.
3.3 (b)). The longer Lgap of 20 nm and 30 nm in Ls of 60 nm and 80 nm,
respectively, offers a higher channel resistance compared to the Lgap of 10 nm in
Ls =40 nm (Lcg =20 nm and Lt = 100 nm). Higher channel resistance results in
a subdued level of impact ionization. To achieve sufficient hole concentration that
can initiate memory operation, a higher Vrcg,wi, 1s essential to lower the front CG
barrier in RFET with longer Ls (Fig. 3.3 (c)). The suppressed barrier height enables
a higher current flow, which enhances the rate of ionization. For a fixed Lcg = 20
nm, RFET with Ls= 40 nm requires a lower Vrcg,wi (0.65 V), while RFET with Ls
= 80 nm mandates a relatively higher Vrcg,wi (1.1 V), to generate sufficient excess
carriers as shown in Fig. 3.3 (c¢). The Ls of 60 nm requires Vrcgwi of 0.9 V to
generate an adequate concentration of holes (Fig. 3.3 (c)). After applying optimized
biases (Fig. 3.3 (c)) for various Ls, sufficient excess holes can be generated, and a
comparable W1 current can be observed in all RFET designs (Ls = 40 nm, 60 nm,

and 80 nm), as shown in Fig. 3.3 (d).

3.3.2 Bias Optimization for Hold Operation

Holding of generated holes after W1 operation in the RFET is of paramount
importance for 1T-DRAM with enhanced RT. Due to a variation in Lcg and Laap,
RFET architectures with different Ls require optimized H and R biases along with
optimized W1 bias. Due to non-optimal H and R biases, RFETs with Ls= 60 nm
and 80 nm exhibit poor SM (Fig. 3.3 (d)). In general, to hold excess carriers in
RFET with a longer storage region, a more negative Vscg,u is needed. However, in
RFET-based 1T-DRAM, a less negative Vecag,n is essential for achieving a higher
Ls (for a fixed Lt) for optimal retention, as shown in Fig. 3.4 (a). A more negative
Vica,n in longer Ls (shorter Lpg) leads to the degradation of the HO state due to the
higher lateral field between S/D and back CG. Hence, RFETs with Ls = 60 nm and

80 nm need to be operated at a less negative Vscg,u (-1.2 V), as shown in Fig. 3.4

56



(a). RFET with higher Ls (60 nm and 80 nm) can sustain the recombination in H1

even at less negative back CG bias.
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Fig. 3.3 (a) Excess hole concentration (nn) generated for different Ls values (40 nm,
60 nm, and 80 nm) at Vrcg,w1 = 0.65 V. (b) Current transient for various Ls values
for the same biases (non-optimal for Ls = 60 nm and 80 nm) shown in Table 3.2.
(c) Comparison of optimal front CG W1 bias (Vrcgwi) for different Ls. (d)
Comparison of the current transient for various Ls with optimized Vrcg,wi. Lcg is

20 nm for Lt of 100 nm in each Ls, i.e., 40 nm, 60 nm, and 80 nm.

In RFET with a longer Lpg or shorter Ls, a more negative Vecgu (-1.3 V),
is essential to sustain holes in the H1 state. A more negative Vecgu (-1.3 V) in
shorter Ls does not result in enhanced hole generation in HO state as compared to
Ls with 60 nm and 80 nm due to the longer Lpg, which reduces the impact of the
lateral field. The resistance offered by each RFET topology primarily depends on
Lcar and Lcg. Hence, for the same read bias (0.3 V), the SM of the RFET with

longer Ls is expected to be lower, even after generating sufficient carriers (Fig. 3.4
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(b) and (¢)). As shown in Fig. 3.4 (c), the RT of RFET with longer Ls (60 nm and

80 nm) is also on the lower side (less than 100 ms) due to fast degradation in I;.
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Fig. 3.4 (a) Optimized back CG bias (Vcg,n) requirement for hold operation for
different Ls values. (b) Comparison of current transient for various Ls values with
optimized Vrcg,wi1 and Vecg,n. (¢) Variation of RT and SM for different Ls values
with optimized Vrcg,wi, and Vecgn but at a non-optimal Vrcgr. Lcg is 20 nm for

Lt of 100 nm in each Ls, i.e., 40 nm, 60 nm, and 80 nm.

3.3.3 Bias Optimization for Read Operation

Along with W1 and H, the R operation (R1 and RO) also plays an important
role in I'T-DRAM functioning because it senses the hole concentration (through
current) available after H1 and HO operations. During R1 operation, weak impact
ionization prevents the degradation of R1 state for a relatively longer H time.
However, if RFET exhibits lower SM, a relatively fast degradation in R1 current
results in a lower RT as shown in Fig. 3.4 (c). Thus, RFET with longer Ls

essentially requires a higher Vrcg,r to achieve a good SM and RT i.e. Vrcgr= 0.4
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V for Ls= 60 nm, and Vrcgr=0.55V for Ls = 80 nm (Fig. 3.5 (a)). An increase in
VErcGRr results in an enhancement in I; and Io, and all RFET architectures attain
comparable SM and CR as shown in Fig. 3.5 (b) as compared to Fig. 3.4 (b).
However, I is degraded in RFET with longer Ls (60 nm and 80 nm), and hence, a
lower RT is achieved. Thus, a longer Ls (for a fixed Lt) does not necessarily
translate into an enhanced RT. From Fig. 3.5 (¢), it is clear that for the same Lcg (=
20 nm), a device with lower Ls (= 40 nm) shows a higher RT among other

topologies because of an optimal separation of storage region from S/D.
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Fig. 3.5 (a) Comparison of optimal front CG read bias (Vrcgr) for different Lg
values. (b) Comparison of current transients for various Ls with optimized Vrcg,wi,
VBcaH, and Vrcgr. (¢) Variation of RT and SM for different Ls with optimized

VEcG.wi, VBegH, and Vrcgr. Leg 1s 20 nm for Lt of 100 nm in each Ls, i.e., 40 nm,

60 nm, and 80 nm.
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3.4 Impact of Non-Optimal Bias on Retention Time

Optimal bias during H and R operations is the bias that leads to maximum
RTin any Ls i.e. 40 nm, 60 nm, and 80 nm. However, the bias higher or lower than
the optimal value during the H and R operation can lead to degraded RT. The
application of non-optimal bias during H can lead to enhanced generation and
recombination, whereas during R operation, non-optimal biases can increase or
decrease the rate of I1 and o with tmoLp. Hence, in this section, the impact of non-

optimal H and R biases on RT is investigated.
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Fig. 3.6 Variation in percentage change in SM with the hold time (thoLp) for biases
above and below the optimized Vgcg,u for (a) Ls =40 nm, (b) Ls =60 nm, and (c)
Ls =80 nm.

3.4.1 Variation in Retention Time with Non-Optimal Hold Bias

After the W1 operation is performed, the RT in RFET based 1T-DRAM is
affected due to the application of non-optimal bias at the back CG during hold and
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front CG during read operation. To showcase the impact of non-optimal bias during
H operation, the percentage change in SM with thorp is shown in Fig. 3.6 (a)-(c)
for various H biases i.e. 100 mV above and below the optimal Vpcg,n. Deviation in
Vacg,u from the optimal bias leads to enhanced recombination and generation
during H1 and HO, respectively, which degrades SM as shown in Fig. 3.6 (a)-(c).
A higher recombination rate during H1 severely affects 11, whereas an increase in
hole generation during HO deteriorates the Io current at a faster rate. However, non-
optimal H bias does not affect SM because SM is calculated after a shorter tnorp of
10 ns. Its effect on read current can be observed if RFET holds the holes for a longer
duration (longer thoLp) as generation and recombination increase with tyorp. All
RFETs (with Ls = 40 nm, 60 nm, and 80 nm) show lower RT if a less negative
Vscan is used (than the optimal H bias) due to the sharp degradation of state ‘1’
(due to recombination in H1). However, a more negative Vpcgu bias (in
comparison to optimal) also leads to the degradation of RT because of the
degradation of state ‘0’ (due to generation in HO), although at a lower rate. The
degradation in state 1 is higher because recombination in H1 sharply deteriorates

the I;. Consequently, SM is degraded.

3.4.2 Variation in Retention Time with Non-Optimal Read Bias

To demonstrate the impact of non-optimal bias during R operation, a bias
value being 50 mV above and below the optimal Vecgr is considered, and the
corresponding effect on RT is estimated by evaluating the percentage change in
SM. Similar to H operation, the deviation in Vrcgr from optimal bias leads to
degradation in I and I, which degrades the SM as shown in Fig. 3.7 (a)-(c). SM
degrades at a faster rate (due to sharp deterioration in I;) at a lower read bias than
that for an optimal Vrcgr in RFET with Ls = 40 nm and 60 nm, and RFET
eventually ends up exhibiting lower RT as shown in Fig. 3.7 (a)-(c). RFET with Ls
= 80 nm shows enhanced RT (greater than the optimal) due to a lower rate of
degradation in I; at lower Vrcgr because of a longer underlap region as shown in
Fig. 3.7 (c). However, a longer underlap causes SM to reduce below 6 pA/pum for

RFET with Ls = 80 nm. At a higher read bias, the rate of degradation of Io current
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governs RT. Hence, a faster degradation in SM in RFET for Ls= 80 nm leads to a

reduced RT as compared to the other two topologies (Ls= 40 nm and 60 nm).
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Fig. 3.7 Variation in SM with the hold time (thoLp) for biases above and below the
optimized Vrcgr for (a) Ls =40 nm, (b) Ls =60 nm, and (c) Ls =80 nm.

3.5 Control Gate Length Dependent Bias Optimization

The storage length comprises of Lcg and Lgap in RFET based 1T-DRAM.
Lgar and Lcg regions have different contributions on the performance of 3G-RFET
i.e. subthreshold swing (SS) varies from 62 mV/dec to 80 mV/dec for various
combinations resulting in Ls = 40 nm, 61 mV/dec to 71 mV/dec for different
combinations resulting in Ls = 60 nm, and 60 mV/dec to 67 mV/dec for different
combinations resulting in Ls= 80 nm (for fixed Lt = 100 nm) as listed in Table 3.1.
The variation in SS is due to different Lcg values for the given storage region (Ls).
Hence, the contribution of Lcg and Lgap in Ls can significantly affect the

requirements of W1, H, W0, and R biases, while also impacting RT and SM.
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Amongst these two lengths (Lgar and Lcg), Lcg is critical for the storage region as

it governs the storage of holes under the back CG.

The optimal Vgcg,u during H operation and Vrcgr during R operation for
each Lcg is shown in Fig. 3.8 (a), (¢), and (e). The corresponding SM and RT values
are also shown in Fig. 3.8 (b), (d), and (f). For a fixed Ls = 40 nm, an increase in
Lcg shifts Ve, to more negative values (to hold excess holes) as shown in Fig.
3.8 (a)i.e. Vecgu of -1.2 Vand -1.4 V for Lcg= 10 nm and 30 nm, respectively, is
more appropriate for I T-DRAM operation. For Ls =40 nm, Lgap varies from 5 nm
(Lcg=30nm) to 15 nm (Lcg= 10 nm). A shorter Ls (or Lcg) indicates an enhanced
degree of SCEs in RFET, which tends to increase the current drive. Consequently,
SM increases with a reduction in Lcg from 30 nm to 15 nm (for Ls = 40 nm) for the
same read bias of 0.3 V. RFET designed with Lcg = 10 nm and operating at the
same read bias, will not be optimal as a faster degradation of Ip due to SCEs is
envisaged. Therefore, RFET with Lcg= 10 nm has been operated at a relatively low
read bias (0.25 V), as shown in Fig. 3.8 (a), which also lowers SM, as shown in Fig.
3.8 (b). SM varies from 7.4 pA/um to 11.2 pA/um with Lcg for a fixed Ls =40 nm.
Also, an increase in Lcg results in an enhancement of RT with values (> 64 ms)

ranging from 1.5 s to 6.1 s (Fig. 3.8 (b)).

