UC Berkeley

UC Berkeley Electronic Theses and Dissertations

Title
Thin-Body SOI Capacitorless DRAM Cell Design Optimization and Scaling

Permalink
https://escholarship.org/uc/item/8c20i0d4

Author
CHO, MIN HEE

Publication Date
2012

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8c20j0dz
https://escholarship.org
http://www.cdlib.org/

Thin-Body SOI Capacitorless DRAM Cell Design Optimization and Scatig
By

Min Hee Cho

A dissertation submitted in partial satisfaction of the
requirements for the degree of
Doctor of Philosophy
in
Engineering - Electrical Engineering and Computer Sciences
in the
Graduate Division
of the

University of California, Berkeley

Committee in charge:
Professor Tsu-Jae King Liu, Chair
Professor Ming C. Wu

Professor Jungiao Wu

Fall 2012



Thin-Body SOI Capacitorless DRAM Cell Design Optimization and Scatig

Copyright © 2012

by

Min Hee Cho



Abstract

Thin-Body SOI Capacitorless DRAM Cell Design Optimization and 8gali
by

Min Hee Cho

Doctor of Philosophy in Engineering — Electrical Engineering and Computsices
University of California, Berkeley

Professor Tsu-Jae King Liu, Chair

Capacitorless dynamic random access memory (DRAM) is agingnsiolution to cell-
area scalability and complex fabrication process issues for cthowal DRAM. The thin
body SOI transistor, which suppresses the short channel effectalaadminimizes
variability, is selected for the capacitorless DRAM &tlicture. The impact of substrate
doping concentration on capacitorless DRAM cell performancduidiesl and a novel
selective well structure is proposed.

A capacitorless DRAM cell design with BJT-based operation (Bdde) is known to
have larger sensing margins and longer retention times. Contradimdytb-band tunneling
leakage (BTBT) related to the electric field plays a kag in limiting retention time. In
the BJT mode, BTBT in the Hold O state limits data retentiore tiDO failure). By
optimizing the underlap between the front gate and the source/draonges well as the
operating voltages, retention time exceeding 1 second shouldabeahlkt for a cell with
25 nm gate length. The scaling limits of optimized capaci®ri@BAM cells are also
investigated through the analysis of variations. Signal sensemaaraglysis indicates that
the ultimate scaling limit is 13 nm (gate length) for embedded DRAM agiplsaand 16.5
nm for stand-alone DRAM applications.

The positive feedback MOSFET (PF-FET) was fabricated on thin (if€dypm) and
UTBOX (10 nm) SOI structure. Positive feedback occurs assaltr of both the BJT
operation and the floating body effect from weak impact ionizatioexHibits very steep
subthreshold slope of 0.03 mV/dec. Wide hysteresis enables the Pte-FETutilized for
memory application. The sensing margin is 62 pA/um and retenti@nisi greater than 4
seconds.
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Chapter 1

Introduction

1.1 Dynamic Random Access Memory (DRAM)
1.1.1 Conventional DRAM and Limitation

Dynamic random access memory (DRAM) is the most common kirethddm access
memory for mobile/personal computers and workstations. Memory iisededs a device
(as a chip) or a component of a device in which information espefdala computer can
be inserted and stored and from which it may be extracted whetedvaRandom
access allows stored datato be accessed in any order. A convebDtiRAR cell has
simple structure, which is composed of one transistor and one cagacii®@) per bit [1].
The transistor acts as a switch for input and output. Differem Static RAM (SRAM),
DRAM is dynamic in operation; it needs to have its storagks cefreshed every few
milliseconds. Since real capacitors and transistors leak chitheg@formation eventually
fades unless the capacitor charge is refreshed periodicallyMDRAlso volatile, since it
loses its data when the power supply is removed. Because of th& R structure
(1T1C) its size is smaller than a SRAM cell which hastsirsistors. This allows DRAM
to reach very high density. The DRAM market in the semiconductor tiydoscupies a
large portion, as shown ikig. 1.1 [2, 3], which means that more innovative research
Is needed to in order to maintain a competitive edge.

Fig. 1.2shows the conventional DRAM structure (capacitor over bit lineB)C§pe)
[4]. At the sub-30nm half pitch, conventional DRAM cells might sufifem technological
scaling issues, as shownTiable 1.1andFig. 1.3[5]. It is harder to build a capacitor in a
small cell-area with sufficient capacitance, usually 2028f to provide enough signal-
to-noise ratio, as compared with transistor scaling. Novel higkadigl-constant (higlk)



materials or capacitor structures have been proposed to overcahmg sssues and have
become the main focus for current DRAM technologies [6]. DRAM giess have
pioneered the use of high-k dielectriasg(, ZrO, HfO,, or SrTiQ etc), and extreme
capacitor geometrye(g, trench, fin, and stack). Despite this comprehensive approach,
however, the scaling of 1T1C DRAM cells has significant obstacles due tapheitor.

$ 226.2 billion in 2011

Logic

Other Micro

MY $ 22.4 billion for DRAM
emory

Figure 1.1. DRAM in semiconductor industry [2, 3].

1C
(Storage node)

T

(Transistor)

Capacitor

2
Q
=
e
0
c
@®©
V5
=

Figure 1.2. Conventional 1T1C DRAM structure. Eaeli has one transistor (switch)
and one capacitor (storage node) [4].



Besides the fact that the fabrication process for DRAM of akgmyabits and beyond is
becoming more and more difficult, the development and manufacturstg & increasing
drastically. A significant portion of the technology developed for DRi&Mot extendible
to other products. In order to overcome cell-area scalability angrdeess complexity
issues of traditional DRAM technology, the concept of capaci®rBRAM was
introduced in the early 1990s [7].

Year |Half Pitch (nm) | Cell Size (um ?) AIR of SN AR of SN (out) for
cell plate deposition

2010 45 0.0122 47.3 74.5

2011 40 0.0096 57.5 97.5

2012 36 0.0078 44.4 77.5

2013 32 0.0061

2014 28 0.0047
2015 25 0.0038
2016 22 0.0029
2017 20

Manufacturable solutions exist

Manufacturable solutions are known

Table 1.1. DRAM technologies. Half pitch, aspetiorg§A/R) of capacitor (storage node:
SN), and A/R of SN (out) for cell plate (upper ¢tede) deposition are shown in table.
Source; International Technology Roadmap for Sendoetors (ITRS) 2011 [5]. White
= Manufacturable solutions exist, yellow = Manutaeable solutions are known, and red
= Manufacturable solutions are NOT known.

Figure 1.3. A/R of storage node is calculated3as eight) / F, and A/R of SN (out) is
calculated as (SN height) / (F — 2xt). F = miniméeature size, t = physical high k
dielectric layer thickness [5].



1.1.2 Operating Principles of Capacitorless DRAM

Fig. 1.4shows a cross section view of a typical capacitorless DR#MLtE structure is
very simple — one transistor on a silicon-on-insulator (SOI) w&apacitorless DRAM
can provide important advantages to chip manufacturers, who aran¢ltcceidd any new
material to their already complex and delicate processef@ja processing steps are
highly undesirable for memory chip producers, because they incressdacturing costs,
often greatly. Thus this is a major advantage of capacitddBgsM. Each memory cell is
just a single transistor. For comparison, conventional on-chip men{8fiesM) typically
use six transistors per memory cell, so we can fit mors a&lb the space occupied by
conventional embedded memory. This increases the amount of memory dmpthend
thereby improves its performance, making the chip a lot smaller and fe=ssese [9].

= 1T

Figure 1.4. Typical capacitorless DRAM [8]. Onlgentransistor on SOI wafer.

\\
¥

BOX

(a) Write 1 (b) Read 1

Figure 1.5. Capacitorless DRAM operation (MOSFEDde). (a) Write 1 i(e.
programming). N-MOSFET turns on and high drain agé (usually > 2V) is applied in
order to induce impact ionization. (b) Read 1 (Rpadgrammed cell state). Due to
floating body effect, threshold voltage-(Ms lowered. Higher current flow compared to
Read 0 state (No charge stored stateis\high).



The original concept of capacitorless DRAM utilizes the fhgaliody effect of a SOI
transistor [7]. In capacitorless DRAM, the conventional storagaatr can be replaced
by the body capacitance of the transistdfigs. 1.5 (a)and (b) show Write 1 i(e.
programming) and Read 1.€. reading programmed cell state) processes. When the
transistor turns on and high drain voltage is applied, impact ionizaticurs and electron-
hole pairs are generated due to the high electric field. V#xerss holes exist in the
floating body, the cell state can be defined as “1” (Datatk)tOn the other hand, when
excess holes are swept out of the floating body through therfibivias on the body - drain
junction, the cell state can be defined as “0” (Date O stajein@asuring the drain current
difference between the Read 1 and Read O states of thee@&an sense whether the holes
are accumulated in the floating body as showRig 1.6.In other words, a logic state is
defined by creating an excess or a shortage of the majariigrs AQ) inside the body of
the transistor. When a number of majority carriers are storeédei SOI, the body effect
changes the transistor threshold voltage) (&d hence its on-state drive-current. This is
the basic method that the capacitorless DRAM uses to distinguish te®s. S&&honiret al.
referred to this MOSFET operation mode with floating body eff@OSFET mode)
Generation 1 mode (Genl) [10]. In the last 20 years, several research groopsipadies
have published researches about MOSFET mode [8, 11, 12], and it is iatesktgre, in
chapter 2. This mode provides stable operations in partially dé@ (PDSOI), and

operating voltage conditions (front gate, back gate bias) aresumilar to the normal
MOSFET operation.

D1 state

DO state

Drain current (I 4)(A)

Gate voltage (\,g(V)

Figure 1.6. <V g curve of Capacitorless DRAM (MOSFET mode). In dhtstate (D1),
high current flows due to floating body effect: I high in data 0 state (DO).

More recently, Okhoniet al. introduced the bipolar junction transistor (BJT) based
operation mode (BJT mode) of capacitorless DRAM [10]. WhileMI@&SFET mode uses
the triode operation of MOSFET in the Read state, the BJT mddegedy based on the
parasitic BJT which is present in the MOS structiiig.(1.7). The basic Write operation
uses the punch-through effect in Write Rig( 1.7(a). Negative gate and high positive
drain biases are applied. Impact ionization occurs as a reshi @iuhch-through current



(not the inversion current in the channel) and majority chargescatenalated near the
front gate rather than the buried oxide (BOX) interface, as showig.i 1.7(b) In the case
of an N-channel device, the N+ source, the P-type body, and theaM+aim the emitter,
the base, and the collector of an NPN bipolar transistor, respectively. Intiegfloady SOI
device, the bodyi.g. the base of the bipolar transistor) is used as a storage Figdé..9
[10]. The Read operation is performed by sensing the bipolar currertdntrast to the
MOSFET mode capacitorless DRAM, where the channel currerseild. During the Read
operation, the bipolar transistor is in a state of turn-on when the cell Sl&ig. Itisin a
state of turn-off when there are very few holes left, whigdams that the potential barrier
from the source (emitter) to the drain (collector) is high enough to prewerurrent.

The BJT mode improves sensing margin [1@] the difference between Read 1 and
Read O current) due to the higher current gain of the BJT [11]. i2&ation time is
expected to increase [10]. Because the capacitive coupling to theobddy front gate is
higher than that of the back gate, it is much more effectivadorikoles in the body using
the front gate. The higher margin provides much shorter datainees! and better device
scalability. This improvement also broadens the range of appheathat can take
advantage of the high density of a capacitorless DRAM chip.

Negative Negative
Gate voltage Gate voltage
@®
Collector
BOX
(a) Write 1 (b) Read 1

Figure 1.7. Capacitorless DRAM operation (BJT nmo@® Write 1. High drain voltage
(usually > 2V) is applied and punch-through occursich induces impact ionization. (b)
Read 1. Negative gate bias retains holes below getke. Under the BJT operation
mode, BJT current flow through emitter (sourceg¢atiector (drain).

MOS transistor |

Intrinsic
bipolar transistor

=

Floating body

Figure 1.8. BJT mode schematic [10].



1.2 Structure Design and Simulation Models
1.2.1 Thin Film SOI with UTBOX

Planar bulk and/or PDSOI technology face many obstacles topneddsadoption.
They suffer from the short channel effect; (Mduction with decreasing gate length) with
sub-surface leakage paths and drain induced barrier loweriBd.XOhcreasing variability
in transistor and circuit performance for these structuresreequore complex chip design.
In order to suppress off-state leakage, heavy channel dopingecarsed [11]. As the
channel doping and/or halo doping in conventional planar bulk/PDSOI MOSFETSs i
increased with scaling to suppress short-channel effects, random-flapargtion (RDF)-
induced variation also increases. Rather than doping the channel heasilppress off-
state leakage, body thickness can be reduced substantially [12]a Aesult, the
channel/body region is so thin (with a thickness less than 1/3 ofatedeqngth) that it is
fully depleted of mobile charge carriers when the transistor the off state. Due to high
coupling of the gate, the short channel effect of the transiatobe suppressed effectively
with fully depleted SOI (FDSOI) structure. The use of dtlyg doped SOl MOSFET
structure with an ultra-thin (~10 nm-thick) buried oxide (UTBOX) antieavily doped
substrate has been reported to be effective for suppressing tlagsovafl3, 14]. RDF-
induced \f variation can be dramatically lower in a FDSOI MOSFHMmce light
channel/body doping can be used. Simple structure and fabricatiosggsad FDSOI are
also advantages. With a thin film SOI substrate, FDSOI is easily imptethfl5].

For memory applications, the floating body effect is essdatidlt shift. The floating
body effect, however, is negligible in an FDSOI MOSFET becthese is no quasi-neutral
body region which serves as a potential well to hold majoritiyecar[16, 17]. UTBOX is
essentially back-gated MOSFET. With the control of the back(Mlg), it is possible to
retain excess hole in the body. This pseudo-floating body effettiesnthe utilization of
FDSOI in capacitorless DRAM.

