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ABSTRACT

The aim of this thesis is to design an ultrasloakkge power-rail ESD clamp in an
advanced CMOS technology.ssThe=principle is ‘usinguii techniques to reduce the
leakage current of the circuit, without underminitige- ESD robustness. This thesis is
divided in three main parts

The first part introduces the eyvolution of‘gaterelng research. With the gate-oxide
thickness become thinner and thinner;in-CMOS ps®Essthe phenomena become more
and more serious. In the past research, the messharand formulas of gate-tunneling
have been observed. The model of gate-tunneling laégs been applied into advance
CMOS processes.

In the second part, the proposed solution is ptedeand the simulation results are
shown, using the SPICE models for a 65-nm CMOSeqs®evith thin-oxide devices. In the
traditional power-rail ESD clamp, the leakage tlglouthe MOS capacitor is extremely
high. The proposed solution includes a novel degghnique to reduce this leakage, and a
series of implementations are presented and detaile

In the third part, a test chip is realized and $erttpe-out to realize further analysis.
The standby leakage of the circuits is measured,tla@ ESD robustness is measured by
several parameters, such as TLP, turn-on veriinatand HMB/MM simulation. The
proposed circuits can lead to a leakage currebvasas 112nA under 1V-bias at 25°C
(opposed to 21.6uA of the traditional power-raillE&8amp), while the ESD robustness is

not changed.



Acknowledgements

I would like to thank to Professor Ming Dou Kerr fall his support and guidance to
make this work possible. Also | thank to Nationdli& Tung University and the Electronics
Engineering and Computer Science International GatalProgram to allow me to study in
such a good university (EECS IGP).

I would like to thank to Po Yen Chiu for his infiaipatience, dedication, and help. My
special thanks also to MA-TEK for their professibsapport with the ESD testing and failure
analysis.

My appreciation to all my labmates and professespecially to Professor Zheng, who
has not yet lost her hopes for me to learn Chinese.

I would like to show my appreciation to Professed® Julian and the Laboratory of
Micro/Nano Electronics (LMNE) UNS-CIC, Argentinayrfwithout their support | would not
be here.

Special thanks to my parents, Monica and Albedant brother, Francisco, and to my
friends, the ones | left in Argentina and to‘th@®h made in here, to Luciano, Juan, Javier,
Marcelo, Nerio, Christian, Agustin, Edgar, -QuitopdRgo, Xinyi, Facundo, Luz, Leo
(Argentina), Leo (Taiwan), and all‘the.others_l-fargetting their names. Thanks to all of
them for their support and love.

Lastly, | would like to thanks especially to Eligar giving to me all her strengths, and to
her family, who has already adopted me as anotleenber.

I am very happy to finally have reached this poamigi | am very sure this is all thanks to
all of you, so once more, thank you very much, Bhdpe someday | can return all the favors

and support you have given to me.

Sincerely,

Federico Agustin Altolaguirre.