RFET based 1T-DRAM with Ls = 60 nm also requires a more negative
Vica,n with increasing Lcg as shown in Fig. 3.8 (c). In this case, Lgap varies from
5 nm (Lcg= 50 nm) to 25 nm (Lcg= 10 nm). Due to the relatively longer Lgap with
Ls= 60 nm, SCEs are suppressed in comparison to RFET with Ls= 40 nm. Thus,
IT-DRAM can attain SM > 6 uA/um for all Lcg for a Vrcgr 0f 0.4 V (Fig. 3.8 (d)).
As read bias is the same for each Lcg, SM marginally varies from 7.1 pA/um to 8.1
pA/pm. SM degrades as Lcg reduces from 40 nm to 20 nm (unlike the case
corresponding to Ls = 40 nm) due to the relatively lower degree of SCEs and the
higher resistance offered by the longer Lgap. At lower Lcg values (< 20 nm), SM
increases even with a longer Lgap because of a higher degree of SCEs
corresponding to a shorter Lcg. Even for Lcg > 40 nm, SM decreases even for

shorter Lgap because of a reduction in the resistive component for Lgap < 10 nm.
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RT increases with an increase in Lcg for Ls = 60 nm due to enhanced storage region

length, and RT lies in a range of 1.1 s to 8.7 s (Fig. 3.8 (e)).
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Fig. 3.8 (a) Variation of optimal back CG hold bias (Vscg,n) and front CG read bias
(Vrca,r) with control gate length (Lcg) and corresponding (b) SM and RT for Lcg
in Ls =40 nm. (c) Variation of optimal back CG hold bias (Vscs,n) and front CG
read bias (Vrcag,r) with control gate length (Lcc) and corresponding (d) SM and RT
for Lcg in Ls = 60 nm. (e) Variation of optimal back CG hold bias (Vscg,n) and
front CG read bias (Vrcg,r) with control gate length (Lcg) and corresponding (f)
SM and RT for Lcg in Ls = 80 nm.
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RFET with a longer Lcg (for a fixed Lt) always requires a more negative
Vica,n, for optimal performance. However, a more negative Vpcgu causes an
increase in the lateral electric field between S/D and the back CG. This triggers
weak impact ionization during HO, and consequently, state ‘0’ degrades. By
maintaining the storage region away from S/D through a longer Lpg, the effect of
the lateral field can be reduced. Thus, the RT of 1T-DRAM with a higher Ls value
is severely degraded due to the state ‘0’ if the device operates at a more negative
Vaca,u. For longer Lcg values, a reduction in Lgap enhances the field between S/D
and back CG during HO operation. If Lpg is relatively longer (20 nm for Ls= 60 nm
and 30 nm for Ls= 40 nm), the lateral electric field can be suppressed which lowers
the extent of degradation of the HO state, and an enhanced RT (for higher Lcg) is
obtained. However, if RFET with a lower Lpg (10 nm for Ls= 80 nm) operates at a
more negative Veca,H, a significant degradation in HO state is observed due to the
relatively higher values of the lateral electric field. For higher RT (> 64 ms at 85
°C) at longer Lcg (from 40 nm to 70 nm for Ls = 80 nm), a less negative Vecgn
i.e.,-1.1 V as compared to -1.2 V for RFET with lower Lcg (10 nm to 30 nm for Ls
= 80 nm) should be considered. For RFET with an Ls of 80 nm, the Lgap varies

from 5 nm to 35 nm.

For the same Vrcgr (0.5 V), RFET can attain SM > 6 pA/pum for Lcg values
in between 30 nm and 70 nm (Fig. 3.8 (e)) even though the degradation in SM can
be observed for Lcg lying within the range 60 nm (Lgap= 5 nm) to 30 nm (Lgap=
25 nm) as shown in Fig. 3.8 (f). When the same read bias (0.5 V) is applied to RFET
with shorter Lcg values (10 nm and 20 nm), a poor SM is observed (< 6 pA/pum)
due to a longer Lgap (30 nm and 35 nm). Thus, to obtain a decent SM, RFET with
lower Lcg (10 nm and 20 nm) requires a slightly higher Vrcgr 1.€., 0.6 V and 0.55
V for Lcg = 10 nm and 20 nm, respectively. Due to the relatively higher Vrcgr, a
slight improvement in SM can be observed compared to Lcg = 30 nm. Additionally,
at higher Lcg (> 60 nm), SM decreases even with a shorter Lgap. A longer Lpg helps
reduce the impact of S/D on the storage region. Thus, for a longer Lpg, increasing
Lca (for Ls=40 nm and 60 nm) enhances RT because of the longer Ls afforded by
a longer Lcg. In RFET with higher Ls (= 80 nm), RT initially increases with Lcg
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(because of longer storage region), and thereafter, decreases at Lcg (> 40 nm) due
to the degradation of state 0 due to higher lateral field. As a result, RT varies from
550 ms to 3.9 s for Ls = 80 nm. It can be observed that RFET based 1T-DRAM can
achieve an appreciable SM (> 6 uA/um) and RT (> 64 ms), provided optimal bias

is applied at the terminals.

3.6 Feasibility of RFET for On-Chip 1T-DRAM

Recently, on-chip memory has been gaining significant attention due to the
increasing number of cores. The data-hungry cores require large amounts of data to
process on a regular basis. The off-chip memory often fails to provide data to the
powerful cores at a high speed due to its limited bandwidth and relatively slow
read/write performance. Operating memory close to the core results in an enhanced
bandwidth, which helps the cores process data more quickly. However, these on-
chip memory needs to perform write/read operations at a relatively higher speed to
fulfill the data required for the core. Since SM and RT are highly dependent on
operating W1 and R time, analyzing RFET-based 1T-DRAM with faster access

time is essential for on-chip applications.
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Fig. 3.9 Variation of hole concentration (ny) at back surface of RFET during write
1 (W1) for various values of write time (twi = 2 ns to 10 ns). All biases are

mentioned in Table 3.2.
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3.6.1 Impact of Write Time Reduction on Hole Concentration

In the above analysis (in section 3.2.1) for Ls = 40 nm (Lcg = 20 nm), a
relatively higher twi (= 10 ns), two (= 10 ns), and tr (= 30 ns) were considered.
However, in the case of on-chip IT-DRAM (embedded 1T-DRAM), a much lower
twi, two, and tr is required for fast memory access. The twi of 1T-DRAM is limited
by the mechanism responsible for generating excess holes. In RFET-based 1T-
DRAM, excess holes are generated through the positive feedback mechanism
induced by weak impact ionization [207]. Fig. 3.9 shows that RFET can generate
sufficient excess holes (~10?° cm™) in a relatively short twi between 4 ns and 10 ns.
However, hole concentration reduces to ~7.9x10'” cm™ for a twi of 3 ns. RFET can
only function with SM (~9.7 uA/um) and RT (~3.95 s) up to 3 ns of twi. SM reduces
to a value lower than 6 pA/um for a tw; of 2 ns because of the reduced hole
concentration (~2.5%10'° /em?). Therefore, for RFET designed with Lgap = 10 nm,
Lpg = 30 nm, and Lcg = 20 nm, twi can be lowered to 3 ns without any significant
degradation in RT and SM. Faster W1 operation with RFET can also result in
reduced energy consumption. Lower energy consumption is a prerequisite for

embedded memory applications.
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Fig. 3.10 (a) Variation of RT with read time (tr = 2 ns to 30 ns) for a fixed twi of 3
ns. (b) Current transient for a minimum twi (3 ns) and tr (2 ns). Parameters: Lpg =
30 nm, Lcg =20 nm, Lgap = 10 nm and Lt = 100 nm. All biases are mentioned in

Table 3.2.
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Table 3.4: Benchmarking of RFET based 1T-DRAM with existing topologies.

Lt tw1 tr1 RT SM Reconfigur
Device
(nm) (ns) | (ns) | (ms) | (nA/pm) -able
FD-SOI
350 5 5 100 12
[220]
DG-
FinFET 60 1 2 10 5
[221]
Z’FET
60 1 1 150 39 No
[222]
TFET
245 5 50 600 0.18
[223]
R-S/D
MOSFET 30 5 10 15 33
[224]
2G-RFET 100 1 2 560 21
[204] 60 1 2 60 31
100
5 2 40 7.4
(Ls=40 nm)
Yes
100
This work 1 2 30 7.2
(Ls= 60 nm)
100
2 6 35 8.5
(Ls= 80 nm)

3.6.2 Impact of Read Time Reduction on Retention Time

The impact of tr on RT is shown in Fig. 3.10 (a) where tr varies from 2 ns
to 30 ns for a fixed twi of 3 ns. A minimum tw; of 3 ns ensures SM > 6 pA/um for
all values of tr. RT is limited by the degradation of both I; and Io. For a longer tr
(> 25 ns), Iprises, which causes a degradation in RT from 4.8 s (tr =25 ns) to 3.95

s (tr = 30 ns). However, for a smaller tr (< 25 ns), 11 is degraded, and hence, a
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degradation in RT occurs. For a tr of 5 ns, IT-DRAM shows an RT of 75 ms (> 64
ms), indicating suitability for standalone 1T-DRAM. Also, a retention time of 25
ms (> 16 ms) is achieved for a smaller tr of 3 ns, which also reflects the potential
for embedded applications. Fig. 3.10 (b) shows the current transient, indicating

feasible memory operation for a minimum twi and tr of 3 ns and 2 ns, respectively.

3.6.3 Benchmarking

The impact of various architectures on tr and tw1 has been demonstrated for
RFETs with maximum RT (Fig. 3.8 (b), (d), and (f)). The architecture considered
are Ls =40 nm (Lcg = 30 nm), Ls= 60 nm (Lcg= 50 nm), and Ls= 80 nm (Lcc =
40 nm). Apart from the operating bias requirement, SM and RT, tr, and tw; will be
function of individual lengths of the RFET. Vrcg,wi shown above has been
optimized for Ls = 40 nm, Ls = 60 nm, and Ls = 80 nm for a fixed Lcg = 20 nm to
generate sufficient excess holes for a tw1 of 10 ns. However, in RFET, the minimum
tw1 to generate excess holes varies with the contribution of Lcg and Lgap. The
optimal RFET with Ls = 40 nm (Lcg = 30 nm) exhibits a lower degree of impact
ionization compared to a device designed with Ls =40 nm (Lcg = 20 nm) due to its
higher Lcg. RFET with Ls = 40 nm (Lcg = 30 nm) will not be able to generate
sufficient excess holes below a twi of 5 ns. RFET designed with Ls = 60 nm (Lcg=
50 nm) shows a greater degree of impact ionization as compared to a device with
Ls =60 nm (Lcg=20 nm) at Vrcg,wi1 = 0.9 V because of the shorter ungated region.
Thus, RFET with Ls = 60 nm (Lcg = 50 nm) generates sufficient excess holes at
Vrco,wi = 0.9 V even with a minimum tw; of 1 ns. RFET with Ls = 80 nm (Lcg =
40 nm) exhibits a greater degree of impact ionization as compared to a device with
Ls =80 nm (Lcg= 20 nm) for Vrcg,w1 = 1.1 V because of a shorter ungated region.
Thus, RFET with Ls = 80 nm (Lcg =40 nm) can generate sufficient excess holes at

Vrcg,wi = 1.1 V for a minimum tw; of 2 ns.

The minimum tr strongly depends on I, which is significantly affected by
the length of the ungated region. RFET with Ls = 80 nm (Lcg =40 nm) and Lgap=
20 nm offers high resistance and consequently limits the minimum tr to 6 ns.