The thin body may induce higher source/drain resistance, which setiecen-current.
The raised-source/drain structure provides a good solution for mingnsource/drain
series resistance [18]. The problems of PDSOI MOSFET anchtracteristics of FDSOI
MOSFET as a solution are explained kigs. 1.9and 1.1Q The thin film SOI using
UTBOX technology can meet requirements for capacitorleB&AND applications with
regard to scalability, memory effect (floating body effectow variability, and
manufacturability.

Fig. 1.11 (a)shows a cross-sectional view of the reference structunesifiasion
electron microscope (TEM) image [18]), and a simulated N-chan@$SMET structure,
based on fabricated MOSFEFi¢. 1.11 (a) is shown inFig. 1.11(b) An implantation-free
process is used in order to avoid dopant-atom straggle as wefeatsde the body region,
and to minimize RDF-induced variations, as follows [18]: in ordedécrease series
resistance with reducing gate-sidewall capacitance, fhcetised source/drain (RSD)
processes are selectively grown. This structure can be fomtied low-temperature, zero-



silicon-loss epitaxial growth process, with in-situ doping (arourfdct®®). Dopant atoms
from the raised-source/drain regions diffuse into the channefaardthe lightly doped
source/drain extension regions.

Gate

Negative back bi
BOX (Buried Oxide) egative back bias

Substrate
(a) PDSOI with thick BOX (b) FDSOI with UTBOX

Figure 1.9. Cross section view of (a) partiallplé¢ed SOl (PDSOI) transistor and (b)
fully depleted SOI (FDSOI) transistor with raisedusce/drain and ultra-thin BOX
(UTBOX).

PDSOI problems Solution : FDSOI

Short Channel Effect (SCE) . gogﬂlgﬁgsggfé

Random Dopant Fluctuation Intrinsic Channel
(RDF) > Less RDF

No floating body effect Ultra Thin BOX
(no memory effect) (< 20nm) & Back bias

Small current
(from high S/D resistance)

Figure 1.10. Characteristics of PDSOI and FDS@Giis&d source/drain with UTBOX
FDSOI is proposed as a solution.

. Raised S/D

Physical and operating parameters (gate length, gate oxide fsickngply voltage,
etc) are taken from the International Technology Roadmap for Semicamsluor low
operating power (LOP) technology at the 22 nm node [5]. The imtdth of the gate-
sidewall spacers (Wace) iS Selected to be 13 nm, based on the gate-to-contact spacing
design rule for recent study (6-T SRAM cell) [14]. The gate work functadnes were then
selected to adjust the nominat Values in order to meet the off-state leakage currggd) (1
specification, 3 nAlm. The fabrication processes are showRig 1.12and the optimized
dimension parameters for the device are summarizédbte 1.2
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Figure 1.11. (a) TEM (transmission electron micogs®) image of thin film SOI with
UTBOX (reference structure [15]). (b) Cross-sediiomiew of simulated n-channel

MOSFET structure based on (a).
Gate
Spacer Dep. and Partial RIE (b) Sol
(d) D

Figure 1.12. Thin film SOI transistor process flomo Si loss is achieved by an
optimized partial spacer dry etch; The remainingride is removed during epi-
precleaning. An in-situ dopddcetedRSD is formed to minimize parasitic capacitance.
Extensions are formed by dopant drive-in from to-sioped RSD to avoid implant
damage to transistor [18].

SOl Thinning

HK/MG Formation (a)

Epi Pre-clean (c)
In-Situ Doped Faceted RSD Epi (d)

Dopant Drive-in to Form Extension

Dimension
Physical gate length (Lg) 25nm
Physical gate width 50nm
Spacer width (W, ace) 13nm
Gate oxide (Toy) 1nm
Body thickness (Tg) 10nm
BOX thickness (Tgay) 10nm
Channel doping Intrinsic
Source/Drain doping 1020c¢m-3
Substrate doping 1018cm-3
Gate work function 4.6eV

Table 1.2. Optimized dimension parameters for fitim SOI transistor with UTBOX



In this simulated structure, tlentaurus Proceds used and it provides a complete and
highly flexible, multidimensional, process modeling environment [19].bE€atked to a wide
range of the latest experimental data using proven calibraibmoaiology, this computer-
aided design (TCAD) tool offers unique predictive capabilittesniodern silicon and non-
silicon technologies.

1.2.2 Simulation Methodology [20]

In this study, the Sentaurus Device is chosen as the TCAD sonuiaol [20]. Proper
physical models are selected to embody capacitorless DRAMNGhwallows for the
possibility to simulate real phenomena. This section describegléwtes physical models
and the reasons why they are chosen.

1) Electrostatic Potential

lonized dopants or traps (immobile charges) and electrons/holege(cttdrges) play
key roles in all semiconductor devices. These charges and e@b&ostatic potential
determine the electrostatic potential, and vice versa. Phygieabomena in semiconductor
devices can be complicated and depends on charge distribution, copicophysics, the
applied bias, and the structure of the device. All charges inaweedinteract with each
other and should be calculated with the electrostatic potential. Binesmlculated based
on Poisson’s equation, which is:

V-(eVo +P)=-qlp-n+ Npy-Ny )— o (1)

trap

Where:

¢ : the electrical permittivity
P : the ferroelectric polarization
q : the elementary electronic charge.
nand p : the electron and hole densities.
Np and N,: the concentration of ionized donors and acceptors

0 trap : the charge density contributed by traps and fixed charges

2) Hydrodynamic Transport Model: Hydrodynamic (eTemperature)

Characteristics of state-of-the-art scaled semiconductor efevdgannot be described
properly using the conventional drift-diffusion transport model. In @a&r, the drift-
diffusion approach cannot reproduce velocity overshoot and often overestitmatmpact
ionization generation rates. The hydrodynamic (or energy balamegel provides a very
adequate compromise. It takes into account an average of the mamparature as well as
the lattice temperature, which can be useful in devices whereattmgr diffusion is
important. This model can also reduce possible convergence errors and simunhegson ti
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3) Semiconductor Band Structure

The most fundamental property of a semiconductor is its banduséruRealistic band
structures are complex and can only be fully accounted for in M&arle simulations. The
band structure is simplified to several quantities: the eneofjitb&® conduction and valence
band edges, and the density-of-states masses for electrons esdTi@ silicon band-gap
narrowing model determines the intrinsic carrier concentration.thla simulation,
OldSlotboommodel is selected, which is based on measurements of in n-psmstoas,
because the BJT mode is used in capacitorless DRAM.

4) Mobility

The Sentaurus Device uses a modular approach for the descripttbe oérrier
mobility. The mobility is a function of both phonon scattering and cobioracattering.
The lattice temperature mobility model is called the constartility model and it should
only be used for undoped materials. For doped materials, the caoaddtesr with impurities.
This leads to a degradation of the mobility. The mobility dedrawlat interfaces,g(g.the
silicon/oxide interface in the channel region of a MOSFETals considered. These
models account for the scattering of surface phonons and surface resighdditionally,
this simulation includes the effects of carrier—carrier scatteridgebectric fields.

5) Recombination:

Generation and recombination processes are very important in gdeygies, and in
particular, for capacitorless DRAM devices. These processgsange carriers between the
conduction and valence bands. For each individual generation or recaotbipiicess,
the electrons and holes involved appear or vanish at the same locagoonly exception
is the band-to-band tunneling (BTBT) model.

Shockley—Read—-Hall (SRH) recombinationRecombination through deep defect levels in
the gap is usually labeled as SRH recombination. SRH lifetidegsend on doping,
temperature, electric fielefc.

Surface SRH Recombination:The surface SRH recombination model can be activated at
the interface between two different materials or two different regions.

Auger Recombination: At high carrier densities the Auger recombination is very
important. Because high current are induced in the Write 1 staggpatitorless DRAM, it
should be considered when conducting simulations.

Avalanche Generation: The floating body effect comes from a generated electron-hole
pair. It is one of key models for Write 1. Electron—hole pair pradnaiue to avalanche
generation (impact ionization) requires certain threshold fiedschgth and the possibility of
acceleration, that is, wide space charge regions. If the widéhsplace charge region is
greater than the mean free path between two ionizing impactgeamailtiplication occurs,
which can cause electrical breakdown. The reciprocal of the ifnea path is called the
ionization coefficient.

Band-to-Band Tunneling Models: Band-to-Band Tunneling (BTBT) leakage is a main
reason for the degradation of retention time in capacitorl&SMD Because capacitorless
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DRAM has little junction leakage (due to the SOI structure) rmdlielectric leakage of
capacitor, there are fewer leakage path in the structure cethfimconventional DRAM.
However, holes should be retained in the body, which is acutelgtedf by BTBT leakage.
Phonon-assisted band-to-band tunneling cannot be neglected in steepgbeng or in
high electric fields of MOS structures. Due to this factoredeéssisted tunneling (SRH) is
also considered for the device simulations.

6) Quantum Well

With scaling, quantum confinement effect is another factor thatdsbeutonsidered.
The Quantum Well (QW) sub-band model, the QW transport model, and tieriaga
model are all activated in this simulation.

1.2.3 Random Dopant Fluctuations (RDF)

Fig. 1.13 shows randomly distributed dopant atoms in an n-channel MOSFHT [2
Previous experiments and simulation have confirmed RDF as one afbsitacles to
continued transistor scaling [14, 21-25]. It is well known that RDF-irdligevariation is
inversely proportional to (WxL}> where W and L are the transistor channel width and
length, respectively [26]. Recently, in a 100,000-sample 3-dimensionalasion study
[23], the complete Y distribution caused by RDF was constructed through the discrete
convolution of a Poisson distribution with the mean (N) of the number ofntpa
channel region, and a Gaussian distribution pfor a fixed N.  Because the channel
doping is intrinsic in FDSOI, there are fewer issues for randoparmt fluctuations (RDF)
compared to PDSOI or bulk transistor. RDF is still one of mairatran factors in ultra-
scaled devices though RDF is suppressed effectively in FDSQIR2ndomly distributed
dopants affect not onlyMvariation but also the impact ionization rate and the local BTBT
rate, which can influence retention time and sensing current.

Figure 1.13. Randomly distributed dopants in an BRSFET with channel length of 30
nm and channel width of 50 nm [23]. Green atomsdareors and red colored atoms are
acceptors.

12



1.3 Dissertation Outline

Thin body SOI with UTBOX structure is very a promising design g$caled
technologies. It suppresses the short channel effect and minimazesility. The
application of thin body SOI with UTBOX MOSFET to capacitor|l®$AM is important
because this device has many advantages such as simple mob&gsescalability, and
reduced variability. This research focuses on the optimization, @&)adysl scalability of
capacitorless DRAM with highly scaled (22nm-node) technologies.

In chapter 2, the impact of substrate doping on back-gated FDSOitadess DRAM
cell performance is investigated to provide guidance for desigmiagtion. In this chapter,
the basic capacitorless operating mode (MOSFET mode) is foeys®md In order to
optimize the tradeoff between increasing sensing margin and ddgetéation time, the
peak doping concentration is investigated

In chapter 3, a capacitorless DRAM cell design using BJT msatadied. The impact
of gate-sidewall spacer width and operating voltages is invesdiga reduce BTBT
leakage. Kinetic Monte Carlo (KMC) simulations are usedompare the effects of RDF
on the read current distributions of cells designed for BJT-m&léeMOSFET-mode
operation. It is found that BJT-based operation is more robust to R&dtsethan metal-
oxide-semiconductor field-effect transistor (MOSFET)-based operati

In chapter 4, variability in back-gated thin-body capaciter@RAM cell performance
is investigated. Sources of variability considered include variatiorfsont gate oxide
thickness, body thickness, buried oxide thickness, and gate-sidewalt spdite as well
as RDF. The BJT mode is most sensitive to variations in body #sskand buried oxide
thickness. Reduced retention time, taking into account process-indudatiomay is
predicted in this chapter.

In chapter 5, the scaling limitation of capacitorlessADHs investigated. Based on the
analysis method in chapter 4, dimension variations are simulafest. Body thickness
limit is investigated, optimized conditions for each scaled deareeachieved using the
constant electric field rule. Design parametersyW: Tsi, Teox, and Tx) and RDF are
considered as variation factors. In this study, the scaling dihcapacitorless DRAM is
predicted.

In chapter 6, positive feedback MOSFET is tested experimem#h SOI transistor.
The device was fabricated on thin body (10 nm) and thin BOX (10 nm)s8@iture.
Positive feedback occurs as a result of both the BJT operation afidaitmeg body effect
from weak impact ionization. Steep sub-threshold slope is achieviegh@sitive feedback.
Positive feedback properties are investigated utilizing TCARukition. Positive feedback
and wide hysteresis window are measured, which enables the Pt FBientially serve
as a memory device. The PF-FET capacitorless DRAM chasditer(retention time and
sensing current) are measured experimentally.

Chapter 7 summarizes the key results and contributions of thistatisserfuture
research directions are also suggested.
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Chapter 2

The Characteristics of MOSFET-based
Capacitorless DRAM with UTBOX FDSOI
Structure

2.1 Introduction

Variability in transistor threshold voltage 1jMis now widely recognized as a critical
challenge for continued CMOS technology scaling and memory yigl@][ The fully
depleted silicon-on-insulator (FDSOI) MOSFET design with ay\him (~10 nm-thick)
buried oxide (BOX) layer has been shown to be effective for neguibe impact of
transistor parameter variations and random dopant fluctuations (RDH)p dseexcellent
electrostatic integrity and light body doping [1, 3]. The céapdeiss DRAM cell design is
a candidate for future high-density embedded memories becaute refatively small
layout area (as compared to a conventional SRAM cell) and shaipieation process [4-
6]. Back-gated FDSOI capacitorless DRAM devices have rigdee¢n demonstrated with
sub-50 nm gate length ) [7], and heavy sub-BOX substrate (back gate) doping has been
shown to be beneficial for enhanced read margin [8]. In this chaptereftects of
substrate doping concentration and profile on back-gated FDSOI camsstBiRAM cell
performance are investigated via a three-dimensional (3-D) Tegyn@omputer-Aided
Design (TCAD) process and device simulation [9, 10] to provide gueldor design
optimization.

