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Abstract

An on-chip embedded NVM (eNVM) enables a zero-dhgrubwer system-on-a-chip
with a smaller form factor, faster access speesletcaccess power, and higher security
than an off-chip NVM. Differently from the high deity eNVM technologies such as
dual-poly eflash, FERAM, STT-MRAM, and RRAM thatptgally require process
overhead beyond standard logic process steps, thenate density eNVM technologies
such as e-fuse, anti-fuse, and single-poly embedldsl (eflash) can be fabricated in a
standard logic process with no process overheadngnthem, a single-poly eflash is a
unique multiple-time programmable moderate deredity M, while it is expected to play
a key role in mitigating variability and reliabyiissues of the future VLSI technologies;
however, the challenges such as a high voltagertietce, an implementation of logic
compatible High Voltage Switch (HVS), and a limitegll sensing margin are required to
be solved for its implementation using a stand@@l device. This thesis focuses on
alleviating such challenges of the single-poly &flanemory with three single-poly eflash

designs proposed in a generic logic process forematel density eNVM applications.



Firstly, the proposed 5T eflash features a WL-by-®dcessible architecture with no
disturbance issue of the unselected WL cells, aarstress-free multi-story HVS
expanding the cell sensing margin, and a selettiizerefresh scheme for the higher cell
endurance. The most favorable eflash cell confijumais also studied when the
performance, endurance, retention, and disturba&hegacteristics are all considered.
Secondly, the proposed 6T eflash features theybliHore-write capability for the higher
overall cell endurance, while not disturbing theseiected WL cells. The logic
compatible on-chip charge pump to provide the gmpate high voltages for the
proposed eflash operations is also discussed.l¥;itlé proposed 10T eflash features a
multi-configurable HVS that does not require th@sted read supplies, and a differential
cell architecture with improved retention time. #llese proposed eflash memories were
implemented in a 65nm standard logic process, hadidst chip measurement results
confirmed the functionality of the proposed designth a reasonable retention margin,
showing the competitiveness of the proposed effasimories compared to the other

moderate density eNVM candidates.
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Chapter 1 Introduction

Low power electronic devices typically employ stapdnode to minimize leakage
current [1, 2]. One important requirement durings tftandby mode is to retain critical
information through a nonvolatile solution. Figl illustrates three different nonvolatile
solutions. First solution is to use a battery-back&®AM where a power gated SRAM is
put in a data retention mode. This approach isdaseeadily available technology (e.g.
SRAM and battery); however, the on-board backuptebatincreases the system
complexity and cost while the SRAM still consumeaklage power even under a data
retention voltage. Second or third solution is $& &an off-chip or on-chip Non-Volatile
Memory (NVM) which allows the system to completalyut down without losing the
critical information as long as it is stored in tR¥M, thereby achieving zero-standby
power dissipation. The off-chip NVM can be fabremhtin a dedicated process
technology with higher capacity and reliability théne on-chip NVM; however, the off-
chip NVM has a larger form factor, slower accessespand larger power dissipation for

the off-chip communication, and more security cont¢han the on-chip NVM.
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Fig. 1.1 Various nonvolatile solutions: (a) Battey-backed SRAM, (b) Off-chip
nonvolatile memory, and (c) On-chip nonvolatile merary.

1.1 Embedded Non-Volatile Memory

A number of on-chip embedded Non-Volatile MemoriWy@) technologies have
been developed for the high density (~Mb) and mddedansity (~kb) applications as
shown in Fig. 1.2. The dual-poly embedded flaskaghf) and anti-fuse are illustrated as
high and moderate density eNVM examples, too. Highsity eNVM such as dual-poly,
charge-trap or split-gate eflash memory, FeRAM, $ARAM, and RRAM technologies
have such applications as code and data storagecaame memories [3-16]; however,
they typically require process overhead beyondreege logic technology. For example,
the dual-poly eflash supports multiple program a&mdse operations by changing the
number of electrons stored in Floating Gate (F@)electron tunneling into or out of the

FG which is isolated from the other conducting redeowever, this FG structure



requires a process overhead beyond the logic témimoThe One-Time Programmable
(OTP) memories such as e-fuse (electronic-fuse)aauiefuse, on the other hand, can be
built in a generic logic technology, and have begstely adopted as a moderate density
eNVM for the memory redundancy scheme, circuit mnimg, digital calibration, and
secure ID storage [17-25]; however, they do naivalinultiple-time program capability,
since they use the permanent electro-migrationreakulown mechanism for a program
operation. For example, the anti-fuse uses irrévlergate-oxide breakdown mechanism
for a program operation to change the cell status thigh impedance (i.e. high-Z) state
to low impedance (i.e. low-Z) state. A single-pelyash, on the other hand, is multiple-
time programmable eNVM that can be built in a genlegic process [26-40]. In Fig. 1.3,
the typical dual-poly eflash cell consisting of amansistor where the FG and Control
Gate (CG) are stacked is compared to the singhe-giftdsh cell basic structure typically
consisting of three devices called coupling, reem write devices of which the gates are
back-to-back connected to form the FG node; theeefthe single-poly eflash has no
process overhead beyond generic logic technology.tli@ other hand, it uses the
reversible writing mechanism, electron tunnelindnicki enables the multiple program
and erase operations, making it attractive as aeftective moderate density eNVM. It
is also expected to play a key role in mitigatiragiability and reliability issues of the
future VLSI technologies that the traditional OTRRmories cannot easily have solved.
For example, adaptive self-healing techniques diirarepair schemes can be applied to

improve the device life time based on the religpitliagnostic data stored in the single-



poly eflash memory, which is especially believedb¢oa critical technique in many future

biomedical healthcare devices having more stringaigbility requirements [41-46].

High Density eNVM
(~Mb)

Moderate Density eNVM
(~kb)
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Dual-Poly Eflash,
FeRAM, STT-MRAM,
RRAM

E-Fuse, Anti-Fuse,
Single-Poly Eflash

Applications

Code Storage,
Data Storage,
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Redundancy Scheme,
Circuit Trimming,
Digital Calibration,
Secure ID Storage

Fig. 1.2 (a) Various eNVM technologies and their e range of applications. (b, ¢)
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High and moderate density eNVM examples; dual-polgflash and anti-fuse.
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Fig. 1.3 (a) Dual-poly eflash cell transistor whex the floating and control gates are

stacked. (b) Single-poly eflash cell basic structerconsisting of coupling, read, and
write devices.




1.2 Single-Poly Embedded Flash Memory

In Fig. 1.4, the bias conditions of the dual-polydasingle-poly eflash cells are
compared for erase, program, and read operatiotis theé coupling ratio of ~0.5 for
dual-poly eflash cell, and ~1 for single-poly eflasil. The n-well of the coupling device
of the single-poly eflash cell functions like th&®f the dual-poly eflash cell; therefore
the high coupling ratio between the n-well of tloaigling device and FG can be readily
achieved in the single-poly eflash cell by simppsizing the coupling transistor, whereas
the coupling ratio between CG and FG in dual-pdligsh cell is difficult to be more than
0.5 without a significant process overhead beytreddgic technology. During erase and
program operations, the high electric field is gated in the gate oxide, which enables
the electrons to be ejected from FG during eragegadion and to be injected into FG
during program operation, changing the number eftebns stored in FG. During read
operation, the cell current (i.ecgll) is sensed differently between the erased and
programmed states because of the different nunfbelectrons stored in FG resulting in
the different conductance for the erased and progred states. During all operations,
the required n-well voltage levels of the singldypeflash cell are smaller than the
required CG voltage levels of the dual-poly eflagii, because of the higher coupling
ratio of the single-poly eflash. These lower vo#tdgvels for erase, program, and read
operations of the single-poly eflash compared & dhal-poly eflash reduce the power
consumption and simplify the high voltage circuisignificantly, which is a highly
attractive feature, potentially for the single-pdflash to be embedded in low power

electronic devices built in a standard logic tedbgy.
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Fig. 1.4 Comparison of the dual-poly and single-pg eflash bias conditions for (a)

erase, (b) program, and (c) read operations.




The various design challenges of the single-pdgséf memory, however, need to be
addressed as illustrated in Fig. 1.5, too. FirsHg, unselected cells can be unintentionally
distorted due to the high voltage (HV1-3) operati¥vhen a high voltage (HV3) is
applied to the selected WL for the erase or progogreration, another high voltages
(HV1 and HV2) need to be applied to the unselettdand the unselected BL in order
to minimize the high voltage stress driven to tmsalected cells; however, since the
single-poly eflash memory cell is implemented usangtandard 1/O device of which the
supply voltage is much smaller than these highagaltlevels (HV1-3), the unselected
cells are prone to be affected by those high veltieyels driven for the selected cell
operations, which is called high voltage disturlear®econdly, it's difficult to implement
the logic compatible High Voltage Switch (HVS) wotit a reliability concern. As
mentioned earlier, the selected cell needs to beerrto such a high voltage as 10V
during erase or program operation, whereas it mnegdno be discharged to as low
voltage as 0V during idle mode or read operatidrusl the eflash memory needs to have
the HVS circuit that outputs such a high or lowtagk level selectively depending on the
input 1/0 supply signal; however, this is not a gientask, since an HVS circuit has to be
implemented using the standard logic devices (é%/ 20 device), too. Thirdly, the cell
sensing margin after long retention time is limjtesihce the single-poly eflash cell
implemented using standard 1/O devices typicallg tranner tunnel oxide than that of
the dual-poly eflash. The typical tunnel oxide Kmess (bx) of the standard I/O device
is around 5nm for 2.5V device, which is not belguwe be thick enough to meet the

typical eflash retention target (ex. 10 year aftergrammed) due to the electron leakage



out of or into FG changing the number of electrettged in FG and the cell threshold
voltage (). This cell iy instability is further accelerated by defects tedafter large
number of program and erase cycles [47-53], lirgitihe available erase and program
cycle counts of the single-poly eflash built usth§V 1/0 devices within 1k cycles.

Sel. BL Unsel. BL
Selected (ov) (HV2)

Sel. WL \ ~
(HV3) 1 1
Cell[-¢ |Cell |-9
Unsel. WL N
(HV1) ? ?
Cell -T Cell -T

HV Disturbed
HV1,HV2,HV3 >> I/O supply !
@ |
10V

I/O supply
(2.5V) — HVS [—>10V or 0V

\\Implemented
Using 2.5V
ov I/O device

(b)
Cell V'r|-|

A,
Tox=5nm /

(2.5V 1/0 device) >
0 Time
(©)
Fig. 1.5 Challenges of the single-poly eflash menyo (a) high voltage disturbance,
(b) implementation of logic compatible high voltageswitch, and (c) limited cell

sensing margin after long retention time.
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1.3 Summary of Thesis Contributions

The remainder of this work will explore the berefif three eflash designs proposed
to alleviate the aforementioned design challendethe single-poly eflash memory for
moderate density eNVM applications [54-57]. Theedlaish memory proposed in chapter
2 features the WL-by-WL accessible architecture hwitegligible high voltage
disturbance, the overstress-free multi-story HVBaexing the cell sensing margin, and a
selective WL refresh scheme for the cell endurdacuore than 10k P/E cycles [54, 55].
The various types of eflash structures are stuliethapter 3 to find the most favorable
eflash configuration when the performance, endwanetention, and disturbance
characteristics are all considered [56]. The 6Tskfl memory proposed in chapter 4
features the bit-by-bit re-write capability withodisturbing the unselected WL cells for
improving the overall eflash endurance [57]. Thgatwe HVS and charge pump circuits
implemented in a generic logic process are alsestifhited. The 10T eflash memory
proposed in chapter 5 features the multi-configlerd/S not requiring the boosted
supplies during read operation, and the differéegd architecture improving the eflash

cell retention time. Then, this work is concludechapter 6.
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Chapter 2 A Logic-Compatible 5T
Embedded Flash Featuring a Multi-Story
High Voltage Switch and a Selective WL

Refresh Scheme

There has been numerous device and circuit levsdareh on high-density non-
volatile memories such as dual-poly or split-gatesh, STT-MRAM, PRAM, and
RRAM. However, only few attempts have been madedéwelop a cost effective
moderate-density non-volatile solution using stadd#O devices. In this chapter, a
logic-compatible eflash memory that uses no spegwices other than standard core and
I/O transistors is demonstrated in a generic Ipgaress having a 5nm tunnel oxide. An
overstress-free high voltage switch and a selesierefresh scheme are employed for

improved cell threshold voltage window and highedw@ance cycles.
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2.1 Overview of the Embedded Flash Memory Candidat

We give a brief overview of high-density and modemdensity eflash memory
candidates in this section prior to discussinggdraposed eflash in later sections. Dual-
poly and split-gate eflash memory cells for highnslsy eNVM applications are
illustrated in Fig. 2.1. A 1T dual-poly eflash w#s Channel Hot Electron (CHE)
injection method for program operation dissipatan@pigh program power [4], whereas
2T and 3T dual-poly eflash memories utilizes Foverdheim (FN) tunneling method
for program operation reducing program power daesim with the increased program
voltage for an efficient FN tunneling due to therlooupling ratio between CG and FG [6,
7]. On the other hand, a charge trap based efladintlogy is demonstrated in various
literatures, as it can reduce the additional masktbeyond logic [8, 9]. Later, the Split-
Gate (SG) eflash reducing the write voltage levelwell as enhancing the electron
injection efficiency was proposed [10, 11], butiitizes the Source Side Injection (SSI)
method still requiring considerable current foredficient program operation. Recently,
SG-MONOS (Metal-Si@SiNx-SiO,-Si) eflash technology was reported to have a highe
reliability and better scalability due to its defeesistance nature [12, 13]. All these
candidates incur additional process steps beyagid technology for forming the FG or
Nano-Crystal (NC) and the dedicate thick tunneldexiMoreover, achieving a high
coupling ratio between CG and FG (or NC) for effextprogram and erase operation

involves process optimization well beyond what eeded for developing a standard
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CMOS logic process; therefore, the program andeevattage levels typically becomes
greater than 10V, which requires significant madifion to the standard logic process
technology to build such high voltage circuits diddially. Thus, due to all these process
overhead beyond logic technologies, the dual-polgpiit gate eflash memories are not

attractive for the cost-effective moderate densitiy/M applications.

Eflash 1T Dual-Poly [4] | 2T Dual-Poly [6] | 3T Dual-Poly [7] Split Gate [10]
BL BL
! | BL
BL
SLD
. cG| ]
Unit Cell FG SG—
Schematic cG—|| cG| CG—
FG F NC
SL WL sLs— SL
SL - S L
Process 90nm Eflash 90nm Eflash 0.4um Eflash 90nm Eflash
Process . . . .
Overhead Floating Gate Floating Gate Floating Gate Split Gate
Tunnel Oxide ||10nm (Dedicated) | 7nm (Dedicated) N. A. N. A.
Program Method|| CHE Injection FN Tunneling FN Tunneling SS Injection
Erase Method FN Tunneling FN Tunneling FN Tunneling FN Tunneling
Write Voltage 10V 16V 22v 14V
Write Power High Low~Medium Low Medium
Erase Disturb None None None None
Measured >1k hours @ >48 hours @ N. A >1k hours @
Retention 250°C, EP 1k 250°C e 150°C, EP 10k
. 0.44pm? 4.36pum’
Cell Size (5 4F2) N. A. (27':2) N. A.

Fig. 2.1 Dual-poly and split gate eflash memory e attractive for high density

eNVM applications. Due to the process overhead toauild floating gate or split gate

structures, they are not attractive for the moderaé density eNVM applications.
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Single-poly eflash memory on the other hand dodshage any process overhead
compared to a generic logic process while a higlpliog ratio can be easily obtained by
upsizing the width of the coupling device as shawfig. 1.3. This feature helps reduce
the required program and erase voltage levels tnreguln a simpler high voltage
circuitry. Hence, single-poly eflash is a promisicandidate for moderate density (e.g.
few kilobits) non-volatile storage in cases wherededicated eflash process is not
available [26-40]. Various single-poly eflash megnoells suitable for moderate density

eNVM applications are illustrated in Fig. 2.2.

Eflash Single-Poly 10T Single-Poly 3T Single-Poly This Work
as [29] [33, 34] [38] [54, 55]
VPP __ VDD BL
L REN Pe ce  FPIRWi
HVS WWL 0 M, '
Core 3T $ + M, = 4[s;,
Unit Cell Pair | 0D =R e i FG P,
Schematic SA/ n-:' mu_]:lqu P_"_q PICID"'m n-:'
z[2]FGo FGI- |3 | (w1, =2 M5 m.3 CS:
COMP. 2 WWL
7 V| [
D] RWLY T csL
Process 0.13pum Logic | 0.25um/0.18um/90nm/65nm Logic | 65nm Logic 65nm Logic
Process
Overhead None None None None
Tunnel Oxid 7nm ~5nm ~5nm ~5nm
unnel Oxide 1l (st. 3.3v 1/0) (Standard 2.5V 1/0) (St. 2.5V 1/0) (St. 2.5V 1/0)
Program Method ||FN Tunneling FN Tunneling FN Tunneling FN Tunneling
Erase Method ||FN Tunneling FN Tunneling FN Tunneling FN Tunneling
Write Voltage 8Vv 8Vv 8v 5to 10V
Write Power Low Low Low Low
Erase Disturb None (Write Disturb) Unselected WL's | Unsel. WL's None
Measured >1k hours @ o >486 hours @
Retention 150°C, EP 1k | 8500 hours @ 85°C, EP 100k N. A. 27°C, EP 10k
. 700um?(est.) N. A. 8.62um’
Cell Size (41000F?) | *Similar 10T Cell [36]: ~220um? N.A. 2111F)

Fig. 2.2 Single-poly eflash memory cells attractevfor the moderate density eNVM
applications owing to their logic compatibility and lower writing voltage level
compared to dual-poly or split-gate eflash.
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Previously reported single-poly eflash memorieswéner, have write disturbance
issues in the unselected WL's, as a write voltagatgr than 2x the nominal voltage has
to be applied in both WL and BL directions. Furthere, most of them temporarily
overstress the High Voltage Switch (HVS) circuiteieh can result in oxide reliability
issues. A dual cell architecture was reported #338] to enhance the cell sensing margin
at the expense of larger cell area, while sevéngles cell architecture were proposed for
a compact cell area [26-28, 37-40]. In this chgptex present a 5T single-poly eflash
memory that uses no special devices other thamlatdrcore and 1/O transistors readily
available in a standard logic CMOS technology based single cell architecture [54,
55]. The proposed row-by-row accessible array #echire alleviates the write
disturbance issue in the unselected WL'’s. To aehlagh reliability and good retention
characteristics, the proposed 5T eflash memory @yspan overstress-free multi-story
HVS capable of expanding the celtVwindow. A selective WL refresh scheme is also
developed, which improves the overall cell enduedimit.