However, other RFET architectures with Ls= 40 nm (Lcg = 30 nm) and Ls = 60

69



nm (Lcg = 20 nm) offer low resistance, and a minimum tr of 2 ns is feasible. Thus,
RFET with Ls = 60 nm can outperform other RFET topologies (Ls =40 nm and Ls
= 80 nm) by functioning at lower twi (1 ns) and tr (2 ns), as shown in Table 3.4.
The results indicate that 3G-RFET (with optimum dimension and operating biases)
can be a promising solution for high-speed and high-density 1T-DRAM. Zero-
impact ionization zero-slope (Z?FET) [222] can potentially limit its use for high-
density processor design. Additionally, the requirement for gate misalignment in
twin-gated (2G) RFET [204] necessitates extra and complex fabrication steps,
which can be a limiting factor for large-scale integration. However, the RFET
analyzed in this work can function with a minimum tw; and tr of 1 ns and 2 ns,
respectively (Ls = 60 nm and Lcg = 50 nm), which indicates its potential inclusion
in a system-on-chip application where a smaller device footprint is a primary

concern.

3.7 Fabrication Flow of RFET

The step-by-step fabrication flow of RFET is shown in Fig. 3.11. The
process starts with the formation of a lightly p-type-doped Silicon-on-Insulator
substrate. In the RFET architecture, the channel can be patterned into the desired
shape using electron beam lithography [225], followed by the formation of a SiO>
layer via dry oxidation [225]. Then, the Schottky-barrier (SB) region is patterned
using electron-beam lithography. After that, a polysilicon layer is deposited
(conformal polysilicon deposition) with the same mask (length Lcg) to form CG
and PG. For independent gate operation, Chemical Mechanical Polishing (CMP) is
employed to separate the gates [226]. After forming an independent gate, a nickel
layer is deposited by sputtering, and a specific annealing process is performed to
form NiSi at the S/D [225]. The process and flow mentioned above are based on
well-known technology, which has already been used in literature to implement
nanowire and fin-shaped RFET structures [225], [227] and an independent gate
[226] DG structure. Thus, by maturing the technology, it is possible to integrate the
proposed RFET structure, which can be used as a capacitorless DRAM while

retaining its reconfigurability feature.

70



Step 1 Step 2 Step 3
Fin patterning: Electron H Gate oxide formation: HGatc formation: Conformal

Beam Lithography Dry Oxidation Polysilicon Deposition
Step 5 Step 4
CG and PG formation: Electron Beam Lithograpth SB patterning: Electron
with the same pattern for CG and PG Beam Lithography
Step 6 Step 7
Independent gate formation: Chemicale S/d formation: Ni
Mechanical Polishing puttering, Silicidation

Fig. 3.11 Possible fabrication flow for RFET structure through well-known
fabrication steps used in [225], [227].

Quantum confinement effects are observed in a device when the Tsi and Tox
reach below 10 nm and 1 nm, respectively, [228]. However, in this work, the
considered values of Ts; and Tox are not below 10 nm and 1 nm, respectively.
Hence, the quantum confinement effect does not affect the device performance. If
the Si thickness is scaled below 10 nm, quantum confinement in the vertical
direction will occur. This confinement will be similar to that in a SOl MOSFET
and can be estimated through the self-consistent solution of Poisson’s and

Schrodinger’s equations.

3.8 Impact of Traps on SM and RT

In a non-ideal Schottky contact, the Schottky barrier height (SBH) gets
affected by Fermi-level pinning due to traps at the M-S interface [229], whereas
these effects are absent in an ideal Schottky contact. The Fermi level pinning can
lead to an increase in the SBH in non-ideal Schottky contacts. An increase in SBH
due to Fermi level pinning depends on the work function of the metal and the
interface trap charge density [229]. For a typical M-S interface with a trap charge
density (Dit) of 10" cm™ eV™!, SBH for electrons increases from 0.35 eV to 0.43

eV, which causes degradation in SM as shown in Fig. 3.12 (a). Along with non-
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ideal Schottky contacts (presence of traps in M-S junction), the 1T-DRAM
performance is also affected by traps formed at the Si/SiO» interface (due to an
immature fabrication process). The traps at the Si/SiO interface become a
hindrance for IT-DRAM performance by increasing the recombination rate [13].
Thus, traps can affect the carrier lifetime [230] that governs the RT of the 1T-
DRAM. To capture the effect of traps on RT, a lower carrier lifetime (10 ns instead
of 76 ns at 358 K) has been considered [230]. To consider the impact of traps (at
Schottky contact and Si/SiO; interface) on various RFET architectures, three
different topologies that have shown maximum RT have been considered, and the

same is shown in Table 3.5.

Table 3.5: Retention time (RT) of three different topologies without traps.

Ls (nm) Lcg (nm) Lt (nm) Ls/Lt RT (s)
40 30 100 0.4 6.1
60 50 100 0.6 8.7
80 40 100 0.8 3.9

Table 3.6: Retention time (RT) of three different topologies with traps.

Ls (nm) Lcg (nm) Lt (nm) Ls/Lt RT (ms)
40 30 100 0.4 900
60 50 100 0.6 1300
80 40 100 0.8 500

The increased SBH at M-S junctions due to Fermi-level pinning primarily
degrades Iprr1 after read 1 operation (at the same bias at each terminal), leading to

a reduction in the SM of the 1T-DRAM, as shown in Fig. 3.12 (a). In the presence
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of traps, RT reduces to ~900 ms (from 6.1 s), ~1300 ms (from 8.7 s), and 500 ms
(from 3.9 s) for Ls/Lt= 0.4 (Lco/LT=0.3), Ls/LT= 0.6 (Lcc/LT=0.5), and Ls/Lt=
0.8 (Lco/Lt=0.4), respectively at 85 °C as shown in Fig. 3.12 (b). Even though RT

is reduced in the presence of traps, it remains above 64 ms.
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Fig. 3.12. Impact of traps on (a) sense margin (SM) and (b) retention time (RT) of
RFET based 1T-DRAM.

3.9 Conclusion

In this chapter, the length-dependent constraints for feasible 1T-DRAM
operation in nanoscale RFETs are critically investigated. Results indicate that
RFET exhibits higher values of RT and SM over a broader range of Lcg. The
analysis shows that a longer Ls (for a fixed Lt) does not necessarily imply enhanced
RT. Retention can be improved by maximizing Lcc for moderate or lower Ls (40
nm to 60 nm). For a longer Ls (> 80 nm), RT can be maximized by ensuring Lcg/Ls
~ 0.5. An optimally designed RFET with Ls= 60 nm with Lcg= 50 nm outperforms
other topologies with best retention ~8.7 s due to advantages attributed to
appropriate values of Lcg at fixed Lt, which suppresses the degradation of state 0.
The SM of RFET-based 1T-DRAM lies within the range of 7 pA/um to 13 pA/um
with a minimum CR of ~10* for all architectures. The SM and RT is further reduced
in the presence of traps. However, the values remain higher than 64 ms. Results.
The enhancement in SM and RT is further possible with appropriate bias selection
for memory operations. while showcasing new insights, highlight the versatility of

optimally designed nanoscale RFET for utility as 1T-DRAM. Additionally, an
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optimally designed RFET-based 1T-DRAM (Ls = 60 nm and Lcg = 50 nm)
demonstrates feasibility for operation at lower twi and tr values of 1 ns and 2 ns,

respectively, making it a viable alternative for on-chip memory.
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Chapter 4

Word Line and Bit Line Disturbance in Nanowire

Gate-All-Around RFET

4.1 Introduction

The compatibility with CMOS process, low write latency, and low power
consumption favorably position 1T-DRAM for on-chip (embedded) memory [231].
The RT of DRAM typically ranges from tens of microseconds to a few milliseconds
[232], which often demands energy-consuming refresh cycles. Traditionally, 1T-
DRAM has been realized in planar CMOS technologies, such as FD-SOI and DG
MOSFET, through substrate biasing or independent gate biasing to create a lower
potential region for storing holes [160]. While independent gate biasing is feasible
in a planar transistor architecture, a NW gate-all-around (GAA) transistor topology
capable of high integration density may not permit the same [233]. Hence, a
transistor architecture compatible with logic technology and supporting 3-
dimensional (3D) integration [234] may not be suitable for 1T-DRAM. The
challenge is to design a transistor architecture compatible with logic and on-chip
memory to enhance the data transfer rate between the processor and memory block

[235].

1T-DRAM operation has been realized through 4 to 6 distinct voltage levels
(in addition to 0 V) [174], [185], [199], [200], [204], [224], [236]. While multiple
bias levels ensure higher charge retention [204], [174], it comes with the
requirement of additional voltage blocks to generate different biases along with
associated routing complexities [237]. The non-availability of a back bias-induced
dedicated charge storage region in NW GAA transistors can be circumvented by

using RFET. As already demonstrated, RFETs have shown significant potential for
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high-density logic applications when comparing the transistor count to implement
logic functionality. The challenge in implementing on-chip capacitorless DRAM,
i.e., IT-DRAM with NW GAA RFET, is to minimize the number of voltage levels
(nvr), reduce refresh rates, and achieve low twi and tr, while maintaining lower
energy consumption with a logic-compatible Vpp. The above-mentioned
performance parameters govern the operating behavior of single (isolated) 1T-
DRAM (when not incorporated in an array). Furthermore, the bias-dependent
disturbance caused by the shared word line (WL) and bit line (BL) remains a major

challenge in the array-level operation of 1T-DRAM.
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Fig. 4.1 (a) Schematic of an independent gate-all-around RFET used for 1T-DRAM

operation. The notation for WL or BL bias is V with the subscript denoting WLs
(WL1 and WL2) or BL. Vwi1 and Vw2 are connected to CG and PG, respectively,
whereas VgL is connected to the D. (b) A 2 x 2 array consists of NW GAA RFET
in each cell, i.e., cell 00, cell 01, cell 10, and cell 11. Each cell in the array consists

of two WLs and one BL.
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In Chapter 4, the working mechanism of a single cell NW GAA RFET based
IT-DRAM (Fig. 4.1 (a)) is first discussed, followed by an analysis of WL and BL
disturbances through the 1T-DRAM array (Fig. 4.1 (b)). The analysis starts by
highlighting the influence of the number of bias levels for realizing 1T-DRAM
(single cell) with GAA NW RFET. In NW GAA RFET, electrically connected PGs,
CG, S, and D constitute four distinct electrodes. Considering the requirements of
four operations: W1, W0, H, and R for IT-DRAM, the number of voltage levels
(nvr) should be carefully minimized. RFET (n-type and p-type) has been shown to
operate at £Vpp (= 1 V) for logic applications. Hence, bias schemes for three
different values of nvy, i.e., 2 (£1 V), 3 (1 V,-0.5 V), and 4 (£1 V, £0.5 V), are
considered with a focus on RT, WL, and BL disturbance analysis.

The operation of an independent cell is illustrated for different nvr values,
i.e., 2, 3, and 4. In disturbance analysis, RFET 1T-DRAM operating with nyr, = 3
and 4 are considered. The nyL = 2 is discarded in the disturbance analysis due to its
lower RT than 1T-DRAM independent cell with nyp = 3 as WL and BL
disturbances are expected to deteriorate the RT further. A decay (or change) in
individual read currents (Igsr,1 and Igr,) is considered to quantify the disturbance.
The disturbance is estimated by calculating the 1/10 and %10 change in the bit line
current corresponding to state 1 (Isr,1) and state O (IsLo), respectively, from their
initial values. WL and BL disturbance centric bias optimization has been
performed, and the duration of disturbance tolerance (tpr) has been evaluated,
respectively. Additionally, performance metrics were benchmarked with published
data on WL and BL array disturbance. Fig. 4.1 (b) shows a 2x2 1T-DRAM array
implemented through NW GAA RFET, where each cell, i.e., one NW GAA RFET,
consists of two WLs (WL1 and WL2) and one BL. In NW GAA RFET, PGs and
CG are connected to WL2 and WLI, respectively, whereas D is connected to BL.
Throughout the chapter, no voltage is applied at the source. For the realization of
NW GAA RFET based 1T-DRAM as shown in Fig. 4.1 (a), the diameter (dnw),
HfO, physical high-permittivity (high-x) Tox, Lcg, Lrg, and Lt were fixed at 15

nm, 5 nm, 40 nm, 20 nm, and 100 nm, respectively. The considered Lcg (40 nm)
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and Lgap of 10 nm between PG and CG ensure suppressed SCEs, which aid in
higher RT, as shown in Chapter 3.