2.2 Device Structure and Operation

The capacitorless DRAM cell structure in this study isreésdly a back-gated FDSOI
MOSFET. Based on recent publications.g(, [3]), cell dimensions at the 22 nm
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technology node are selected for this study: the Si body thiclames80OX thickness are
each set to be 10 nm, the physical gate length is 25 nm, and thaleguiyate oxide
thickness (Tox) is 1 nm. The body is undoped, and the sub-BOX suhstdsmeath the
body is doped p-type. The device parameters are summarizadla2.1

Four operations are simulated herein for the capacitorless DRAM\gite 1, Write 0O,
Hold, and Read. To form a potential well within the body for holeagira negative back
bias of -2.5 V is applied. Holes are generated and stored duringte Mtiperation, or
removed during a Write O operation, by appropriately biasing the tthee terminals of
the cell Table 2.2. The state of the cell is read-out via the MOSFET aurieholes are
stored in the body, then the source potential barrier (hefces Vowered so that the Read
1 current is high; if holes are not stored in the body, then the Readdht is low. The
durations of the program/erase and read operations are each 20 nano seconds (ns).

Parameter Value

Gate length (L) 25 nm
Effective gate length (Les) 35.6 nm

Gate oxide thickness (Toy) 1nm

Body thickness (Tsj) 10 nm

BOX thickness (Tgox) 10 nm

Channel width (W) 32 nm

Spacer width (Wspacer) 15 nm
Gate work function(®y) 4.45 eV
Channel dopant concentration Intrinsic
Source/Drain doping concentration 10 cm™

Substrate dopant concentration p-type :10** ~ 10®°cm

Table 2.1. FD-SOI capacitorless DRAM cell desigrapaeters. Extensions are formed by
dopant drive-in from in-situ doped raised sourcafirto avoid implant damage to

transistor [3].

W1 (program ) WO (Erase) Hold Read
Vgs (V) 1.0 0.9 -0.5 0.8
Vg (V) -2.5 -2.5 2.5 -2.5
Vs (V) 2.0 -0.5 0 0.6
Vs (V) 0 0 0 0

Table 2.2. FD-SOI capacitorless DRAM cell biasingditions.
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2.3 Optimization of Substrate Doping

2.3.1 Simulation Approach

In capacitorless DRAM, the conventional storage capacitor caplaeed by the body
capacitance of a SOI. In this chapter, the basic capacitaesating mode (MOSFET
mode) is focused [11-13]. The concept of MOSFET mode utilizeddatnig-body effect
of a SOI transistor. In these simulated structuBsstaurus Procesis used in order to
provide a complete and highly flexible, and process modeling environfh@ht The
process parameters follow the 22 nm-technology node with facetece&tain FDSOI
fabrication [14, 15]. The channel and source/drain doping concentratiotiseasame as
each other. Only substrate doping concentrations change.
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Figure 2.1. Simulated Read 1 and Read 0 currens FDSOI capacitorless DRAM cell,
as a function of sub-BOX substrate dopant conctotraRead currents are measured at
1ps Hold time.
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2.3.2 Substrate Doping Effect

Fig. 2.1shows the impact of substrate dopant concentration on the Read 0 Raddhe
1 current levels. As p-type concentration is increased in theratd)s¢ increases due to
increased depletion charge [16] and hence the Read O current decfhasdesad 1 current
is a much weaker function of substrate doping, due to a compendéticig @s the dopant
concentration in the substrate increases, the potential welidles in the body region
becomes deeper so that it can store more holes upon a Writeatimpétig. 2.2 — but
this results in greater lowering of the source potential hasoi¢hat the net difference in 1-
state source potential barrier is relatively small. Thesieg margin is defined as the
difference between Read 1 and Read O currents, and it can beose®mease with
substrate doping, consistent with experimental observations [8].

1.8E+19

e 1020

1.6E+19 -

1.4E+19 = =-clel9

1.2E+19 | == cleld

lel5
1.0E+19 -

o ]c]2

8.0E+18

ty of hole (cm -3)

£'6.0E+18 -
2]

% 4.0E+18 A
;4

2.0E+18 -

0.0E+00 . T . ‘
-0.05 -0.03 -0.01 0.01 0.03 0.05

Position along channel (um)

Figure 2.2. Hole density profile within a prograndreDSOI capacitorless DRAM cell in
the hold state, for various substrate dopant cdragmns (cn?).

In the hold state, electrons can leak away from the body due tetddnachd tunneling
(BTBT), to degrade the cell retention time. This problem is ns@eere for higher
substrate doping due to higher peak electric field at the sowatejdnctions Fig. 2.3.
Fig. 2.4compares the retention characteristics of cells with different stdbdtping levels.
Negative gate bias and substrate (back gate) bias are aptield foositive charges in the
Hold state as shown ifiable 2.1 For high substrate doping (L0"° cm®), the sensing
margin degrades more rapidly with Hold time even though it i&liyi higher due to
higher BTBT leakage.
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Figure 2.4. Retention characteristics for a FD@pacitorless DRAM cell, using
various substrate dopant concentrations JcmAlthough higher substrate doping results
in larger current sense margins at short retentioas, the retention time is degraded due
to increased BTBT.

2.3.3 Random Dopant Fluctuations (RDF)

Another issue for high substrate doping is theveriation induced by random dopant
fluctuations (RDF), since the substrate doping affegtsMden the BOX is thin [2]. 3-
dimension (3-D) Kinetic Monte Carlo (KMC) process simulations {@&re used to
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examine the impact of RDF in this work. The simulated process lasetemperature,
zero-silicon-loss epitaxial growth to form facetén-situ-doped (16° cm®) raised-
source/drain regions. Dopants are diffused to form the lightly dogmadce/drain
extensions to reduce series resistance with minimal incieasdewall gate capacitance
[3]. Fig. 2.5shows one instance of a simulated structure. In order to distindpasffect
of substrate RDF, all of the simulated structures have the sammee and drain atomistic
dopant profiles (to eliminate the effects of source/drain RDF).

| (b) .

Figure 2.5. Kinetic Monte Carlo (KMC) simulationa)(FDSOI capacitorless DRAM

cell (W = 32 nm) structure showing dopant partitigtribution, and (b) cross-sectional
doping contour map.
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Figure 2.6. Standard deviation of threshold voltaigribution due to RDF-induced
variation, for various substrate dopant conce rutnati
The standard deviation of ther\istribution 6yr) extracted from these simulations

(lasVgs curves for Read O bias conditions), is plottedig. 2.6 using various nominal
substrate dopant concentrations. Cleasly; becomes significant for substrate dopigrg
10" cm®. Given the tradeoff between sensing margin and retention time, RRdnduced
V1 variation, the optimal substrate doping appears to b& €hd’.
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2.4 Selective Well Design

As noted above, high peak electric fields at the source/draingusatesult in degraded
retention time due to BTBT leakage. If the p-type substrate daopitayvered - or even
made of the opposite type (n-type) - in the regions direatlyelth the source/drain
junctions, then this problem can be somewhat mitigated. Therafeedective well design
is proposed herein to improve the retention behavior of the FDSfaktitarless DRAM
cell: p-type doping is used in the substrate beneath the chanrosl, redile n-type doping
(10" cm™) is used beneath the source and drain regions as shofig.i2.7. Such a
structure can be formed in a straightforward manner by sgtieadi deep ion implantation
of n-type dopants. Ifig. 2.8the electric field distribution within the SOI film in the Hold
0 state is compared for uniform p-type substrate dopimgelective p-well doping. The
peak electric field is reduced for the selective well stmecand BTBT leakage is reduced
as shown irFig. 2.8(b).

The effect of the width of the selective well is studied via simulatam @.9. Although
a wider p-well is more effective for retaining holes (p@sittharges), it can result in larger
peak electric field, which degrades retention time. An excegsivatrow p-well also
results in short retention time due to an insufficient well faaineng holes. As is evident in
Fig. 2.1Q the optimal width of the p-well is comparable to the gate kerfgt which the
retention time exceeds 100 ms. This represents a ~9% improveremthe uniform
substrate doping case.

N-well: alleviatgs e-field

P-well: attracts
positive charges

Figure 2.7. Selective well cross section view. Pheell has a role in attracting positive
charges. The n-well alleviates the peak electedfat the source/drain junction, which
improves retention time.
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Figure 2.8. (a) Electric field profile and (b) BTB&te within the SOI film, 1nm above
the BOX, in the Hold O state. The n-wells are eleatly floating within the p-type
substrate. The p-type substrate (p-well) is biste®.5 V, the source and drain regions
are biased at OV, and the gate is biased at -0.5 V.
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2.5 Summary

The peak doping concentration and lateral doping profile within thdérasebsf a
FDSOI capacitorless DRAM cell can greatly affect tht eention time. As the peak
doping concentration increases, the sensing current increases that @ist of reduced
retention time due to BTBT and increaseg Wariability due to RDF. The optimal peak
doping concentration is found to be 446m?>. A selective well structure (the p-well only
underneath the channel region) can be used to reduce the peaic dielctrat the
source/drain junctions in order to improve retention time by ~9% for 25 nm ggth.len
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Chapter 3
Design Optimization of BJT-based Thin-
Body Capacitorless DRAM Cell

3.1 Introduction

The concept of a single-transistor dynamic random access méDRAM) cell was
proposed to address the challenge of reducing memory cell aregdttion in minimum
feature size [1]. The bipolar junction transistor (BJT)-basgeration (BJT mode) of a
thin-body capacitorless DRAM cell is advantageous compared tontégl-oxide-
semiconductor field-effect transistor (MOSFET)-based operatiddSIVET mode) because
it provides for higher current sensing margin and longer dataimtemhes [2]. However,
band-to-band tunneling (BTBT) leakage due to high internalraddiald can degrade the
retention time in scaled BJT-based cells [3]. Thus, in this chapt&thods for improving
the retention time of a scaled BJT mode capacitorless DR&IMace investigated via
technology computer-aided design (TCAD) simulation [4, 5]. Kinetimtd Carlo (KMC)
simulations then are used to compare the effects of random dopdunétilies (RDF) on
the read current distributions of cells designed for the BJT wodee MOSFET mode.

3.2 Cell Design and TCAD Simulation

The capacitorless DRAM cell in this study comprises a batéd thin-body MOSFET.
The initial values of various cell design paramet@ab(e 3.1) are selected as appropriate
for the 22 nm complementary metal-oxide—semiconductor (CMOS) technobmigy [6].
The simulated fabrication method uses a low-temperature, zEmnsibss epitaxial
growth process to form faceted in-situ-doped?{ o) raised-source/drain regions — from
which dopants are diffused (at 1473 K for 0.08 s) to form lightly domenice/drain
extensions — in order to reduce series resistance with mimtr@ase in sidewall gate
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capacitance. [7]. The Sentaurus software package [4, 5] is usedulate the various cell
operations i(e., Write, Hold, and Read) at room temperature (300 K), assumipg 3
minority-carrier lifetime within the body. The operating voltag®r BJT mode and
MOSFET mode are summarizedTiable 3.2andTable 3.3respectively: Wldenotes the
program operationi.€., writing data 1 into a cell); WO indicates the erase operdtien
writing data O into a cell)Hold refers to data retention, aRtadsignifies the sensing of
stored data. The durations of the Write and Read operations are each 20 ns.

Gate length (nm) 250r41
Gate-sidewall spacer width (nm) 13-25
Gate-oxide thickness (nm) lor3
Body thickness (nm) 10
Buried oxide thickness (nm) 10
Body dopant concentration: intrinsic (¢n 0
Substrate dopant concentration (&m 10'8

Gate work function (eV) 4.6

Table 3.1. Capacitorless DRAM cell design paranseter

w1l WO Hold Read
Vgs -1 0 -1.7 -1
Vg 2.5 2.5 2.5 2.5
Vs 1.7 -0.5 1.2
Vs 0 0 0

Table 3.2. Operating voltages for BJT mode (undlts).

W1 WO Hold Read
Vs 1 0.9 -0.5 0.8
Vg 2.5 2.5 -2.5 2.5
Vs 2 -0.5 0 0.6
Vs 0 0 0 0

Table 3.3. Operating voltages for MOSFET mode (0itts).
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3.3 Mechanism of Data Retention Failure

When a BJT mode cell is in the Hold 1 state, holes are stored below the gateltusde
increases the vertical electric field (e-field), whichaigoncern for gate-oxide reliability.
Fig. 3.1 shows Hold state electric field contour maps for a cell Wwithm gate-oxide
thickness (bx) and 13 nm gate-sidewall spacer widthsg\). The peak electric field at
the gate oxide is almost 16 MV/cm in the Hold 1 st&ig.(3.2. A thicker oxide (3 nm)
should be used to guarantee a gate-oxide lifetime of more tharad[8F This is possible
because the BJT mode does not require a very thin gate oxide [9].

Negative gate bias Negative gate bias

Electric field
(MV/cm)

- 70

5.6

- 4.2
2.8

. 14
00
(a) (b)
Figure 3.1. Electric field contour maps for a BJ&da cell in the Hold state. MWce=
13 nmand Tox =1 nm. (a) Hold 1 state (D1 HoWhen holes are stored in the body,
the electric field is relatively high in the gateiae. (b) Hold O state (DO Hold): When

no holes are stored in the body, the electric fisldrelatively high at the body-
source/drain junctions.