The remainder of this chapter is organized as Wi@loSection 2.2 describes the
proposed single-poly 5T eflash architecture andl @eération, and the proposed high
voltage switch and selective refresh scheme. Measemt results from test chips
fabricated in a 65nm low power CMOS process aregnted in section 2.3. Section 2.4
compares the proposed single-poly 5T eflash tgtloe single-poly eflash, and a chapter

summary is given in section 2.5.
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2.2 Proposed Logic-Compatible 5T Eflash

2.2.1 Overall Eflash Memory Architecture

The array architecture and unit cell layout of pneposed logic-compatible 5T eflash
are shown in Fig. 2.3. All five transistort{, My, M3, S, &) in the unit cell are
implemented using standard 2.5V I/O transistord wittunnel oxide thicknes3dx) of
5nm. Here,M; is the coupling device\l, is the erase devicd/s is the program/read
device, and5, and$S; are the selection devices for the program intohitbperation using
self-boosting [58, 59]. The gate terminals of theeé devicedl;-M; are connected in a
back-to-back fashion forming the FG node. The wiaftiv; is made 8 times wider than
that of bothM, and Mg achieving a high enough coupling ratio for effeeterase and
program operation. PMOS transistors biased in adepletion mode were utilized for
M; andM; in order to achieve a high programming speed. Hweells (i.e. PWL and
WWL) are shared in the WL direction attaining anhti@L pitch. The column peripheral
circuits such as the sense amplifier and BL drarerimplemented using standard 1.2V
thin Tpox core transistors while the high voltage switcitha WL driver is implemented
using standard 2.5V /O transistors. Details of pheposed 5T eflash cell operation and

the multi-story high voltage WL driver circuits agazen in the following sections.
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Fig. 2.3 Array architecture and unit cell layout d the proposed logic-compatible 5T
eflash memory. Only standard I/O and core devicesra used.

Multi-Story Hiéh Voltage Switch (I/O Devices)

2.2.2 Proposed 5T Eflash Cell Operation

shown in Fig. 2.4. During erase operation, a highage pulse is applied to the selected

Write-Word-Line (WWL) while Program-Word-Line (PWL3} biased at OV. The large

Cell bias conditions for erase and program opemabiothe proposed eflash cell are

BL Driver
(Core Devices)

BL

RWL ﬁ Sy

o

Unit Cell

*...| (/O Devices)

gate capacitance of the upsiadd generates a high electric field in the gate oxitim,

removing electrons from FG through FN tunnelinge Tdoupling ratio of WWL to FG

during erase operation is calculated as 0.13 réggwaf BL voltage levels, as the upper
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select transistory in Fig. 2.3) is turned off. All the cells in thelscted WL are erased
simultaneously. Unlike the dual poly cell in [4hetproposed cell structure can support a
single WL erase operation without requiring a negatboosted voltage and a
complicated WL driver circuit. The n-well to suladt junction breakdown voltage of the
process used in this work was measured to be griate 13V so it can reliably support
a 10V erase operation. During program operatidmgh voltage pulse is applied to both
the PWL and WWL of the selected WL, while self-big of the localized electron
channel of the program/read devidés;{n Fig. 2.3) prevents the cells of the unselected
BL'’s from being programmed by turning off the twelext transistors§ andS; in Fig.
2.3) in the unselected BL'’s [58, 59]. The couplmgo of PWL and WWL to FG during
program operation is approximately 0.9. A WL-by-Vtase and program operation
ensures that unselected WL'’s are protected fromhtgk erase and program voltage
levels while reducing the power consumption comghdceprior single-poly eflash [30-
40]. A separate erase devidd,f in conjunction with the self-boosting technigul®as

the column peripheral circuits to be built using/ leoltage core devices without the need
for high voltage protection circuits. This redudke power consumption and improves
read access time. The bias condition and simulateédg diagram for read operation are
shown in Fig. 2.5. The extracted WL/BL parasitiqppaeatances and resistances are
included in this Monte Carlo simulation. For thadeoperation, all BL's are pre-charged
to the core supply voltage (i.e. 1.2V), while tiedested PWL and WWL are pulled-up to
the read reference level, VRD (i.e. 0.8V in thiample). Once the pass transistdsg (

S) are activated, the BL voltage levels start tachigsge at different rates depending on
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whether it is a programmed or erased cell. Thezeatihe BL levels are compared to a
reference voltage, VREF, using voltage sense amdifo produce digital output signals
SO, and SQ@. VREF of 0.8V is chosen to account for the vaoiatin the FG node
voltage of the erased cell (i.e. cell B) and fobedter timing margin for SAEN signal.
Sense amplifiers are located in each column, whithbles parallel read operation to
enhance data throughput during both normal andskfoperation (more details are given
in Section 2.2.4). Note that the WL/BL lengths bé t2kb eflash array in this work are
120pum and 200um, respectively (Fig. 2.19), makinegWL/BL parasitic elements small
enough to achieve a 10ns read access time. Fordaghkity eflash memories having
larger parasitic elements, however, a more sophistil sensing scheme may have to be

deployed to achieve such a fast read access tidje [6

Erase Operation Program Operation
BL(0V) BLA(OV) BLg(1.2V)
RWL(0V) ? RWL(1.2V) ——— o .
PWL(0V) |£ PWL(8.8V)— :
— M, |—| OFF <
W= 139 1l o =
8xWhyz,3 Me' ' 8
2 OFF
WWL(10V) F WWL(8.8V) I?
EWL(0V) EWL(0V) ——
CSL(0V) : CSL(1.2V)

Programmed Program-Inhibited
via self-boosting

Fig. 2.4 Bias conditions for erase and program opations of the proposed 5T eflash

cell. A single WL write operation ensures that undected WL'’s are protected from
the high voltage levels.
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Fig. 2.5 (top) Bias condition and (bottom) simulad timing diagram during read

operation. Waveforms are from 1k Monte Carlo runs ing a post-layout extracted
netlist.
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2.2.3 Proposed Multi-Story High-Voltage Switch

Fig. 2.6 compares the prior HVS [29] to the propbsee. In the prior work, the
maximum allowable program and erase voltages weriged to slightly higher than 2
times the nominal I/O voltage due to gate oxidabglity concerns. Thus, the prior HVS
has a limited output voltage of 8V even with a 0.G%rstress voltage when 3.3V 1/0O
devices are used. Another key issue was that tteenad node voltage in the PMOS
cascode is sensitive to the threshold voltage dfdpe PMOS device, making the circuit
susceptible to variation effects and limiting theéput voltage range. The proposed HVS
on the other hand has a maximum allowable progmaneaase voltages that are up to 4
times the nominal I/O voltage without any oversre®ltage while providing robust
output voltage (VOUT) levels by utilizing multi-stostacked latches and 4x 1/O VDD
driver with additional VPP supplies. The four baaksupply levels (VPP1-VPP4) can be
generated from an on-chip charge pump [29, 61-68] thie highest voltage VPP4 being
3 to 4 times the nominal I/O voltage depending len dperating mode. All transistors in
the multi-story HVS operate within the nominal agé tolerance limit. Specialized
Drain-Extended MOS (DE-MOS) devices were utilizad49] to withstand the program
and erase voltage levels of 8V, avoiding the junctireakdown limit. Instead, deep n-
well layers are used sparingly in the proposed HMSign to minimize area overhead
while keeping the drain to body voltages of alhsigtors to be less than 5V which is
roughly half the junction breakdown voltage. Whée tnput signal (VIN) switches, a
level shifted selection signal (SEL) and an intdyngenerated pulse activate the pull-

down path for a short period which in turn chaniesstates of the 3 stacked latches. The
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signal pulse width is kept short to minimize thatist power consumption and current
loading of the VPP levels, while the pull-down NMQ8cks in the latch stage are
properly sized so that the latch states changeirwitie short on-period of the signal
pulse. NMOS transistors in the 3 stacked latchesuarsized to minimize the voltage
undershoot that could cause oxide reliability issue

Further details of the proposed multi-story HVS @airevided in Figs. 2.7-2.8. During
program operation, PWL/WWL pulses are applied ® gblected row consisting of 128
cells (Fig. 2.7 (top)). Simulated current and vpitawaveforms of the four boosted
supplies are shown when PWL/WW.L signal levels swdt t=3us and t=5us in Fig. 2.7
(middle, bottom). Parasitic capacitances were etdth from the array layout for
accuracy. When SEL switches from low to high fopmgram operation (Fig. 2.7
(middle)), nodes A, B, D, and F are discharged t®P8, VPP2, VPP1, and 0V,
respectively, while node C and E are pulled up Ri°8 and VPP2. As a result, node M is
connected to VPP3 and WWL is connected to VPP4utirothe stacked PMOS
transistors. The simulated waveform shows thasthiéching time is typically below 6ns
which is significantly shorter than the usual paogrpulse width (~10us). When SEL
switches from high to low (Fig. 2.7 (bottom)), tbpposite transition occurs wherein
WWL switches to 0V through the stacked NMOS traisss When SRD is activated for
read operation, the low-to-high transition of WWicars as illustrated in Fig. 2.8 where
the bottom NMOS in the output stage turns on, n@akAWVL switch to the read voltage
VRD. The NMOS 1/O transistor stack in the driveags is properly up-sized to reduce

the rise time of PWL and WWL for fast read openatibat is simulated in Fig. 2.5.
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Fig. 2.6 (top) The prior HVS having a limited outpt range with reliability and
variability concerns is compared to (bottom) the poposed HVS increasing VOUT

up to 10V and providing robust internal voltage leels by utilizing multi-story
stacked latches and 4x 1/0O VDD driver with additioral VPP supplies.
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Fig. 2.7 Simulated voltage and current waveforms ith the proposed HVS and a
voltage doubler based on-chip charge pump [29, 613p Low-to-high and high-to-
low transitions of WWL during program operation are shown.
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Fig. 2.9 Measured waveforms of the proposed HVS rfdhree different read and
write voltage levels with off-chip supplies (VRD=01.6/1.2V, VPP4=6/8/10V, VPP3=

0.75xVPP4, VPP2=0.5xVPP4, VPP1=0.25xVPP4).
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Measured waveforms of the proposed HVS for thréferéint read and write voltage
levels are shown in Fig. 2.9. Note that a chargengpuwircuit [29, 61-63] was
implemented for obtaining the simulation resultsFigs. 2.7-8, however, since we did
not include the charge pump design in the test, ahifernal voltage supplies were used
for the actual measurements.

By utilizing a higher erase voltage level (=10Vhgeared to prior designs (e.g. 8V in
[29]), the cell \fy window can be improved by more than 170% usingptioposed HVS,
as the Wy of the eflash cell can be programmed to highen th&V in 10us or erased to
lower than -0.3V in 1ms without resulting in oxidgiability problems in the HVS as
verified in Fig. 2.15 (a). The proposed HVS opeateliably for a wide range of read

voltages (from 0 to 1.6V) and write voltages (frérto 10V).

2.2.4 Selective WL Refresh Scheme

Previous literatures have reported that when d ftadl is programmed and erased
repetitively, traps are created inside the tunnedie® or oxide-silicon interface causing
instability in the cell My [47-53]. For example, the oxide and interface drappture
electrons during P/E cycling, resulting in positieell Vry shifts for both erased and
programmed cells as illustrated in Fig. 2.10 (lef\ccording to the interface trap
annihilation model [48, 52], interface traps creéates a result of the released hydrogen
atoms during P/E cycling are partially restoredimyrretention mode. As such, de-
trapping of the electrons manifests negative cel} ¥hifts as illustrated in Fig. 2.10

(center). The oxide and interface traps are beti¢ggdacilitate the Trap-Assist-Tunneling
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(TAT) phenomena [50-52], which in turn acceleraties charge loss from the silicon

substrate and from the FG resulting in positive aedative cell ¥y shifts for the erased

and programmed cells, respectively.
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{4) Charge loss in a programmed cell, (=) cell Vry shift

Fig. 2.10 Physical model explaining endurance andetention characteristics
considering oxide and interface trap creation, inteface trap annihilation, and trap-

assisted charge loss [47-53].

Unlike high density flash memories where the chaoge effect can be minimized by
optimizing the fabrication process, single-polyasfi memories are built using standard
logic devices which are not necessarily optimizeddood retention time. To improve
the overall cell endurance in single-poly eflashrefresh scheme is proposed in this

work. Similar to Solid-State Drives (SSDs) wheréengion time can be traded off for
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improved endurance and performance [64], an intdiabe refresh is conceivable for
eflash applications in case they have to suppobigla number of P/E cycles throughout
the entire product lifetime. Since a considerablamber of interface traps can be
annihilated during retention mode before refresB, 2], the trap assisted charge loss
becomes smaller after a refresh operation as descin Fig. 2.10 (right). This can
enhance the sensing margin and retention timeeaetpense of additional erase and
programming steps for refresh operation. Sincedfresh is very infrequent (once a year
at most), the impact on the endurance limit isejuiegligible. On the other hand, the
benefits of refresh (i.e. restored data window, riowpd post-refresh retention
characteristic) are quite significant as demonstiarom our test chip. In fact, the
enhanced post-refresh or post-reprogram cell rietercharacteristics and their potential

for maximizing the overall SSD lifetime have beeparted by other researchers [64-67].

START ECC
|
Verify at Ve/Vp and tally Column Buffers _ |
» | | e
g ~ SA &BLD
# of cells No — I -
in the tail zone 3| WLO E a
>N,? g w1 |9
Yes WL 2 a
Read at Vgp and latch %
" |-
Erase and program WLV weak )
.
(_END_ ) WL 15
< Refresh Flow > < Refresh Data Path >

Fig. 2.11 Proposed selective WL refresh scheme. @ndentified “W eak” WL’s are
refreshed to avoid unnecessary P/E cycles in theabcells.
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The proposed selective WL refresh scheme illusiraig-ig. 2.11 identifies “weak”
WL'’s by keeping track of the number of cells fafjimto the tail zone (Fig. 2.10). Two
verify reference levels (Vand \f) are utilized to obtain the number of tail ce®ly the
weak WL'’s are refreshed, which prevents the “goWdl’’s from being unnecessarily
cycled. The refresh operation consists of the Walhgy two steps; first the original cell
data in the weak WL is read and temporarily staneitie column buffer and then a single
WL erase and program operation of the original daltaws. Alternatively, one can also
consider using Error Correction Codes (ECC) toadhbetter eflash retention; however,
this would require redundant bits in the cell araay will increase the read access time
and power consumption. In contrast, a refresh sehentilizes existing
read/program/erase operations so the hardware eagtiis low. Furthermore, the refresh
is performed infrequently (once a year at moshis work) so the power overhead is also
negligible. The main difference with the previoesprogram scheme in [68] is that the
proposed refresh includes an additional erase tetemitigate retention issues in the
erased cells. It's worth mentioning that the addiéil erase operation is critical in our
design, since the eflash is built in a relativélintoxide (5nm) logic process. This is in
contrast to the previous design built using dedidtahick oxide floating gate devices [68]
where the cell V4 shift during retention mode was negligible. Foy agfresh scheme to
work properly, a periodic wake-up of the eflasiméxessary to ensure that the number of
tail cells does not exceed a certain thresholdreefioe next refresh operation occurs.
Therefore, it is important to note that a refreshesne is only applicable to eNVMs that

are part of a system that is able to keep tradkhd and doesn’t have a case of no power
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for longer than the worst case retention time (d.gyear in this work). Test chip
measurement results across a wide range of terapesain Fig. 2.17 confirm that no
cells are expected to cross the VRD threshold withiyear of entering the tail zone.

Therefore, an annual wake-up of the chip would Ufécgent for the proposed selective

refresh scheme to be effective.

Automated Test Options (0~4) ;fi  (6:END, 1: rase 2 Program, 3: WD, & /P Cyce)
Sequences E/P Cycle ilil E/P Cycle Status [0 |
(ex: P/E cycling, VERASE (5-10V) /i VPROG (5-10V) 5
Cell Vyy statistics) | TERASE fus] (min:2) 7 TPROG [us] (min:2) /0

| e b e (4
cavmmanamy r F F FFFEFFEREFEFREFFEFREREFRETIFREREEFFRERF

| e et M o e |

Fig. 2.12 Laboratory setup for test chip measurens.

2.3 Test Chip Measurement Results

2.3.1 Initial Céll V14, and Writing Speed

To demonstrate the proposed circuit techniques, kb &flash memory was

implemented in a 65nm low power logic process. Eifj2 shows the laboratory setup for

30



the test chip measurement. LabVIE¥W controlled data acquisition environment
automated the test sequences such as program asel @cling, and cell ; statistics
calculation. A hot plate (Corning PC-400D) with thermometer was utilized for baking
the test chip up to 18Q to accelerate the retention test.