4.2 1T-DRAM Operation in NW GAA RFET

The presence of a surrounded CG in NW GAA RFET may not support the
bias scheme used for an independent DG RFET discussed in previous chapters. The
IT-DRAM operation in NW GAA RFET with bias supporting feasible memory
operation is discussed in this chapter. Surrounding CG requires a W1 mechanism
other than a positive feedback mechanism induced by weak impact ionization. The
inherent architecture of NW GAA RFET supports the same through Schottky
tunneling with the application of appropriate bias across PGs and D [208]. The
trade-offs associated with nyL and RT in the operation of 1T-DRAM are also

discussed in this chapter.

4.2.1 Write 1 and Write 0 Operations

Fig. 4.2 (a) represents the biases applied at WLs (Vwr1 and Vwi2) and BL
(VeL) while assessing the performance of NW RFET 1T-DRAM single cell (Fig.
4.1 (a)) with nvL = 3. The only difference between nvL = 2 and 3 is the application
of Vwri = 0 (for nyL = 2) versus Vwri = -0.5 V (for nyL = 3) during R operation.
The bias applied at the PGs (WL2), CG (WL1), and D (BL) remains the same with
either of the nvyi, i.e., 2 and 3, during other operations of 1T-DRAM. The W1
operation is performed by the Schottky tunneling mechanism [208]. As shown in
Fig. 4.2 (b), W1 operation in independent (single) cell with nn of ~5x10' cm™ was
realized by reducing the tunneling width between valance band (VB) and M (NiSi)
with Vw2 = 0 V and VL = 1 V. Since tunneling of holes is relatively faster (as
compared to impact ionization), the W1 operation could be performed within tw; =
5 ns. Unless otherwise stated, the S is maintained at 0 V for the sequence of memory
operation. Holes are stored in a potential well underneath CG through a Vw1 = -1
V. For WO operation (Fig. 4.2 (c)), Vwr2 = +1 V is used with VgL = 0 V to enable
tunneling of electrons by reducing the tunneling width between conduction band

(CB) and M. The electrons recombine with holes present underneath the CG region
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due to Vwi2 = +1 V. After the WO operation, a lower nn = ~10% cm™ is achieved in

IT-DRAM (single cell).
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Fig. 4.2 (a) Bit line (BL) and word line (WLs) biases for 1T-DRAM corresponding
to bias nvL.=3. Vw1 =0 V during the read (R) operation corresponds to bias scheme
for nyL = 2. Contour plot for hole concentration (nin) and variation of conduction
(CB) and valence (VB) band along the channel direction (z) for (b) Write 1 (W1)
and (c) Write 0 (WO0) operations.

4.2.2 Hold Operation

To sustain holes after W1 and WO operations, a negative Vwr1 = -1V, and
a positive Vwrz = +1 V are used during the H operation. Fig. 4.3 (a)-(b) shows the
variation of nn with thoLp during H1 and HO, respectively. The degradation of nn
during H1 is due to recombination, which depends on the depth of the potential well
(AV), which decreases from the surface (AV = 0.7 V) to the center (AV =0.42 V)
due to the lesser impact of Vwri on the center of NW. Even though AV is lower at

the center of NW (indicating the possibility of recombination), its value is sufficient

79



to maintain the H1 state. During HO, ny degrades with taorp (Fig. 4.3 (b)) because
of generation. In contrast, degradation of nj starts from the surface during HO state
because of a higher electric field at the surface (~ 10° V/cm) as compared to that at
the center (~ 5x10° V/cm) of the ungated region. Thus, at tnop ~1.5 s, the
difference between nn during H1 and HO vanishes as shown in Fig. 4.3 (a) and (b).
Vwri =-1V contributes towards higher RT in NW GAA RFET as the H1 state does

not degrade with thoLp.
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Fig. 4.3 Contour plots showing hole concentration (nn) with hold time (taorp)

during (a) Hold 1 (H1), and (b) Hold 0 (HO) operations at mid-CG position.
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4.2.3 Read Operation

The difference between ny after H1 and HO states can be used to distinguish
between R1 and RO currents through their ratio, i.e., CR = Ipr,1/IgL,0, where IpL,1
and Ipr are R1 and RO currents, respectively (Fig. 4.4 (a)). With bias levels shown
in Fig. 4.2 (a), the NW GAA RFFET based 1T-DRAM shows a CR of ~3.5x10?
(Fig. 4.4 (a)), which is sufficient to distinguish between states 1 and 0. Increasing
Vw1 to 0 (instead of -0.5 V) for R operation indicates feasible 1 T-DRAM operation
with only 2 voltage levels (= 1 V) with CR of ~10%. A degradation in ny during H1
and HO with tuorp (Fig. 4.3 (a) and (b)) results in the deterioration of CR with thoLp
(Fig. 4.4 (b)).

In literature [183], [161], [238-239], several methods for estimating RT are
available. Among them, the utilization of CR for ascertaining RT is beneficial for

quantifying the energy efficiency of 1T-DRAM operating at lower currents. The
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value of tnoLp where the ratio of Igr,1 and Igr o reaches 10 is defined as RT i.e. RT
= tgoLp at CR = 10 [238]. IT-DRAM operation with nyr = 3 shows higher RT
(~1.35 s) as compared to that exhibited through nvr = 2 (~ 180 ms). An enhanced
RT with nyr = 3 is due to Vw1 =-0.5 V, which prevents the degradation of Igr 0 as
compared to 0 V (nvr = 2). Fig. 4.4 (c) shows the variation of RT with Vwr1 during
R operation. A less negative Vwri supports Isr,1 while a more negative Vwri
supports Igr 0, due to their impact on the barrier offered by CG. Thus, for Vwri < -
0.5 V, a sharp reduction in RT is observed due to the deterioration of Igr; i.e.,
enhanced barrier for electrons. For Vw1 > -0.4 V, RT primarily deteriorates due to
the degradation of IgL, i.e., a reduced barrier for electrons. Thus, RT and CR can
be enhanced by optimizing Vwri. NW GAA RFET IT-DRAM exhibits the
potential to operate with nyr =2 along with modest CR and RT (Fig. 4.4 (c)).
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Fig. 4.4 (a) Current transient for different CG read biases Vwri (=0 V with nyr =
2 and -0.5 V with ny. = 3). (b) Variation of current ratio (CR) with tyoLp for Vwri
=0V and -0.5 V. (c) Retention time (RT) as a function of Vwri (nvL = 3).
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4.2.4 1T-DRAM Operation with Four Voltage Levels

In this section, the impact of an additional voltage level (total of 4 levels)
on the CR and WL/BL disturbance analysis is analyzed. The VgL of 1 V (nvL = 3)
used during W1 and R operation is reduced to 0.5 V (nyL = 4) as shown in Fig. 4.5
(a). The change in VgL (during R operation) from 1 V to 0.5 V increases nyr from
3 to 4, but CR is also improved by two decades, as shown in Fig. 4.5 (b). Vw1 (-
0.5 V) and Vwr2 (1 V) remain same for R operation as used in nyr = 3. Lowering
VeL from 1 V to 0.5 V while maintaining Vw2 = 0 V results in insufficient
tunneling of holes from the D side, which is detrimental for W1 operation. To
compensate for this, a negative voltage level (Vwr2) of -0.5 V is applied during W1
operation to initiate the 1T-DRAM operation. The voltage levels used for 1T-
DRAM operation, with nyL = 4, are shown in Fig. 4.5 (a). There is no change in
bias for the WO operation. A lower VL= 0.5 V (along with Vw2 =1V, Vw1 = -
0.5 V) in a single cell during R operation contributes towards higher CR of ~ 7.3 x
10° (as opposed to ~ 3.7 x 10° with nyL = 3) due to relatively lower IgLo (Fig. 4.5
(b)). A minor change is observed in IgL,;. However, the minor change in Igr,1 does

not contribute towards a significant change in CR.

W1, W0, H, and R operations, along with their corresponding biases have
been performed for 5 ns. The dependence of CR and RT on Vw1 for R operation is
shown 1in Fig. 4.5 (¢). Vwr2 and VgL are fixed at 1 V and 0.5 V, respectively. The
CR first increases from Vw1 =0 V to -0.5 V due to a decrease in Ipr,0. For more
negative Vrwi than -0.5 V, the CR starts to degrade due to the reduction in IsL,1. As
a result, the CR for Vwr1 =-0.6 V is reduced to ~10°. The maximum CR of ~ 7x10°
has been demonstrated by NW RFET-based 1T-DRAM at Vw1 = -0.5 V. The
improved RT for Vw1 > -0.5 V for nyL = 4 (compared to nyr = 3) is due to the
suppressed degradation of Igro with tyorp (due to VL = 0.5 V). Degradation in
IgL,1 with thoLpat Vw1 =-0.6 V is severe and as a result, RT is sharply reduced to
~ 400 ms compared to ~1800 ms with Vwr1 =-0.5 V. Higher nvL of 4 can exhibit
an improved RT (~1800 ms as compared to 1350 ms for nyp. = 3) for Vw1 =-0.5V
(Vwr2=1V, VeL=0.5 V) due to an improved CR. The enhanced number of voltage
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levels used at Vwri, VLwz, and VgL during each operation (W1, W0, H, and R) can
yield improved 1T-DRAM metrics. The impact of the number of voltage levels
(nvp) is further extended to WL and BL disturbance in NW RFET based 1T-DRAM

array, and this is discussed in the next section.
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Fig. 4.5 (a) Bit line (BL) and word line (WL) biases for IT-DRAM corresponding
to bias nyL = 4. (b) Current transient showing 1T-DRAM operations for nyL = 4. (c)

Retention time (RT) as a function of Vwr1 (nvL = 4).

4.3 Disturbance Analysis in RFET based 1T-DRAM Array

IT-DRAM cell array consists of many independent devices and is operated
with a shared WL and BL as shown in Fig. 4.1 (b). The disturbance due to shared
WLs (WL1 and WL2) or BL remains a crucial issue in array implementation [240].
In the IT-DRAM array shown in Fig. 4.1 (b), cell 01 and cell 10 are connected with
cell 00 through the same WLs and BL, respectively. Hence, the states of cell 01 and
cell 10 are likely to be affected when W1, W0, and R operations are performed on

cell 00. The impact of disturbance can be severe because same memory locations

83



may be accessed repetitively. Hence, the disturbance analysis is essential for a more
pragmatic understanding of 1T-DRAM. The disturbance analysis with a prime
focus on extending immunity from disturbance via nyL = 3 and 4 is elaborated

below.

The impact of disturbance on non-selected cells i.e., cell 10 (due to shared
BL) and cell 01 (due to shared WLs) shown in Fig. 4.1 (b), is investigated up to 10®
cycles for different memory operations (W1, W0, and R) on cell 00. In some cases,
disturbance analysis has been carried out for less than 10® cycles if the cells are
disturbed earlier. The number of cycles is defined as the number of W1/W0/R
operations performed on cell 00, which is calculated by dividing the thoLp by W1
time (tw1 =5 ns), WO time (two= 5 ns), and R time (tr = 5 ns). The HI state of cell
10 and cell 01 is considered free from disturbance until their corresponding Igr.1
degrades by 1/10 of maximum current (Igr, current during independent cell
operation) whereas HO of cell 10 and cell 01 is considered free until the
corresponding I o increases by a factor of 10 with respect to the minimum current
level (IsLo current during independent/single cell operation). WL and BL
disturbance is an open problem that requires a methodology to estimate the duration

for disturbance tolerance (tpr) of cell 01 and cell 10 in response to any operation

on cell 00.