20
OTox=1nm
< 15 - H Tox=3nm
<
>
S 10 -
S
2
[
W
1
0 | .
D1 Hold DO Hold
Figure 3.2. Maximum electric field in the gate aiduring a Hold operation. yMcer=

13 nm.
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The relationship between the electric field and BTBT is inya&std in silicon. The
BTBT rate increases exponentially with electric field lasven inFig. 3.3. Fig. 3.4shows
BTBT contour maps for a BJT mode cell in the Hold 1 and Hold 6sstét negative bias is
applied to the gate in order to retain holes in the Hold statbel®1 Hold state, the hole
density is much higher compared to the DO Hold state. Positive sh@gngles) reduce the
potential well depth in the D1 Hold statéd. 3.5 (a). The probability of recombination of
electrons and holes is low, due to the low peak electric field ibbdldg. In contrast, for a
cell in the Hold O state, the BTBT at the source/drain junctisnelatively high. When
there are very few holes in body (DO Hold), electrons tunnel througenirgy band gap
and holes are generated in the boBig.(3.5 (b). High electric field induce high BTBT
rate, as shown ifig. 3.4 (b) Due to BTBT, holes are injected into the body so that the
Read O current increases with Hold duratiéig( 3.6. Thus, theDO failure limits the
retention time of BJT-based capacitorless DRAM cells.

1E+25

1E+24

1E+23 -

1E+22

BTBT rate in Body (cm3sec?)

1E+21 -

1E+20

0.6 0.7 0.8 0.9 1.0
E-Field in Body(MV/cm)

Figure 3.3. Relationship between electric field aB@BT. BTBT rate increases

exponentially when measured in relation to thetatetield.

o W‘ )
‘ ‘ Higher

| BTBT ‘

— mox ¥y
Substrate -]

Figure 3.4. Band-to-band tunneling rate contour srfapa cell with Wpace= 13 nm and
Tox =1 nm. (a) Hold 1 state. (b) Hold O stateuribg a Hold O operation, there is
significant BTBT, which eventually leads to DO hdédure.




(a)
T @?’K\:

N(Source) N(Drain)  N(Source) N(Drain)
D1 Hold Electrons recombine with holes
(High Hole density) : Holes annihilated
(b)

Ec » Ec
Ey Ev
N(Source) N(Drain)  N(Source) N(Drain)

DO Hold Electron leak out
(Low Hole density) : Holes generated

Figure 3.5. Energy band diagrams. (a) D1 Hold stRed arrow in top right figure
indicates wider tunneling distance, which induaas BTBT rate. (b) DO Hold state.
Due to narrow tunneling distance (high electriddjeBTBT rate is higher than that of
D1 Hold state.
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Ho e time fs)

Figure 3.6. Read currems. hold duration, for a cell with Wacer= 13 nm and Tox = 1
nm. DO hold failure limits the retention time.
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3.4 Methods for Improving Retention Time

In order to reduce BTBT in the Hold O state, the peak ele@ttt dt the source/drain
junctions should be reduced. This can be achieved by offsetting the/sloairc regions
from the edges of the gate electrode, which is achieved by inmgyehe width of the gate-
sidewall spacersFig. 3.7 shows how the peak electric field decreases as the spaltkr w
is increased from 17 nm to 25 nm, dfid. 3.8 (a)illustrates the resulting improvement in
Read O current. As the width of the spacer is increased, celtaprogng efficiency
degrades (because the impact ionization rate during a Write liopasateduced) so that
Read 1 currents decrease, as showkig 3.8 (b). The retention timei.g., the Hold
duration at which the difference between Read 1 and Read htsufedls below 60
pA/um) is maximized for a spacer width of 21 nRigs. 3.8 (c)land3.9 (a).

Another approach to reducing BTBT in the Hold O state is to optimize the front-gate bia
voltage. There is tradeoff between charge loss due tmithreic emission in the Hold 1
state (which decreases Read 1 current) for small gate tilaBEBT charge injections in
the Hold O state (which increases Read O current) for largebgzde Retention time is
maximized at a Hold gate bias of -1.6 Mid. 3.9 (b). Optimization of the drain bias
voltage during the Read operation can provide for larger currennhgemsirgins Fig. 3.9
(c)). A higher Read drain bias provides for larger sensing curidotgever, the Read 0
current can increase significantly if the Read drain bigsasigh. 1.01 s retention time is
projected for the optimized BJT mode capacitorless DRAM cealigdeand the optimized
operating voltages summarizedTiable 3.4
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o
n
|
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125nm

E-field (MV/cm)
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25nm
0.2 - e= <23nm
- e 21nm
0.1 - eeee 19nm
—17nm

0 ‘ ‘ T ‘ ‘

-60 -40 -20 0 20 40 60
Position (nm)

Figure 3.7. Electric field profile within the bod{t nm below the gate oxide), for
various widths of the gate-sidewall spacers. Ta&xrm.
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W1 WO Hold Read
Vi -1 0 -1.6 -1
Vig 2.5 2.5 2.5 2.5
Ve 1.7 -0.5 0 1.2
V., 0 0 0 0

Table 3.4. Optimized operating conditions for BJada (unit: Volts).

3.5 Impact of Random Dopant Fluctuations

Although the impact of RDF-induced performance variations in fullgleted
MOSFETs has been studied for static random access memory (SBrAMgic device
applications [6, 10], there have been very few studies on capaatBie&M applications
[11]. Fig. 3.10 shows an example of a KMC simulated three-dimensional (3D) cell
structure used to assess the impact of RDF in this work. Hutseof 3D fine-grid
statistical device simulations are used together with congreatytical current voltage (I-

V) models to predict an RDF-induced performance variation @p dib-micron devices
[12, 13].

Figure 3.10. 3-dimensional view of a capacitorld3BAM cell with atomistic
source/drain doping.
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Fig. 3.11shows examples of KMC-simulated structures for four cell desip) Case
A: optimized design for BJT mode (25 nm gate length, 3 nm gate-tixickness, and 21
nm-wide gate-sidewall spacers), (b) Case B: longer gatehlgdd nm) BJT mode with
narrower spacers (13 nm) to compensate for the longer gatd,léhgim gate-oxide
thickness, (c) Case C: optimized design for MOSFET mode (25 nenlgagth, 13 nm
spacers, and 1 nm gate-oxide thickness), and (d) Case D: MOSFETwitbhdthe same
gate length and spacer width as Case B (41 nm and 13 nm, resggtiinedith thin gate
oxide (1 nm). Read 1 and Read O current distributionsuatHold duration are compared
in Fig. 3.12

67nm 67nm

Doping concentration
51nm om?)
- 1LOE+20 N type
- 4.8F415

£.3E413
! 2.3E413
4.8E+16
-1.0E+20 P type

Figure 3.11. Capacitorless DRAM cell designs usedKMC simulations: (a) Case A:
Optimized BJT mode design {I= 25 nm, Wpacer= 21 nm, Bx = 3 nm), (b) Case B:
Longer- Ly BJT mode design (.= 41 nm, Wpacer= 13 nm, Bx = 3 nm), (c) Case C:
Optimized MOSFET mode designgE 25 nm, Wpacer= 13 nm, and Tox = 1 nm), (d)
Case D: Longer- | MOSFET mode design {l= 41 nm, Wpacer= 13 nm, and §x= 1
nm).
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Matsuoka et al. introduced the signal sense margin (SSM) nietsed on measured
variation data [14], which is defined as:

(SSMgel = <Alcen> - 4.5 X §readot ORead) (1)

where lq> is the average sensing margin (the difference betwead R and Read 0
currents),oreado IS the standard deviation for Read O currents, @&dyis the standard
deviation for Read 1 currents. The factor 4.5 is appropriate ifdishdancy cells are used
for a 16 Mb array. SSM > 0 is desirable. The Read curretnitbdiions are converted into
normal probability plots to more clearly illustrate SSM Fkig. 3.13 The difference
between the Read 1 current at 4.5 sigma below its mean and the Read 0 cdriesigata
above its mean is the SSM. SSM is much larger for the optindd&-based capacitorless
DRAM cell design becausereaqois small (< 3 nAdm) and the BJT operation is less
sensitive to RDF (The BJT current flows through a larger vel(tine entire body region)
as compared to the MOSFET current which flows through an inversiendathe surface
of the body region). Frorhigs. 3.13 (c)Jand3.13 (d),it can be seen that SSM < 0 for the
MOSFET mode cell designs atu$ Hold duration. The retention behavior of the four cell
designs are comparedhing. 3.14 their retention times and SSM values are summarized in
Table 3.5 For narrow gate-sidewall spacer width (13 nm), the retentianiirehort (< 10
ms), regardless of the cell operation mode or gate length. Timeizgzt BJT mode cell
design shows the best retention behavior, with a nominal retention dinieOl s.
Accounting for RDF-induced variations, SSM is projected to fall Wetero at a hold
duration of 0.6 s. This result indicates that RDF-induced variatioeste#ly reduce the
retention time by approximately 40%.
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for the four capacitorless DRAM cell designs in.F3gll. Wider gate-sidewall spacers
are more effective than longer gate length for mmprg retention time. The right y-axis
indicates normalized SSM for the best cell desi@asge A), which drops below zero
after 0.6 s.



Case SSM at 1us hold durationg(A/pm) Nominal retention time (ms)
A 107.4 1010
B 100.4 6.3
C -91.3 5.8
D -18.8 7.3

Table 3.5. Summary of RDF simulation results.

3.6 Summary

A relatively thick gate oxidee(g.,3 nm) should be used in a BJT-based capacitorless
DRAM to mitigate gate oxide reliability issues. Band-tovtbdaunneling in the Hold O state
limits data retention time. By optimizing thenderlap between the front gate and the
source/drain regions as well as the operating voltages, oeteitie exceeding 1 second
should be attainable for a cell with 25 nm gate length. Themusense margin for the
optimized BJT-based capacitorless DRAM cell design isivelgtlarge, because random-
dopant-fluctuation-induced variations in Read O current are negligible.
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Chapter 4

Implications of Variation

4.1 Introduction

The thin-body silicon-on-insulator (SOI) MOSFET with a very t@#d0 nm-thick)
buried oxide (BOX) layer has been shown to be an advantageous tradsisigm for
reducing the impact of dimensional variations and random dopant fluectsatRDF),
because of its excellent electrostatic integrity and lightybdaping [1]. Although the
implications of these variations in thin-body SOl MOSFETs hawn Is¢udied for SRAM
applications [1], there have been very few studies for capacgddR&M applications [2,
3]. In this chapter, the implications of process-induced variationsaidt-gated thin-body
SOl capacitorless DRAM data retention time and sensing cuarentinvestigated via
device simulations [4, 5].

4.2 Device Structure and Operation

The capacitorless DRAM cell structure comprises a baedgé#tin-body SOI
MOSFET. In this study, cell dimensions appropriate for the 22 nn©OENkechnology
node are selected, based on recent publicategs[{]). The Si body thickness and BOX
thickness are each 10 nm, the channel width is 50 nm, and the physicérgsh is 25
nm. The equivalent gate oxide thickness is 3 nm and the gate-sidpaedir width is 21
nm, as previously found to be optimal for the bipolar junction transistolenoperation
(BJT mode) [3]. The BJT mode of operation provides for larger sensangins and longer
retention characteristics [6]. The structure is fabricatedguan implantation-free process
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to avoid dopant straggling and dam-induced defects in the thin body rec [1]. The
undoped body reduces RBduced variations. The sBOX substrate is doped-type

(10" cm®).

Sentaurus (version 2010.0[4, 5] is used to simulate basic cell operations (W
Hold, and Read) at room temperature. The applathge: for the BJTmode operatiol

are shown imable 4.1

w1l WO Hold Read
Vs -1 0 -1.7 -1
Vg 2.5 2.5 2.5 2.5
Vs 1.7 -0.5 0 1.2
Vs 0 0 0 0

Table 4.1. Capacitorless DRAMcell operating voltages (Volts)W1 (Write 1:
Programing), WO (Write O: Erasing), Hold, and R

4.3 Sources of ¥riation

In order @ estimate the impact dimensional parameter variations on capacitol
DRAM performance, appropriate values of standardadiens in front gate oxide thickne
(Tox), body thickness (J), buried oxide thickness gox), and spacer width ('space) are
selected from previousports 7-9] (Figs. 4.1and4.2) These are summarized Table
4.2 Each parameter is assumed to have a normalbdistn, and+4.5 sigma is th
variation limit (appropriate for 7 Mb array units, each with 62ell redundancy 10]).
Random dopant flttuation (RDF) effects are investigated Kinetic Monte Carlo (KMC
TCAD simulation.

it
Figure 4.1. Doping contour map showincriation Factors. Spacer width (W), Gate

oxide thickness (dx), Body thickness (), BOX thickness (&ox), and Randor
Dopant Fluctuations are considel
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Figure 4.2. Measured SOl film thickness across femia].

6sigma=16Ax6=9.6 A~1nm

5250A

530A

5210A

5190A
Hl 5170A
Wl s5150A
Hl s530A
Wl s10A
El s090A
El s070A

Item Tsi Trox Tox W spacer
Median 10 nm 10 nm 3nm 21 nm
Sigma 16=1.6 A 16=1.6 A =04 A =35A

Reference [7, 8] [7, 9] [7] I =5%
LL (-4.50) 9.28 nm 9.28 nm 2.82 nm 19.43 nm
UL (+4.50) 10.72 nm 10.72 nm 3.18 nm 22.58 nm

Table 4.1. Parameter variations are considereget)pmit of 4.5¢ (UL) and lower
limit of -4.5 6 (LL) are summarized.

4.4 RDF effect

The thin body SOI transistor has excellent immunity to variabompered to partially
depleted SOI or bulk transistors [1], which is one of the maironsar choice of thin
body SOI structure in this study. However, retention charatteyiin thin body SOI
capacitorless DRAM can be affected by RDF, as showifrign 4.3 RDF results in
variation of the threshold voltage {Vas well as variation in the impact ionization rate
during the Write 1 operation and thereby affects the Read 1 c{2iehlole generation in
the body region due to band-to-band tunneling leakage (BTBT)ndisant in the Hold 0
state for the BJT-mode operation [3], which causes the Read O ctoremirease with
Hold time. RDF also affects local electric fieldse( BTBT) which, in turn, induce
retention time variation.
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Figure 4.3. Simulated retention characteristicswshg the impact of RDF. 100 cases
are simulated using the KMC method.