To measure the celly, we simultaneously swept the PWL and WWL voltageels
while checking whether the sensed data has flippegd.2.13 shows the initial cellM
distributions of four test chips which indicate tball-to-cell and chip-to-chip variations
prior to any program or erase operation. The initel Vry distribution of four 2kb

eflash memory cells has an average value of 0.6Maa3-sigma value of 0.18V.
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Fig. 2.13 Measured initial cell \fy distributions of four 2kb eflash memory chips
show cell-to-cell and chip-to-chip variations. Thenitial cell distribution ranges from
0.44 to 0.80V with an average value of 0.61V.
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The measured erase and program speeds for diffesttage levels are shown in Fig.
2-14. VPP1-VPP4 were supplied by an off-chip sodeceliminate any non-ideal effects
during the eflash memory cell characterization. @kierage and 3-sigma values of the
cell Vry distribution are plotted as a function of the eraad program pulse widths. The
erase speed was found to be ~1000x slower thanrtigegon speed at similar voltage
levels (Erase: 9V, Program: 8.8V). The celiy\spread increases with erase time and
remains almost constant with program time as iaistl by the 3-sigma bars. Note that
the program speed of a single cell configuratiod-28, 37-40] is roughly 1000x faster
than the write speed of a dual cell configuratid®-B6] where the erase operation in one
of the cells always limits the write performance@ding to our measurement results of

erase and program speeds.
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Fig. 2.14 Measured cell Yy for different P/E voltages and pulse durations. Nz
that WWL and PWL were supplied by an off-chip voltage source to eliminate any
non-ideal effects.
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2.3.2 Endurance and Retention

Fig. 2.15 shows the measured endurance characternigtthe proposed eflash cells.
P/E pre-cycling up to 10k cycles was performedatn temperature (27°C). Fig. 2.15 (a)
shows results for an 8.8V/10us program pulse atevdlms erase pulse, while Fig. 2.15
(b) and (c) are for 10V/100us program and erassegulNote that all cells in the array
experience the same program and erase stress dbengre-cycling period. For P/E
cycles greater than 1k, the programmed cejl $tarts to shift in the positive direction as
shown in Fig. 2.15 (a). The erased ce}l;\shows a similar positive shift for P/E cycles
greater than 1k as shown in Fig. 2.15 (b). Theaellent measured from a single cell test
structure shows a severe degradation in the seistibid slope with increased P/E cycles
in Fig. 2.15 (c), implying that a considerable n@mnbf interface traps are generated. A
linear relationship between the sub-threshold slape the interface trap density was
discussed in [49]. All the graphs show that a &&ll; window greater than 1.9V is

achieved for up to 10k P/E cycles.
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Fig. 2.15 Measured endurance characteristic. (a)rBgrammed cell Vry shows a
positive shift for P/E cycles greater than 1k. (bErased cell V44 shows a similar
positive shift for P/E cycles greater than 1k. (cTell current measured from a single
cell exhibits severe sub-threshold slope degradatidbeyond 1k P/E cycles, implying
that a considerable number of interface traps haveeen generated [49].
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Fig. 2.16 shows the measured retention characten$tthe proposed eflash cells.
Fig. 2.16 (a) and (b) show that a sufficient segsirargin is maintained at a 150°C bake
temperature for the 1k and 10k pre-cycled cellspeetively. Fig. 2.16 (c) shows the cell
V1y shifts for the erased (upper) and programmed (pwells with P/E pre-cycling
counts ranging from 100 to 10k. No apparent spataielation is observed within the
same WL implying that the tail cells are randomistiibuted. Similar data was shown in
a prior work where abnormal tail cells during rétem mode in a 16M flash memory
array did not show any spatial correlation [50]g.F2.16 (d) shows the relationship
between the initial cell ¥; and cell \fy shift for different P/E pre-cycles. As expected,
cells with higher number of P/E pre-cycles typigadkhibit a larger Wy shift. The cell
V1 shifts for the equally P/E pre-cycled cells howede not show a strong correlation
with the initial cell iy values. Fig. 2.17 shows the evolution of the taill V1 for
different baking temperatures. For P/E pre-cycliaig,8.8V/10us program pulse and an
8.8V/10ms erase pulse were repetitively appliedhi@e chips at room temperature
(27°C). Then, the three programmed chips were balkdtiree different temperatures:
27°C, 85°C, and 150°C, respectively. The reasomtdeéhe sudden decrease in celuVvV
for the programmed cell baked at 150°C is becatisigeonegative cell Wy shift caused
by the interface trap annihilation and charge bsgreviously described in Fig. 2.10. For
the erased cells on the other hand, the cgll ¥alue is relatively constant because the
interface trap annihilation and the charge loss bpgosite effects on cell f as

explained in Fig. 2.10 [52].
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256 Cells, Pre-Cycle=1k, Tpake=150°C
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Fig. 2.16 Measured retention characteristic. (a,)oCell Vy distributions for 1k and
10k P/E pre-cycled cells at a 15C bake temperature. (c) Spatial bit maps showing
the cell Vry shift of erased and programmed cells after 100/1k0k P/E pre-cycles.
(d) Cell V1y shift vs. initial cell V1y level for 100/1k/10k pre-cycles.
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512 Cells, Pre-Cycle=10k, No Refresh
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Fig. 2.17 Measured retention characteristic as auhction of baking temperature.
Three chips were baked at 27/85/18C, respectively. The effects of charge loss and
interface trap annihilation are canceled out for the erased cells, while a negative cell
V14 shift is observed in the programmed cells [52].

2.3.3 Effectiveness of Refresh Operation

Fig. 2.18 shows the cell retention characteristic56 cells with 10k P/E pre-cycles
before and after the refresh operation for a bakémgperature of 15C. P/E pre-cycling
was performed at room temperature (27°C) using .8N/80us program pulse and a
10V/1ms erase pulse. All cells experience the sarogram and erase pulses during pre-
cycling. A read reference voltage of 1.0V was chose maintain a sufficient sensing
margin for a wide range of bake times. The posestf 54 hour bake results show a 22%

higher sensing window (1.13%1.38V) compared to the pre-refresh 54 hour bakeltses
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(Fig. 2.18 (a)). Projections based on the retentiime of 10k pre-cycled cells (Fig. 2.18
(b)) suggests a ~5 times longer retention time wiggbrimarily attributed to the slower

cell V4 shift as well as the reinforced erased cel} ¥fter the refresh operation.
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Fig. 2.18 Retention characteristics before and at refresh: (a) distribution, (b)
sensing margin.
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Table 2.1 Single-Poly Eflash Comparison

Single-Poly EFLASH VLSI 2000 CICC 2001 ISSCC 2004 IEICE 2007 NVSMW 2008 This Work
[26] [27] [29] [30] [39] [54, 55]
Process 0.25pm Logic | 0.14um Logic | 0.13um Logic N. A. 0.18um Logic 65nm Logic
Cell Transistor Thick Oxide TR | 3.3V I/O Device | 3.3V I/O Device | 3.3V I/O Device | 3.3V I/O Device 2.5V I/O Device
Tunnel Oxide 10nm 7nm 7nm 7.6nm 7nm 5nm
Writing Voltage <10V <6V <8V <8.5V 5, -5V <10V
High Voltage Switch | .o |33V 1/0 Device | , SEHINOS: 133y 110 Device | 3.3V /0 Device |2.5V 1/0 Device
(overstress voltage) (No overstress) (0.7V) (1V) (No overstress) J(No overstress)
Cell Vry Window 3v 3v 0.7V 1.8V 3v >1.9V
Cell Architecture Single Cell Single Cell Dual Cell Dual Cell Single Cell Single Cell
Erase Time (Unit) 1s (WL) 100ms (WL) 10ms (Block) 4ms (WL) 10ms (WL) 1ms (WL)
Program Time (Unit) 10ms (WL) 3ms (WL) 10ms (Block) 500ms (WL) 1ms (WL) 10ps (WL)
Read Time (Unit) N. A. (WL) N. A. (WL) 10ps (Block) N. A. N. A. (WL) *g;eu(l\::;)i
Erase Method FN Tunneling | FN Tunneling | FN Tunneling | FN Tunneling | FN Tunneling J| FN Tunneling
Program Method CHE Injection | CHE Injection | FN Tunneling | FN Tunneling | FN Tunneling | FN Tunneling
Cell Current (ON state) >10pA N. A. N. A. N. A. N. A. 2.19pA (ave.)
Unit Cell Size 50pum? 52pm? 700um? (est.) 500um? 65um? 8.62pum?
Capacity 4kb 35b 2kb 5kb 64kb 2kb

2.4 Comparison With Other Single-Poly Eflash

Table 2.1 compares various single-poly eflash meaaoMcPartland and Shukueti

al. presented single-poly eflashes based on a simdllarchitecture and CHE injection
program method, respectively [26-28]. To utilize thigher power efficiency of the FN
tunneling program method, Rasz&hal. utilized 3.3V I/O devices with a 7nm tunnel
oxide for the eflash cell [29]. The typical currdot simultaneously programming 2kb

cells via FN tunneling was reported as around 1@®].[The HVS in their work uses

special DE-NMOS and cascoding stages. Howeverceéhlié/ty window was limited to

0.7V even though devices in the HVS experienceltage overstress. Yamamotbal.

also utilized 3.3V I/O devices with a 7.6nm tunagide in the memory cell [30-31]. The
cell Vry window in this work was around 1.8V. These twapeflash memories employ

dual cell architectures to boost the sensing mdvgtrthis slows down the write speed by
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~1000x as explained in Section 2.3.1 (Fig. 2.14)rédwer, each unit cell included a
dedicated HVS to resolve the write disturbanceessuthe unselected WL'’s (Fig. 2.2)
[29-31]; however this significantly increases themory footprint compared to other
single-poly eflash memories shown in Table 2.1etaRoizinet al. presented a single-
poly eflash with a single cell architecture and feNneling programming using 3.3V 1/O
devices having a 7nm tunnel oxide in a 0.18um lpgicess [39].

In contrast, the proposed 5T eflash was succegsiulplemented in a 65nm low
power standard CMOS logic process where the I/Qcdsevhave a 5nm tunnel oxide.
Despite the HVS being overstress free, the propasdt-story high voltage WL driver
achieves a cell ¥, window greater than 1.9V as shown in Section 2(Big. 2.15) by
allowing the WL voltage to be raised to 3 or 4 tartbe 1/O voltage during erase and
program operations. The proposed 5T eflash empdaygle cell architecture for fast
program operation and all 128 cells connected tosirsgle WL are accessed
simultaneously improving overall throughput and @lifging the refresh sequence as
shown in Section 2.2.4 (Fig. 2.11). Unselected Wdrs protected from the high erase
and program voltage through the WL-by-WL erase amnogram architecture. This
feature helps improve overall memory endurance ditydisturbing the unselected WL
cells. By moving the HVS from inside the unit céd the WL driver block and
optimizing the cell layout, the proposed eflash mgnachieves a 60 to 80 times smaller
cell size compared to prior dual cell single-pdilagh memory implementations [29-31].
Compared to prior single cell implementations [26, 39], our proposed cell size is still

6 to 7 times smaller making it a promising solution cost-effective moderate-density
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nonvolatile on-chip storage. Finally, the die mminotograph of the 65nm eflash test chip

discussed in this chapter is shown in Fig. 2.19.
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Fig. 2.19 Die photograph of 2kb 5T eflash test ghiimplemented in 65nm standard
logic process.
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2.5 Chapter Summary

Although single-poly eflash memories are not su@abor high-density NVM
applications due to their large cell size, they baruseful in a wide range of moderate-
density NVM applications where a few kilo bits afmvolatile storage need to be built in

a generic logic process. These applications inchete standby power systems, adaptive
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self-healing techniques, memory repair schemestaggfor time dependent failures, in-
field on-line test, and so on. In this chapter, weposed and experimentally
demonstrated a logic-compatible eflash memory @bmam logic process targeted for the
aforementioned applications. Our test chip featareew 5T eflash cell with negligible
program disturbance, an overstress-free multi-std¥4& for expanding the cell W

window, and a selective WL refresh scheme for inapg the cell endurance to more

than 10k P/E cycles.
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Chapter 3 Study on the Optimal
Configuration of Single-Poly Embedded
Flash Cell

As discussed in prior chapters, a single-poly erdbddflash (eflash) memory is a
unique type of an embedded Non-Volatile Memory (&N\that can be built in a generic
logic technology. So far, numerous single-poly gilaells have been proposed for the
cost-effective moderate density eNVM applicatioBat, the optimal configuration of a
single-poly eflash cell has been still questionalitethis chapter, various single-poly
embedded flash memory structures combining varistendard 1/O devices are
theoretically analyzed with experimental data fritvea two eflash test chips fabricated in
65nm generic logic process having 5nm tunnel oxg#sed on our study, the cells with
the non-depletion mode coupling devices and thetrele ejection device having n-type
poly-silicon are preferred for higher program amnalse performance, while the cells with
a coupling device having p-type poly-silicon is fpreed for longer retention time than
the cells with a coupling device having n-type psilicon. Additionally, the eflash cells
having an NMOS read device are measured to suppertself-boosting program
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operation effectively without disturbance and couplissues. In conclusion, 5T eflash
cell structure combining PMOS coupling device, NCARctron ejection device, and
NMOS read device with two additional pass transsstsupporting the self-boosting
method is suggested as the most attractive sirgle-pflash cell configuration for

moderate density eNVM applications where a deditaflash process is not available.

3.1 Single-Poly Embedded Flash Cell Configurations

Single-poly eflash is implemented using standa@ldévices readily available in the
standard logic process and therefore has no prasestiead beyond logic technology
[26-40]. Typically, a single-poly eflash cell hdgetcore structure consisting of the three
standard I/O devicesV(;-M3) connected back-to-back to form an FG node astrtited
in Fig. 3.1 (a). The FG node is surrounded by sloéation layers including the gate oxide
and functions as a non-volatile charge storage .nblde coupling deviceMs) is upsized
compared to the other onéd(andMs3) for higher coupling from the control gate (ileet
body of the coupling devicéd;) to the FG node. In a generic logic technologyype
poly-silicon is combined with n-type source and imlraand p-type poly-silicon is
combined with p-type source and drain. Thus, theme typically four available 1/O
device options (i.e. NCAP, PCAP, PMOS, NMOS) ineagyic logic process as shown in
a Fig. 3.1 (b).

So far, numerous single-poly eflash memory cellagu&N tunneling mechanism for
program and erase operations have been proposed0[29vhere various device

combinations have been adopted for the core thegeel structures. For example, NCAP
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(i.e. n-type poly and n-type body) is suggestedtiier coupling ;) and the tunneling
(M) devices, and PMOS is suggested for the read elgMg) in [29]. Later, PMOS,
NCAP, and NMOS are adopted in the coupliMy)( erase ¥l,), and program/readVs)
devices, respectively, for efficient coupling ratiduring program and erase operations in
[30]. Then, the work-function engineered n+ poly ®8las a tunneling devic#f) was
reported to have higher electron ejection efficieaad reliability in [32]. But, an in-
depth comparison on both performance and relighalitvarious single-poly eflash cell
structures has not been done yet in these pridrestu

In this chapter, various single-poly eflash memsityuctures combining various
standard I/O devices are theoretically analyzet experimental data to find the optimal
single-poly eflash cell configuration [56]. The raimder of this paper is organized as
follows. Section 3.2 reviews various single-polyash cell configurations for electron
ejection and injection operations. Section 3.3 sh@rogram/erase speed, endurance,
retention, and disturbance characteristics of wargingle-poly eflash cell configurations
with the measurement results from two test chipsi¢ated in a 65 nm low power CMOS

process having 5nm tunnel oxide. Finally, a chaptenmary is given in Section 3.4.
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Fig. 3.1 (a) Bird's eye view of the single-poly kish memory cell core structure
consisting of the three standard 1/0O devicesMi-M3). (b) The cross section and
circuit symbol of the four available standard I/O devices forming the single-poly
eflash memory cell core structure.
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Fig. 3.2 (a) Electron ejection/injection, and (byead operations of eight different
single-poly eflash cell configurations (2.5V 1/0 déces, VDD=1.2V). In all
configurations, the coupling device M1) is upsized compared to the other two
devices M,, My) for efficient electron ejection and injection opeations.
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3.2 Electron Ejection and Injection Operations inSingle-Poly Eflash

Cells

The eight different configurations of single-polffash cells studied in this chapter
are described in Fig. 3.2 with the typical bias dibans for the electron ejection/
injection, and read operations. The positive babstaltage (i.e. 8.8V) is used for the
type I-IV configurations, whereas the negative hbedwvoltage (i.e. -7.6V) is used for the
type V-VIII configurations. This allows the readvilee (M) to be controlled by the core
supply level (i.e. 1.2V) without being directly gucted to these boosted voltage levels.
In all configurations, the coupling devic#l{) is upsized compared to the other two
devices i, M3) so that the FG node voltage becomes close t®Wik voltage during
electron ejection and injection operations, engpétectron FN tunneling in the ejection
devices W, for type I-V, andMs; for type VI-VIII configurations) and the injectiomnes
(M3 for type I-1V, andM; for type V-VIII configurations). These electron RNnneling
phenomena change the number of the electrons stotkd FG and the cellqy,. During
read operation, the cell current is sensed difttydmetween the electron ejected and
injected states when the read reference voltagdd{MRapplied to the PWL and WWL.
In this chapter, all single-poly eflash cells ampiemented using 2.5V standard 1/0O
devices, and the core supply voltage (VDD) is 1.2ZKe typical VRD range is from 0V
to 1.2V. The detailed operation principle of thegse-poly 5T eflash memory cell having

type | configuration was elaborately describedhapter 2.
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Configuration M1 Mz M3 VFG_EJ(V)* VFG_|NJ(V)* YEJ TiNg
Type | PMOS | PMOS | NMOS 1.3 7.7 0.15 0.87
Type ll PMOS | NCAP | NMOS 0.8 7.6 0.09 0.87
Type Il NCAP NCAP NMOS 0.5 6.8 0.06 0.77
Type IV PMOS PMOS PMOS 1.3 7.8 0.15 0.88
Type V NMOS | NMOS | PMOS -6.3 -0.3 0.85 0.17
Type VI NMOS | NMOS | PMOS -6.6 -0.3 0.89 0.17
Type VI NMOS PCAP PMOS -6.6 0.3 0.89 0.10

Type VI PCAP PCAP PMOS -6.0 0.5 0.82 0.08
*The zero initial charge in FG is assumed
(©)

Fig. 3.3 (a, b) Simulated coupling ratios of eighdlifferent eflash configurations (i.e.
type I-VIII). (c) Summary of the eflash cell configirations and the simulation results
when the width ratio (=Wm1/Wwgz.3) is 8.