Table of Contents

F N oS A Yo A (O T 1= =) I [
FaN 1S =T (= o | ) OSSR i
ACKNOWIEAGEMENTS ..ottt s r e ae e nne s iv
TaDIE Of CONTENTS......oiiiiiicieeeee bbb e see b nre s %
JLIR= o] L= @F= o o] 1SS Vii
Lo T =X O =T o | o 1O Viii
(O gF=To 1 = g I I o 0o [ T 1 o o I 1
I Y/ o A V7= T PSSR 1
1.2 ThesSis Organization ...............euueicccee ettt e e e e e e eee e e e eeees 2
Chapter 2. Gate Leakagein Nanoscale CMOS ProCesSSeS ......ccvvvveevieevieesiessiveennen, 4
2.1 BACKQIOUND ... ..ottt e e e e e e e e e e e eeeeeeeeeeeeeeeessenees 4
2.2 Gate Tunneling Mechanisms Described with En&gyd Diagram................. 6
2.3 Gate Direct Tunneling Current Modelin BSIMA4..............cooovvvvvvviiiiiciennn. 10
2.3.1 Gate-to-Substrate'Current (Igb=Igbacc+lghiny)...............vveeennnn. 11
2.3.2 Gate-to-Channel Current(lgc0) and Gate-»{8Js and Igd)............. 12
2.3.3 Partition Of IgC ...l ool e 13
2.3 Gate Direct Tunneling Current Model in BSIM4..........cccooovviiiiiiiiiiiinnn, 14
Chapter 3. Ultra-Low L eakage Power Rail ESD Clamp Circuits........cccccceenenee. 17
3.1 Traditional Power-Rail ESD Clamp with Gate Lag& Consideration............ 17
3.2 PrevioUS WOTKS .....cooiiiiiiiiie et e e e e e e e 24
3.3 Prop0SEd DESIGNS ....uuuuuuiiiieie e eeeeeeeeee e e e e e s 27
3.3.1 Proposed DeSIgN A ......coooiiiiiiiiiicmmmmmmaaaae e e e e e e e e e eeeeeeeeanenn s 28
3.3.2 Proposed DeSIgN B .......ccoooiiiiiiiiiiiiee s 31
3.3.3 Proposed DeSIgN C .......uuuuuuuiiiiieeeeeiieee e 34
3.3.4 Comparison between Circuit SImulationsS..............ccceviieeeeiniiininns 36
Chapter 4. Experimental RESUILS..........ccoiiriiiiiieeeeeee e 38
4.1 DeViICe CharaCteriStICS .........cceeeiis ettt e e e e e e e e e e eeeeeeeeeees 40
4.2 Leakage MEASUIEIMENT ............uuuuret e eeeeeetasntnnnasaaasseeeeeaeaeeeeeeeeeneneees 42



4.3 TLP MEASUIEIMEBINTS .uivuinieieieein et eeemee et te st ettt s e eas e ee st ea e ssreaeeraenren 43

4.4 Turn-ON VerifiCation ...........ccocuuiutmommeiiiiiiieiieeeee e 46
A5 HBM @Nd MM ....ooiiiiiiiiiie ettt e e e e e 48
Chapter 5. DISCUSSIONS ......ceiuieieieerieeteseesteeaesreesseesesseesseeeesseessessesseessesssesseessesseens 55
5.1 SCR Driving Strength vs. Performance .........cccccooeveeeeiiiiiieeeeiiiiiiceennn a5
5.2 Proposed Design C Failure ANalySIs ......ccoueeiiieiiiiiiiiiiiiiiineeee e 55
5.3 Sources of Leakage in the Proposed DesSignsS..........cooevvvivveviiiiiiviiininnneennn. 59
5.2 More discussions on Measurement RESUIS cceeeaae .o oeeeeeeiiiiiiciiiiii e, 59
Chapter 6. Conclusionsand FUtUr@WOrkK .........ccoceiieieninnienenieneeseeee e 60
L0 R 0] g [od (1] o] o £ TR 60
6.2 FULUIE WOTK ...ttt ettt e e e e e e e e e e e e e e eeeeesaeennneeeeesnnnnes 60
REFEN BNCES.....ceeeeeee e ettt sttt e ae e be e nae e 61



Table 3.1.

Table 3.2.
Table 3.3.
Table 3.4.
Table 3.5.
Table 3.6.

Table 3.7.

Table 4.1.
Table 4.2.

Table 4.3.