4.5 Dimension Variation Effects

Fig. 4.4 shows how 1-sigma variations in the dimensional parameters indepgndentl
contribute to the standard deviation in Read current as a function efoldetime. (The
effect of a 1-sigma change in a parameter is assumeditddygendent of the values of the
other parameters.) Significantly, the Read 1 current is nesit&ve to body thickness
variation, as shown iRig. 4.4 (a) A reduction in body thickness results in reduced impact
ionization during the Write 1 operation so that fewer holes aredstorthe Hold 1 state
[11]. Thus, there is a design tradeoff between improved immumityther sources of
variation and reduced current sensing margins. (Note thaffédot @ RDF on the Read 1
current is relatively suppressed due to the thin body deslgogn be seen iRkig. 4.4 (b)
that the variation in the Read O current is negligible until thel Hole reaches 0.5 s, after
which it increases more rapidly than the variation in the Read 1 current.

It is interesting to note that Read currents of BJT modecitagass DRAM are more
sensitive to variation in the buried oxide thickness than to variatidmeifront gate oxide
thickness, as shown Hig. 4.4 (a) Fig. 4.5shows band diagrams at 1 nm below the gate
oxide at the Read 0 state. The BOX induces larger band diatgeiation compared to the
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front gate oxide. There are two explanations for this: First, the larger magt variation

in Tgox results in larger variation in the potential drop across the daéle layer and
hence, larger variation in the body potential. Second, since radamalate in the body at
the front gate oxide interface, an increase in hole concentratiamgdhe Hold operation
due to a reduction indgk compensates for.€. shields against) the increased electric field
across the front gate oxide, so that there is reduced impact bodiigotential; holes do
not shield against changes in the electric field across the back gdge oxi
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Figure 4.4. Sigma sensitivity plots for capacitesli®©RAM read current. The impact of

1-sigma variation is shown for each parameter, alaith the impact of RDF, as a
function of the data Hold time. (a) Read 1 andRbad 0.

a7



1
0.5 -
) 0 ] .
> Conduction band
2
> -0.5 1
(@)
P —
(0] AT EEXEEEEEX YNNI
c o © °
w -1
c Valence band
(@]
8 1.5
O -15 -
Q
LLl
2 = e Ty 2.82NM/ Tgox 10 N
TE ]| w—Tox3nm [ Tgox 10 Nm
seee Tou3nm [ Tgox 9.28 nM
-2.5

-50 -40 -30 -20 -10 0 10 20 30 40 50
Position (nm)

Figure 4.5. Band diagrams 1nm below gate oxidehatRead O state. (0.7 s Hold
duration time). Reference structure hag ¥3 nm and gox =10 nm.

Matsuokaet al introduced a signal sense margin (SSM) metric, based oruradas
variation data [10]. SSM is defined as:

Signal Sensing Margin (SSM) = < Algensing > — @ X (Oreado + Oread 1) (1)

where, Alsensing IS an average sensing margire.(Read 1 — Read 0), andis a factor

equal to 4.5 for a 16 Mb array with 64 cell redundancies to yieldggoonding to SSM >
0). Under the assumptions that each dimensional parameter hassaa@alistribution and
its impact is independent of the other parameter values, the stadwaation in Read
current due to all sources is calculated as follows [12]:

(URead 0,RDF )2 + (URead 0,T0X)2 + (URead o,TSL-)Z @

OReado = 2 2
+(0reaa 0TBox ) + (URead 0,Wspam)
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(URead 1,RDF )2 + (URead 1,T0X)2 + (URead 1,T5i)2

ORead1 = 2 2 (3)
+(0Read 1,Tgox ) + (O-Read LWSpaceT)
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Figure 4.6. Signal sense margin (SSM) and mediasiisg current (Read 1 current —
Read 0 current) as a function of data Hold timeue Bo variations, the data retention
time (corresponding to 0 SSM — ref. black dot [jnegeduced from 1.01 s to 0.364 s.

Fig. 4.6 shows how SSM decreases with increasing Hold time, falling belatv0.364
s. Considering that the median sensing current falls below thienom acceptable value
of 60 pA/um (3 pA for 50 nm width [13, 14]), at 1.01 s, this result indgc¢hat process-
induced variations effectively reduce the retention time by appately 63%, which is
less dramatic than for a conventional DRAM cell design [15].s Tan be attributed to the
use of an undoped body, which results in reduced impact of RDF, and foeéect-
source/drain regions underlapped by the gate electrode. This reswisy low gate-
induced drain leakage current.

4.6 Summary

The read current of a back-gated thin-body capacitorless DRAMp=rated in the
BJT mode shows the greatest sensitivity to variations in bodknéss and BOX
thickness. In consideration of these variations and those in fronbxjdtethickness and
spacer width, as well as random dopant fluctuation effects, thdiogtdime of a 22 nm-
node cell design is reduced by approximately 63 %, from 1.01 s to 0.3640snma
temperature.
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Chapter 5

Variation-Aware Study with Scaling Limit

5.1 Introduction

Scaling is one of the most important issues for device technolodgesrapid
development in transistor scaling continues, questions about minimum deviersions
related to performance limits become important. For severaddsc higher speed and
higher density memory devices with lower bit cost have been stdlbesshieved with
scaled down semiconductor memory technologies [1]. For transistorggiehannel length
shorter than 10 nm, experimental progress has already been defibig¢ With the
progress of logic application transistor scaling, conventional DRiAM1 access transistor
and 1 storage capacitor: 1T1C) has successfully been scaled dowroyagvet, 1T1C
DRAM cell scaling has limitation due to the presence of@acitor which is difficult to
reduce in size. Capacitorless DRAM as a novel concept of the DR&Mory cell based
on a single transistor was introduced in the early 1990s [6]. Capasg DRAM is
expected to have simple processes and superior scalability compa@hventional
DRAM [7-10]. However, there have been very few studies conducting aalihg for
capacitorless DRAM [11, 12]. Sverdlet al. and Buttet al.looked at scaling capacitorless
DRAM based on the short channel effece.(drain induced barrier lowering) or the
quantum mechanical/atomistic level models. Though these modelsuggass ultimate
scaling limitations, they did not account for process induced varitaors. Additionally,
because the MOSFET based operation mode (MOSFET mode) wasubed istudies,
the new operating mode (BJT mode [9]) should be investigated.

The short channel effect and variation factors are suppressechiwitbotly SOI
structure because it has extremely high gate controllahjliB-15]. Due to these
advantages, the thin body SOI transistor with ultra-thin buried oxdid8BQX) is one of
the most promising candidates for scaled capacitorless DRAMvetkr, there have been
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very a few investigations into capacitorless DRAM scalindnwitthin body SOI structure
[16]. In order to account for scaling-induced degradation, the proeesdion factors in
fabrication should be considered.r Wariation is caused by many sources [17-19].
Dimensional variation sources include spacer width, body thicknesx, tBiCkness, and
gate oxide thickness variations. In this study, random dopant fluctsigfipF) are also
considered. In the present study, the scaling of capacit@RsdM with consideration of
variation sources is investigatedlig. 5.1 shows the scaling investigation process flow.
First, the body thickness limit is investigated and gate lteisgteduced. The scaling rule is
to maintain aconstant electric field in the body. The retention time and sensing margin of
capacitorless DRAM are affected by electric field in Had state [20]. Additionally, in
order to guarantee the oxide reliability, the constant elef#iit is the most reasonable
scaling rule in capacitorless DRAM [21-22]. The optimized cooitiare achieved based
on constant field scaling. Finally the sensing margin is medsareéerms of variation
factors and each variation factor is also studied. The ultimzdaéng limits will be
proposed.

1. Find out T g limit
- Start from Optimized Condition at Lg = 25 nm
- Tsi Scale down

8

2. Lg Scale down
- Optimized Structure for each Lg
- Constant Electric Field

@

3. Variation study for each L
- Evaluate Variation Components
(Tox, Tsi, Teox, Wspacer, and RDF)
- Find out Scaling Limitation

Figure 5.1. Process for determining scaling liofithe BJT mode capacitorless DRAM
cell. This study follows theconstant electric field rulebecause the electric field
determines the retention time and sensing currecapacitorless DRAM operations.
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5.2 Body Thickness Limitation

5.2.1 Reference Cell (25 nm Gate length) Design

The layout dimensions of the reference cell (with 25 nm gagghlely) were selected
based on 22 nm SOl CMOS technology [15, 20, 23]. The BOX thickngsg)(i§ set to be
10 nm because the fabrication process capability and ITRS arelemusi[24]. Due to
reliability considerations, the gate oxide (@iGhickness (¥x) and gate-sidewall spacer
width (Wspace) cannot be scaled down withy land hence are fixed at 3 nm and 21 nm,
respectively [20]. The body is also undoped, and the sub-BOX substrat@meattiethe
body is doped P-type. Four operations are simulated herein for thatcdpss DRAM
cell: Write 1, Write 0, Hold, and Read. Default cell operatingaggs are summarized in
Table 5.1.Sentaurus (version 2010) is used to simulate basic cell operatioits, (Mold,
and Read) at room temperature [25, 26]. The durations of the WriteemwtidRerations
are each 20 ns.

Write 1 | Write O Hold Read

Front Gate Voltage, ) -1.0 0.0 -1.6 -1.0
Back Gate Voltage, §§ 2.5 2.5 2.5 2.5
Drain Voltage, Vs 1.7 -0.5 0.0 1.2
Source Voltage, ¥ 0.0 0.0 0.0 0.0

Table 5.1. Capacitorless DRAM cell operating vgpdts (Volts).

5.2.2 Body Thickness Scaling

The thin body structure can reduce thewdriation that results from various factors
such as random dopant fluctuations (RDF). The thin body structureugdpresses drain-
induced barrier lowering (DIBL), which is one of the main reasonsRB&OI is a good
candidate for ultra-scaled technologies [13-16].

The retention characteristics with body thickness are showigin5.2 The sensing
currents become negligible below the 7 nm body thickness. Althougmmer body is
beneficial for suppressing variations, retention time falgero if the body is too thin to
adequately store chardeg. 5.3shows a cross sectional view for hole density in each body
thickness transistor at Hold 1 state and 1 ps Hold duration timetratiture dimensions
and operation conditions are the same except for the body thickness.
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Buttet al. reported that double gated-capacitorless DRAM body thicknestion is
approximately 3 nm due to quantum confinement effects (QE) [12]. Théyedt
MOSFET mode and they did not measure sensing margin or retemien Tthey just
focused on reduced hole density that results from the widening bandHgwever, the
quantum confinement effect is not dominant around 7 nm body thicknessTh&tefore,
QE is not the main reason to limit body thickness scaling.
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40 |

Sensing Current : R1- RO (LA/pm)

<7nm
0 -4 it i -

1E-8 1E-6 1E-4 1E-2 1E+0
Hold time (s)

Figure 5.2. Retention characteristics for eachyhihitkness. If body thickness is less
than 7nm, the retention time cannot be measuredadoegligible sensing current.

T<=5 nm T<=6 Nnm

1.0E416
1.0E+14

T<=7 Nm T<=10 nm

. 1.0E412
1.0E410

Figure 5.3. Cross sectional view of contour plfas hole density for various body
thicknesses. All conditions except for body thicksi@re the same (Gate length) (E
25 nm). When the body is thinner than 7 nm, the ldensity is reduced.
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5.3 Design Optimization of Scaled Cells

5.3.1 Scaling Constraints

Band-to-band tunneling (BTBT) limits retention time [20] so itingportant to avoid
increasing the peak electric field in the Hold state gis Iscaled down. The cell operating
voltages are adjusted together with tb maintain aconstant peak electric field, and to
maximize the retention time. Though the thinner body is desirdlesuppressing
variations such as RDF [13-16], sensing margin (R1 — RO cursemgduced with body
thickness in capacitorless DRAM. Considering the marginal bodkriess (8 nm) and
variation (& = 0.96 nm), 9 nm is selected as the nominal body thickness. Dueatnlitgli
issues, the gate oxide and the spacer width chosen are keptafi@@ém and 21 nm
respectively [20, 22]. BOX thickness is selected to be 10 nm, basedbdoafi@n
capabilities [24].

5.3.2 Optimization of Cell Operating Voltages

The cell operating voltages are adjusted together wjtto Lmaintain a constant peak
electric field, and to maximize the retention time. Three biase selected to optimize the
scaled devices: Hold gate voltage;{)My), back bias (¥y, and Read drain voltages 4}/
which affect the electric field in the body and determine depéess DRAM performance
(retention time and sensing current) [20].

Figs. 5.4~ 5.9 show how the voltages affect performance. Results for tleeerefe
structure (ly = 25 nm and body thickness)T= 9 nm) are shown iRig. 5.4 Fig. 5.4 (a)
illustrates the retention characteristics for Vghold optimiratiRetention times are
measured and plotted Fig. 5.4 (b) Retention time is defined as the Hold time to have 60
uA/um sensing margin (Read 1 — Read 0) in this study [7, 8, 15, 23]. Emioattime is
maximized at Whoq = -1.6 V. Figs. 5.4 (c)and (d) show the back gate bias effect on
retention time. At g = 2.5 V, the retention time has maximum value. As showfigs.