4.3.1 Disturbance Analysis with Three Voltage Levels

In section 4.2, the analysis with the number of voltage levels was restricted
to the performance improvement of only independent 1T-DRAM. In this section,
the impact of the number of voltage levels on the performance improvement of the
IT-DRAM array has been investigated. The set of bias values used for independent
IT-DRAM with 3 (Fig. 4.2 (a)) and 4 (Fig. 4.5 (a)) voltage levels has been further
extended for WL and BL disturbance analysis. Ideally, WLs (VwrL1 =-1V, Vwi2 =
1 V) and BL (VgL =0 V) voltages are applied at cell 10 and cell 01 using the bias
during the hold state for single 1T-DRAM cell as it provides optimal RT. The bias
required across the BL (VL) and WLs (Vwr1, Vwrz2) of cell 00 to perform W1, WO,

and R is mentioned in Table 4.1 and 4.2, respectively. Due to the common WLs
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between cell 00 and cell 01, the voltages applied to WLs of cell 00 (Vwr1, Vwr2)
impact cell 01 as shown in Fig. 4.1 (b). Similarly, due to the common BL between
cell 00 and cell 10, the voltage applied to the BL of cell 00 (Vsr) affects cell 10 as
shown in Fig. 4.1 (b). Since the WL voltage (Vwti, Vwr2) of cell 10 is not shared
with cell 00, the WL voltage of cell 10 is not affected by W1, W0, and R operations
on cell 00. Similarly, the BL voltage (VgL) of cell 01 is not shared with cell 00.
Therefore, cell 01 remains unaffected by W1, W0, and R operations on cell 00. To
showcase the WL and BL disturbance first, its impact on hole density during H1
and HO operation is shown. This is further followed by its impact on Igr,; and Igr,0

during the R operation.

Table 4.1: BL bias for cells 10 and 00 in H state and W1/WO/R, respectively (nvL
=3).

Operations VBL

Hold (H1 and HO) in cell 10 0(V)
Write 1 (W1) in cell 00 1(V)
Write 0 (WO0) in cell 00 0(V)
Read (R) in cell 00 1 (V)

Table 4.2: WL bias for cells 01 and 00 in H state and W1/WO0/R, respectively (nvL
=3).

Operations Vwiz Vwri
Hold (H1 and HO) in cell 01 1 (V) -1(V)
Write 1 (W1) in cell 00 0(V) -1(V)
Write 0 (WO0) in cell 00 1 (V) 1 (V)
Read (R) in cell 00 1 (V) -0.5 (V)
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Fig. 4.6 Contour plots, extracted at mid-CG position after 10* cycles, showing hole

concentration ny after HI state for (a) reference cell (independent cell), (b) cell 10
after W1, (c) cell 01 after W1. Hole concentration ny, after HO state for (d) reference
cell (independent cell), (e) cell 10 after W1, (f) cell 01 after W1. (g) Impact of BL
disturbance on Igr,1 and Isrp of cell 10 due to W1 (nyr = 3). (h) Impact of WL
disturbance on Igr,1 and Irrp of cell 01 due to W1 (nyr = 3). DTB and NDTB denote
disturbed or not disturbed.

4.3.1.1 WL/BL Disturbance due to Write 1 Operation

Different operations, i.e., WI/WO/R on cell 00, have a distinct impact on
cells 10 and 01 due to BL and WL disturbances, respectively. Hence, the analysis
has been carried out for each W1/WO0/R. For W1 operation in cell 00, the VLwi
(voltage at CG), Vw2 (voltage at PG), and VgL (voltage at D) is setto -1 V, 0 V,
and 1 V, respectively, to enable tunneling of holes through D side, and subsequently
accumulate underneath the CG. This bias is different from BL and WLs (WLI and
WL2) bias used for Hl and HO operation, as shown in Table 4.1 and 4.2,
respectively. As a result, the BL bias (Vsr) of cell 10 is modified to 1 V, and the

86



WL2 bias (Vwi2) of cell 01 is changed to 0 V due to disturbance, as shown in Table
4.1 and 4.2. There is no change in WL1 bias (Vwr1) because the same bias is used

for H and W1 operations (Table 4.2).

A VgL of 1 V, along with Vwr1 =-1 V and Vw2 =1 V in cell 10 results in
a positive feedback mechanism by weak impact ionization during H1 and HO.
Consequently, the hole generation takes place during H1 and HO operations in cell
10. The np in cell 10 due to BL disturbance after 10* cycles of W1 in cell 00 is
shown in Fig. 4.6 (b) and (¢). The BL disturbance due to W1 in cell 00 disturbs the
HO state of cell 10, whereas the H1 is unaffected. A significant change in ny of the
HO state of cell 10 as compared to ny of the HO state of the reference cell can be
observed in Fig. 4.6 (e) and (d). The Ig of cell 10 starts to degrade after ~10*
cycles while Igr,; retains its value for >10* cycles (Fig. 4.6 (g)) due to BL

disturbance in cell 10.

During the W1 operation, Vw1 of cell 00 remains the same as that of the H
operation (-1) of cell 01 (Table 4.2). However, a different Vw2 of cell 00 (0 V) as
compared to H bias of cell 01 (1 V) results in (i) tunneling of holes in cell 01 during
HO, and (ii) a reduced potential well depth in cell 01 during H1. The reduced
potential well depth results in a marginal reduction in the n, of the H1 state (Fig.
4.6 (c)), whereas the HO state is severely degraded (Fig. 4.6 (f)). Hence, IgL
degrades before 10* cycles (Fig. 4.6 (h)). The HO state of cell 01 exhibits marginal
degradation up to 10* cycles due to slow generation processes. However, the state
is disturbed immediately after 10* cycles (before 10° cycles), as shown in Fig. 4.6
(f), due to the tunneling of holes (Fig. 4.6 (h)). The disturbance is quantified based
on a stringent criterion, where a 1/10 reduction in Igr,; and a x10 increase in Igr.0

of cell 10 and cell 01 is considered for disturbance analysis.
4.3.1.2 WL/BL Disturbance due to Write 0 Operation

For WO operation in cell 00, Vwri (voltage at CG), Vwr2 (voltage at PG),
and VgL (voltage at D) are 1 V, 1 V, and 0 V, respectively, to deplete holes from
underneath the CG. However, the bias applied differs from that of the BL and WLs
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(WL1 and WL2) used for H1 and HO operations, as shown in Table 4.1 and 4.2.
respectively. As a result, WL1 bias (Vwr1) of cell 01 is changed to 1 V as shown in
Table 4.2. There is no change in Vi (Table 4.1), and Vw2 (Table 4.2) is due to the
same bias used for W0 and H, as shown in Table 4.1 and 4.2. The hole generation
takes place during HO, and hole recombination occurs during H1 operations in cell

10, which is emphasized by the number of cycles of W0 on cell 00.

After 10* cycles of WO on cell 00, there is no change in nn of the H1 state
of cell 10 is observed compared to H1 state of reference (Fig. 4.7 (a) and (b)).
Similarly, the ny in the HO state of cell 10 is also not significantly increased after
10* cycles on cell 00. This can also be observed in Fig. 4.7 (d) and (e). The
suppressed recombination and generation in the H1 and HO states, respectively, of
cell 10 is due to the application of the same bias across the Vwri (-1 V), Vw2 (1
V), and VgL (0 V) as in H operation. Consequently, Igr,1 and Igr o of cell 10 do not
show any degradation till 10* cycles of WO in cell 00, as shown in Fig. 4.7 (g). Cell
10 remains non-disturbed until 10* cycles (and possibly even higher numbers of
cycles) due to BL bias. Vwr2 of cell 00 remains the same as that of the H operation
(1 V) of cell 01 (Table 4.2), and hence, Vwr> does not contribute to the WL
disturbance. However, a different Vw1 of cell 00 (1 V) as compared to the H bias
of cell 01 (-1 V) results in enhanced recombination in H1 and HO states of cell 01.
The reduced potential well depth underneath the CG results in a significant
reduction in the ny of the H1 state of cell 01 as compared to the reference (Fig. 4.7
(a) and (c)). The HI state of cell 01 is disturbed before 10* cycles due to WL
disturbance whereas the HO state of cell 01 does not encounter any change as
compared to the reference (Fig. 4.7 (d) and (f)). The HO state of cell 01 remains
non-disturbed due to WL disturbance. As a result, the Ig,1 of cell 01, is degraded
(severely) before 10 cycles due to WL disturbance as shown in Fig. 4.7 (h). Unlike
IsL1, IsLo of cell 01 is not degraded before 10* cycles due to WL disturbance as
shown in Fig. 4.7 (h). The number of cycles has been calculated by dividing the
tnoLp by W1, WO, and R time.
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Fig. 4.7 Contour plots, extracted at mid-CG position after 10* cycles, showing hole
concentration ny after H1 state for (a) reference cell (single cell), (b) cell 10 after
WO, (c) cell 01 after W0. Hole concentration ny after HO state for (d) reference cell
(single cell), (e) cell 10 after WO, (f) cell 01 after WO. (g) Impact of BL disturbance
on Igr,1 and Igrp of cell 10 due to WO (nvrL = 3). (h) Impact of WL disturbance on
I, and Ir,0 of cell 01 due to WO (nyr. = 3). DTB and NDTB denote disturbed or
not disturbed.

4.3.1.3 WL/BL Disturbance due to Read Operation

For R operation in cell 00, VLwi (voltage at CG), Vw2 (voltage at PG), and
VgL (voltage at D) are -0.5 V, 1 V, and 1 V, respectively. However, the bias applied
differs from that of BL and WLs (WL1 and WL2) used for H1 and HO operations,
as shown in Table 4.1 and 4.2, respectively. As a result, the BL bias (Vgr) of cell
10 is modified to 1 V, and the WL1 bias (Vwr1) of cell 01 is modified to -0.5 V, as
shown in Table 4.1 and 4.2. There is no change in WL2 bias (Vwr2) because the
same bias is used for H and R operations (Table 4.2). The VgL of 1 V, along with
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Vwri =-1 Vand Vw2 =1 V in cell 10, results in a positive feedback mechanism
during H1 and HO. Consequently, hole generation occurs during H1 and HO
operations in cell 10, as indicated by the number of cycles. The ny in cell 10 due to
BL disturbance after 10* cycles of R in cell 00 is shown in Fig. 4.8 (b) and (e). The
BL disturbance due to R operation in cell 00 disturbs the HO state of cell 10,
whereas the H1 is unaffected. Significant change in ni of the HO state of cell 10 as
compared to ny of the HO state of the reference cell can be observed in Fig. 4.8 (¢)
and (d). The Igro of cell 10 starts to degrade after ~10* cycles while IpL ;1 retains its
value for >10* cycles (Fig. 4.8 (g)) due to BL disturbance in cell 10. A different
Vwri of cell 00 (-0.5 V) as compared to the H bias of cell 01 (-1 V) results in
enhanced recombination in the H1 and HO states of cell 01. The reduced potential
well depth underneath the CG results in a reduction in ny of the H1 state of cell 01,
as compared to the n, of the reference cell (Fig. 4.8 (a) and (c)). The H1 state of cell
01 is disturbed before 10* cycles due to WL disturbance whereas the HO state of
cell 01 does not encounter any change as compared to the reference (Fig. 4.8 (d)
and (f)). The HO state of cell 01 remains non-disturbed due to WL disturbance. As
a result, the Igr1 of cell 01, is degraded (severely) before 10* cycles due to WL
disturbance as shown in Fig. 4.7 (h).