TABLE CAPTIONS

Chapter 3
Leakage current of NMOS and PMOS capactt different CMOS processes
........................................................................................................... 18
Traditional power-rail ESD clamp CIFCULE..........ceiiieriireiiiiiiiiieiiiiiis 20
Traditional power-rail ESD clamp circwith level restorer.................... 24
(o oTo1SY=To [ D 1= TS o o 1 P 29
Proposed DeSigN B ... 32
(e (o oTo1SY=To [ D 1= 1] o | o 1N 35
SIMUIAtion rESUILS ... .6 it e 37

Chapter 4
MOS capacitor current under IVhia:.... . im. i, 41
Measured leakage currentfor.the-degigimeuits .................ccccccvvvvvnnnene. 43
ESD robustness of the designed CirCULts...............eceiiiiiiieeeeeinieenn. 49

-Vi-



FIGURE CAPTIONS

Chapter 2

Fig. 2.1. Different tunneling mechanisms in Si/SIQAtructure. ...............coovvevvvvnnnns 7

Fig. 2.2. The tunneling mechanisms of NMOS in isu@n (a) NMOS cross-sectional view

in inversion (b) energy barrier fIQUIe ... e 8

Fig. 2.3. The tunneling mechanisms of PMOS in ism@T. (a) PMOS cross-sectional view

in inversion (b) Energy barrier figure. ..o 9
Fig 2.4. Schematic gate current COMPONENTS .cceeeceiiviivveviiiiiiiiiieeee e e e e e e e eeean, 10

Fig. 2.5. Calculated dependence of tunneling ctiwarsubstrate electric field for Si@nd
HfO, by classical and quantum mechanical (QM) modele Guantization in inversion
layer lifts the electron energy up, leading to @&artynneling current............cccceeene... 15

Fig. 2.6. Calculated tunneling currents-vs gatéags from classical and QM models. The
QM effects are compensated inysome_extent duesttater band bending in QM model.

However, the enhancement due to guantization dhhbstobserved in |-V plot for HfQ

Fig. 2.7. Simulated electron tdnneling current' oMOSFET vs EOT for various gate
dielectrics. The substrate doping’is*%@y-and flat band voltage is thus -1.0V. For
HfSiO4, K=13 and m=0.34mfrom an average of SpOand HfQ values are assumed.
Al,03 mole fraction is 3% for HfAIO and SiN4 mole fraction 49 for optimized SiON

Fig. 2.8. Gate leakage as a function of Tinv folORIffor both Poly-Si and TiN gate

dielectrodes. Also shown is SION line for reference.........coooveeevioeeeeeiieein, 16

- Vii -



Chapter 3

Fig. 3.1. Traditional power-rail ESD clamp CirCUIL..........ccooeeeiiiiiiiiiiiiiiiiiiian 18
Figure 3.2. Power-on transient simulation for thiewst of Fig. 3.1 ........cooooeeiiinneeee. 19
Fig 3.3. ESD-like transient simulation for the aitoof Fig 3.1 ...........ceiiiiiiinnnnnnnn. 19
Fig. 3.4. Simulated PMOS gate current for differesitages and temperatures........ 21
Fig. 3.5. Simulated NMOS gate current for differealtages and temperatures....... 21
Fig. 3.6. Modified power-rail ESD clamp circuit Witevel restorer.............ccccceeenn... 22
Fig. 3.7. Power-on transient simulation for thegit of Fig. 3.6 .........ccccoeevviieeeeenn. 23
Fig. 3.8. ESD-like transient simulation for thectiit of Fig 3.6............cccevvvvvverinnnnns 23
Fig. 3.9. Proposed power-rail ESD clamp circuitaference [18]............ccccevvvvvennns 25
Fig. 3.10. Proposed power-rail ESD clamp circuiteference [19] ..........ccceeeeeeeeene. 26
Fig. 3.11. Proposed power-rail ESD clamp circuitéference [20] ...........cccceeeeeeee. 26
Fig. 3.12. Proposed power-raikESD-clamp Circuitaference [21] ............ccccvvvveeee. 27
Fig. 3.13. Capacitor gating technique to-overconeegate leakage ................ccee. 27
Fig. 3.14. Proposed design A schematiC. ... ool 29
Fig. 3.15. Power-on transient simulation: forthewit of Fig. 3.14 ........ccccccvvveeenn. 30
Fig. 3.16. ESD-like transient simulation for thecait of Fig 3.14...........cccceeeeeenennn. 30
Fig. 3.17. Proposed design B SChematiC........ccccooveiiiiiiiiiiiiiiiiiiiiieeee e, 32
Fig. 3.18. Power-on transient simulation for thewit of Fig. 3.17 ...........ccevvvvvvnnees 33
Fig. 3.19. ESD-like transient simulation for thecait of Fig 3.17 ..........ccccceeeieeeennn. 33
Fig. 3.20. Proposed design C schematiC.......cccceeeeeeiiiiiiiieiiiiiccciceeee e, 34
Fig. 3.21. Power-on transient simulation for thewit of Fig. 3.20 ............cceevvvneeee 35
Fig. 3.22. ESD-like transient simulation for thecait of Fig 3.20...........ccccceeeeeeennn. 36