The coupling ratios of eight different eflash cguifiations having various;-Mgs
combinations (i.e. type I-VIIl) and width ratios\&1/Ww2,3) were simulated in Fig. 3.3
using 65nm CMOS technology models with the electepection and injection bias

conditions illustrated in Fig. 3.2. Since the conglratios for electron ejection(g) and
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injection (=yny) operations are defined as shown in Fig. 3.3 dobtype I-IV and type
V-VIII cells, respectively, they were calculatedrn the FG node voltages (i.erd/g;
and Vg vy and the bias voltages applied to the cells, assythe zero initial charge in
FG and the negligible inter-poly coupling effectan eflash array [69]. Lowey=;and
higheryn; are preferred with type I-IV configurations, whasehigheryg; and loweryy,
are preferred with type V-VIII configurations fohd higher electron ejection and
injection performance. This is because the oxidddfican be increased with those
coupling ratios, enhancing electron FN tunneling.

The simulation results show that the type Il and ®bnfigurations having non-
depletion mode coupling devidd; and depletion mod#l, provide the well-balanced
coupling ratios for both electron ejection and dtign operations, while the width ratio
of 8 minimizes the unit cell size with reasonableuming ratios. The eflash cell
configurations and the simulation results whenwvtidth ratio is 8 are summarized in Fig.

3.3 (0).

3.3 Program/Erase Speed, Endurance, Retention, anBisturbance

Characteristics of Eflash Cells

3.3.1 Single-Paly Eflash Cells Fabricated in a 65nm Standard L ogic Process

The two single-poly eflash test chips were fabedah a 65nm standard logic process
as a part of this work [54-56]. The die microphotghs of them are shown in Fig. 3.4.
The cell with type | configuration and the cellstiwtype V-VIII were included in these

test chips, and implemented using 2.5V I/O devibhasing 5nm tunnel oxide. The
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detailed operation principles of the wordline driv@/LD) and charge pump (CP)
circuits, and another type of eflash designs inetlioh the second test chip are discussed

in chapter 4.
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Fig. 3.4 Die microphotographs of the two single-pyp eflash test ChIpS fabricated in a
65nm standard logic process [54-56].

-
R
~
L)

3.3.2 Program and Erase Speed of Single-Poly Eflash Cells

The measured electron ejection speeds of thew#hstype V-VIII configurations are
shown in Fig. 3.5 with the energy band diagramghefelectron ejection device and the
cross sections of the coupling device indicating aperation modes. The bias conditions
for the electron ejection operations illustrated Rig. 3.2 (a) were applied to this
measurement. The cell with the type V configurastiows the fastest electron ejection
speed, which is because an NMOS electron ejectwrce in the type V configuration

has more conduction band electrons than a PMO®@&tegjection device in the type VI-
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VIII configurations, as illustrated in Fig. 3.5 (keft). Note that the conduction band
electron tunneling in an electron ejection devigthwhe type V configuration is order-
of-magnitude faster than the valence band electommeling in an electron ejection
device with the type VI-VIII configurations, thoughe oxide field applied to the electron
ejection device is lower with the type V configuoat [70]. On the other hand, the cell
with the type VIII configuration shows the slowedtctron ejection speed. This result is
because the PCAP (i.e. p-type poly and p-type sdédrain) coupling device in the type
VIl configuration operates in a deep depletion moduring the electron ejection
operation, reducing the coupling effect from thelypof the coupling devicél; to the
FG node, whereas the NMOS coupling device in tipe ty-VII configurations operates
in an inversion mode, causing the larger couplifigce from the body of the coupling
deviceM; to the FG node as illustrated in Fig. 3.5 (b, tigh

From the above observations, the electron ejectemices having n-type poly-silicon
combined with non-depletion mode coupling device. (ihe cells with configurations of
type Il and V) are expected to provide higher etecttejection performance than the
others among all eight configurations listed in.EA@. In fact, the faster electron ejection
speed of the cell with the configuration of type dbmpared to the cell with the
configuration of type | was previously predicted bther researchers [30]. Similarly,
higher electron ejection current from the n+ poly Eompared to the p+ poly FG was

reported in [32], which is well matched to our m@asnent results shown in Fig. 3.5.
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Fig. 3.5 (a) Measured electron ejection speed ofnous types of eflash memory cells.
(b) The energy diagrams of the electron ejection dé&e and the operation modes of
the coupling device, which explain the fastest elgon ejection speed with the type V

configuration and the slowest one with type VIl cafiguration.
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The measured electron injection speeds of the wélls type VI-VIII configurations
are shown in Fig. 3.6 with the energy band diagramd device cross sections of the
electron injection device indicating the operatimodes. The bias conditions for the
electron injection operations given in Fig. 3.2 \{@re applied to this measurement. The
cell with the type VI configuration shows the fagtelectron injection speed, which is
because the NMOS electron injection device in yipe &I configuration operates in an
inversion mode, whereas the PCAP electron injectiemice in the type VII, VI
configurations operate in a deep depletion modeidied the number of available
conduction band electrons for FN tunneling as tithted in Fig. 3.6 (b). On the other
hand, the electron injection speed of the cell wita type VIII configuration is faster
than that of the cell with the type VII configurati, which is because the coupling device
with the type VIII configuration (i.e. PCAP) falesarlier into the accumulation mode than
the coupling device with type VII configuration i. NMOS), producing a higher
coupling effect from the body of the coupling devio the FG and a higher oxide field in
the electron injection device; however, note thas tmarginal enhancement of the
electron injection speed by the depletion mode kogpevice is outweighed by the
significant improvement of the electron ejectioneespp by the non-depletion mode
coupling device as shown in Fig. 3.5 (a).

From the above observations, the cells with thedaepletion mode electron injection
devices (i.e. the cells with configurations of typ¥l) are expected to provide higher
electron injection performance than the others agraheight configurations listed in Fig.

3.2.
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Fig. 3.6 (a) Measured electron injection speed ofarious types of eflash memory
cells. (b) The energy diagrams and operation modes the electron injection device
explaining the fastest electron injection speed whitthe type VI configuration.
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3.3.3 Endurance and Retention Characteristics

Fig. 3.7 (a) shows the measured endurance chastictesf the cells having three
different eflash configurations. The negative &&l}; shift after large number of cycling
can be explained by the oxide traps generatedereldctron injection devicedf) [52]
modifying the shape of the tunnel barrier as ifaigtd in Fig. 3.7 (b), which in turn slows
the electron injection speed. The cell with theetyyl configuration shows the least
amount of cell W shift. The measured celly distributions after 100 P/E cycles in Fig.
7 (c) shows the larger celly\ variations of the electron injected state for ¢e#ls with
the configuration of type VII and VIII, further rading the sensing margin. These larger
variations can be explained by the larger celldt-wariation of the deep depletion
behavior of the PCAP electron injection device dgrihe electron injection operation of
the cells with the configuration of type VII andIVIOn the other hand, some holes from
the channels of the read devidé;) can be activated and trapped in the gate oxidbi®f
read deviceNl3) during electron ejection operations of the celith the configuration of
type VI-VIII, causing the similar cell ¥; negative shift trend shown in Fig. 3.7 (a), but
the larger variation of the electron injected "abé the cells with the configuration of

type VIl and VIl is not clearly explained with ghanode hole injection theory [71, 72].
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Fig. 3.7 (a) Measured endurance characteristic adhe cells having three different
eflash configurations (Type VI-VIII). (b) Energy diagram of the electron injection
device where the oxide traps modifies the shape thfe tunnel barrier. (c) Measured
cell Vry distributions of the cells having three differenteflash configurations after
100 P/E cycles.
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From the above discussions, the cells with the aipietion mode electron injection
devices (i.e. the cells with configurations of typ¥l) are expected to provide higher
endurance than the others among all eight configunalisted in Fig. 3.2.

Fig. 3.8 shows the measured retention results eflth and 3 P/E pre-cycled cells
having three different configurations of type VHHVIThe smaller cell Wy shifts for the
cell with the configuration of type VIII were obsed compared to the cells with the
configurations of type VI and VII, which is expl&a by the superior intrinsic retention
characteristic of the cell with the coupling devigce. M; in Fig. 3.1) having p+ poly
silicon. The Fermi level in the p+ poly silicondkse to the valence band edge which in
turn reduces the number of conduction band elestparticipating in the charge loss
process [70]. Thus, the cells with a coupling deviaving p-type poly-silicon (i.e. the
cells with configurations of type |, Il, IV, and Wiin Fig. 3.2) dominantly reduce the gate
leakage current and are preferred for longer rigtertime, as the coupling device is

designed to be 8 times wider than the other twacgs\i.e M, andMj3 in Fig. 3.1).
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Fig. 3.8 Measured retention result of the cells hang three different configurations
(Type VI-VIII) after (a) 1k and (b) 3 P/E pre-cycles. (c) Energy band diagrams of
NMOS (i.e. Type VI, VII) and PCAP (i.e. Type VIII) coupling devices explaining
that the cells with the coupling device Nl;) having n-type poly-silicon has more
conduction band electrons causing more intrinsic drge loss from the floating gate.
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3.3.4 Program Disturbance

The program operation of the single-poly eflash cah be achieved via self-boosting
method [58, 59] with 5T cell structure, while n@&quiring the boosted BL voltage as
discussed in chapter 2 [54, 55]. The program heaslitions of 5T eflash cells with type |
and VI configurations are shown in Fig. 3.9 (a) #éo) respectively. For the inhibited BL
cells, the channel voltages of read devidg) (need to be boosted enough and the leakage
currents from/to the boosted channel should be resppd to minimize the program
disturbance of the unselected BL cells [73]. Theglahannel pass transistor connecting
the read device to BL and the short program pulgihware preferred to maintain the
boosted channel voltages high enough. The meagpuogdam disturbance characteristics
of the cells with type | and type VI-VIII configuiians are shown in Fig. 3.9 (c) and (d),
respectively. A voltage margin of ~4V between thegopammed and the inhibited cells
was measured for 10k pre-cycled cells having typenffiguration, and a negligible cell
V1 disturbance up to a ~1s pulse was measured foprEkycled cells having type VI-
VIl configurations. These results confirm the efieeness of the self-boosting
technique with the 5T cell structure shown in B3¢9, which allows the WL-by-WL
accessible array architecture with no high voltdigéurbance issue of the unselected WL
cells as addressed in chapter 2 [54, 55]. Thoughbth cells with all the type I-lll and
type VI-VIII configurations in Fig. 3.2 support thself-boosting technique, note that the
5T cells with the type I-lll configurations are fgeed, since the 5T cells with the type

VI-VIII configurations require negative boosted plips having the junction breakdown
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concerns of the high voltage circuits (i.e. WLD &bH in Fig. 3.4) discussed further in

chapter 4 [57].
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Fig. 3.9 (a, b) Program bias conditions of 5T ef&h cells with type | and VI
configurations. (c, d) Measured program disturbancecharacteristics of the cells
with type | and type VI-VIII configurations.
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3.3.5 Read Disturbance

The read disturbance of the 5T cell with the tym®nfiguration is discussed in Fig.
3.10. The read stress voltage (VSTR) higher thanntbtminal read reference voltage is
applied to PWL and WWL to measure the voltage-aragtd life time as illustrated in
Fig. 3.10 (a). The life-time end under this reaés condition is defined as the moment
when the cell W, tail reaches the sensing limit after which thd isebensed incorrectly
as illustrated in Fig. 3.10 (b). The read stredsages tested in this work were 3.2, 4.0,
5.0, and 6.0V, and they were applied to PWL and WiWthe erased cells until the read
fail occurred with a sensing limit of OV. The megsiread disturbance result of the 5T
eflash cell with the type | configuration is showrfFig. 3.10 (c).

The results predict almost negligible read distodeaup to the VSTR of 2V,
considering the read access time of <10ns [55];dvew note that the disturbance can be
significant when the higher VSTR such as 5V is egapto PWL and WWL, limiting the
life time within 10ms for the 10k pre-cycled cellBhus, this high voltage operation is

only allowed up to ~1k times assuming the access tifriOns with VSTR of 5V.
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Fig. 3.10 (a) Read stress condition to measure tleltage-accelerated life time. (b)
Definition of the life time. The cell Vg tail reaches the sensing limit by the read
stress at the end of the life time. (c) Measuredfdé time of the 5T eflash cells with

type | configuration.
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3.3.6 Floating Gate Coupling Effect

The 5T cell layout is shown in Fig. 3.11 (a). Thghter BL pitch and shorter FG
coupling distance of this type cell than other Brgply eflash cells [29, 30] may
increase the parasitic inter-FG coupling effect. ¢fmaracterizing this coupling effect, the
even BL's were programmed first and subsequentty add BL's were programmed
thereby making the even BL cells victims affectgdhe floating gate coupling when the
odd BL'’s are programmed as shown in Fig. 3.11 The measured result from the cells
with type | configuration in Fig. 3.11 (c) showsnaodest change in the mean and
standard deviation of the celly distribution (17mV and 3.7% respectively) duehst
FG coupling effect, confirming no significant coing issues are found in 5T cell having
a tight BL pitch by sharing the n-wells betweenaaént BL cells and adopting the self-

boosting technique.
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Fig. 3.11 (a) 5T eflash cell array layout. (b) Flating gate coupling test sequence. (c)
Measured floating gate coupling effect of the 5T &fsh cells with type |
configuration.
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3.4 Chapter Summary

In this chapter, various single-poly eflash celpdlmgies were discussed to find the
optimal configuration. The results summarized il€a3.1 show that the 5T eflash cell
structure with the type Il configuration having PEMCoupling device M1), NCAP
electron ejection deviceM;) and NMOS electron injection (or read) devidés) is the
most favorable configuration among all eight coafeagions listed in Fig. 3.2, when the
performance, endurance, retention, and disturb@heeacteristics are all considered.
This preferred 5T single-poly eflash cell with tiype Il configuration shown in Fig. 3.12
is built using standard 1/O devices that are reaalfailable in a generic logic process and
therefore it is an attractive moderate density eNvdnhdidate where a dedicated eflash

process is not available.

Table 3.1 Summary of the Study on the Optimal Conduration of Single-Poly
Eflash Cell

Criteria Coupling Ratios Ejection Performance Injection Performance Intrinsic Retention |High Volt. Disturbance
/ Endurance
Result Fig. 3 Fig. 5 Figs. 6-7 Fig. 8 Figs. 9-11
Preferred |M; with non-depletion,|M; with non-depletion, Injection device M, having b-type pol 3?;:Lt:z:rs\::22:xth|?nm
Char. M, with depletion M; having n-type poly | with non-depletion 1 9 p-type poly issues pling
Type | - - Yes Yes Yes
" Type Il Yes Yes Yes Yes Yes
S| Typem - - Yes - Yes
E Type IV - - Yes Yes
E_» Type V - Yes Yes
S| Typewi - - Yes - Yes
© Type Vil Yes - - - Yes
Type Vil - - - Yes Yes
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Fig. 3.12 The preferred 5T single-poly eflash celvith the type Il configuration
when the performance, endurance, retention, and disrbance characteristics are all
considered.
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Chapter 4 A Bit-by-Bit Re-Writable 6T

Eflash in a Generic Logic Process

Various eNVM technologies have been explored foghhidensity applications
including dual-poly embedded flash (eflash), FeERATT-MRAM, and RRAM. On the
other end of the spectrum, logic compatible eNVMIsas e-fuse, anti-fuse, and single-
poly eflash memories have been considered for natel@tensity low cost applications.
In particular, single-poly eflash memory has beeainigg momentum as it can be
implemented in a generic logic process while sugpgpmultiple program-erase cycles.
One key challenge for single-poly flash is enablitgoy-bit re-write operation without a
boosted bitline voltage as this could cause distuebk issues in the unselected wordlines.
In this chapter, we present details of a bit-by#eHwritable embedded flash memory
implemented in a generic 65nm logic process whidtiresses this key challenge. The
proposed 6T eflash memory cell can improve the alveell endurance by eliminating
redundant program/erase cycles while preventintudtiance issues in the unselected
wordlines. Details of the overstress-free high agét switch and voltage doubler based

charge pump circuit are also described.
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4.1 WL-by-WL and Bit-by-Bit Erasable Single-Poly Hlash Memories

One of the key endurance limiting factors for seagbly eflash is the large number of
unnecessary erase cycles undergone by a cell watarisdwritten to the entire wordline.
To illustrate this issue, a high level comparisatween WL-by-WL and bit-by-bit
erasable single-poly eflash memories is shown g #&il. In all three cases, a boosted
voltage (VERS) is applied to the selected WL toucel FN tunneling in the cells to be
erased. Prior WL-by-WL erasable eflash memories43854-56] require the entire WL
to be erased simultaneously prior to the prograeraion, which results in unnecessary
erase cycles (Fig. 4.1, top). Prior bit-by-bit eale eflash cells [36] on the other hand
can erase the selected cells without incurring cessary erase cycles (Fig. 4.1, middle).
However, a boosted BL voltage (=VPP2) has to bdiegphpo the unselected BL's for
erase inhibition. Since VPP2 in the BL directiorlwause disturbance in the unselected
WL cells, yet another boosted voltage (=VPP1) ngstpplied to the unselected WL's.
The problem here is that for typical VPP2 and VRBltage levels (e.g. 10V and 5V),
the difference between the two is still greatentttee nominal I/O VDD (=2.5V or 3.3V)
so high voltage disturbance issues cannot be caehplavoided in the unselected WL
cells. The proposed eflash illustrated in Fig. dhdttom) achieves bit-by-bit erase using
an FG boosting scheme that does not require a dmboBt voltage and thereby
eliminating disturbance issues in the unselected d&lls. Note that bit-by-bit re-write
and altering techniques [74, 75] proposed for stande NAND flash memories cannot
be directly applied to single-poly eflash memorasshe implementation of the later must

be done in a generic logic process.
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Fig. 4.1 Disturbance issue comparison between WLyBNL and bit-by-bit erasable
single-poly eflash cells. The prior WL-by-WL erasalke eflash requires all cells in the
selected WL to be erased simultaneously, which relésiin unnecessary erase cycles
for cells whose data remain unchanged. The prior biby-bit erasable eflash requires
a boosted BL voltage (VPP2) for erase inhibition ofhe unselected BL cell. This will
cause high voltage disturbance issues in the unseled WL. In contrast, the
proposed eflash enables bit-by-bit erase via a ndvEG boosting scheme (See Fig.
4.2) minimizing disturbance issues.
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In this chapter, we propose a bit-by-bit re-writaleflash in a generic logic process
based on the bit-by-bit erasable cell structurg5ir]. The remainder of this paper is
organized as follows. Section 4.2 describes thepgsed 6T eflash memory and cell
operation principles. Section 4.3 describes theatmeg high voltage switch and charge
pump circuit design. Section 4.4 presents the mieamnt results from a test chip
fabricated in a standard 65nm logic process. Coisgarwith other logic compatible

eNVM designs is given in Section 4.5, followed bgaaclusion in Section 4.6.