5.4 (e)and(f), the retention time is maximized at,\# 1.4 V. The sensing margin is low
due to small Vvdr. In very high Vdr region, Read 1 and Read 0 currentsase
simultaneously. Therefore, the sensing margin is reduced at assesaly high Vdr.
Electric fields at Hold 1 and Hold O are measuredy.(5.4 (g). These serve as the
reference electric fields for the scaled devices (elefitiit at Hold 1 = 6.22x10V/cm and
electric field at Hold 0 = 9.75x20//cm). The optimized condition is selected ahod = -

1.6 V, \,=2.5 V, and {=1.4 V. 0.542 s retention time is achieved. Scaled gate lengths
(20 nm, 15 nm, 12 nm, 10 nm, and 9 nm) are testdelgs. 5.5, 5.6, 5.7, 5.8and 5.9
respectively. Optimized conditions are listed'able 5.2 In Fig. 5.1Q the electric fields of
Hold state for each gate length are compared. The eleetdcdi Hold 0 (0.975 MV/cm)
and that of Hold 1 (0.622 MV/cm) should be maintained with scalingign5.10 (b),the
percentages of electric field deviation are plotted. In this sty electric field change
kept with scaling is within 5%. Retention time for each gatgtle and electric field are
summarized infable 5.3 Fig. 5.11shows that the nominal retention time decreases with
scaling, falling below 10 ms at 9 nng.L
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E-field (V/cm)

Ly (Nm) Tsi (nm) Vg (V) | Vghoa (V) | Var (V)
9 9 2.3 1.7 1
10 9 2.4 -1.7 1
12 9 2.5 -1.7 1
15 9 2.5 -1.6 1.1
20 9 2.5 -1.6 1.3
25 9 2.5 -1.6 1.4

Table 5.2. Optimized operating voltages for eaate gength. Vg Vghoe and Vj, affect
performance and electric field in the body [20].
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Figure 5.10. Electric field for optimized operatinoltages for each gate length. (a)
Hold 1 (D1) and Hold 0 (DO) state. (b) Electricldieleviation (%) (reference structure
is Lg&=25 nm).
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Gate length (nm) || Retention time (s) D1 E-field (MV/cm) DO E-field (MV/cm)
9 0.008 0.63 1.01
10 0.033 0.63 1.01
12 0.133 0.64 1.02
15 0.277 0.63 0.99
20 0.423 0.62 0.98
25 0.542 0.62 0.98

Table 5.3. Retention time and electric field forcleagate length. Retention time is
reduced as gate length is lowed, and it drops gtigible level below 9 nm L.

0.6

0.4 A

0.2

Retention time (s)

00 —F

6 9 12 15 18 21 24 27
L, (nm)

Figure 5.11. Median retention time with gate léndgtach retention time is measured
under a constant electric field in optimized coiodit
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5.4 Scaling Limitation in Terms of Variation Factors
5.4.1 Variation Factors

Systematic variations ins Teox, Tox, and Wpacer are considered. Random dopant
fluctuation (RDF) effects are investigated via Kinetic Montarl€ (KMC) simulation
(Table 5.9 [24, 27, 28]. The variation of each dimension is assumed to have a normal
distribution, and the deviation of each factor induces a deviation in Read 1 and Read 0.

T T T

Si BOX OX WSpace\

Median Valusg 9nm 10 nm 3nm 21 nm

Standard De\. 16 =16 A | 16=16A| 16=04A | 1c= 35A

References| [24, 27] [24, 28] [24] 30 =5%

LL (-4.50) 8.28 nm 9.28 nm 2.82 nm 19.43 nm

UL (+4.5) 9.72 nm 10.72nm | 3.18 nm 22.58 nm

Table 5.4. Variation factors used for device sirtiats

5.4.2 Dimension Variation Effects with Scaling

RDF is found to affect the local electric field and therebyirtipact ionization rate and
BTBT, hence the sensing currefid. 5.12 (a) [16]. 100 cases in total are simulated with
Sentaurus [25, 26].

To gauge the influence of each variation source, the conceptrobSgnsitivity (SS)
[23] is used: SS is defined to be the deviation (from the nomiha¢)en Read current that
results from a standard-deviation change in the parameter oéspt&eeping all other
parameters fixed, and is plottedkigs. 5.12 (b)and(c) for Read 1 and Read O currents,
respectively.

Based on measured variation data, Matswbkal introduced a signal sense margin
(SSM) metric [29]. SSM is defined :
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Signal Sensing Margin (SSM) = < Alsensing > — @ X (Oreaqgo + Oreaa1) (1)

where Alsensing IS the average sensing margin (Read 1 — Read O) édet to be 4.5
appropriate for 64 redundancies in 16M bit cells. When SSM drops below zero, the sensing
margin can be negligible. Thus, SSM can be an indicator for variation immuuhikyer the
assumption that each variation dimension is statistically independent ofatteesfand all
variations have normal distributions (Gaussian distributions), thedtgent variation is
calculated as follows [17]:

(Oread o,rDF )2 + (Oread 0,T0X)2 + (Oreaa o,TSL-)2
OReado = 2 2
+(0reaa 0TBox )+ (URead o,Wspam)

(Oread 1,rDF )2 + (Oread 1,T0X)2 + (Oreaa 1,T5i)2

3)

ORead1 = 2 2
+(0reaa 1,TBox )+ (URead 1,Wspam)

Fig. 5.12 (d)shows the way in which SSM and the nominal sensing current margin
(Alsensing €ach depend on the Hold time. Without accounting for variatibesretention
time is overestimated to be 0.542 s (the Hold time at whighisingfalls below 60 pA/pum).
Process-induced variations effectively reduce the retentionktyme62%, to 0.209 s (the
Hold time at which SSM falls below 0).

Variation simulations for 20 nmglare shown irFig. 5.13 Retention time variation
from RDF increases due to shorter gate lengid. (5.13 (a), and variations also increase
as shown irFigs. 5.13 (b)and(c). Fig. 5.13 (d)shows sensing currents and SSMs with
Hold time. Median retention time is 0.422 s and SSM falls to zeddl 86 s. Still, there are
large enough operation margins for a 20 nm gate lekgyh.5.14shows results at 15 nm
gate length. As is evident, shorter gate lengths degrade retéiniervariations. Even
though median retention time is 0.27 s, SSM drops at 0.088)s5.14 (d). Since the
required retention time for stand-alone DRAM application is 0.0G¥EBEC spec: [30]),
0.032 s may not be sufficient for this purpose. However, 15 nm gatth leagacitorless
DRAM is still competitive for embedded DRAM. Embedded DRAM allavsiuch more
frequent refresh and retention time specifications as low a&saddwndred microseconds,
depending on the application and design (Embedded DRAM does not followCIJEDE
specifications) [31-33].
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Figure 5.12. Gate length = 25 nm. (a) Simulatedntn characteristics showing the
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(c) For Read 0. (d) Left axis is signal sense nm(@SM) and right axis is median
sensing current (Read 1 current — Read 0 curreng) finction of Hold time. Due to
variations, the data retention time is reduced ffb2Y7 s to 0.032 s.
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Figure 5.15. Gate length = 12 nm. (a) Simulatedntn characteristics showing the
impact of RDF. (100 cases are simulated using thiCKnethod. (b) Sigma sensitivity
plots for capacitorless DRAM Read 1 current. Thpawt of 1-sigma variation is shown
for each parameter, along with the impact of RDFadunction of the data Hold time.
(c) For Read 0. (d) Left axis is signhal sense nm(@SM) and right axis is median
sensing current (Read 1 current — Read O currenf &unction of Hold time. The
retention time 0.133 s but SSM is always negativali whole range of Hold time due
to variation.
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Simulatedntéta characteristics showing the

impact of RDF. (100 cases are simulated using thiCKmethod. (b) Sigma sensitivity
plots for capacitorless DRAM Read 1 current. Thpawst of 1-sigma variation is shown
for each parameter, along with the impact of RD¥adunction of the data Hold time.
(c) For Read 0. (d) Left axis is signal sense nm(@SM) and right axis is median
sensing current (Read 1 current — Read O currenf &unction of Hold time. The
retention time 0.077 s but SSM is always negativali whole range of Hold time due

to variation.
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The corresponding resultskig. 5.15for 12 nm Ly clearly show the increased impact
of variations (in particular RDF) at shorter gate lengths, & B&omes negative even at
1 us Hold time. This means that capacitorless DRAM devicéh#tve gate length under
12 nm cannot guarantee production yields due to variation isBiges5.16 (a) shows
retention characteristic variations that result from RDFe(gatgth is 9 nm). The impact of
RDF is dominant with a range of Hold time as showfigs. 5.16 (b)and(c). With the 9
nm gate length transistor, capacitorless DRAM has very shedian retention time (7.7
ms) and large variation sigma. Therefore, SSM is alwayativegbelow 1 ps and no yield
is predicted. Even though SOI or 3-dimension transistors may providesslfdr scaling
under 10 nm, the scaling of capacitorless DRAM is more sensitive to variationrpsoble

0.20 -

o©
[N
ul

0.10 A

Time to zero SSM (s)

0.00 -

Figure 5.17. Time to Zero SSM (TZS8¥. gate length. TZSs are measured frBiy.
5.13 (d), Fig. 5.14 (d)andFig. 5.15 (d). For stand-alone DRAM application, TZS=64
ms is selected and corresponding gate length S 4. For e-DRAM application,
TZS= 1 ms is assumed. Corresponding gate lendtR ien that is ultimate scaling limit
for thin body capacitorless DRAM.

From the graph of variation-aware retention time (Time t©@ BZSM)vs Lq4 in Fig.
5.17, it can be seen that the minimurgik approximately 16.5 nm for stand-alone DRAM
applications (64 ms retention time [30]). For embedded DRAMR&A) applications (1
ms retention time [33]), the minimumy is around 13 nm. Capacitorless DRAM is more
sensitive to variability compared to logic device applications us@8TBT or impact
ionization variations should be considered in addition-teafiation.
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5.5 Summary

In this study, the scaling limits of thin body SOI with UTBQ@apacitorless DRAM is
investigated through the analysis of dimension variations. This i&rshatudy to explore
this issue. For body thickness below 7 nm, the sensing current igilolegtiue to reduced
hole density. Thus, in this study, body thickness is set as 9 nm, emaydlte length is
scaled down. The cell design and operating voltages are optimizedch gate length,
following a constant electric field methodology. Systematic at@ms (normal
distributions) in Wpacer Tsi, Teox, and Tox are considered and RDF effects are investigated
through KMC simulation. As scaling down occurs, median retention (@tnan optimized
condition for each gate length) decreases and sigma variation exr&aM is utilized to
evaluate scaling limits that result from variations. Retentime decreases with gate length,
so that the scaling limit is expected to be 16.5 nm or 13 nm, depending on the application.
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Chapter 6

Positive Feedback SOI Transistor and Its
Capacitorless DRAM Application

6.1 Introduction

Dimension scaling and severe short channel effects, suchaesinduced barrier
lowering (DIBL), result in substantial increases in leakageeotiror power consumption.
An important issue is power management in the further scafiepmplementary metal—
oxide—semiconductor (MOS) technology. For the past few decades, lover pow
consumption, higher speed, and scalability of the devices are soime o&jor goals and
concerns for the semiconductor device industry. An obstacle to fthing of the power
supply voltage in a conventional MOS field-effect transistor (M) is the fundamental
limit of subthreshold slope (SS). SS is larger than 60 mV/dec at room teonpgfidt

In the search for an alternative device with small SS, ayms$#tedback (PF) FET on
silicon-on-insulator (SOI) is a promising lead in the searchafmew transistor [2-4].
Bipolar junction transistor (BJT) operation and impact ionizatioruaesl in this device to
overcome the subthreshold swing limitation of a conventional MOSBETcan be much
lower than 60 mV/dec for a PF-FET according to both the theatedand experimental
results. Earlier devices, such as tunneling FET (TFET), Impacdtion MOS (IMOS), or
Feedback FET, have suffered from low values of on-curreaspmmetric structures [5-
10]. These devices are not compatible with standard CMOS applications.

In this chapter, a thin body SOI transistor with ultra-thin buoiede (UTBOX) for
positive feedback FET has been studied through device simulationsawitnalytical
model. N-channel SOI transistor was fabricated and experimemahsured. It exhibits
very steep SS due to positive feedback. This is also demonstrateglanar type SOI
structure with silicon oxide gate dielectric, which has simptecesses, compared to other
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steep SS devices. Due to the positive feedback operation, PF-FEhavayhysteresis
characteristics according to device conditions (operation voltagdewce structure).
Though this hysteresis behavior may be not suitable for logic deviégesery promising
for memory applications, and PF-FET has been researched for capacidétiesk[11]. In
this study, new operating mode for capacitorless DRAM will bep@sed, and longer
retention time and larger sensing current are achieved without daaseolla

6.2 Principles

As shown irFig. 6.1, this device structure is a basically planar type SOl istors The
parasitic BJT can be activated with a back bias operation, wimahles the positive
feedback effect combined with impact ionization [11, 12].

Iy = — X len (1)
1-pM—-1)

Wherep is the parasitic BJT gain and M is the impact ionization plidéation factor, the
latch occurrence condition px(M-1) > 1 [1, 13]. In previous studies [14-16], the BJT-
based capacitorless DRAM requires high operation voltages. Howkegelrain voltage of
PF-FET can be reduced to less than 2 V with the help of impact ionization.

As shown irFig. 6.1 the positive feedback phenomenon appears when both impact

ionization in the sub-threshold region and BJT operation occur [11]némedse of the

body potential results from the hole current, which is generatéchiact ionization at the
drain. The positive body bias influences on the channel curremeduycing threshold
voltage [1]. More holes are created and injected into the bodyrtioeef increase body
potential. Generated holes also act as base current in parasitic BJTenlnécites the BJT
on-current from the gain. The positive feedback loop gain is then larger than unity [2, 3, 12].
MOSFET will latch and the current increases abruptly. Fossual. reported that weak
impact ionization is the dominant factor in triggering positive feedback [12].