- viii -



Chapter 4

Fig. 4.1 65-nm CMOS process test chip: (a) Layoptview of the test chip (b) Die photo
Of tNE TEST CNIP . e e e e e e e e e e e e e e e e e e eeeeeeeees 38

Fig. 4.2. Substrate-triggered SCR: (a) Layout teywand (b) Cross-sectional view of the
substrate-triggered SCR..........uuuiiiii e e e e e e e 39

Fig. 4.3. Test MOS capacitors for measuring the dadkage. (a) NMOS capacitor, (b)
PMOS capacitor. Both capacitors are 20Um by 20 LM cc...eiiieeieieeiiieiiieeeeeeiiiiiees 40

Fig. 4.4. SCR TLP IV CUIVE ..ottt 41

Fig. 4.5. Setup for measuring the capacitor leakdge NMOS capacitor; (b) PMOS

(0721 0= (o | (o (X PP 42
Fig. 4.6. TLP measurements for the traditional perad ESD clamp circuits.......... 44
Fig. 4.7. TLP measurements for the proposed deSign...............evvvviiiiiiiiieeeeeeennn. 44
Fig. 4.8. TLP measurements for.the proposed:Deign..............ccceevvvvvevvvviiiinnnnns 45
Fig. 4.9. TLP measurements for the-proposed - deéSign:.............ccccceeeeeereeeeeeennennnn. 45
Fig. 4.10. Comparison ofy against the PMOS driver width ............................. 46

Fig. 4.11. Comparison of the turn-on efficiencytiw traditional power-rail ESD clamp
circuits with parameterized PMOS SCRIAMVET v vvvveeeeeeeeeeeeieeeeieeeciininveeee. 47

Fig. 4.12. Comparison of the turn-on efficiency tife proposed design A with
parameterized PMOS SCR ArVEr..........couvieeieeeeeeeeeeeiieeis e eeeeeeeeeeveeeeees a7

Fig. 4.13. Comparison of the turn-on efficiency amgohe different power-rail ESD clamp
circuits with PMOS SCR driver of size W/L=50um/QUB ............evvvviiiiiiieieeeeeen. 48

Fig 4.14. Failure spot on PMOS driver in the triatial power-rail ESD clamp circuit after

MM StreSS Of 200V ... ..ot e e e e e e e e ee e e e e e e aeees 50
Fig 4.15. Failure spot on SCR in design A after Mivess f 2f0V ............cceeveiiinnens 50
Fig. 4.16. Failure on PMOS driver in design B aft¥ stress of 150V .................. 51

Fig. 4.17. Failure on SCR in the traditional powait-ESD clamp circuit after HBM stress
OF B.5KV ettt 51

Fig. 4.18. Failure on SCR in design A after HBMes of 3.5KV .......ccccevvviiiieeennnnn. 52



Fig. 4.19. Failure on SCR in design B after HBMesf of 3.5KV ..........ccccccvvvvinnnnne. 52