4.2 Proposed Bit-by-Bit Re-Writable 6T Eflash Memoy

4.2.1 Bit-by-Bit Floating Gate Boosting Scheme

To accomplish a bit-by-bit write operation withodisturbing the cells in the
unselected WL'’s, we propose the bit-by-bit FG bmgsscheme described in Fig. 4.2.
Here, the bias conditions of the coupling transist®@ compared to those of the prior
WL-by-WL FG boosting scheme. When the selected WLswitched from 0V to a
boosted write voltage -VPP, the prior WL-by-WL sotee boosts all the FG in the
selected WL irrespective of their BL levels. Thésbecause the source and drain of the
coupling transistors are tied to a shared body $ietected WL). In contrast, the proposed
scheme selectively boosts the FG depending on lthéaBa. For example, FG boosting is
stronger for a ‘0’ BL cell compared to that of a BL cell (i.e. -VPP<-VH<-VL), as the
source and drain of the coupling transistors amstenl together for a ‘0’ BL but tied to

VDD for a ‘1’ BL through the additional pass trasteir. An NMOS coupling transistor
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was chosen over a PMOS one, as the later suffams the floating channel issue when a

positive read reference (i.e. VRD in Fig. 4.5) $&d during read operation.

Prior WL-by-WL FG Boosting Scheme

‘0’ BL ‘1’ BL
(GND) (vDD)
Selected ° °
WL :
0
L 4 *
To To
FG -\---VPP FG -\---VPP

Proposed Bit-by-Bit FG Boosting Scheme
‘0’ BL ‘1" BL
Selected (GND) (VDD)

— o
WL T eND ~ GND

U-\_ i ! .
VPP (float) VDD
Ej OFF Dj ON

0 0
FG ""_.vH FG “~-.vL

Fig. 4.2 Bias conditions of the coupling TR compad between the prior WL-by-WL
and the proposed bit-by-bit FG boosting schemes. Ehformer boosts all the FG’s in
the selected WL irrespective of the BL levels whiléhe later selectively boosts the FG

depending on the write data (i.e. -VPP<-VH<-VL).

12



Multi-Story High Voltage Switch (I/O Devices)

. . BL
L S Unit Cell (/O DEVICBF-‘E) DNW s
Ll s I.— JwwL31 : RWL— o+ RWLSHN S
, : : SWL— SWL S;
& : B : WWL——
=  HVS [i—{ PWL31 : \
» rj_ 5 mCy'sH S SN
° o o i e FG
> ! i -
g1 o o iy 6TEflash [: L .
B [of e i Array : w5 s: | v,
a | L i i (/O Device) 3 PWL WW{ :'.
° &l  § ; EWL : ;
§ & ; cSL————+
% 0—— HVS ‘— WWLO Wm=15xWM23
2 : B ]
4 Hvs [ PWLO 5 FG
e ] I SA & BLD M;
BLO ee |BL127 (Core Devices) 1
k =
H f | Sense Amplifiers |: NBIAS = _‘
5 Hlce [ReF L~ aBLprivers [ SR AU L PWL I M,
[ ' sen.| x H !
€ | : | (Core Devices) |: F/-IX_
5 | = i 5 EWL
o =T 1T " WEN-+ s,
e Column Buffers SAEN DCNS\'II\-I
WD SOUT
Multi-Stage Charge Pump (l/O Devices) Unit Cell Layout

Fig. 4.3 Test chip diagram of the proposed bit-byit re-writable eflash memory.
The 6T eflash cell array, multi-story high voltageswitch, and multi-stage charge
pump are implemented using standard 2.5V 1/O devicewith a 5nm gate oxide. The
sense amplifiers and BL drivers are implemented usg 1.2V core devices.

4.2.2 Bit-by-Bit Re-Writable Eflash Memory Overview

The array architecture of the proposed bit-by-®itwritable eflash is shown in Fig. 4.3
along with the schematic and layout of the new éII. ¥he 6T eflash cell is composed of
three main transistordfg-Mz) and three pass transistof-§;) such that the SN node is
selectively connected to BL though pass transiSiatepending on the BL signal. This

enables the aforementioned bit-by-bit FG boosticigeme. The width of the coupling
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transistor i1,) is designed to be 15 times wider than that ofwhiee (M,) and readNls)
transistors. By doing so, we can significantly lowke program and erase voltages
compared to dual-poly eflash. The p-wells and Deey/ell (DNW) are shared in the
WL direction for a compact layout. The 6T eflashl eeray, multi-story High Voltage
Switch (HVS), and multi-stage Charge Pump (CP) iarplemented using 2.5V /O
devices having a 5nm gate oxide, while the sensplitens and BL drivers are

implemented using 1.2V core devices.

4.2.3 Cell Operation of the Proposed 6T Eflash Memory

The complete write operation of the proposed 6&aséflconsists of the two phases
illustrated in Fig. 4.4. Firstly, SWL is driven ®&ND while BL is driven to either GND
or VDD depending on the write data. Subsequentlying the bit-by-bit write ‘0’ phase,
WWL is switched to a negative boosted voltage, -MR). -7.2V). Then, the pass
transistor in a ‘0’ BL cell (i.eS; in Fig. 4.3) is turned off, while this transisisrturned
on in a ‘1’ BL cell. Under this signal bias conditi, the ‘O’ BL cell experiences a
stronger FG boosting compared to the ‘1’ BL celbn€equently, the FG node voltage of
the ‘0’ BL cell is boosted to a large negative agk (-VH) while the ‘1’ BL cell sees
only a small negative voltage (-VL). PWL is drivem a small positive voltage, VRD
(e.g. 1.6V) during the write ‘0’ phase and thuscefen FN tunneling occurs in the ‘0’ BL
cell. During write ‘1’ phase, PWL is switched toetmegative boosted voltage -VPP
which generates a sufficiently high electric fiétal electron FN tunneling in the ‘1’ BL

cells. Assuming no initial charge in FG, the typibaosted FG node voltages -VH and -
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VL are simulated as -4.2V and -0.6V during writepbase, and -5.2V and -1.9V during

write ‘1’ phase, respectively, for a -VPP of -7.2awd VRD of 1.6V.

‘0’ BL ‘9’ BL
(GND) (VDD)
RWL(GND) ’ .
SWL(GND) T T
WWL(-VPP)—e—+ .« 1
E¥oFF C3oN)
- ]
VH VL
~
PWL(VRD) I_d IT' |-<1
EWL(VDD) : .
CSL(GND) . .
(a)
‘0’ BL ‘9’ BL
(GND) (VDD)
RWL(GND) R .
SWL(GND) '
WWL(-VPP)—e——
o
VH
PWL(-VPP)jI |-4
EWL(VDD) .
CSL(GND) ®  ;

(b)
Fig. 4.4 Bit-by-bit (a) write ‘0’ and (b) write ‘1’ phases of the proposed 6T eflash

cell. The ‘0’ BL cell loses electrons from FG durig a write ‘0’ phase, whereas the
‘1’ BL cell adds electrons in FG during a write ‘1’ phase via electron FN tunneling.
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Fig. 4.5 shows the read bias condition of the psedo6T eflash cell along with the
timing diagram for the full bit-by-bit update seaque. During read operation, the pass
transistors; (i.e. S3 in Fig. 4.3) in all selected WL cells is turned a§ SWL is driven to
VDD which is greater than the nominal read refeeelevel (VRD). Subsequently, VRD
is applied to WWL and PWL while CSL is driven to YD FG node of the ‘1’ cell
contains more electrons than that of the ‘0O’ dbkereby generating a higher BL current.
The BL voltage levels are compared to the referdagel VREF, using conventional
voltage sense amplifiers.

The full bit-by-bit update sequence of the propo6&deflash cell consists of a read
and a write operation. Firstly, the read operatsoconducted on the selected WL and the
sensed data is stored in the column buffers. Afdptacing the old data stored in the
column buffers with the new values, write operatisrcarried out to the same selected
WL. As noted earlier, the write operation comprisesrite ‘0’ phase and a write ‘1’
phase. Multiple short pulses need to be appliethdurrite ‘0’ phase for sufficient cell
V14 margin according to the measured write ‘0’ spesalv in Fig. 4.12 (top left). This
is due to the strong coupling between the SN (shiowkig. 4.3) nodes of adjacent cells

that reduces the FG boosting effect for ‘0’ BL sadkplained in Fig. 4.2.
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Fig. 4.5 (a) Read bias condition of the proposedT6eflash cell and (b) Timing
diagram for the full bit-by-bit update sequence.
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4.3 Negative High Voltage Switch and Charge Pump

4.3.1 Negative High Voltage Switch

The proposed multi-story negative HVS is illustcate Fig. 4.6. This is a modified
version of the original multi-story positive HVS lgished in [54, 55]. The HVS consists
of stacked latch and driver stages, and are impiegdeusing 2.5V standard 1/O devices.
The stacked configuration effectively prevents gaterstress during the read and write
operations. The HVS is used as the WWL and PWLedsiv The boosted negative
voltages VPP1~4 are supplied from the negative GRvshin Fig. 4.7. The nominal
boosted voltage levels for VPP1~4 are -0.9, -3.4,,-&nd -7.2V, respectively.

For read operation, the SRDB signal switches frodbDVto VPP1, so that VRD is
connected to WWL through the PMOS stack as illistran Fig. 4.6 (b). This PMOS
signal path enables high speed WWL activation,hasstacked latches do not change
their states during read operation. When the SRigBas returns from VPP1 to VDD,

WWL is discharged to GND.
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Fig. 4.6 (a) Multi-story negative high voltage svith consists of a stacked latch stage
and a driver stage which prevents gate overstressudng read and write operation.
(b) During read, WWL is driven to VRD through the PMOS string without
changing the latch states. (c, d) During write, WWLis switched between VPP4 and
GND by the SEL signal.
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During write operation, WWL switches from GND to F®, which is triggered by the
SEL signal changing the three stacked latch statdsen SEL switches from VPPL1 to
VDD (Fig. 4.6 (c)), nodes C and E are pulled-dowvPP3 and VPP2, and nodes A, B,
D, and F are pulled-up to VPP3, VPP2, VPP1, and VYbd&3pectively, making the
intermediate node ‘M’ and output node WWL connectedVPP3 and VPP4 levels,
respectively. When SEL switches from VDD to VPPig(F.6 (d)), nodes C and E are
pulled up to VPP2 and VPP1, and nodes A, B, D,Raade pulled down to VPP4, VPP3,
VPP2, and VPP, respectively. As a result, nodeaktd output nodes WWL are driven
to VPP1 and GND. Similar to the previous positiv€31design described in chapter 2
[54, 55], the PULSE signal width and the transisiaes are optimized such that the latch
states switch reliability while static power conqion kept small so as to minimize the

current loading of the negative CP.

4.3.2 Negative Charge Pump

The proposed negative HVS requires multiple booskeghative voltages, and these
multiple boosted negative voltages are generated the voltage doubler [61] based on-
chip negative CP shown in Fig. 4.7. Each voltagebtier stage is cascaded to provide
multiple boosted supplies (VPP1-VPP4) without eigresing gate oxide reliability
issues. Similar cascading techniques have beernyadepted for high efficiency charge
pump designs in a standard CMOS logic process 32, as this configuration can

prevent threshold voltage drop without a complidateocking scheme. A deep n-well
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surrounds the VPP1-VPP4 p-wells for the isolatiamppse. The write voltage level
(VPP4) is regulated by comparing the resistivelydiid voltage level against a reference
voltage (REF) and gating on or off the pumping klo®arasitic metal-to-metal

capacitances are utilized for the pumping capaifGy).
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dcou dcou dcou dcou i
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*1.2V Core TR’s VPP4 M1 %%

Fig. 4.7 A negative charge pump generating multipl boosted negative voltage levels
(VPP1-VPP4) is implemented in a 65nm standard logiprocess by cascading four
voltage doubler stages.

4.3.3 Junction Breakdown |ssue of the Designed Negative HVS and CP

Fig. 4.8 illustrates the junction breakdown issu¢he proposed negative HVS and CP.

As the body of the PMOS devices in the HVS bottatecH and the CP final stage are
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connected to VDD, junction breakdown in these devitimits the maximum negative
boosted VPP4 level. Note that the previous HVS @Rddesigns illustrated in chapter 2
[55] do not suffer from junction breakdown issuas,the body of the NMOS devices in
the HVS top latch and the CP final stage is coretetd a high voltage (e.g. 5V). Using
this configuration the junction reverse bias isited to roughly half the breakdown

voltage (e.g. 10V).

VPP3 "i}E'E 3VPP4
L |
VPP3 VPP4
NW (VDD)
[ 1 P-SUB (GND) |
VPP4

Fig. 4.8 lllustration of the junction breakdown issue in the proposed negative HVS
and CP. Junction breakdown of the PMOS devices irhe HVS bottom latch and the
CP final stage limits the maximum negative VPP4 |esl.

4.4 Test Chip Measurement Results

A 4kb eflash test macro was implemented in a 65mmgower standard CMOS logic
process to demonstrate the proposed circuit ideigs.4.9 shows the boosted negative
voltages (VPP1-4) and the output characteristicamesl from the fabricated negative
CP. A reliable output voltage was demonstrateddad currents level above the typical

operating range (4d4). Fig. 4.10 shows the measured waveforms of tiRe dDtput
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(VPP4) and HVS output (WWL and PWL) signals forildy-bit write ‘0’ triggered by

the WLS pulse.
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Fig. 4.9 Measured boosted negative voltages (VPRRP4) and output
characteristics of the negative charge pump.
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Fig. 4.10 Measured waveforms of the charge pump drhigh voltage switch.

Fig. 4.11 shows the measured bit-by-bit updateltrésum pattern (0101) to (1100). In

this test, the 4 bit data pattern is repeated Herdntire WL. Initially, pattern (0101) is
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stored in the WL. Then, the cells connected to BE31(n=0,1,2,...) are updated from ‘1’
to ‘0’ after a write ‘O’ phase. Next, cells connetd BL 4n (n=0,1,2,...) are updated from
‘0’ to ‘1’ upon a write ‘1’ phase. The correspongdicell threshold voltage distributions
of each BL group are shown in the figure. The lyibit update from (0101) pattern to

(1100) pattern is therefore achieved without arls d@ing unnecessarily erased.

Initial After Write '0' After Write '1'
WL Data WL Data
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0 w »
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S S 3}
b —_ | u= o B

Oqof ! O1olff g

@ ? é s ¥ @
Qo ; Qo Fe]

E s B E

S [ = [ S
= 1 ‘. = 1 : \ .. z 1 e
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Fig. 4.11 Measured bit-by-bit update result from @ttern (0101) to pattern (1100).

Fig. 4.12 (top) shows the measured bit-by-bit wated disturbance results of the
proposed 6T eflash. We measure the cell Mdirectly by simultaneously sweeping the
WWL and PWL voltage levels while checking whethee sensed data has flipped. The
‘0’ BL cells show a larger shift in threshold vaie after consecutive write ‘O’ pulses.
The disturbance of ‘1’ BL cells increase the sigmalrgin between the ‘0’ and ‘1’ BL
cells. The tested write patterns in this measureémenshown in Fig. 4.12 (bottom). Each
test pattern induced a different amount of the togpbetween the SN nodes of cells

located on adjacent BLs (refer to Fig. 4.3). Theasueed result shows that the (0101)
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pattern has the slowest write ‘0’ speed, as theriBN node coupling capacitancas((

is largest for this pattern. A highels@ reduces the FG boosting effect for ‘0’ BL cells,
slowing down the write ‘0’ speed. Similar to theiter0’ case, only the ‘1’'BL cells show
increased threshold voltages after write ‘1’ puldéswever, disturbance of ‘0’BL cells
was not clearly observed. Dependence of ‘1’ BL velte speed on the data pattern was

not apparent either.