Amongst all (12) possible cases of WL and BL disturbances [240] with nvL
=3, the NW GAA RFET based 1T-DRAM shows immunity toward all 6 possible
cases of BL disturbance for up to ~10* cycles, whereas 3 cases can preserve their
original states after 10* cycles due to WL disturbance. Amongst these 9 cases
(including BL and WL disturbance), only 6 cases (4 BL and 2 WL cases)
correspond to the cell being immune for >10* disturbance cycles. Enhancing the
number of immunity cases and extending the number of cycles for disturbance-free
operation requires the addition of an extra voltage level (nvi. = 4), which can
enhance tolerance towards BL (cell 10) and WL (cell 01) disturbances (discussed
in the next section). In the next section, the impact of adding an extra voltage level
(0.5 V for W1 and R operation) on the disturbance immunity of cells 10 and 01 has

been discussed in detail.
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Fig. 4.8 Contour plots, extracted at mid-CG position after 10* cycles, showing hole
concentration ny after H1 state for (a) reference cell (independent cell), (b) cell 10
after R, (c) cell 01 after R. Hole concentration nj, after HO state for (d) reference
cell (independent cell), (e) cell 10 after R, (f) cell 01 after R. (g) Impact of BL
disturbance on Igr,; and Igrp of cell 10 due to R (nyr = 3). (h) Impact of WL
disturbance on Igr,1 and I of cell 01 due to R (nvr = 3). DTB and NDTB denote

disturbed or not disturbed.

4.3.2 Disturbance Analysis with Four Voltage Levels

In the disturbance analysis with nyL = 3 described above, a relatively lower
immunity (< 10° cycles) towards BL disturbance in cell 10 (HO state) due to W1
and R operations on cell 00 is the result of a high VgL of 1 V (Table 4.1) due to
weak impact ionization in cell 10 during HO state. Hence, a relatively lower Vg of
0.5 V (Table 4.3) during W1 and R operations can be a possible solution to improve
tolerance from disturbance through nvi = 4. However, a smaller positive VgL (0.5
V) along with other biases, as shown in nyr, =3 (Vwr2 =0 V), results in insufficient

hole tunneling from the D side, which degrades W1 operation. To compensate for

91



the same, a negative Vwr2 (-0.5 V) is also used during W1 operation. The VgL =
0.5 V during W1 and R on cell 00 adds to extra voltage levels, which leads to nvL
=4. The impact of W1, W0, and R operations on cell 00 with nyL =4, as well as on

cells 10 and 01, is discussed below.

Table 4.3: BL bias for cells 10 and cell 00 in H state and W1/WO0/R, respectively
(nvL=4).

Operations VL

Hold (H1 and HO) in cell 10 0 (V)
Write 1 (W1) in cell 00 0.5 (V)

Write 0 (WO0) in cell 00 0(V)
Read (R) in cell 00 0.5 (V)

Table 4.4: WL bias for cell 01 and cell 00 in H state and W1/WO/R, respectively
(nvL=4).

Operations Vwiz Vwri

Hold (H1 and HO) in cell 01 1 (V) -1(V)

Write 1 (W1) in cell 00 -0.5 (V) -1(V)

Write 0 (W0) in cell 00 1 (V) 1 (V)
Read (R) in cell 00 1(V) -0.5 (V)

A VgL of 0.5 V (during W1 and R operations in cell 00) results in a slower
generation of holes in HO state of cell 10 (Fig. 4.9 (1) and (j)) due to the reduced
impact ionization, and therefore, IgL o retains its original state for a higher number
of cycles (> 10°) as compared to nvr. = 3 (< 10°) and the same is shown in Fig. 4.9
(0). A marginal degradation in Igr,; in cell 10 (Fig. 4.9 (0)) is the result of the
reduced rate of impact ionization during H1 operation. The VgL of 0 V during W0
operation in cell 00 does not affect the H state of cell 10, i.e., Igr,1 and I of cell

10 remain non-disturbed for cycles greater than 10° (Fig. 4.9 (0)).
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The reduction in VL from 1 V to 0.5 V, while performing W1 and R
operations on cell 00, remains instrumental in improving immunity (>10° cycles)
towards BL disturbance in cell 10 for all 6 cases. In the process of enhancing the
immunity towards BL disturbance in cell 10 shown above, the tolerance of cell 01
due to WL disturbance is affected because of Vwr2 of -0.5 V in cell 00 during W1
operation. When W1 operation is performed on cell 00, a negative Vw2 (-0.5 V)
enables tunneling of holes from metal to semiconductor which improves the
tolerance of H1 state (Fig. 4.9 (e)) of cell 01 (> 10° cycles) whereas HO state of cell
01 is still degraded before 10° cycles and the same is shown through the variation

in IpL,1 and IgL, in Fig. 4.9 (p).

The WL disturbance in cell 01 (HI and HO) due to R and WO operations
exhibit the same behavior as in nyr = 3, resulting from the same biases. With extra
voltage levels (nvL = 4), the total number of cases that can exhibit enhanced
tolerance (> 10° cycles) towards BL and WL in cell 10 and cell 01, respectively, is
improved to 9 (from 6 with nyL = 3). With either of the nvis, i.e., 3 and 4, R and
WO operations on cell 00 disturb the H1 state of cell 01, whereas the W1 operation
on cell 00 disturbs the HO state of cell 01 before 10° cycles. The method used to
quantify disturbance is very stringent because the Igr,; and Igro of corresponding
disturbed cells (cell 10 and cell 01) encounter changes of 1/10 and x10,
respectively, to their initial values. The IsL,1 of cell 01, is degraded before 10 cycles
of R and WO operation on cell 00 (Fig. 4.9 (p)). In either of the cases, no change in
Lo is observed. Similarly, I of cell 01 is degraded before 100 cycles after W1
operation on cell 00 as shown in Fig. 4.9 (p), and no change in IpL,1 is observed.
The method used for analysis so far only shows the severity of WL and BL
disturbance on cells 01 and 10, respectively. The approach does not provide insights
into the optimal bias values for each W1, W0, and R operation. For the pragmatic
realization of 1T-DRAM with RFET, array centric bias optimization of different
operations (W1, W0, and R) on cell 00 that can affect cells 01 and 10 is essential.
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Fig. 4.9 Contour plots, extracted at mid-CG position after 10° cycles, showing nn
for (a) reference cell (independent cell) H1 state and impact of BL disturbance for
(b) W1, (c) R, and (d) WO operations, and WL disturbance for (¢) W1, (f) R, and
(g) WO operations for H1 state. Contour plots showing ny for (h) reference cell HO
state and impact of BL disturbance for (i) W1, (j) R, and (k) WO operations, and
WL disturbance for (1) W1, (m) R, and (n) WO operations for HO state. (o) Impact
of BL disturbance on Igr,1 and Igr 0 of cell 10 due to W1, WO, and R operations (nvt
=4). (p) Impact of WL disturbance on Isr,; and IsL0 of cell 01 due to W1, WO, and
R operations (nvr. = 4). DTB and NDTB denote disturbed or not disturbed.

4.4 Duration of Disturbance Tolerance in RFET based 1T-DRAM
Array

WI1/WO/R operation is crucial for the appropriate functioning of 1T-
DRAM. However, the bias used for W1/WO0/R does not consider its impact on
WL/BL disturbance. The set of bias values used for W1/WO0/R operation in an
independent cell may not be optimal for the array. Hence, a separate bias

optimization strategy is required for the array. A key metric of a IT-DRAM array
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is the duration of disturbance tolerance (tpr), which should be maximized through
appropriate bias selection. The tpr is defined as the thorp after which CR becomes
equal to 10 when any cell (cell 01 or cell 10) is experiencing WL/BL disturbance.
The choice of biases is usually based on optimizing individual operations (W1, WO,
and R) in the independent cell and may not include tpr. As shown in Fig. 4.9 (p),
the WL disturbance causes a rapid degradation (10 ns) of Igr,1, which significantly

affects the retention time.

Since the impact of WL disturbance is significant, a different device
dimension (Lpg = Lgapr = Lcg = 20 nm (Lt = 100 nm)) has been adopted than that
considered previously. The impact of WL disturbance on Igr,; can be further
suppressed by using a relatively longer Lgap of 20 nm (compared to 10 nm in the
previous case). To assess the tpr of RFET based 1T-DRAM array, the biases for
the hold state have been fixed, and the impact of each operation is evaluated through
tpr at 85 °C. The duration of W1 and WO operations (tw1 = two) is 10 ns, while that
for R operation (tr) is 5 ns. Unless affected by WL disturbance or BL disturbance,
cells 01 and 10 remain in hold (H) state with WL biases of Vwrin=-1 V and Vwion
=1V, and BL bias (Vern) of 0 V. If the bias at an electrode (WL1, WL2, and BL)
is equal to bias for hold state, then electrode does not contribute to disturbance.
Since Vwri,wi = Vwr1,1, the WL1 does not contribute to WLD. Similarly, WL2 will
not contribute to WLD during WO and R operations (Vwr2,wo = Vwi2r = Vwi2H).

4.4.1 Optimizing Write 1 to Maximize Duration of Disturbance

Tolerance

The cell 00 has been realized with Vwri,w1 being equal to H bias (VwL1,1)
1.e. Vwri,wi = Vwria=-1 V. As W1 impacts cell 01 (due to WLD) and cell 10 (due
to BLD), the biases (WL2 and BL) which maximize tpr are desirable for Vwio,wi
<0V (tunneling of holes) and VeL,w1 > 0 V. A more negative Vwrz,w1 reduces the
tunneling width. It supports hole tunneling from M-S junction during HO, leading
to a faster degradation of BL current (IsL,0) in cell 01 (Fig. 4.10 (a)). A lower

recombination in H1 results in a minor degradation in BL current (IgL,1) in cell 01.
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The degradation in BL current increases due to a bias change from Vwiowi =0 V
to Vwra,wi =-0.2 V due to a reduction in potential depth. As shown in Fig. 4.10 (b),
the degradation in CR is limited in Vwr2,w1 = 0 V, which results in a tpr of 120 ps
as compared to 23 ps at Vwro,wi = -0.2 V. Since the rate of degradation in Ipr, is
higher than Ipr,1, IsL,0 primarily governs the variation in CR. The upper limit on
Vwer2,wi (=0 V) is imposed by electron tunneling that restricts the W1 operation in
cell 00. The range of biases (Vwro,wi and Ver,wi) which result in feasible W1 at
Vwri,wi = -1 V have been considered to showcase the impact of W1 operation (cell
00) on cell 01 and cell 10. Vpr,wi varying from 1 V to 1.2 V results in BLD in cell
10 (Fig. 4.10 (c)). However, weak impact ionization (rate ~10'® cm3s™) does not
cause a significant change in Igr,0 for tuoLp < 10 ps. Impact ionization depends on
tuoLp, and becomes effective (rate ~10> cm>s™) to cause an increase in IgLo for
tuoLp > 10 ps. The suppressed recombination due to weak impact ionization in H1
for VeL,wi =1 to VerL,wi1 = 1.2 V results in no change in Igr,1 with tuoLp as shown
in Fig. 4.10 (c). The CR variation is primarily governed by IpLo (remains
independent of Igr,1) as shown in Fig. 4.1.1 (d). Hence, maximum tpt (Fig. 4.10
(d)) for cell 10 of 300 ps is obtained at VeL,wi = 1 V. According to Fig. 4.10 (e),
the highest tpr (120 ps) due to WL disturbance is achieved at Vwiowi = 0 'V,
whereas the highest tpr (300 ps) due BL disturbance is achieved at VeLwi =1 V.
Also, tpr due to WL disturbance (120 ps) is lower than tpr due to BL disturbance
(300 ps) for W1 operation.