In most logic applications, the positive feedback loop is normedilyicted because the
body factor is too small to result in positive feedback [11]. ThoeDSOIl has immunity
for the body potential variation, back bias with UTBOX can eiffety trigger positive
feedback.
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Figure 6.1. Positive feedback flow. Weak impaatization occurs under the sub-
threshold region and holes are generated. Thess boé accumulated in the thin body
and enhance the floating body effect and the pazd@iJT operation. The two loops give
positive feedback to each other and the currentpdlyrincreases.

6.3 Positive Feedback Modeling & Properties

6.3.1 Simulation Modeling

Each model and parameter is explained in chapter 1 in detdiable 2.1, some of
selected parameters are summarized [17]. To account foretrasfsénergy and lattice
heating, the hydrodynamic model is used. Quantum confinement a&fi@carrier mass are
considered witlBand models. Recombination models including impact ionization or band-
to-band tunneling (BTBT) are essential to explain feedback effebtBJT and floating
body effect. The Poisson equation is solved with other basic physics parameters.
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Category PF FET Models

EnergyRelaxationTime

Hydrodynamics EnergyFlux

HeatFlux

Bandgap Narrowing

Intrinsic Density

Band QW Strain

e/hDOSMass
QuantumPotentialParameters
PhuMob

StressMobility

Mobility Models

Auger

TrapAssistedTunneling

Recombination model —
Impact lonization

Band2BandTunneling

Boundary Conditions SchottkyResistance
Gate Current Models All included

Table 6.1. The summary of selected parameterpdsitive feedback simulation. Each
parameter is explained in Sentaurus user guide [17]

6.3.2 Simulated Structure

In order to investigate positive feedback characteristics in tragsighnious factors are
simulated with Sentaurus [17able 6.2andFig. 6.2show the structure dimensions and a
cross-section view, respectively. Constant doping concentration in sdeawe,and body
IS used.
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Parameter Value

Gate length (Lg) 52 nm

Gate oxide thickness (T) 2.5nm

Body thickness (Ts;) 10 nm

BOX thickness (Tgox) 10 nm

Spacer width (Wspacer) 30 nm
Source/Drain dopant concentration N-type :10%° cm™
Channel dopant concentration N-type :10'" cm™
Substrate dopant concentration N-type : 10 cm’

Table 6.2. Positive feedback transistor (thin badth UTBOX structure) cell design parameters.

Tsj=10 nm (D
Teox =10 nm (D

DopingCancentration [cm*-3)
B 1.0E+19
1.9E+16 N'type

36E+13
-36E+12

-1.9E+15
M .. P-type
Figure 6.2. Cross-sectional doping contour map)(2D

ks'Vgs (drain current — gate voltage) curve is showrfign 6.3 When gate voltage
increases from -2 V to 0 V, the current increases abrupt.85 V, which is defined as
forward trigger voltage (). As gate voltage is reduced from 0 V to -2 V, the current is
still high, even with below . This hysteresis is due to positive feedback. The feedback-
loop still exists, and generated holes contribute to the BJT aopenatithe body. When
gate voltage drops below backward trigger voltager(M1.09 V) positive feedback
disappears as a results of very weak impact ionization. Theatribltage induces
hysteresis. The difference betweegs ¥nd \&7 is defined a®indow (hysteresis window).
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Figure 6.3. {sVgscurve with double sweep: hysteresis trend can Iserokd Window
is defined as the voltage difference between foavtagger voltage (¥) and backward
trigger voltage (¥r). Vgs=1.55V, {4 =3 V.

6.3.3 Positive Feedback Characteristics

Though hysteresis is undesirable in logic applications, it can hé useemory
applications. In order to understand positive feedback characwriséch dimension
parameter is investigated. Positive feedback effects taeted by various parametersokl
Tsi, Teox, Lg, and W4y as shown irFigs. 6.4 ~ 6.13.

Gate oxide As shown inFigs. 6.4and6.5, gate oxide thickness affects the trigger voltages
and Windows intensively. The positive feedback effect for typicgl Tgate oxide
thickness) develops into the latch. AgxTis increased, a significant Window appears as
well as lower \r and it (i.e. more negative M and \g1). The body effect should be
considered when attempting to understand this phenomendtgjidtion (2) shows

A G @
dVBS COX

r <

79



where, G is the body depletion capacitance; i¥ threshold voltage, p¢ is back bias, and
Cox Is gate dielectric capacitance. The Window results from itdApazation charging of
the body when the body effect factor is increased to a sigmifdegree [11, 12]. One
method of achieving this is by using a thick gate oxide. Thick getde has small &x,
which increases body effeat i Equation (2)). As shown irFig. 6.5 (a) the thicker gate
oxide has lower ¥, which means that it is much easier to activate positive éaidd he
Ve is reduced (lower voltage) withoX, as well Fig. 6.5 (b). This is desirable for ultra-
scaled device technology.

Body thickness: The impact of body thickness is shownhigs. 6.6and 6.7. As silicon
body is thinner, there is less chance to retain holes in thin bodyhammbsitive feedback
mechanism is disturbed. Thicker body transistors are advantagemasitore feedback as
shown inFig. 6.7.

BOX thickness: The effect of BOX thickness is shownkig. 6.8 The thin BOX induces
higher electric field in the body, which lower the potential ibafrom source and reduces
V1. Increased subthreshold current activates impact ionization laivibe gate voltage. As
shown inFig. 6.9 trigger voltages and Window increase with thinner BQX. figher
electric field from the back gate).

Gate length: Fig. 6.10shows the impact of gate channel length scaling. For theERF-F
design, gate length is related to BJT gain. The narrow baske (shrt L) has higher gain,
which increases the BJT on-currelfly. 6.11shows the scaling effect of the transistor. In
scaling technologies, PF-FET is desirable because the shorethiavice has advantages
for embodying PF-FET, as shownkhig. 6.11

Drain voltage: Figs. 6.12and 6.13 show drain bias effect on PF-FET. Drain voltage
changes the lateral electric field, which affects impantzation. Because drain induced
barrier lowering (DIBL) is effectively suppressed in thentliody SOI transistor, vV
changes slightly [18, 19]. However, increased impact ionizationaaes positive feedback
in the subthreshold region, which lowerg-\&nd increases the Window.

In Fig. 6.14 (a) the relation between forward trigger voltagesdg\and Window as
related to each dimension are shown. The lowgrhas larger window due to the higher
positive feedback effect. Its slope is around -1, which shows the telationship between
the two parameters. In order to further investigate which paramseleminant, each slope
is compared irFig. 6.14 (b) Drain voltage has the strongest impact on the Window. In
order to secure a wider Window, the drain voltage control is one ahdst dominant
factors. In other words, for memory application, adjusting the draitgmlis the most
effective method.
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Figure 6.4. JsV4 curve with different gate oxide thicknesses (deulslweep):
hysteresis curves are measured and they havedtiffagrgger voltages and Windows.
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Figure 6.5. (@) Thicker gate oxide transistor kaser Vir. (b) Trigger voltage
difference (Window). Thicker gate oxide transisiaduces wider Window due to
enhanced positive feedback effect.
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Figure 6.6. J<V4s curve with different body thicknesses (double gwedysteresis
curves are measured and they have different triggigaiges and Windows.
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Forward Vtrigger(V)
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Figure 6.8. (sVgs curve with different BOX thicknesses (double swedyysteresis
curves are measured and they have different triggkages and Windows. The thinner
Tgox increases window.
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Figure 6.9. (a) Reduced BOX thickness transisa® lower \f. (b) Trigger voltage
difference (Window). Thin BOX transistor inducesdei window due to enhanced
positive feedback effect.
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Forward Vtrigger(V)
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Figure 6.10. J<V 4 curve with different gate lengths (double swedykteresis curves
are measured and they have different trigger veagnd Windows. Because shorter
gate length transistor induces higher gain in Ba3eld operation, positive feedback is
activated easily.
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Figure 6.11. (a) Shorter gate length transist@ageHower \{r (more negative). (b)
Window (trigger voltage difference). Short gated#ntransistor induces wider window
due to the enhanced positive feedback effect.
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Forward Vtrigger(V)
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Figure 6.12. JsV4 curve with different drain voltages (double sweelpysteresis
curves are measured and they have different triggjéages and Windows. Higher drain
voltage increases electric field in lateral direntiwhich increases impact ionization and
activates positive feedback.
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Figure 6.13. (@) Higher drain voltages have loWer (more negative). (b) Window
(trigger voltage difference). Increased lateratgle field induces wider Window due to
the enhanced positive feedback effect.
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Figure 6.14. (a) The relation betweer-\&dnd Window. PF-FETs with low¥ have
wider Window. (b) Slopes for each factor.

6.4 Device Structure and Fabrication

The N-channel PF-FETs were fabricated on thin body SOI watflerandO nm buried
oxide. In order to isolate the transistors, a modified Shallowchrésolation (STI) process
was used. The ground plane doping implantation (GP) though 7 nm oxided@asione
(Boron: 40 keV, ¥10" dose/cr, Boron: 60 keV and»10" dose/cr, and both with a tilt
7 deg). Post implant Anneal was 1000and 30 s. The purpose of this doping was to place
GP under the BOX, but the tail of the implant may be still inctihennel. A gate stack with
2.5 nm Si@QNy and 5 nm TiN, capped with 100nm poly Si was used. Extensions were
implanted with As 2 keV andx1L0"® dose/crfi (implanted through 5 nm S§D There was
no pocket doping process. After the extension implant, the gate sidewalé spacers
were formed and selective epitaxial growth (raised sourcedaaith) was formed to
decrease the source/drain resistance. The source/drain implatasted after selective
epitaxial growth with Phosphorus: 8 keV andL@" dose/crf, and it was annealed with a
spike temperature profile (1050). After the junction annealing, NiPtvas used as a
salicide. The physical gate length is 52 nm &gl 6.15shows the cross-section view in
each dimension. The schematic presentation of the process flow is shienyn@ri6
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Figure 6.15. Cross-section view of a thin body 8@h UTBOX device; Eox=10 nm;

Tox=2.5 nm SiQNy, 5 nm TiN, 10 nm Si film, and T =10 nm devices are fabricated
(courtesy of IMEC and SOITEC).
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Figure 6.16. Process flow of device fabricatioouftesy of IMEC and SOITEC)

87



6.5 Measurement Configuration

The I-V (Drain currents. Voltage) characteristics of the transistor are measurgdawi
parameter analyzer (Agilent B1500A). The capacitorless DRAMdse&C transient
measurement using pulse generator because the DC parameteeraiginsufficient to
measure small signal. The measurement setup consists of agpo@tor (Agilent), an
oscilloscope (Tektronix DPO 2024), the parameter Analyzer (Ag8&@B600A, HP 4145), a
resistance decade box, and four-terminal probe station. In ordernimir@ issue of
reflecting, 5002 resistors are attached at each equipment node.ré8istor is added to the
source of transistor. The voltage drop is measured and conwettedurrent [14, 23].
Finally, the transient characteristics of single capaeissrDRAM cell are evaluated using
the test system shown fg. 6.17 It is measured at room temperature.

Outl : 50 Q Optional
Ou2 : 50 Q Qptional Oscillo§cope(Tektronix DPO 2024)
Bandwidth : 200 MHz
. Device
() velutl : 50 Q Drain \ t Channel 1
@) Channel 2
Out2:50 Q fGate | ° ‘\
: a (@]
= 2 Eé
GND Source! <
Channel 3

Pulse Generator(Agilent ) l

eLoad imp:1 MQ
«Output Imp:50 Q

C: %
o
*Bandwidth : 120 MHz o

Parameter Analyzer HP 4145
SMU: resistance = 60 mQ

Measure voltage at source node (50 Q)
- Convert current

Figure 6.17. The measurement setup. Drain curcant be extracted precisely by
measuring the voltage drop at the resistor in sonoxle.
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6.6 Experimental |-V Characteristics

Fig. 6.18shows the ¢V gs curve of the PF-FET. Device and measurement conditions
are: physical gate length= 52 nm, channel width= 1 pm, backWigs< 3 V, and drain
voltage (Mg = 1.55 V. The subthreshold slope (SS) is observed as 0.03 mV/dec, which is
one of the smallest measured SS for modern steep transistt8% [Z-he forward trigger
gate voltage is -0.85 V. As Fossum et al. reported, impact ionizalags a key role for
triggering positive feedback [12]. In order to adjust gate triggdlage to a reasonable
range (around -1 V), the drain bias should be selected carefullgerwoltage is affected
by drain voltage (M), as shown irFig. 6.19 At lower Vys (< 1.2 V), there is no positive
feedback because of very weak impact ionization. Over 1.4 V dras thia current
increases abruptly. With higheryM> 1.4 V) the positive feedback is more activated and
the trigger voltage moves to further into negative numbers, whichnsmigat positive
feedback is dominant even with low gate bias.

1E+02 - o

1E+01

1E+00 -
SS =0.03 mV/dec

Ids (uA/um)

1E-01 -

o \/

1E-03 1 1 1
-2 -1.5 -1 -0.5 0
Vgs (V)

Figure 6.18. JsV4 curve. Very steep SS (0.03 mV/dec) is achievegi52 nm,
Width=1 pm, 43 V, and \4<=1.55 V.
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Figure 6.19. 4V 4 curve with various ¥ Lg= 52 nm, width=1 pum, =4V
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Figure 6.20. 4V 4scurves at various ¢ Lg= 52 nm, width=1 um, =4 V.
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Fig. 6.20shows the family ofqk-V4s (drain current — drain voltage) for PF-FET ag ¢
varied. The J<Vg4s current behaves according to traditionglMys characteristics and the
on-current is large under positivgsvWhen negative gate bias (< -1.5 V) is applied to the
transistor, on-current is reduced. Transistor has a chance topositive feedback because
positive feedback is triggered by the combinationBdfT operation and weak impact
ionization in the subthreshold region.