Bit- by -Bit Write ‘0’ Bit-by-Bit Write ‘1’
1 6. Y nnl“ 1 .6 . .
1.4 <\; et 1 Bl-ce -m-'1'(0101)
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Fig. 4.12 (top) Measured cell V4 shift from the 6T eflash test chip. Note that
multiple write pulses with a fixed pulse width of Dus were applied for the bit-by-bit
write ‘0", whereas a single write pulse was appliedor the bit-by-bit write ‘1’.
(bottom) Different test patterns give different coygling between adjacent cells.
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Fig. 4.13 Measured cell endurance and retention ehacteristics.

Fig. 4.13 shows the measured cell endurance aedti@t characteristic. Cycling was
performed at room temperature (27°C) and all delihe selected WL experienced the
same write ‘0’ and ‘1’ pulses during cycling. Theasured data confirms that the median
cells with 1k pre-cycles meet a 1 year retentionetiat 85°C maintaining a cellty
margin of ~0.7V. To estimate the overall enduramoprovement of the proposed 6T
eflash compared to the prior 5T eflash discussedhapter 2 [54, 55], the average
number of stress cycles for each state transitias eompared in Fig. 4.14 (top) based on
the measured results. The cefiMransition plot in Fig. 4.14 (bottom) shows an rayxte
for a high-to-high transition. The prior WL-by-WLrasable 5T eflash undergoes two
stress cycles while the new 6T eflash experienekdively insignificant cell Yy shift.
Based on the information listed in Fig. 4.14 foe tharious transition cases, we can
conclude that the overall cell\ shifts of the proposed 6T eflash is roughly half

compared to that of the prior 5T eflash (nho columutiplexing case). Half the number
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of stress cycles in the proposed 6T eflash implagyhly half the number of traps

generated, enhancing the overall endurance limitwige compared to the prior 5T
eflash. The total number of stress cycles can Haced further with a higher column
multiplexing ratio as data stored in the unseleddds remain unchanged. Based on
these observations, the overall endurance is shiowhig. 4.15 for different eflash

configurations assuming a random data pattern amdlom addressing. When the
proposed 6T eflash is used with a 2:1 column MUXe bverall endurance can be
improved by around 4 times compared to the previdusflash. Finally, Fig. 4.16 shows

the die photograph of the fabricated 4kb eflashdiip.

BLO BL1
State Average
‘e L=>L|L2>H|H>L|H>H|L>L|L->H|H>L|H>H
Transition
5T Eflash ~
(No CMUX) OX [ 1IX | 1IX [ 2X J OX [ 1X | 1X | 2X | 8X/i8=1X
6T Eflash ~
(No CMUX) 0X 1X 1X | 0X | 0X 1X 1X 0X | 4X/I8 =0.5X
6T Eflash -
(2:1 CMUX) OX [ 1X | 1X | OX J OX | OX [ OX | OX |2X/8=0.25X
4 I\
& T c
= =
> 1X+1 = 2X > 0X
8 3
5T Eflash 6T Eflash
> >
H->H Transition H->H Transition

Fig. 4.14 (top) Average number of stress cyclesrfdifferent data transitions and
(bottom) cell Vy transition plot for a high-to-high transition in the 5T eflash
discussed in chapter 2 [54, 55] and the proposed &flash cells.
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Fig. 4.15 Overall endurance estimated based on tlaerage stress cycle count in Fig.
4.14. A smaller word size (i.e. larger column mulflexing ratio) improves the overall
endurance for the proposed 6T eflash.

Fig. 4.16 Die photograph of 4kb eflash test chihﬁplemented in a 65nm generic
logic process.
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4.5 Comparison with Other CMOS Logic Embedded NVMOptions

Table 4.1 and 4.2 compare various eNVMs implemeintea standard logic process
for moderate density eNVM applications. Kulkastial. presented a 4kb 1T1R e-fuse
and a 1kb 2T anti-fuse OTP in a 32nm logic proaessg 1.8V 1/O transistor [17, 18].
Permanent metal electro-migration and gate-oxiéakmfown were used as the program
method. Matsufujiet al. presented an 8kb 5T anti-fuse OTP memory in 65agic|
technology using 3.3V I/O transistors. The unige&dire of this design is that the broken
path can be tested using a 5T cell structure [$@ch e-fuse and anti-fuse designs,
however, cannot be written more than once. On therdhand, various single-poly eflash
memories capable of multiple write operations weresented in [29-40]. Feng al.
proposed a bit-by-bit re-writable 192b 10T eflashai0.18 um logic process using 3.3V
I/O transistors [36], but this cell structure sw$ferom the disturbance issue of the
unselected WL cells. Chest al. proposed a 3T eflash which can be built in an adsd
logic process [38], and Roizet al. proposed a 256b C-Flash in a 0.18 pm logic process
using 3.3V 1/O transistor using a bipolar writingltage (i.e. 5, -5V) [39, 40]; however,
these designs do not support a bit-by-bit re-waitd the unselected WL cells suffer from
disturbance issues. In chapter 2 [54, 55], a 2kkefidsh was implemented in a 65nm
logic process using 2.5V I/O transistor. Here, timselected WL's are undisturbed,;
however, it is not capable of a bit-by-bit write,hieh increases the number of
unnecessary stress cycles. Compared to all the waodk, the proposed 6T eflash is the

only bit-by-bit re-writable eNVM that eliminatesstiurbance in the unselected WL cells.
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Table 4.1 Logic Compatible Embedded NVM ComparisofOTP)

CMOS Logic eNVM 1T1 R[1E7-]Fuse 2T AFltis-]Fuse 5T Aﬂt;-]Fuse 2T AFZt(i)-]Fuse
Process 32nm 32nm 65nm 0.18um
Supply Voltage 1.0V 1.0V 1.2V 1.8V
Acc. / Cell Dev. 1.8VI/IO TR 1.8VI/IO TR 33VIIOTR 33VIIOTR
Tunnel Oxide None None None None
Writing Method E.Iectr.o- Gate Oxide Gate Oxide Gate Oxide
Migration Breakdown Breakdown Breakdown
Writing Voltage 1.9v 4.5V 6.5V 6.6V
Bit-by-Bit Rewrite No No No No
Unsel. WL Disturb No No No No
Unit Cell Area 1.37um? 1.01pm? 15.3um? 4.88um?
CP Area N. A. N. A. 0.0512rmm’ N. A.
Macro Area N. A. N. A. 0.244mm? 0.133mm?
Capacity 4kb 1kb 8kb 2kb

Table 4.2 Logic Compatible Embedded NVM ComparisorfEflash)

CMOS Logic eNVM 10T[§;I]ash 3T [I:E;;;?Sh C-[F4I§]sh S;I:jiflsass]h Thi?S\_Il\;ork
Process 0.18um 65nm 0.18um 65nm 65nm
Supply Voltage 1.2V 1.2V 1.8V 1.2V 1.2V
Acc./Cell Dev. |3.3VI/IOTR|2.5VI/IOTR|3.3VI/OTR|2.5VI/IO TR|2.5VI/O TR
Tunnel Oxide 7nm 5nm 7nm 5nm 5nm
Writing Method Tunlr?:ling TunE':Iing Tunlr:ir:Iing Tunlr:\':Iing Tunlr?:ling
Writing Voltage 10V 8Vv 5, -5V 10V -7.2V
Bit-by-Bit Rewrite Yes No No No Yes
Unsel. WL Disturb Yes Yes Yes No No
Unit Cell Area 220pm? N. A. 72pm? 8.62um? | 15.3um?
CP Area N. A. N. A. N. A. N.A. [0.0214mm’
Macro Area N. A. N.A. |0.0336mm?’ |0.0859mm? | 0.165mm?>
Capacity 192b N. A. 256b 2kb 4kb
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4.6 Chapter Summary

Single-poly eflash memory is ideally suitable foroderate density eNVM
applications, as it can be built using standard d&Vices readily available in a generic
logic process. The previous WL-by-WL erasable é&fldesigned by our group suffers
from unnecessary erase and program cycles resulttipgor endurance characteristics.
Previous bit-by-bit erasable eflash on the othendhauffered from high voltage
disturbance issues in the unselected WL’s. In sk, we proposed a bit-by-bit re-
writable 6T eflash which can prevent disturbanseés in the unselected WL'’s. This was
accomplished by a novel bit-by-bit FG boosting sebeA negative HVS and an on-chip
voltage doubler based CP were designed to prohigl@ppropriate WL voltage levels. A
4kb eflash test chip was demonstrated in a ger&men logic process, confirming the
functionality of the proposed techniques. The oWexadurance was improved by ~4
times compared to the prior WL-by-WL erasable 5Tagf for a 2:1 column MUX

configuration.
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Chapter 5 10T Differential Eflash
Featuring Multi-Configurable High
Voltage Switch with No Boosted Read
Supplies

Moderate density eNVMs have been adopted widelynemy digital and analog
building blocks such as processor, SRAM, displayedriC, RF-ID tag, mixed signal
circuit, and wireless sensor to deal with the g¢trcuariability issues for vyield
improvement [17-25]. Moreover, they are expectegeadorm a critical role in the future
VLSI technologies to solve the circuit aging issbgstoring critical data on them for the
run-time calibration. Logic compatible single-pa@flash memories supporting multiple-
time program operation, therefore, have been inyastd with great interest [26-40, 54-
57]. Among them, the logic compatible 5T and 6Tagfl memories discussed in prior
chapters uniquely provided the overstress-free iratdty HVS circuits [54-57], while

completely removing the high voltage disturbancues of the unselected WL cells.
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These prior eflash designs, however, have the sssueh as non-reconfigurable HVS
requiring boosted read supplies and limited retentime.

In this chapter, we present 10T differential efldshturing the multi-configurable
HVS with no boosted read supplies for lower readdenpower, faster wake-up and
enhanced retention time, making the proposed eftashg a competitive moderate

density eNVM candidate in a standard CMOS logicpss.

5.1 Issuesin 5T and 6T Eflash Memory Designs

Fig. 5.1 illustrates the issues in 5T and 6T eflasmory designs discussed in the
prior chapters. They adopt the non-reconfigurabléSHequiring boosted supplies (i.e.
VPP1 to VPP4) such that the highest boosted |la&eP@) becomes around 3 to 4 times
the nominal 1/0O supply voltage during read modevali as during write mode [54-57],
whereas the e-fuse, anti-fuse, and many otherespally eflash designs [29, 40] typically
do not require boosted supplies during read mode.aAresult, 5T and 6T eflash
memories discussed in chapter 2-4 consume higleet ppwer than other moderate
density eNVM not requiring the boosted read sugpligloreover, they have slower
wake-up speed, since the boosted supplies neeck tstdbilized prior to the read
operations.

Another issue in 5T and 6T eflash designs discuss#te prior chapters is the limited
retention time, since the optimal read referendéage (VRD) level is not well defined

for the wide range of eflash cell usage conditiensh as P/E pre-cycle count and
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retention temperature with a single cell architeztuaving the sensing margin within the

minimum difference between the VRD level and PAiest as illustrated in Fig. 5.1.

Non-Reconfigurable HVS Limited Retention Time

- Boosted read Supplies (VPP1“’4) - Difficult to define optimal VRD

- High read power, slow wake-up (limited sensing margin)

- Poor retention

Read or Write Mode Cell Viy Sensing Margin (SM) =
Minimum Difference
VRD from VRD to P/E states
or
cP VPP1~4 Hvs LVPP4 Eggﬁh ‘P’
T T VRD}----pemmmmmmeeeee Yo
1o VRD /‘i’/E/_
Supply
—
Time

Fig. 5.1 Issues in 5T and 6T eflash memory designson-reconfigurable HVS and
limited single cell sensing margin.

5.2 Proposed Solutions

5.2.1 Multi-Configurable HVS

Fig. 5.2 compares the non-reconfigurable HVS iomp&T and 6T eflash designs to
the multi-configurable HVS in a proposed eflashigiesThe non-reconfigurable HVS
required boosted supplies (VPP1-VPP4) in orderdwige VRD to the eflash cell during
read mode as well as during write mode, whereasnhiéi-configurable HVS with an

additional VPP switch does not require the boostgaplies during read mode, but still
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can provide the suitable write pulses during wnitede. The new eflash design with this
multi-configurable HVS therefore operates with rm$ted supplies during read and hold
mode operations, achieving lower read mode powerfaster wake-up compared to 5T
and 6T eflash designs discussed in prior chapiérs. details of the proposed multi-

configurable multi-story HVS, VPP switch, and CRcuits are described in Section 5.3.

Non-Reconfigurable HVS Multi-Configurable HVS
in a Prior Eflash in a Proposed Eflash
Read Mode
VPP 110 Multi
Read or Write Mode Switch | Supply | S8 [VRD | Eflash
& " HVS "l Cell
CP
VRD
PF Ilt) VILD
VPP1~4 VPP4 | Eflash
CcP >| HVS > Cell Supply
T T Write Mode
/o VRD VI?P Multi-
Supply Swgch VPP1~4= CI:_RInSf' VPP4; Egifih
CP
110 VRD
Supply

Fig. 5.2 Non-reconfigurable HVS in 5T and 6T eflds designs is compared to the
multi-configurable HVS in a proposed eflash.

5.2.2 Differential Cdl Architecture

Fig. 5.3 compares the sensing margins of single diffirential eflash cell
architectures. The single cell architecture hagdichsensing margin within the minimum
difference between the VRD level and P/E statessesthe VRD level is difficult to be

optimized for wide range of eflash cell conditiossch as P/E pre-cycle count and
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retention temperature, whereas the differentidlarehitecture has larger sensing margin
which is defined to be the celltV difference between worst ‘P’ and ‘E’ states, sitioe
eflash cell usage conditions such as P/E pre-cymlmt and retention temperature are
common mode signals like VRD and power suppliesusTiwith the differential cell
architecture, the retention time is significantipproved compared to the single cell
architecture. Indeed, the differential cell arctiitee was previously reported to have the
lower failure rate during retention mode compa@the single cell architecture in [33].
The proposed 10T differential eflash cell and iteedential sensing scheme are described
in Section 5.3, and the estimated retention improu@ by the proposed differential cell

architecture is discussed in Section 5.4.

Single Cell Architecture Differential Cell Architecture
Cell Viy Cell Viy
A A
[P!
VRD}----epmmmmmmemee e Y
/‘L”‘E’/_
—> —
Time Time
Sensing Margin (SM) = Sensing Margin (SM) =
Min. Diff. from VRD to P/E states Difference between worst P/E states

Fig. 5.3 Sensing margin of the single cell architture is compared to that of the
differential cell architecture.
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5.3 Proposed 10T Differential Eflash memory

5.3.1 Overall Architecture

Fig. 5.4 shows the overall architecture of the psgal 10T differential eflash memory
consisting of 10T differential cell array, multitiigurable high voltage switches, VPP
switch and charge pump, differential current searaglifiers, and other logic blocks. All
the building blocks are implemented using stand&fdand core transistors with no
overstress voltage causing reliability issues. $tgply voltages of the proposed multi-
configurable HVS (VPS1~4, VPO1~3) are provided viaPV&witch and charge pump.
Each multi-configurable HVS provides suitable read write pulses to Program WL
(PWL) and Write WL (WWL) of the eflash cell. The TL@ifferential cell array consists
of 16 row and 112 columns and each row is simutiasly sensed by differential current
sense amplifiers implemented using low voltage coemnsistors for higher read
performance. Simple ECC encoder and decoder ahedexat in the column circuitry for
higher reliability. The detailed high voltage cicand 10T differential cell operations

are described in the later sections.
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Fig. 5.4 The proposed eflash memory consists of TL@ifferential cell array, multi-
configurable high voltage switches, VPP switch andtharge pump, differential
current sense amplifiers, and other logic blocks iplemented using the standard
core and I/O devices in a generic logic process.
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5.3.2 Proposed Multi-Configurable High Voltage Switch

The proposed multi-configurable HVS shown in Figh Bonsists of stacked latch
stage and 4x 1/O supply driver like the non-reagufable HVS shown in Fig. 2.6
(bottom) and Fig. 4.6 (a). In the proposed multiegurable HVS, the top latch is
differently placed compared to the non-reconfigleahvVS shown in Fig. 2.6 (bottom).
The supplies of the multi-configurable HVS (i.e. ¥P-4 and VPO1~3) are switched for
read and write modes. That is, VPS1-VPS4 and VPBODY¥ are connected to the 1/0
supply (VDDE) and VSS, respectively, for read maslbereas they are connected to the
boosted voltages VPP1-VPP4 and VPP1-VPP3 with itjieelt level VPP4 being 3 to 4
times the nominal I/O voltage, respectively, foitesrimode. The boosted voltages VPP1,
VPP2, and VPP3 levels are designed to be about 0.850.75 times the VPP4 level,
respectively.

The operation details of the proposed multi-confidple HVS during read and write
modes are illustrated in Figs. 5.6 and 5.7, respaygt During read mode, the proposed
multi-configurable HVS switches between VSS and VBEpending on SRD signal
without changing the latch states for a high spé#éd activation. When SRD goes to
high, WWL is charged to VRD level through the NM®®&ing in the final stage. When
SRD goes to low, WWL is discharged to VSS levebtiygh another NMOS transistor
path in the driver stage. During write mode, thepmsed multi-configurable HVS
operates similarly to the multi-story HVS describedcchapter 2 [54, 55] to provide the
boosted write voltage (VPP4) pulse to WWL. When SM&Rd SWR2 switch from low

to high, nodes A, B, D, and F are discharged to 3/P¥PP2, VPP1, and VSS,
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respectively, while nodes C and E are pulled-upR#3 and VPP2. Then, node M and
WWL are pulled up to VPP3 and VPP4. When SWR1 awtR3 switch from high to
low, the opposite transitions occur, making nodamd WWL pulled down to VPP1 and
VSS. During read and write operations, all the distiors operate without no over-stress
voltage. The simulated waveforms of the proposedtifvonfigurable high voltage
switch operations during read and write modes drews in Figs. 5.8 and 5.9,
respectively. During read operation, no boostedpbups applied to the multi-
configurable HVS, while it successfully drives WWh VRD level. During write
operation, on the other hand, the boosted supphlesapplied to the multi-configurable
HVS via VPP switch and charge pump described irti@e&.3.3, while it drives WWL
to VPP4 level without an overstress voltage in HVS.