4.4.2 Optimizing Write 0 to Maximize Duration of Disturbance

Tolerance

WO operation in cell 00 has been realized with Vwio,wo equal to H bias
(Vwr2m = 1 V). WO causes a reduction in Igr,; in cell 01 due to WL disturbance
(Fig. 4.11 (a)) with the degradation being stronger at less negative WL1 bias
(Vwri,wo=-0.5 V). A more negative Vwr1,wo (-0.7 V) leads to lower recombination
in the H1 state due to an increase in the energy barrier, which helps in sustaining

holes for a relatively longer duration (tpr = 100 ms) as shown in Fig. 4.11 (b). The
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CR variation is primarily governed by the degradation in Ipr,1 because no change
in ny during the HO state is observed for Vwri,wo = -0.7 V to Vwri,wo = -0.5 V.
Similarly, reduced recombination in H1 state of cell 10 with Verwo=-0.7 V (as
compared to Ver,wo = -0.9 V) results in subdued degradation of Igr,; due to BL
disturbance (Fig. 4.11 (c)). Similar to WL disturbance, the CR variation is primarily
governed by the degradation in Igr,1, because no change in ny during the HO state is
observed. Consequently, tpr improves to 700 ps at Ver,wo = -0.7 V from 5 ps at
VeL,wo=-0.9 V (Fig. 4.11 (d)). According to Fig. 4.11 (e), the highest tpr (100 ms)
due to WL disturbance is achieved at Vwri,wo = -0.7 V, whereas the highest tpr
(700 us) due to BL disturbance is achieved at Vpr,wo =-0.7 V. Also, tpr due to BL
disturbance (700 ps) is lower than tpr due to BL disturbance (100 ms) for WO
operation. Since Vwri,wi = Vwri,u = -1 V, WL1 will not contribute to WLD. The
optimal biases for W0 operation are Vwra,wo =1V, Vwri,wo =-0.7 V, and Vsr,wo

=-0.7 V.

4.4.3 Optimizing Read to Maximize Duration of Disturbance Tolerance

During R operation (in cell 00), Vwrar 1s fixed at H bias (Vwron =1 V).
WLD shown in Fig. 4.12 (a) indicates a lower degradation of Igr,1 (in cell 01) at
VwLir = -0.5 V due to reduced recombination (increase in energy barrier) in H1
state at a more negative Vwrir (= -0.5 V). Hence, tpr improves (Fig. 4.12 (b)) to
140 ps as compared to 3 ps (Vwri,r = -0.3). The subdued degradation of IgLo (due
to BLD) at VgLr = 0.5 V is a consequence of weak impact ionization in HO state
(Fig. 4.12 (c)). Hence, tpr improves to 28 ms (VeLr = 0.5 V) as compared to 7 ms
(VBLr=0.7 V) as shown in Fig. 4.12 (d). WLD (tpr = 140 ps) is severe as compared
to BLD (tpr = 28 ms) due to R operation (Fig. 4.12 (e)). WLD, due to W1 and R
operations being severe, results in nearly similar tpr values of 120 ps and 140 ps,
respectively, while BLD, due to the W1 operation, yields a marginally higher tpr
of 300 ps. Since Vwri,wi = Vwri,u =-1 V, WL1 will not contribute towards WLD.
Optimal biases for W1 operation are Vwio,wi =0V, VwrLi,wi =-1 V, and VL w1 =
1 V. Amongst all operations, WO contributes least towards disturbance as tpr is

higher.
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Fig. 4.10 (a) Bit line currents (IsL,1, IsL,0) and (b) Current Ratio (CR = IgL,1/IsL0) as
a function of hold time (tuoLp) due to WLD for W1 operation in cell 00. (c) BL
currents and (d) CR as a function of tnoLp due to BLD for W1 operation in cell 00.
(e) Dependence of tpr on WL2 and BL for W1 operation. Since Vwri,wi = VwL1,H
= -1V, WL1 will not contribute towards WLD. Optimal biases for W1 operation
are Vwraw1 =0V, VwLiwi =-1V,and VeLwi =1 V.
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Fig. 4.11 (a) Bit line currents (IgL,1, Isr0) and (b) Current Ratio (CR = Igr,1/IsL0) as
a function of hold time (tnoLp) due to WLD for W1 operation in. (c¢) BL currents
and (d) CR as a function of thoLp due to BLD for W1 operation. (e) Dependence of
tpr on WL2 and BL for W1 operation. Since Vwi2,wo = Vwron =1 V, WL2 will

not contribute towards WLD. Optimal biases for W0 operation are Vwri,wo = -0.7

Voltage @ WO (V)

V, Vwiawo =1V, and VerLwo =-0.7 V.
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Fig. 4.12 (a) Bit line currents (IsL.1, IsL,0) and (b) Current Ratio (CR = IgL,1/IsL,0) as
a function of hold time (tnoLp) due to WLD for W1 operation. (¢) BL currents and
(d) CR as a function of tuoLp due to BLD for W1 operation. (e) Dependence of tpr
on WL2 and BL for W1 operation. Since Vwior = Vwizon = 1 V, WL2 will not
contribute towards WLD. Optimal biases for R operation are VwrLir = -0.5 V,
Vwiar =1V, and VeLr=0.5 V.
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4.4.4 Disturbance through Hole Concentration Contours

Hole concentration (nn) contours corresponding to minimum tpt (120 ps)
due to W1 operation and maximum tpr (100 ms) due to WO operation are shown in
Fig. 4.13 (a)-(b). It is evident from Fig. 4.13 (a) that the minimum tpr is primarily
governed by the degradation in the HO state due to Schottky tunneling whereas the
maximum tpr is primarily governed by the degradation in the H1 state due to
recombination (Fig. 4.13 (b)). The recombination is suppressed due to the

application of Vwr1 =-0.7 V during WO operation.

tHOLD

tHOLD
100 ps 10 ms

=L

Fig. 4.13 Mid-CG contour plots for hole concentration (ny) for (a) minimum tpt =

120 us (HO degradation) and (b) maximum tpr = 100 ms (H1 deterioration).

4.4.5 Optimized Biases and Corresponding Current Transient

The optimal biases corresponding to W1, W0, and R operations that result
in the highest tpr (Figs. 4.10 (e), 4.11 (e), and 4.12 (e)) in the NW GAA RFET-
based 1T-DRAM array are shown in Fig. 4.14 (a). One of the WL in each of W1,

WO, and R operations is maintained equal to hold bias. The set of biases shown can
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be used for IT-DRAM operation so that it can provide enhanced immunity to
WL/BL disturbance in RFET based 1T-DRAM array. The current transient after
selecting the biases that provide the highest tpr following W1/WO0/R operation on
cell 00 is shown in Fig. 4.14 (b). The developed approach provides a guideline for
selecting biases during W1/WO0/R operation for obtaining highest tpr (maximum

immunity) due to WL/BL disturbance.
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Fig. 4.14 Optimized biases for W1, WO and R operations based on maximum tpr
values for each operation shown in Figs. 4.10 (e), 4.11 (e) and 4.12 (e). (d) Current
(Isp) transient in cell 00 for optimized RFET 1T-DRAM. Duration of W1 (tw1) and
WO (two) operations is 10 ns, while that of R operation (tr) is 5 ns.

4.5 Benchmarking

Benchmarking performance metrics are essential to gauge the potential of
RFET 1T-DRAM. tpr is a unique metric that can be used to measure the impact of
WL and BL disturbance on neighboring cells while performing W1, W0, and R

operations. Table 4.5 compares the results of this work with published data for
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Body on Gate [241], Wide Trench Surrounding Gate [240], Twin Gate Nanowire
[242], and Double Gate Vertical Channel [243] based IT-DRAM array. NW GAA
RFET-based 1T-DRAM exhibits tpr from 120 ps (minimum) to 100 ms
(maximum). The minimum tpr of 120 ps is still higher than 10 ns [241], and 100
ns [240] at comparable twi with lower maximum bias. The higher bias (2 V) with
tw1 of 20 ns in [243] indicates further scope for IT-DRAM array optimization.
Although [242] exhibits relatively higher tpr (100 ms), the analysis is restricted to
a few disturbance cases. In our work, the maximum tpr is 100 ms while considering
all disturbance types. The electrical tunability of RFET serves as a distinguishing
feature from other transistor topologies, supporting the implementation of RFET as
an on-chip memory. RT evaluation through the estimation of CR is useful in
scenarios when current drive is limited. Hence, in NW architecture, CR offers a

pragmatic way to optimize 1T-DRAM array.

Table 4.5: Benchmarking results of tprin 1T-DRAM array.

Performance Metrics of 1" T-DRAM Array
1T-DRAM
Electrical Disturbance twi Maximum
Reference toT
Tunability] Cases (ns) Bias (V)
[241] No 6 10 ns 13 1.3
[240] No 6 100 ns 10 1.6
[242] No <6 100 ms 10 1.0
[243] No <6 5 us 20 2.0
This work Yes 6 120 us — 100 ms| 10 1.0

Most of the research on DRAM has concentrated on enhancing single cell
RT and neglected WL and BL disturbance. In such cases, RT should be compared
along with access speed and energy efficiency to place the results of RFET single
cell RT in proper perspective. Fig. 4.15 shows that NW GAA RFET based 1T-
DRAM exhibits a significantly lower energy consumption (< 1 fJ) while requiring
a lesser number of voltage levels (nvL) i.e. 2, 3 or 4, and lower supply voltage (Vbp

=4 1 V) as compared to the existing 1T-DRAM topologies [224], [174], [204],
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[185],[236],[200], [199]. The energy consumption during H1 and HO, W0, and RO
operations remains almost negligible due to the significantly low current drive
[196]. The energy consumption is considerable only during W1 and R1 operations
due to higher current drive. Hence, energy consumption has been estimated for W1
and R1 operations. The lower energy consumption with nyr = 3 (0.36 fJ) is due to
the lower Ipr,r1 as compared to nvr =2 (0.55 fJ). A further reduction in the current
drive during W1 and R1 operation with nyL = 4 results in relatively lower energy
consumption (0.3 fJ), compared to nyvr = 2 and 3. Amongst all 1T-DRAMs, twin
gate (TG) tunnel field effect transistor (TFET) exhibits maximum RT (~ 1500 ms)
but at the cost of higher Vpp (3 V) and nyr (6). Only impact-ionization MOS
(IMOS) based 1T-DRAM (~ 2.8 J) and raised source/drain (RSD) MOSFET based
IT-DRAM (~ 3.8 {J) show comparable energy to NW GAA RFET 1T-DRAM, but
with relatively higher Vpp (1.5 V) and nvL (4 to 6). In 1T-DRAM, low energy
consumption, less nvr, lower Vpp, high CR, and reduced access (read and write)
are essential. Thanks to the inherent architecture of NW RFET, all the above can

be achieved.
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Fig. 4.15 Comparison of energy consumed and single cell RT of NW GAA RFET
with existing 1T-DRAM architectures.

Besides energy consumption, the comparison of twi and tr, along with Vpp
for different 1T-DRAM technologies, is shown in Table 4.6. The optimal values
twr and tr are governed by Vpp through the relevant mechanism. The faster
write/read operation is often achieved at the cost of high Vpp. Hence, an inherent

trade-off exists between the three parameters. However, achieving faster write and
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read operations at lower supply voltage is an asset for embedded 1T-DRAM. NW
GAA RFET has the potential to outperform other 1T-DRAM topologies by
achieving sub-5 ns write/read operation at Vpp of 1 V. The credit goes to the
inherent tunnelling mechanism of RFET that does not require high Vpp for W1
operation. The low voltage, faster write/read operation, along with nanowire
architecture supporting 4F? integration (where F is the feature size), can become a

strong contender for on-chip applications.

Table 4.6: Comparison of write time (tw), read time (tr), and supply voltage (Vpp)
required for optimum RT with existing 1 T-DRAM technologies.