6.7 Capacitorless DRAM Application

Due to the Window (hysteresis window #gV4), PF-FET can be utilized to store data
for capacitorless DRAM (memory applications). The wider Windowansessential factor
for high sensing margin in DRAM. In this study, new operating canditare proposed, as
shown inFig. 6.21 In order to erase data (Write 0), gate voltage is set as less than -1.1V
1.5V is proper voltage to remove all stored data. If gate voltadggher than -0.85, data is
recorded and current is high enough to be on-current. The Read momsliilaced inside
the gate window voltages (between -1.1 and -0.85 V). When the toansish state of
Data 1, positive feedback is running inside the body. Though gate vdtémeered than
V1r (-0.85 V inFig. 6.2)), the current is still high (D1 state). Interestingly, theadRe
process has a self-refreshment property. The cell does not pska@nduring the Read
operation. The data, moreover, is refreshed, which means that thepazaton acts like
Write operation.

The operation conditions are summarizedlable 6.3 In the operation, the drain
current of Write O (erase) is very small as showikign 6.21 In conventional operating
mode, forward bias is normally applied to drain (negative bias on dinaimjler to remove
holes in the body (erase operation; Write 0) [11, 23]. Although thieng effective in
sweeping holes away, the forward current is so high ( > haMraé 1 current). It induces
unnecessary power consumption in capacitorless operation. In this Bigdy6.@1 and
Table 6.3, holes are removed by turning off positive feedback operation irbalg.
Therefore, Write O current is negligible.

Fig. 6.22shows the plots for sensing curregstHold time. The operating processes are
Write 1 - Hold - Read P Hold &> Write 0 > Hold > Read & Hold. Each step has
the same duration time. It is measured at room temperatur&ods snFigs. 6.22 (ajand
(b), the Write O current is very small, as mentioned above. Both Write and Reatsdoe
not collapse with Hold time, which is due to self-refreshment nmeshia The retention
characteristics are shownhig. 6.23 The measured retention time is more than 4 s, which
is one of longest retention times ever reported [2-14]. The gensamgin (the difference
between Read 1 and Read 0) is 62 pA/pm.
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Figure 6.21. Capacitorless DRAM operating condgicare selected based on I-V

hysteresis curve. & 1.55 V and Y= 3 V.

(p\;\c/)rgi]tr%rln) yé:gié)) Hold Read
Vgs (V) -0.65 -1.55 -1.55 1.1
Vg (V) 3 3 3 3
Vs (V) 1.55 0 1.55 1.55
Vs (V) 0 0 0 0

Table 6.3. PF-FET capacitorless DRAM cell biasingditions (Volts)
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Figure 6.23. Retention characteristics of PF-FEpac#éorless DRAM. Measured
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6.8 Summary

Positive feedback occurs as a result of both BJT operation and floating batjrefifie
weak impact ionization. In order to achieve steep sub-threshold shegse operations
should be under the sub-threshold region. Positive feedback properti@gesteyated with
a simulation (Sentaurus). The proper models and physics are defectenatching
simulation results with measured data. Various dimension faatersimulated, such as
drain voltage, gate oxide, body thickness, BOX thickness, and gyag¢hl Because the
body factor and the BJT gain are determined by dimension fatteM/indow(hysteresis
window) and trigger voltages change. The control of drain voltage isobiiee major
factors that affect significantly positive feedback properfiéee device was fabricated on
thin body (10 nm) and thin BOX (10 nm) SOI structure. It exhibits/ \veteep SS of
0.03mV/dec, which is one of the best results ever achieved. Pdsiéidback and wide
Window are measured, which enables the PF-FET to be memory @ippkcd he PF-FET
capacitorless DRAM characteristics are measured expetathe Due to self-refreshment
in PF-FET, there is no data collapse during Read operation. Thexgeanargin is 62
HA/um and retention time is greater than 4 s. These resultsssubge PF-FET is very
promising for capacitorless DRAM applications.
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Chapter 7

Conclusion

7.1 Summary and Conclusion

In this dissertation, capacitorless DRAM cells with thin bodg altra-thin buried
oxide (UTBOX) structure are investigated. Conventional DRAMscgenerally suffer
from scaling issues below 20 nm half pitch [1]. It is harder twkaucapacitor with a small
area having sufficient capacitance to provide high enough sigmaiide ratio, as
compared with transistor scaling. Capacitorless DRAMpsoanising solution to issues of
cell-area scalability and process complexity in conventional MRAs rapid development
in transistor-scaling continues, thin-body silicon-on-insulator&@nsistor with UTBOX
is one of the leading candidates for future devices. Short chafeeisednd V variation
can be surmounted in a thin body and UTBOX structure [2]. This diisertmakes
progress in proposing and answering the following questions: First, ishhe failure
mechanism in capacitorless DRAM? Second, how can capacitoriR&M e improved
based on failure mechanism studies? Third, what is the ultiseateng limit considering
variation factors? At the end of study, a novel operating conceppaicitorless DRAM
using positive feedback FET (PF-FET) is proposed and investigated.

In chapter 2, the peak substrate doping concentration is investigatedemto
optimize the tradeoff between increasing sensing margin and deéegratention time.
Because the UTBOX structure is a back-gated fully deplB@Udtransistor, the impact of
substrate doping on capacitorless DRAM cell performance should bédemus A
MOSFET-based operation (MOSFET mode [3]) is utilized in capées®DRAM cells.
10" cm™ of substrate doping concentration is selected as the optimized coriditerms
of performance (retention time/sensing current) and variatiotorfaqrandom dopant
fluctuation effect (RDF) of substrate). A novel concept sekective well structure- is
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proposed to reduce the peak electric field at the source/draitigns. P-well underneath
only the channel region structure improves retention time by ~9% for 25 nneggtk. |

A capacitorless DRAM cell design with bipolar junction transi®dT)-based
operation (BJT mode) is known to have larger sensing margins and letgetion times
[4] and is widely researched [5-6]. In the BJT mode, a thick@atke of greater than 3 nm
should be used in order to mitigate gate oxide reliability issDestrolling band-to-band
tunneling (BTBT) leakage related to the electric field play®wrole in limiting retention
time. DO failure limits the retention time in BJT-based capacitorless DReells. Gate-
sidewall spacer width and operating voltages are optimized toa®&ILBT leakage. With
the underlap between the front gate and the source/drain regionspretiemé as long a$
second(s) can be attainable for a cell with 25 nm gate length.

Variability in the capacitorless DRAM cell is investighia chapter 4. Variations in
body thickness (Jj), front gate oxide thickness §¥), gate-sidewall spacer width g¥\ce),
buried oxide thickness £bx), and RDF are selected as the sources of variability. The
shielding effect of holes alleviates front electric field fluctuations frahe gate oxide
variation. The BJT mode is most sensitive to variations in both hodyburied oxide
thicknesses. In order to qualify variability, the sigma sengjtiaitd signal sense margin
metric are introduced. The retention time of a 25 nm gate letegign is reduced by
approximately63 %, from 1.01 s to 0.364 s at room temperature.

In chapter 5, the scaling limits of the thin-body SOI with URBfpacitorless DRAM
are investigated through the analysis of dimension variablestdugluced hole density,
the sensing current is negligible in body thickness below 7 nm. @ptintonditions are
achieved for each scaled device undenstant electric field Scaling limitations due to
variability are investigated based on analysis methods desdnbetapter 4. Design
parameters (Wacer Tsi, Teox, and Tox) and RDF are considered variation factors, as well.
SSM analyses indicate that ultimate scaling limit3snm for e-DRAM applications (1 ms
retention time assumed). Stand-alone DRAM applications needlayagths longer than
16.5 nm

In chapter 6, PF-FET is investigated using simulations and eedl measurements.
Positive feedback occurs as a result of both the BJT operatiomefiddting body effect
that occurs as a result of weak impact ionization. Wedow (hysteresis window) and
trigger voltages are affected by physical dimension factodsvaltages. The control of
drain voltage is one of the most influential factors to sigmfigaaffect positive feedback
properties. The device was fabricated on thin body (10 nm) and thin (B®Xm) SOI
structure. It exhibits very steep subthreshold slog@@8 mV/de¢ which is one of the best
results ever achieved in steep subthreshold slope devices [7-1QjvePésedback and
wide Window are measured, which enables the PF-FET to be usagdoitorless DRAM
applications. Due to self-refreshment in PF-FET, there is nocdditgpse during the Read
operation. The sensing margind2 pA/um and retention time is greater thdrs These
results suggest that PF-FET is viable for capacitorless DRAM apptisat
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7.2 Contributions of This Work

The impact of substrate doping concentration in back-gated FDS@titcaless
DRAM cell performance is studied, which suggests ways in wtochontrol substrate
doping in SOI with UTBOX structure. The failure mechanism of thE Bnode is
investigated for the first time. This can provide guidance in dewggstructure and its
operating conditions, which will improve the performance of capsé#®DRAM. Based
on variability investigation, the scaling limit is researche@liBg limits are determined by
variability. Therefore, in order to extend scaling limits, theataon should be reduced and
new materials can be considered. From this dissertation, the hesgarch directions can
be predicted.

7.3 Suggested Future Works

7.3.1 Overcoming Scaling Limits with 3D StructuresNew materials

In this dissertation, the scaling limits of capacitorless BIR#e investigated in terms
of variations. One solution for overcoming scaling limits is toimize process variations.
However, with current fabrication capability, it is actually gutard to reduce variations of
each dimension. Novel structures and the adoption of new materialeeted in order to
overcome limitations.

1) Multi-Gate Structures

Over the past several decades, two very different solutioralinogshave emerged.
One approach is the planar thin-body SOI that is explainedsmigsertationKig. 7.1 (a).
The other schemes are multi-gate transistig. FINFET inFigs. 7.1(b) ~ (e)[11]) which
turn the channel on its side in order to create a 3-D devicé. &@woach comes with its
own set of merits and manufacturing challenges. Recentlypfoithe leading technological
companies (Int&) announced that they plan to change the architecture of the warsist
FINFET [12]. If the multi-gate transistor is built on SOl waieneeds complex fabrication
processes and high fabrication cost (due to SOI wafer). Howenwei:F has advantages,
such as high currents [13], which are expected to increase senamggqis and retention
times. Because the failure mechanism or scaling limits fpopoess-induced variations of
multi gate FETs may be different from those of planar SOI FET$eustudies are needed.

2) Band Engineering/ New Materials

Band gap engineering using SiGw Si:C has the possibility to improve the
performance of capacitorless DRAM [6, 14]. Hetero junction designse advantages
(longer retention time [6, 14]) and disadvantages (complex fabricptmresses). These
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technologies are necessary to overcome the scaling limits below 10 nnrmgéte \&ertical
type transistor structure with band gap engineering will be oond gandidate for future
capacitorless DRAM cellsF{g. 7.2. The research for IlI-V materials with capacitorless
DRAM is also very promising for improving performance.

SOl

210).4
Back Gate

(=10).4 BOX

(a) Planar thin-body SOI FET

with UTBOX (b) Double-gate FinFET on SOI (c) Triple-gate FETS{@I

(d) Independent Double-gate

FinFET on SOI (d) All around gate

Figure 7.1. lllustration of multi-gate MOSFET sttures (a) Planar thin-body SOI FET
with UTBOX (basic test structure utilized in thstudy), (b) Double-gate FInFET on
SOl, (c) Triple-gate FET on SOI, (d) Independentuble-gate FinFET on SOI, and (e)
All around gate [11].

3) Miscellaneous

The reliability and disturbance issues should be also tested in terms @irocggion.
Though circuit architectures are outside the scope of this stuchn be another solution
for sub 10 nm scaling technologies or improving reliability.
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Si (large band gap)

: current path \

Drain SiGe, (small band gap)
- Charge storage
(Potential &Physical Well)

All around gate

IO
HEHHEF)

Gate dielectric material Holes

Source

(a) 3-D view (b) Cross-section view

Figure 7.2. Vertical capacitorless DRAM structurging band gap engineering (with
physical well and potential well). Large band gaptenial €.g. silicon) is used as
channel path and source/drain material. Small lgpdmaterialé€.g.silicon germanium
(SiGeg)) is used as charge storage node. ggsevides physical well and potential well,
which can improve retention time [6]. (a) 3-dimemsil view and (b) cross-section view.

7.3.2 Low Power Positive Feedback-FET

Low power integrated circuits are essential in mobile releict systems. Power
dissipation becomes an important constraint in device and desigrow lp@wer operation
is also one of important issues in capacitorless DRAM cellexptained in chapter 6, the
operating voltages (gate bias or drain bias) in positive feedbadkgir. However, PF-FET
is affected by dimensional factors and operating conditions. ¥héltontrol of back bias
and dimensional (body thickness or gate work funcetr) parameters, low operating
voltages (< 0.5 V) can be achieved theoretically. Additionallystiading limit and failure
mechanism of PF-FET should be studied in future.
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Metal gate

Conventional thin body
SOl with UTBOX

Shorter channel length
Thicker gate oxide

Figure 7.3. The tentative concept for NVM applicatusing PF-FET.
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Figure 7.4. sV curves for NVM using PF-FET. Due to steep subthokb swing,
data can be stored within small gate voltage rgng€.5V). These curves are achieved
in low drain voltage (V<= 0.5V).
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7.3.3 Nonvolatile Memory Applications

There may be many applications of PF-FETSs, including capac#ddBAM. Steep
sub-threshold slope can be utilized as non-volatile memories. ®raithonvolatile
memory (NVM) has floating gate structure. If the PF-FETaseined with NVM gate, a
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novel concept of the NMV operation can be introdudgd. 7.3 shows the new NVM
structure. Though it is not yet optimized, very small gate volmaigevals can be taken
using the PF-FET operatioiri§. 7.4). Traditional NMV needs thick gate oxide due to
charge retention but it also suffers from short channel effeict low coupling of gate (low
gate oxide capacitance). As explained in chapter 6, thickerogate is desirable for PF-
FET, and short channel length increases positive feedback. AddyioRBHFET can
potentially be very promising in multi-bit NVM applications.
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