Stacked Latch Stage 4X 1/0 Supply Driver

VPS4

VPO3 £ i

s g4

L
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(VPO2)
VPO2
VPS2 +F I

PW1

(VPO1)
VPO1 —¢ ¢
VPS1 :JI :4
SWR1 % SWR2

EN —

(2.5V I/0 TR’s)
Fig. 5.5 The proposed multi-configurable high volige switch.
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Fig. 5.6 Operation of the proposed multi-configurale HVS during read mode.
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Fig. 5.7 Operation of the proposed multi-configurale HVS during write mode.
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Fig. 5.8 The simulated waveforms of the proposed utti-configurable high voltage
switch operations during read mode (VDDE=2.5V, VRD%.2V, No Boosted Supply,

Temp.=25C): (a) low to high transition of WWL, (b) high to low transition of
WWL.
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Fig. 5.9 The simulated waveforms of the proposed utti-configurable high voltage
switch operations during write mode (VDDE=2.5V, VRDBG1.2V, VPP1=2.2V,

VPP2=4.4V, VPP3=6.6V, VPP4=8.8V, Temp.=26): (a) low to high transition of
WWL, (b) high to low transition of WWL.
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Fig. 5.10 The proposed VPP switch and the voltagubler based charge pump.
5.3.3 Proposed VPP Switch and Charge Pump

The proposed VPP switch and charge pump circugslaown in Fig. 5.10. They drive
VPS1-VPS4 and VPO1-VPO4 nodes to appropriate veliagels depending on the
operation modes required for the aforementionediroahfigurable HVS. Similarly to
the negative charge pump shown in Fig. 4.7, pacasietal-to-metal capacitances are
utilized for the pumping capacitors & During read mode, the charge pump outputs

VPO1-VPO4 are discharged to VSS, whereas durintewniode, they are regulated to
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the boosted levels VPP1-VPP4 by the voltage detactd clock generator circuits. Then,
the proposed VPP switch selectively connects VDDEVBO1-VPO4 to its outputs
VPS1-VPS4 by comparing the VPOL level against SRERDD).

Fig. 5.11 shows the simulated node voltage wawedoof the proposed VPP switch
and charge pump which change the operation mode ffead to write, and from write to
read. The node voltage and transistor operatiomittons corresponding to time 0 or
1100ns (i.e. read mode), and time 500 or 1000es \{irite mode) are also illustrated.
When WEN and REN signals switch to VDD and VSS eesipely, the charge pump
starts boosting the VPO1-VPO4 levels up to the gpeite VPP1-VPP4, as illustrated in
Fig. 5.11 (a, left). At the moment that VPO1 leegteeds SREF, the comparator in VPP
switch toggles the outputs, which in turn conne® ®¥nd VNB to VDDE and VSS,
respectively, as shown in Fig. 5.11 (b, right). sSThiiggers the boosted charge pump
outputs VPO1, VPO2, VPOS3, and VPO4 to be sequintaiven to VPS1, VPS2, VPS3,
and VPS4. Then, the VPP switch and charge pumpitgonwrite mode configuration.
Since the VPO1-VPO4 are boosted-up up to VPP1-Viekdls, VPS1-VPS4 are also
driven to these VPP1-VPP4 levels during write modéhen WEN and REN signals
switch to VSS and VDDE respectively, on the othandy the charge pump is disabled,
and VPO1-VPO4 levels start to be pulled down to \&Sillustrated in Fig. 5.11 (a,
right). At the moment that VPOL1 level goes belowEERthe comparator in VPP switch
toggles the outputs, which in turn connect VN amdBvto VSS and VDDE, respectively,
as shown in Fig. 5.11 (b, left). This triggers VDIdEbe sequentially driven to VPS1,

VPS2, VPSS, and VPS4, discharging VPO1-VPO4 to VB&n, the VPP switch and
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charge pump turn into read mode configuration. Nbé& the proposed VPP switch and
charge pump do not require any overstress voltagegiread and write modes, and the

transition periods between the two operation modes.
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0.0} —WEN ] WEN
3.0
s i | ] o | |
> 1.0p b : : B : : E eoe 3 4 S
g’ L
100 ; : r ; . r . r
2 gl |T"VPo3 I Vpss et - - \ VP03 .- vps3
o L VPO2 - - -VPS2 VPO2 - - -VPS2
3 6.0 ——VPO1 - - -VPS1 ——VPO1 - - -VPS1
z 40 eo0e
2.0 T \
0.0 : A L :
50 100 150 200 250 300 350 400 450 500 1000 1010 1020 1030 1040 1050 1060 1070 1080 1090 1100
Time (ns)
(a)
At 0 or 1100ns At 500 or 1000ns
(Read Mode) (Write Mode)
VPS1 VPS2 VPS3 VPS4 VPS1 VPS2 VPS3 VPS4
VDDE (VDDE) (VDDE) (VDDE)  (VDDE) VDDE (VPP1) (VPP2) (VPP3) (VPP4)

SRE

(b)

Fig. 5.11 (a) The simulated node voltage wavefornf the proposed VPP switch
and charge pump which change the operation mode {t¢ from read to write, and
(right) from write to read (vVDD=1.2V, VDDE=2.5V, VRD=1.2V, VPP1=2.2V,
VPP2=4.4V, VPP3=6.6V, VPP4=8.8V, Temp.=26). (b) The node voltage and
transistor operation conditions corresponding to tme O or 1100ns (i.e. read mode),
and time 500 or 1000ns (i.e. write mode).

5.3.4 Operation of the Proposed 10T Differential Eflash Memory Cell

The proposed 10T differential eflash memory celld ails erase/program/read

operation bias conditions are shown in Fig. 5.1% TOT differential eflash cell consists
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of a pair of 5T eflash cell where the PMOS coupliragnsistorsl; andM,), and NMOS

erase transistorsM,; and Ms) are preferred for higher performance and relighil

whereas NMOS program/read transistokd; (@and Mg) are adopted for self-boosted

program method as discussed in chapters 2 and-3gp4rhe coupling transistord/g

andM,) are upsized 8 times larger than the erase amgtgdread transistors @VIMs,

Ms, and M) for optimized erase and program performance demnsig area overhead as

discussed in chapter 3.

| Proposed 10T Eflash Cell |
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Fig. 5.12 The proposed 10T differential eflash deland its erase/program/read
operation bias conditions.
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During erase operation, a high voltage (VPP4) igliag to WWL, while PWL is
biased at VSS. The large coupling from PWL to flogitgates (FG and FG&) via the
coupling transistorsM; andM,) maintains the FG nodes to be close to VSS leviele
the large enough electric fields are generatetergaite oxide of the erase transistiMs (
andMs). As a result, FN electron tunneling is enabledulgh the gate oxide of the erase
transistors ¥, andMs).

During program operation, the high voltage (VPPhapplied to both WWL and
PWL, while the complementary voltage levels areliago left BL (BLL) and right BL
(BLR), respectively. The half 5T cell connected W&S enables the FN electron
tunneling, while the other half 5T cell connected \{DD inhibits the FN electron
tunneling via self-boosting [58, 59] as explainecchapters 2 and 3 [54-56]. Differently
from the prior differential cell architecture [283], a high voltage is not applied to BL'’s
during erase and program operations, removing ibteirdance issues of the multiple
unselected WL'’s.

During read operation, the read reference voltafiRD)) is applied to both WWL and
PWL, while BLL and BLR are maintained close to V3D that the current difference
between the half cells can be detected. The diffedecurrent sensing scheme [76] is
employed in this work, since it does not dischaBgeparasitic capacitance for sensing
which is attractive for high speed read acceskarthe prior voltage sensing scheme of
the 5T eflash discussed in chapter 2 [54, 55]. bi§j3 shows the designed differential
current sense amplifier and the read timing diagdnthe proposed 10T differential

eflash cell. More negatively charged floating gate. FG) results in the lower half cell
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current during read operation, which increasesctireesponding sense node voltage (i.e.
SL) after WL signals are activated. Later, thesesseoutput levels (i.e. SL and SR) turn
to digital values when the VSEN signal is activatéig. 5.14 shows 1k Monte Carlo run
waveforms during read operation of the proposed diifErential eflash cell with the
device mismatch and post-layout parasitic. Thetehdnan 4ns read latency is achieved

from these simulation results.

Read Timing Diagram
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Fig. 5.13 The differential current sense amplifierand the read timing diagram of
the proposed 10T differential eflash cell.
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85°C, VDD=1.2V, VDDE=2.5V, 1k Monte Carlo Results

_CSENB

— 40 50 60 7.0 80
Time (ns)

Fig. 5.14 1k Monte Carlo run waveforms during readoperation of the proposed
10T differential eflash cell.
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Process |65nm LP CMOS

Feature [10T Diff. Eflash

Supply 1.2V (Core),
Voltage 2.5V (1/0)

404 pm

24.8um?(PNN),

Cell Size| 46 6um?(PPN)

112 Byte (PNN),

Capacity| 115 Byte (PPN)

Fig. 5.15 Test chip layout and feature summary.

5.4 Test Chip Design and Discussion

Fig. 5.15 shows the 1792b test chip layout andféelature summary of the proposed
10T differential eflash memory implemented in a ®5standard logic technology. The
cell having NMOS erase TR (i.e. PNN cell) has ~5@harea overhead compared to the
cell having PMOS erase TR (i.e. PPN cell) becadsthe separation of the deep NW
layer.

Fig. 5.16 (left) shows the measured retention atarstic of the 5T eflash cell [54,
55] for different P/E pre-cycle counts. Fig. 5.1&ylit) shows the measured single cell
sensing margin with VRD of 1.0V and the emulateffedential cell sensing margin

extracted from the worst case 100, 1k, 10k P/Ecpoted 5T eflash cells. The
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differential cell has more than twice sensing marduiring retention time compared to
the single cell where the sensing margin is limligdvorst case erased and programmed
cells. The differential cell is estimated to haveager than 0.6V sensing margin after 10
year retention time for the 10k P/E pre-cycled s;elvhich is not achievable with the

single cell structure.
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Fig. 5.16 (left) Measured retention characteristiof 5T eflash cell at 150C. (right)
Measured single cell and emulated differential celbensing margins from the worst
case 100, 1k, 10k P/E pre-cycled 5T eflash cells.

Fig. 5.17 illustrates the proposed eflash operatiand power consumption during
each operation mode. The read power can be minihwzih the proposed multi-
configurable HVS not requiring the boosted readptisp as discussed in this chapter,
though a large amount of the write power is sihsumed for generating the boosted

write voltage levels. Thus, the proposed eflagbréderred for the applications requesting
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the write operation infrequently, while it can amhe zero-standby power during idle
periods, which is highly attractive characteridtic many low power system-on-a-chip

applications.

4 N 51
Logic g — B
-~ m
Write| [Read _ _
Eflash Jdle | |ldle| |ldle
\ >
\ J Write Read Read Write Time

Fig. 5.17 lllustrations of the proposed eflash opations and power consumption
during each operation mode.

Fig. 5.18 illustrates such reliability aware systema-chip architecture where the
embedded flash memory can be used to store trabitel information that is changed
infrequently during the entire device life-time. @bined with the on-die circuit
reliability monitor circuits illustrated in [46],he proposed logic compatible eflash
memory may have a potential core building blockaasost-effective moderate density
eNVM to improve the device reliability and life-tarby storing the monitored reliability
information and supporting the system reconfigoratbased on it. For example, system
parameters such as system clock and supply volkagés can be adjusted dynamically,
and memory redundancy schemes can be redefineduarttme circuit calibration can

be enabled through this system-on-a-chip architectu
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Reliability Aware SoC Architecture
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Fig. 5.18 lllustration of the reliability aware system-on-chip architecture where the
embedded flash memory can be used to store the whility information that is
changed infrequently during the entire device lifetime.

5.5 Chapter Summary

The 10T eflash featuring a multi-configurable HV@&saproposed in this chapter. It
does not require a boosted read supply, while impgpthe retention time significantly
by the differential cell architecture, and was iempented in a 65nm generic logic process
having 5nm tunnel oxide. Table 5.1 compares praonmercial logic compatible eflash
memories (i.e. NOVEA [29], NOOEE [38], C-Flash [X®T and 6T eflash discussed in
chapters 2-4, and 10T eflash discussed in thistehaphe proposed 10T differential
eflash does not require a boosted read supplytti&gorior commercial eflash memories
but also functions without any unselected WL distuirce and HVS overstress issues like
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the prior 5T and 6T eflash memories, making it epetitive candidate for the moderate

density logic compatible and multiple-time prograabte eNVM applications.

Table 5.1 Logic Compatible Embedded Flash Memory @mparison

Logic Compatible

NOVEA

NEOEE

C-Flash

5T Eflash

6T Eflash

Embedded Flash [29] [38] [40] [54, 55] [57] This Work
Process 0.13pm Logic| 65nm Logic [0.13um Logic| 65nm Logic | 65nm Logic | 65nm Logic
Cell Transistor 3.3VIIOTR | 25VIIOTR | 3.3VI/IOTR | 25VIIOTR | 25VI/IOTR | 2.5VI/IO TR
(Tunnel Oxide) (7nm) (5nm) (7nm) (5nm) (5nm) (5nm)
Unsel. WL Disturb No Yes Yes No No No
HVS Overstress 0.7v N. A. 3.2V ov ov ov
Erase/Write Unit Block WL WL WL Bit WL
Boosted Read None None None VPP1~4 VPP1~4 None
Supply
. 2 2 * 2 2 *16.6um”>
Unit Cell Area 700pm N. A. 72pm 8.62um 15.3um **24.8um2
Capacity 2kb N. A. 256b 2kb 4kb 1792b
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Chapter 6 Conclusions

An on-chip embedded NVM enables zero-standby pasystem-on-a-chip with a
smaller form factor, faster access speed, lowessscpower, and higher security than the
off-chip NVM. Differently from the high density eNW technologies such as dual-poly
eflash, FeERAM, STT-MRAM, and RRAM that typically qeire process overhead
beyond logic technology, the moderate density eNtébhnologies such as e-fuse, anti-
fuse, and single-poly eflash can be built in a déad logic process without additional
process steps; therefore, they have been adoptethimy digital and analog integrated
circuits for higher yield and performance. On thineo hand, a single-poly eflash
memory is multiple-times programmable, whereas se-fand anti-fuse cell are OTP;
therefore, the single-poly eflash is expected @y @ key role in mitigating run-time
variability and reliability issues of the future ¥Ltechnologies that the traditional OTP
memories cannot easily have solved.

Typically, a single-poly eflash cell is implementesing standard 1/O devices that are
supposed to operate within the nominal /O suppWel; however, the unselected eflash
cells in an array structure are typically pron®d¢odriven to higher stress voltage than the

nominal 1/O supply level during the erase and paiogroperations of the selected cell
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requiring the around 3 to 4 times higher voltagentibthe nominal I/O supply. On the
other hand, the design of an HVS circuit switchfrgm GND to such high erase or
program voltage level is another challenge, siheeHVS circuit has to be implemented
using standard logic devices, which can causehiétiaissues. The limited retention
time is also a big concern, since a single-polgficell is implemented using a standard
I/O device having as thin as 5nm tunnel oxide {6\2l/O device.

This thesis has focused on alleviating such chgdenof the single-poly eflash
memory with three single-poly eflash designs preplos a generic logic process for
moderate density eNVM applications.

In chapter 2, a logic-compatible 5T eflash memowrswproposed for zero-standby
power system-on-a-chip and 2kb test chip resul& @bnm standard logic process were
discussed. This proposed 5T eflash has 60 to 8@stismaller cell size than the prior
eflash memories [29, 30], and features WL-by-WLeasible architecture with negligible
high voltage disturbance, the overstress-free rstotly HVS expanding the cell sensing
margin, and a selective WL refresh scheme for g#leendurance to more than 10k P/E
cycles [54, 55].

In chapter 3, the various types of single-poly &flaell topologies were studied in a
65nm standard logic process having four kinds BVZtandard I/O devices to find the
optimal eflash cell configuration [56]. A 5T eflaskll structure having PMOS coupling
device, NCAP electron ejection device, and NMOSI réavice with two additional pass
transistors for self-boosting is turned out to e most favorable configuration when the

performance, endurance, retention, and disturbalmaecteristics are all considered.

117



In chapter 4, a bit-by-bit re-writable 6T eflashsy@oposed for improving the overall
endurance of the eflash array, and the 4kb teqt msults in a 65nm standard logic
process were discussed [57]. This proposed 6T hefleatures the bit-by-bit re-write
capability without disturbing the unselected WLIgeThe on-chip negative HVS and CP
provided the appropriate WL pulses for read andewoperations of the proposed 6T
eflash operations. With the proposed bit-by-bitwrgable 6T eflash, the overall
endurance is estimated to be improved by aroundmést with 2:1 column MUX
compared to the WL-by-WL erasable 5T eflash propgasehapters 2 and 3.

In chapter 5, a 10T differential eflash was propoger low power and high
performance read operation with an improved catissgy margin, and the 1792b test
chip was designed in a 65nm standard logic process. proposed 10T eflash features
the multi-configurable HVS that does not requirecasted supply during read operation,
and the improved retention time by the differentil architecture which is less affected
by the common mode signal such as read referenet (¢RD), retention temperature,
and power supply variation. This proposed 10T &flespreferred for the applications
requesting the write operation infrequently suclhasreliability aware system-on-a-chip
architecture.

All the proposed eflash memories in this thesisiem@emented in a 65nm standard
logic process, and the test chip measurement sesohfirm the functionality of the
proposed designs without high voltage disturbamm @verstress issues, making them
competitive candidates for the moderate densityclop- multiple-time programmable

NVM.