IT-DRAM
Architecture tw (ze) e (15) AN
RSD MOSFET [224] 20 10 2
IMOS [174] 10 10 1.5
DG 2G RFET [204] 1 2 1.5
TG TFET [185] 50 50 2
LS TFET [236] 10 10 2
JLFET [200] 50 100 1.6
SD JLFET [199] 50 100 1.6
This work 5 5 1

4.6 Conclusion

This chapter showcases the feasibility of 1T-DRAM through NW GAA
RFET. The higher CR (~10 ) and RT (1.8 s at 85 °C), low latency (sub-10 ns), and
logic-compatible biases (£1 V, 0.5 V) serve as key indicators supporting the
realization of 1T-DRAM with RFETs. The critical aspect of 1T-DRAM array
remains WL and BL disturbance, which is essentially governed through bias
magnitudes and number of bias levels. Biases should not be selected for enhancing

performance indicators but also for minimizing WL and BL disturbance. The biases
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used for independent 1T-DRAM operation may not be optimal for array. Hence,
separate bias optimization for each cell of the array corresponding to W1, W0, and
R operation is essential. Additionally, the set of bias values optimal for logic (*1
V, £0.5 V) operations may not yield improved performance in IT-DRAM arrays.
Hence, 1T-DRAM operations require a customized set of bias values (= 1 V, £0.5

V, £0.7 V) for optimal performance with respect to WLD and BLD.
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Chapter S

Conclusions and Scope for Future Work

5.1 Conclusion

The semiconductor industry has witnessed phenomenal growth over the last
sixty years. This has largely been possible through advancements in transistor
design, fabrication and characterization, packaging and reliability of materials,
devices, circuits and systems. The driving force behind the growth has been the
desire to fulfil the prophecy (or observation) of G. Moore on the number of
transistors in a semiconductor chip doubling every two years [244]. This historic
statement, commonly referred to as Moore’s law, along with device scaling
strategies [32] has been instrumental for the progress of the semiconductor industry.

Downscaling the gate length while minimizing short channel effects has
resulted in significant benefits of smaller, faster and powerful transistors. However,
the advantages are also accompanied by challenges. While the number of transistors
per die have approached ~10'°, the power density of processors has surpassed 100
Wem™ [244]. The local ‘hot spots’ on the chip lead to temperature rise and gradients
which exceed threshold values leading to reliability concerns. To circumvent the
issue, operation at lower supply voltages (than predicted by scaling theories) is
desired. Another option is to re-think the approach adopted to downscale devices
with a focus on reducing the number of transistors for implementing a particular
logic rather than transistor physical size reduction. In terms of conventional Silicon
FDSOI CMOS technology, the above two options suggest the use of innovative
devices operating with a reduced current drive.

Transistor architecture optimization has vastly contributed to downscaling

while limiting short channel effects. The conventional Silicon transistor has
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evolved from planar in bulk technology to nanosheet topology in FDSOI
technology. Although the innovation has been nothing short of remarkable, the
scaling approach focuses on a single transistor without considering
multifunctionality. Polymorphic transistor architecture opens new avenues for
circuit design which can reduce the transistor count for implementing logic
functions. One such architecture is the reconfigurable field effect transistor (also
known as programmable transistor) which can function as n-type and p-type
transistor from the same physical device [76]. RFET has shown considerable
potential for reducing the transistor count to implement logic circuits thereby
countering its scaling limitations due to its relatively longer source-to-drain total
length. The current drive of RFET is lower than conventional MOSFET due to the
presence of ungated regions in the total length and pseudo source/drain regions,
both of which contribute to the total resistance. Apart from logic, RFET has shown
potential for analog/RF applications at lower current drives [148]. This thesis has
contributed to extending the polymorphic features of RFET by exploring its
feasibility for dynamic memory implementation. Key outcomes of the thesis work

on RFETs are given below.

5.2 Implementing 1'T-DRAM with RFET

A planar RFET supports independent front and back control gate operation.
While the four program gates, responsible for the formation of pseudo-source/drain
regions, can be electrically connected, independent control gate operation is critical
for the functioning of 1T-DRAM. The Write 1 operation of RFET based 1T-
DRAM is characterized by generating excess holes through the positive feedback
mechanism, achieved by applying appropriate biases at the control and program
gates and the drain. Excess holes generated (~10%° cm™ after 10 ns) during write 1
operation are stored in the electrostatic potential well underneath the back control
gate (negative bias). A positive bias at the program gate prevents tunneling of holes
from source/drain to channel. The front control gate voltage can be lowered to avoid
the generation of electrons in the semiconductor region. Write 0 operation in RFET

can be performed by applying a positive bias at the back control gate to remove
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(~10* cm™) the excess holes. The most essential aspect is the presence of ungated
regions which separate the pseudo source/drain regions (underneath program gates)
from the stored holes in the electrostatic potential well. The difference in the hole
concentration in write 1 and write 0 states can be sensed through a difference in
drain current by appropriate read biases. RFET based 1T-DRAM exhibits a high
retention time of 3.2 seconds with a SM > 6 pA/um at 85 °C. Although retention
reduces with an increase in temperature, retention of 160 ms has been obtained at
125 °C. Results indicate the suitability of multifunctional RFET based planar 1T-
DRAM to extend the multifunctional attributes of RFET beyond logic and
analog/RF applications.

While high retention is an asset for 1T-DRAM, optimal biases at each
electrode are crucial for memory functionality. A sensitivity analysis of different
voltages was carried out to ascertain the voltage range able to sustain a 50%
reduction in the retention while maintaining retention > 64 ms at 85 °C. The
analysis of program gate, back control gate, and front control gate biases during
hold operation reveals that a wider bias range of at least 0.5 V is available to sustain
a reduction of 50% in peak retention. However, during read operation, front and
back control voltages are critical for I'T-DRAM, and a minor change of even 75
mV in front control gate bias, and 200 mV in back control gate bias can change the
retention by 50%. The biases (front and back control gate) during read are more
sensitive to retention. The sensitivity can be reduced to a certain extent through a
change in the architecture (lengths) of the RFET. The tradeoff with lower sensitivity

will result in a reduction in peak retention time (> 64 ms at 85 °C).

5.3 RFET Length Dependent Bias Optimization

For a fixed total source-to-drain length, RFET can be designed with many
different combinations of ungated region length, control gate length and polarity
gate length. Each combination will contribute differently towards the storage region
and 1T-DRAM functionality. The thesis has explored the impact of varying lengths
of different regions and their bias dependencies for implementing 1T-DRAM. The
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optimization of length-dependent 1T-DRAM biases starts with the write 1
operation. RFET with longer storage regions (for a fixed total length of 100 nm)
exhibits subdued impact ionization for the same set of biases. Hence, a relatively
higher front control gate bias is required to generate sufficient excess holes in
devices with longer storage regions to enable write 1 operation. A marginally lower
back control gate bias is needed to hold excess holes in RFET with longer storage
regions. To obtain suitable sense margin, read biases must be optimized for
different storage region lengths. RFETs with longer storage regions require higher
front control gate biases to achieve a decent read current, which translates into a
sense margin > 6 pA/um and retention time > 1 sec. The methodology adopted in
the work is based on modifying one bias per operation while maintaining the same
voltage at other electrodes. For on-chip IT-DRAM with a total length of 100 nm,
the minimum write time of 3 ns is sufficient to generate excess holes, while a read

duration of 2 ns ensures a minimum retention time of 4 ms at 85 °C.

5.4 1'T-DRAM with Nanowire RFET and Array Disturbance

Transistor architecture has evolved considerably due to the push by logic
technology requirements. A gate-all-around architecture allows the gate electrode
to control the channel potential in an effective manner thus permitting downscaling.
Nanowire transistor architecture does not permit separate biasing of front and back
gates. Hence, 1T-DRAM operation enabled through independent gate operation
cannot be implemented in a nanowire transistor. An alternative way forward for
enabling 1T-DRAM functionality is to use the surrounding gate for creating
electrostatic potential well. In contrast, the program gates can be used for
generating excess holes through Schottky tunneling. 1 T-DRAM functionality was
demonstrated in a nanowire RFET with a CR of 5 orders and retention of 1.8 s at
85 °C with four distinct voltage levels. A reduction in the number of voltage levels
to three resulted in a decrease in CR (3 orders) and retention (1.5 s at 85 °C) for
implementing 1T-DRAM. While the performance of a single 1T-DRAM cell

(nanowire architecture) was promising, memory is implemented through an array
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of cells. For the proper functioning of 1T-DRAM array, the disturbance due to

common (shared) word line and bit line should be minimized.

RFET based 1T-DRAM cell has dual word lines due to control and program
gates, and one bit line for the drain terminal. Investigating the impact of shared
word lines and bit lines on 1T-DRAM performance indicates that word line
disturbance due to write 0 operation is severe in comparison to bit line disturbance
if the same biases are used as those utilized for an individual cell. The write 0
operation on the desired cell causes hole recombination (due to the lower depth of
the potential well) in the adjacent cell connected through the shared word line. An
improvement in the retention of 1T-DRAM array requires separate array centric
bias optimization. Each 1T-DRAM cell was considered to be in the hold state
before the application of bias for realizing an operation (write 1, write 0, read).
Since the disturbance due to bias impacts the current ratio, the thorLp corresponding
to current ratio of 10 is considered as the duration of array tolerance of a particular
operation. Biases supporting higher values of duration of disturbance tolerance
should be selected to minimize array disturbance. It has been shown that the impact
of word line disturbance can be suppressed if one word line can be maintained at
hold bias while ensuring the feasibility of each 1 T-DRAM operation. The challenge
of such an approach will be the limited range of biases for which memory operation
can be realized. Nevertheless, the approach has shown the capability to improve the
duration of disturbance tolerance to a minimum of 120 us with a current ratio of 6
orders at 85 °C due to write 1 operation. The maximum value of duration of
disturbance tolerance was estimated to be 100 ms due to write 0 operation. Results
also indicate that word line disturbance due to write 1 (120 ps) and read (140 ps)
operations result in minimum values of the duration of disturbance tolerance. A
possible way for utilizing these results would be through the implementation of
selective refresh cycles focusing on the operations which yield minimum

disturbance tolerance (120 ps to 140 us).
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5.5 Scope for Future Work

The thesis focused on implementing 1TOC DRAM through RFET. WLD
and BLD can degrade the retention time of array. A possible way of enhancing
retention would be through 2TOC DRAM gain cell [245]. The gain cell has been
extensively studied with conventional FDSOI transistors and its challenges for
achieving higher retention are well understood. The retention of 2TOC gain cell is
expected to be higher than that exhibited by ITOC DRAM. Since RFET can be
implemented as n-type and p-type transistor, a 2TOC gain cell can be implemented
through RFETs. Two topologies can be implemented: (i) both RFETSs function as
n-type device, and (ii) each RFET functions as n-type and p-type transistor. While
both topologies are interesting, p-type RFET for enabling write operation and n-
type RFET for realizing read operation appears to be an interesting choice for
enhancing retention. The functionality of both circuit topologies can be explored
and retention benchmarked with respect to the published data of gain cells designed
with conventional FDSOI transistor. The coupling between the terminals is
expected to influence the storage node voltage. Hence, appropriate optimization

strategies (for each topology) will be required for an optimal 2TOC RFET gain cell.

Another interesting extension of the proposed work is to explore computing
within memory using RFETs. Prior research [245] on 2TOC DRAM has mostly
concentrated on improving retention properties with not much literature on
enabling in-memory computing. Capacitorless (0C) implementations of compute
in-memory have focused on four transistor zero capacitor (4TOC) cell at a 65 nm
node [246]. Analog computing requires storage at different voltage levels; hence,
an optimization strategy is needed to achieve the desired voltage levels of the
transistor. Problems with short channel effects, which tend to deteriorate the input
range and weight for analog computing, R-squared value, and standard error, arise
when implementing computing with 2TOC DRAM gain cell. RFET based 2TOC
gain cell can be explored for realizing computing within memory. Statistical study
of device-to-device variations can also be an interesting study for DRAM array

optimization with RFETs.
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