Fig. 4.20. I-V curve for the proposed design Crat8D zap. The green line is before zap

and the red liNe after ZaP.......coov i 53
Fig. 4.21. Failure in proposed design C after Mkest of 50V .........coovvvviivvviienennn. 53
Fig. 4.22. Failure in proposed design C after HBMss of 500V .......ccccoveeeeeeeeeenn. 54



Chapter 5

Fig. 5.1. Layout view of the proposed design C. 3@&R is highlighted inred........ 56
Fig. 5.2. OBIRCH Image. The hotspots appear higitéid in red color.................... 57

Fig. 5.2. (a) Proposed design C; (b) and (c) madifons to the proposed design C. 57

-Xi -



Chapter 1

| ntroduction

1.1 Motivation

In order to achieve less power consumption, highgerating speed, and higher
integration capability, CMOS device dimensions staled down to smaller channel length
and thinner gate-oxide thickness. Although theutirperformances can be enhanced with
the evolution of CMOS processes, such small dinemssintroduce some defects to the
nanoscale CMOS devices. These defects have camgetts on the integrated circuits
(ICs) implemented with nanoscale CMOS processes.

Gate-tunneling current is a serious problem in saal® MOS transistors. As the gate
oxide of MOS transistors becomes thinner and:thirthe probability that carriers escape
the energy barrier increases,“When-the gate-ohaxrtess is scaled down to several
nanometers or below, the gate-tunneling current reamonger be ignored. With such a
large gate-tunneling current, the CMOS. ICs._maywotk correctly because the node
voltage could be discharged through the leakytgtminal. Therefore, the gate leakage
issue must be seriously considered ‘during ‘the depilgase of all ICs fabricated in
nanoscale CMOS processes.

There are several previous works addressing thaemées of gate-tunneling current
on nanoscale CMOS ICs. In microprocessors, theotgpaf the embedded memory is
rapidly increased to improve the overall performaana the future, memory will occupy
most area in a microprocessor. However, the leal@ageent of the embedded static
random access memory (SRAM) dominates the standberd. Reducing the leakage
current of the embedded SRAM is the most importesign target to achieve low power
consumption [1]. In analog circuits, the gate legkavill degrade the performance if long
transistors are used. Besides, mismatch amondegtage currents in different transistors
introduces other limitations [2]. The gate leakagerent limits the expected performance
enhancement with the evolution of CMOS processes.

Electrostatic discharge (ESD) is the most importatigbility issue in ICs, and it

needs to be taken into consideration during thegdgshase. Since ESD is not scaled down



with the CMOS technology, efficient ESD protectidesign for the nanoscale CMOS
devices with thinner gate oxide becomes more ahgiihg. In the whole-chip ESD

protection scheme, the power-rail ESD clamp cirglétys an important role because it
determines the overall ESD robustness of the ICTBE power-rail ESD clamp circuits

are designed to provide the ESD current path betwé&2D and VSS during ESD stresses
and to be kept off under normal power-on conditiofraditional power-rail ESD clamp

circuits were realized with RC-based ESD-detectivouit and an ESD clamping device.
With the consideration on the area efficiency, tapacitor in the ESD-detection circuit
was often realized with the MOS capacitor, becau$€gS capacitors have the largest
capacitance per unit area in generic CMOS procebkmgever, the gate leakage current in
the MOS capacitor becomes serious in nanoscale Cld@&esses, because the MOS
capacitor in the power-rail ESD clamp circuit iseof realized with large dimensions. With
the intolerable gate leakage through the MOS capadhe power-rail ESD protection

circuit with the traditional structure cannot beedsanymore. A new design to further

reduce the leakage current in the power-rai-ESInpl circuit is necessary.

1.2 Thesis Organization

Chapter 2 introduces the gate-tunneling mechanamsdescribes the gate-tunneling
model in BSIM4 SPICE model. There are three mairchmaisms which cause the
gate-tunneling tunneling. All of the mechanisms akdressed and formulated. The
gate-tunneling model is also applied to nanoscM®©S transistors.