118



Bibliography

[1]

[2]

[3]

[4]

[5]

S. Hanson et al., “A low-voltage processor for gsanspplications with picowatt
standby mode,lEEE J. of Solid-State Circuits, vol. 44, no. 4, pp. 1145-1155, Apr.
2009.

H. Hidaka, “Evolution of embedded flash memory tealogy for MCU,” inProc.
|EEE Int. Conf. on IC Design and Technol. (ICICDT), 2011, pp. 1-4.

R. Strenz, “Embedded flash technologies and the@iplications: status &
outlook,” in Proc. |EEE Int. Electron Devices Meeting (IEDM), 2011, pp. 211-
214,

H. Kojima et al., “Embedded flash on 90nm logichealogy & beyond for
FPGAs,” inProc. |IEEE Int. Electron Devices Meeting (IEDM), 2007, pp. 677-
680.

C. Deml, M. Jankowski, and C. Thalmaier, “A 0.13p2nl25MB 23.5ns
embedded flash with 2GB/s read throughput for aotore microcontrollers,”
|IEEE Int. Solid-Sate Circuits Conf. (ISSCC) Dig. Tech. Papers, 2007, pp. 478-

479.

119



[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

Y. Lee et al., “2T-FN eNVM with 90nm logic proceks smart card,” inProc.
IEEE Non-Volatile Semiconductor Memory Workshop (NVSVIW), 2008, pp. 26-
27.

T. lkehashi et al., “A 60ns access 32kByte 3-trstosi flash for low power
embedded applications,” IHEEE Symp. on VLS Circuits Dig., 2000, pp. 162-
165.

H. Lee et al., “NeoFlash - true logic single polgsh memory technology,” in
Proc. IEEE Non-Volatile Semiconductor Memory Wor kshop (NVSMW), 2006, pp.
15-16.

M. Fliesler, D. Still, and J. Hwang, “A 15ns 4Mb ISRRAM in 0.13um SONOS
technology,” in Proc. |IEEE Non-Volatile Semiconductor Memory Workshop
(NVSVIW), 2008, pp. 83-86.

J. Yater et al., “16Mb Split Gate Flash Memory wiitlproved Process Window,”
in Proc. IEEE Int. Memory Workshop (IMW), 2009, pp. 1-2.

S. Kang et al., “High performance nanocrystal bassmbedded flash
microcontrollers with exceptional endurance andogaystal scaling capability,”
in Proc. IEEE Int. Memory Workshop (IMW), 2012, pp. 1-4.

Y. Yano, “Take the Expressway to go Greener,/RRE Int. Solid-Sate Circuits
Conf. (ISSCC) Dig. Tech. Papers, 2012, pp. 24-30.

T. Kono et al., “40nm embedded SG-MONOS flash madoo automotive with

160MHz random access for code and endurance oWdrc@les for data,” in

120



[14]

[15]

[16]

[17]

[18]

[19]

IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers, 2013, pp. 212-
213.

S. Bartling et al., “An 8MHz 75uA/MHz zero-leakagen-volatile logic-based
cortex-MO MCU SoC exhibiting 100% digital stateemtion at VDD=0V with
<400ns wakeup and sleep transitions,”|HEE Int. Solid-Sate Circuits Conf.
(ISSCC) Dig. Tech. Papers, 2013, pp. 432-433.

H. Yu et al., “Cycling endurance optimization scleefor 1IMb STT-MRAM in
40nm technology,” inEEE Int. Solid-Sate Circuits Conf. (ISSCC) Dig. Tech.
Papers, 2013, pp. 224-225.

A. Kawahara et al., “Filament scaling forming teicjue and level-verify-write
scheme with endurance over’1€ycles in ReRAM,” inlEEE Int. Solid-Sate
Circuits Conf. (ISSCC) Dig. Tech. Papers, 2013, pp. 220-221.

S. Kulkarni et al., “A 4kb metal-fuse OTP-ROM macfeaturing a 2V
programmable 1.37pT1R bit cell in 32nm high-k metal-gate CMOSEEE
J. Solid-Sate Circuits, vol. 45, no. 4, pp. 863-868, Apr. 2010.

S. Kulkarni et al., “A 32nm high-k and metal-gatetiduse array featuring a
1.01punf 1T1C bit cell,” inlEEE Symp. on VLS Technology Dig., 2012, pp. 79-
80.

K. Matsufuji et al., “A 65nm pure CMOS one-time grammable memory using
a two-port antifuse cell implemented in matrix sture,” in Proc. |IEEE Asian

Solid-Sate Circuits Conf. (ASSCC), 2007, pp. 212-215.

121



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

N. Phan, I. Chang, and J. Lee, “A 2kb one-time paognable memory for UHF
passive RFID tag IC in a standard 0.18um CMOS @xtEEEE Trans. Circuits
and Systems, vol. 60, no. 7, pp. 1810-1822, Jul. 2013.

T. Oh and R. Harjani, “A 12-Gb/s multichannel I/Ging MIMO crosstalk
cancellation and signal reutilization in 65-nm CMOSEEE J. Solid-Sate
Circuits, vol. 48, no. 6, pp. 1383-1397, Jun. 2013.

M. Seok et al., “A portable 2-transistor picowadmiperature-compensated
voltage reference operating at 0.5VEEE J. Solid-Sate Circuits, vol. 47, no. 10,
pp. 2534-2545, Oct. 2012.

Y. Lee et al., “A sub-nW multi-stage temperaturenpensated timer for ultra-
low-power sensor nodesl,EEE J. Solid-Sate Circuits, vol. 48, no. 10, pp. 2511-
2521, Oct. 2013.

W. Chen et al., “A 22nm 2.5MB slice on-die L3 cadlor the next generation
Xeon processor,” iIlEEE Symp. on VLS Circuits Dig., 2013, pp. 132-133.

J. Shin et al., “The next-generation 64b SPARC @ora T4 SoC processor,” in
|EEE Int. Solid-Sate Circuits Conf. (ISSCC) Dig. Tech. Papers, 2012, pp. 60-61.
R. McPartland and R. Singh, “1.25 volt, low coshbedded flash memory for
low density applications,” iInREEE Symp. on VLS Circuits Dig., 2000, pp. 158-
161.

S. Shukuri, K. Yanagisawa, K. Ishibashi, “CMOS ms& compatible ie-flash
(inverse gate electrode flash) technology for syst@ a chip,” inProc. |IEEE

Custom Integrated Circuits Conf. (CICC), 2001, pp. 179-182.

122



[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

M. Yamaoka et al., “A system LSI memory redundat@shnique using an ie-
flash (inverse-gate-electrode flash) programminguii,” IEEE J. of Solid-Sate
Circuits, vol. 37, no. 5, pp. 599-604, May 2002.

J. Raszka et al., “Embedded flash memory for sgcapplications in a 0.13um
CMOS logic process,” ihEEE Int. Solid-Sate Circuits Conf. (ISSCC) Dig. Tech.
Papers, 2004, pp. 46-47.

Y. Yamamoto et al., “A PND (PMOS-NMOS-Depletion MPDt§pe single poly
gate non-volatile memory cell design with a différal cell architecture in a pure
CMOS logic process for a system LSIEICE Trans. Electron., vol. E90-C, no.
5, pp. 1129-1137, May 2007.

Y. Yamamoto et al., “Nonvolatile semiconductor meyndevice,” US Patent
7,755,941, Jul. 13, 2010.

B. Wang et al., “Highly reliable 90-nm logic muitite programmable NVM cells
using novel work-function-engineered tunneling des,” IEEE Trans. on
Electron Devices, vol. 54, no. 9, pp. 2526-2530, Sep. 2007.

Y. Ma et al., “Floating-gate nonvolatile memory iiltrathin 5nm tunnel oxide,”
|EEE Trans. on Electron Devices, vol. 55, no. 12, pp. 3476-3481, Dec. 2008.

A. Pesavento, F. Bernard, and J. Hyde, “PFET NatitelMemory,” US Patent
7,221,596, May 22, 2007.

L. Pan et al., “Pure logic CMOS based embeddedvodatile random access
memory for low power RFID application,” iRroc. IEEE Custom Integrated

Circuits Conf. (CICC), 2008, pp. 197-200.

123



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

P. Feng, Y. Li, and N. Wu, “An ultra low power ngolatile memory in standard
CMOS process for passive RFID tags, Proc. IEEE Custom Integrated Circuits
Conf. (CICC), 2009, pp. 713-716.

C. Shin and O. Kwon, “TFT-LCD driver IC with embesttinon-volatile memory
for portable applications,J. of the Society for Information Display, vol. 17, no. 5,
pp. 481-487, May 2009.

H. Chen et al., “Single polysilicon layer non-vdetmemory and operating
method thereof,” US Patent 8,199,578, Jun. 12, 2012

Y. Roizin et al., “C-flash: an ultra-low power slagooly logic NVM,” in Proc.
IEEE Non-Volatile Semiconductor Memory Workshop (NVSVIW), 2008, pp. 90-
92.

H. Dagan et al., “A low-power DCVSL-like GIDL-freeoltage driver for low-
cost RFID nonvolatile memoryJEEE J. Solid-Sate Circuits, vol. 48, no. 6, pp.
1497-1510, Jun. 2013.

M. Porter et. al, “Reliability considerations fonplantable medical ICs,” iRroc.
|EEE Int. Reliability Physics Symp. (IRPS), 2008, pp. 516-523.

S. Oesterle, P. Gerrish, and P. Cong, “New intedato the body through
implantable system integration,” IiEEE Int. Solid-Sate Circuits Conf. (ISSCC)
Dig. Tech. Papers, 2011, pp. 9-14.

H. Kim et. al, “A configurable and low-power mixstynal SoC for portable ECG
monitoring applications,” iIfEEE Symp. on VLS Circuits Dig., 2011, pp. 142-

143.

124



[44]

[45]

[46]

[47]

[48]

[49]

[50]

S. Lee et. al, “A programmable implantable micrioasiator SoC with wireless
telemetry: application in closed-loop endocardidlmalation for cardiac
pacemaker,” iINEEE Int. Solid-Sate Circuits Conf. (ISSCC) Dig. Tech. Papers,
2011, pp. 44-45.

G. Chen et. al, “A cubic-millimeter energy-autonamowireless intraocular
pressure monitor,” iINEEE Int. Solid-Sate Circuits Conf. (ISSCC) Dig. Tech.
Papers, 2011, pp. 310-311.

J. Keane and C. H. Kim, “On-chip silicon odometarsl their potential use in
medical electronics,” ifProc. |IEEE Int. Reliability Physics Symp. (IRPS), 2012,
pp. 4C.1.1-4C.1.8.

M. Liang and C. Hu, “Electron trapping in very thimermal silicon dioxides,” in
Proc. |EEE Int. Electron Devices Meeting (IEDM), 1981, pp. 396-399.

A. Hdiy et al., “Relaxation of interface states gmakitive charge in thin gate
oxide after Fowler-Nordheim stressXIP J. of Appl. Phys., vol. 73, no. 7, pp.
3569-3570, Apr. 1993.

Y. Park and D. Schroder, “Degradation of thin tungete oxide under constant
Fowler-Nordheim current stress for a flash EEPROMEEE Trans. on Electron
Devices, vol. 45, no. 6, pp. 1361-1368, Jun. 1998.

Y. Manabe et al., “Detailed observation of smatikecurrent in flash memories
with thin tunnel oxides,TEEE Trans. on Semiconductor Manufacturing, vol. 12,

no. 2, pp. 170-174, May 1999.

125



[51]

[52]

[53]

[54]

[55]

[56]

[57]

R. Bez et al., “Introduction to flash memongtoc. of the IEEE, vol. 91, no. 4,
Apr. 2003.

J. Lee et al., “Effects of interface trap generatand annihilation on the data
retention characteristics of flash memory cell§EE Trans. on Device Materials
and Reliability, vol. 4, no. 1, pp. 110-117, Mar. 2004.

N. Mielke et al., “Flash EEPROM threshold instdi®s due to charge trapping
during program/erase cyclinglEEE Trans. on Device Materials and Reliability,
vol. 4, no. 3, pp. 335-344, Sep. 2004.

S. Song, K. Chun, and C. H. Kim, “A Logic-CompatibEmbedded Flash
Memory Featuring a Multi-Story High Voltage Switeimd a Selective Refresh
Scheme,” iINEEE Symp. on VLS Circuits Dig., 2012, pp. 130-131.

S. Song, K. Chun, and C. H. Kim, “A logic-compatildmbedded flash memory
for zero-standby power system-on-chips featuringnalti-story high voltage
switch and a selective refresh schem&EE J. Solid-Sate Circuits, vol. 48, no.
5, pp. 1302-1314, May 2013.

S. Song, J. Kim, and C. H. Kim, “Program/erase dpeadurance, retention, and
disturbance characteristics of single-poly embeditkesh cells,” inProc. |IEEE
Int. Reliability Phys. Symp.(IRPS), 2013, pp. MY.4.1-MY.4.6.

S. Song, K. Chun, and C. H. Kim, “A bit-by-bit reitable eflash in a generic
logic process for moderate-density embedded noatil®imemory applications,”

in Proc. IEEE Custom Integrated Circuits Conf. (CICC), 2013, pp. 1-4.

126



[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

K. Suh et al., “A 3.3V 32Mb NAND flash memory withcremental step pulse
programming schemeJEEE Jour. of Solid-Sate Circuits, vol. 30, no. 11, pp.
1149-1156, Nov. 1995.

T. Jung et al., “A 117mf3.3V only 128Mb multilevel NAND flash memory for
mass storage application$EEEE Jour. of Solid-State Circuits, vol. 31, no. 11, pp.
1575-1583, Nov. 1996.

M. Jefremow et al., “Bitline-capacitance-cancelatgensing scheme with 11ns
read latency and maximum read throughput of 2.9@BG&5nm embedded flash
for automotive,” inlEEE Int. Solid-Sate Circuits Conf. (ISSCC) Dig. Tech.
Papers, 2012, pp. 428-429.

P. Favrat, P. Deval., and M. Declercq, “A high-eéncy CMOS voltage
doubler,”|EEE J. Solid-Sate Circuits, vol. 33, no. 3, pp. 410-416, Mar. 1998.

R. Pelliconi et al., “Power efficient charge pump deep submicron standard
CMOS technology,1EEE J. Solid-Sate Circuits, vol. 38, no. 6, pp. 1068-1071,
Jun. 2003.

M. Ker, S. Chen, and C. Tsai, “Design of charge puncuit with consideration
of gate-oxide reliability in low-voltage CMOS prases,”|EEE J. Solid-Sate
Circuits, vol. 41, no. 5, pp. 1100-1107, May 2006.

Y. Pan et al., “Quasi-nonvolatile SSD: trading flasiemory nonvolatility to
improve storage system performance for enterpipgdications,” inProc. |IEEE
Int. Symp. on High Performance Computer Architecture (HPCA), 2012, pp. 1-10.
Q. Wu, G. Dong, and T. Zhang, “A first study onfdealing solid-state drives,”
in Proc. |IEEE Int. Memory Workshop (IMW), 2011, pp. 1-4.

127



[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

C. Miccoli et al., “Assessment of distributed-cyglischemes on 45nm NOR flash
memory arrays,” irProc. |EEE Int. Reliability Physics Symp. (IRPS), 2012, pp.
2A.1.1-2A1.7.

S. Tanakamaru, Y. Yanagihara, K. Takeuchi, “Ovex-&@tended-lifetime 76%-
reduced-error solid-state drives (SSDs) with epr@diction LDPC architecture
and error-recovery schemdEEE Int. Solid-Sate Circuits Conf. (ISSCC) Dig.
Tech. Papers, 2012, pp. 424-425.

A. Umezawa et al., “A new self-data-refresh schdanea sector erasable 16Mb
flash EEPROM,” inEEE Symp. on VLS Circuits Dig., 1993, pp. 99-100.

J. Lee, S. Hur, and J. Choi, “Effect of floatingiganterference on NAND flash
memory cell operation,TEEE Electron Device Letters, vol. 23, no. 5, pp. 264-
266, May 2002.

Y. Shi et al., “Polarity dependent gate tunnelingrrents in dual-gate
CMOSFET’s,”|IEEE Trans. on Electron Devices, vol. 45, no. 11, pp. 2355-2360,
Nov. 1998.

K. Schuegraf and C. Hu, “Hole injection Si®@reakdown model for very low
voltage lifetime extrapolation TEEE Trans. on Electron Devices, vol. 41, no. 5,
pp. 761-767, May 1994.

Y. Yeo, Q. Lu, and C. Hu, “MOSFET gate oxide religyag anode hole injection
model and its applicationsiit. J. of High Speed Electron. and Sys., vol. 11, no.
3, pp. 849-886, Sep. 2001.

S. Satoh et al., “A novel isolation-scaling tectogy for NAND EEPROMS,” in
Proc. IEEE Int. Electron Devices Meeting (IEDM), 1997, pp. 291-294.

H. Fujii et al., “x11 performance increase, x6.9d@m@nce enhancement, 93%

energy reduction of 3D TSV-integrated hybrid ReRMUC NAND SSDs by

128



[75]

[76]

data fragmentation suppression,”lEEE Symp. on VLS Circuits Dig., 2012, pp.
134-135.

H. Lue et al., “A novel bit alterable 3D NAND flasfsing junction-free p-channel
device with band-to-band tunneling induced hottetecprogramming,” inEEE
Symp. on VLS Technology Dig., 2013, pp. 152-153.

K. Chun et al.,, “A 667MHz logic-compatible embeddBiRAM featuring an
asymmetric 2T gain cell for high speed on-die cac¢h&EEE J. Solid-Sate
Circuits, vol. 47, no. 2, pp. 547-559, Feb. 2012.

129