Chapter 3 discusses the gate leakage issue iratiéidnal power-rail ESD clamp
circuits. The traditional power-rail ESD clamp ciiicis simulated in a 65-nm CMOS
process to investigate the impacts caused by tleelgmkage current in the MOS capacitor.
To reduce the leakage current in the power-rail E&Dnp circuit, a novel technique is
studied and a series of power-rail ESD clamp discare proposed and simulated in a
65-nm CMOS process.

Chapter 4 presents the experimental results. Medstasults have shown that the
leakage current under normal circuit operating @tk can be significantly reduced in
the proposed ultra-low leakage power-rail ESD claomguits as compared with the

traditional designs. Moreover, the ESD robustnesst deteriorated.
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Chapter 5 includes some relevant discussions algt€h6 presents the conclusions
and future work.




Chapter 2

Gate L eakage in Nanoscale CM OS Processes

2.1 Background

The researchof field-emission was the predecessor before the reseaf
gate-tunneling. In 1897, R. W. Wood was the firstson to describe the phenomenon of
field-emission. He observed the phenomenon andethission current in the discharge
tube experiment. In 1926, R. A. Millikan and C. IGiuritsen observed that the emission
current was exponentially dependent on the elefitiid strength.

In 1928, R. Fowler and L. W. Nordheim proposed dlgseurate description of field
emission, which is based on the tunneling of eterstithrough the surface potential barrier.
They also derived the formula, of the emission curr@4], which is called the
“Fowler-Nordheim Tunneling S(FNT)-—theory.” - This* thgois very important and it
influences the scientists who| study the ‘tunnelingcimanisms of the semiconductor
nowadays.

During 1940 to 1960, the development of semicormtustience started to increase,
and new devices were invented one after'anothdr.thizare was a small current (about
10*A~10"A) which observed in the metal-insulator-metal oretatinsulator-
semiconductor connection [5][6]. This phenomenod #me tunneling current were the
same as the “Fowler -Nordheim Tunneling”. Finahly tunneling current density [7] was

given by

13
-4(2m)2 @2

[exp 3ME (2.1)

_ q3 E2
8rthe

J

where h is the Plank’s constant, q is the electioarge, E is the electric fieldy is the
barrier height, and m is the free-electron massuakgn (2.1) is called the
“Fowler-Nordheim equation” nowadays.

During 1960 to 1990, the CMOS technology was maltumed widely spread. With
the high integration capabilty, CMOS technology cb®e very important in

-4 -



microelectronic applications. Since the structurensisted of metal, oxide, and
semiconductor, the leakage mechanism inevitablgteadi The leakage phenomenon had
been investigated in the MOS structure early, ahdntthree kinds of tunneling
mechanisms [8]-[10] were observed to explain thakdge in the CMOS. These
mechanism are: ECB (electron tunneling from condadband), EVB (electron tunneling
from the valence band), and HVB (hole tunnelingrfrealence band). Since the gate oxide
was quite thick in the early CMOS processes, the Igakage did not cause serious issue.
During 1990 to 2000, due to the demand of highidgcurrent, high operating speed,
and lower power consumption, the CMOS technologg wealed down toward shorter
channel length, thinner gate-oxide thickness, amcet power-supply voltage. As a result,
the gate leakage current can no longer be igndrecquse it is larger than the order of
nanoamperes). To account for this effect, the dat®t-tunneling-current model had been
proposed in BSIM4 model [11]-[13] and it was relséison Mar. 24, 2000 [14]. The

proposed model was given by

3 3
3 _8][\/ Zmox(poE {1_ (1_ |V(;DX| )2}
-9
J =———[C(V, Vo, Tox, @, )iEX
n SH}IPDEOX ( g OX OoX (pb) 3hq| EOX|

2.2)

and

_ E) Vox|_(pn _M Vg
C(Vg’VOX’TOX!(pb)_eX{% %‘*17 Ok % )D%EN (2.3)

where \bx is the effective gate voltagepy is the oxide thickness,dk is Vox/Tox, a is
the fitting parameter depending on the tunnelingcess,g,o is the Si/SiQ barrier height
(3.1eV for electron and 4.5eV for hole), apds the actual tunneling barrier height (3.1eV
for ECB, 4.2eV for EVB, and 4.5eV for HVB). N regents the density of carriers in the
inversion or accumulation layer of the injectingatfode. For ECB and EVB tunneling

process in both the inversion and accumulatiommegj N is expressed by

(0),4 inv 't naccvt

V.-V V-V
N =iﬂ{nimvt Eﬂn{1+ expgr’f%vth )}f Nec VtD"'i: B ex%‘(g—mm} (2.4)



where R, and i denote the swing parameters;, ¥ the threshold voltage,gy is the
flat-band voltage, vis the thermal voltage, andgyVis the gate voltage minus the
gate-depletion voltage (W o).

For EVB tunneling process, N can be described as

V —
= Eox Neys Vv, [N| 1+ ex —| ox| CPQJ (2.5)
TOX nEVBV'(

whereqy, is Eg/q and g is the fitting parameter.

2.2 Gate Tunneling M echanisms Described With Energy-Band

Diagram

Three kinds of tunneling mechanisms were obsemweaxkplain the leakage in CMOS
technology, which are shown. in Fig. 2.1.° ECBis thlectron tunneling from the
conduction band across the oxide barrier..ECB BHgineeds 3.1eV before the electron
has the probability to tunnel across the“oxideibarEVB is the electron tunneling from
the valence band across the oxide barrier. EVBchHgineeds 4.2eV before the electron
has the probability to tunnel acrossthe;oxideiearHVB is the hole tunneling form the
valence band across the oxide barrier. HVB basicakds 4.5eV before the hole has the
probability to tunnel across the oxide barrier.

The main tunneling mechanism of NMOS is shown ig. 2.2. The N-Poly gate is
connected to the high potential to create the sivarlayer, so the electron energy band is
reduced in the NPoly side. Respectively, the electron energy bandised in the P-Sub
side. Since the inversion layer is full of electramd is connected to an” Megion, it has
higher electron energy than that of the P-Sub regtmnsequently, the electron has higher
probability to tunnel. Therefore, ECB is the maumreling mechanism of NMOS in
inversion. On the other hand, thé-Roly energy band has larger hole energy. The HVB
can be ignored because the hole is the minorityecan the N-Poly region.

The main tunneling mechanism in PMOS is shown o Bi3. The RPoly gate is

connected to the low potential to create the irigarayer, so the PPoly electron energy



band is raised. Respectively, the P-Sub electroerggnband is reduced. Since the
inversion layer is full of holes and is connectedatP region, it has higher hole energy
than that of the N-Sub region. Consequently, thie th@s higher probability to tunnel.
Therefore, HVB is the main tunneling mechanism Md%5 in inversion. On the other
hand, the RPoly energy band has larger electron energy. ToB &an be ignored because

the electron is minority carrier in thé-Poly region.

Si Si0O2 Si

EY EY e: electron
o: hole
4.2eVi 3.1eVi
Ec i ~ ECB
B o——t——=
Ev
- >~ EVB
Ec
_______ Ef
HVB <« Ev
| 4.5eV

Fig. 2.1. Different tunneling mechanisms in Si/@& structure.
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2.3 Gate Direct Tunneling Current in BSIM4

As the gate oxide thickness is scaled down to sévemometers or below, the gate
leakage current becomes large due to direct tumpeli the carriers. The tunneling current
happens between the gate terminal and silicon liertba gate oxide. To reduce the
tunneling current, different kinds of gate dielegrhave been studied to replace the
traditional SiQ. To maintain good interface with the substrateltinlayer dielectric stacks
have being proposed. The BSIM4 gate tunneling mbdglbeen demonstrated to work for
multi-layer gate stacks as well. The gate diresh&ling components are shown in Fig. 2.4.
The components include the tunneling current batvwike gate and substrate (Igb) and the
current tunneling current between the gate andretgihgc), which is partitioned between
the source and drain terminals by Igc = Igcs + Igdue third component exists between

the gate and source/drain diffusion regions (Igs$ lgd).

LI
Source VA RERN Drain
- > l" “\ = ~— —
:: ------ -l ) SRR -»O
Igcs Igcd
Yigbh
Substrate Q

Fig. 2.4. Schematic gate current components.
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2.3.1 Gate-to-Substrate Current (I go=I goacc*! goinv)

lgbacs Which is determined by ECB (electron tunnelingnir conduction band), is

significant in accumulation and is given by

|gbacc:W eﬁL efflA DT oxRatioN QN aux

. (2.6)
Oexp~ BITOXE(AIGBACG BIGBACTI Y, ){ # CIGBACO Y,.)]
Toxratioln (2.6) is expressed by
NTOX
P :(TOXREFJ a1 N 2.7)
TOXE TOXE
Vauxin (2.6) is given by
V.. =NIGBACCH, ldg[i+ expw ) (2.8)
i IGBACCLY,

lgoine Which is determined, by "EVB (electron: tunnelingnir valence band), is

significant in inversion and is given:by

Igbinv :Wef'fL eff IZ\ |:I]-oxRatioly gbIv aux (2 9)
Dex;E— B TOXE(AIGBINV= BIGBINVIV, 40, )I{ 1+ ClGBlewoxdepmv)]
ToxratioIN (2.9) is expressed by
NTOX
T = TOXREF) E 1 . (2.10)
TOXE TOXE
Vauxin (2.9) is given by
V_ ooy — EIGBINV
V,,, =NIGBINV [, [bg |1 +exp(—2eem : (2.11)
NIGBINV v,
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2.3.2 Gate-to-Channel Current (I 4) and Gate-to-Source/Drain (I 4 and
Igd)

lgco. Which is determined by ECB (electron tunnelingnir conduction band) for
NMOS and HVB (hole tunneling from valence band)PdAOS at \{=0, is formulated as

Ich = Wef‘fL eff IZ\ D]- oxRatioIy gs«Jv aux

. (212
Cexp ~ BITOXE(AIGG BIGC] Yoy, ) # CIGT Vi |
ToxratioiN (2.12) is expressed by
NTOX
ToxRatio:(TOXREFj E, = 2 " (213)
TOXE TOXE
Vauxin (2.12) is given by
V.o —VTH

V, =NIGC fog| 1+ 2 . 2.14
aux i g{ eXpm)} ( )

lgs represents the gate tunneling current betweergdite and the source diffusion
region, while §4 represents the gate tunneling current betweemalhe - drain diffusion
region. }s and 4 are determined by ECB for NMOS and HVB for PMO&pectively. ds

is expressed as

lye =WeDLCIG [A T paiozagdY oV g

. (2.15)
Cexg - BITOXEIPOXEDGE! (AIGS BIGS v )@ CIGS |

ToxRationEdgelS given by

ToxRatioEd e: ( TOXREF QNTOX D 1 . (216)
% "TOXEPOXEDG (TOXHEIPOXEDGE)

Vgs is given by

-12 -



V.= \/ (VgemV g +1.067 . (2.17)

Vipsq' IS given by

KeT log( NEQEE) +VFBSDOEF. (2.18)

Vipsa =

lga iS expressed as

lgg =WDLCIGD (A T gypoeogdV ofY o

. (2.19)
Cexp — BITOXEJPOXEDGE (AIGB BIGDI Y, )@ CIGD Y)) ]

Vs IS given by

.= \/(vgd Vi) +1:0e7 . (2.20)

2.3.3 Partition of I

Considering the drain bias effect, Igc is splibitwo componentsgdsand fcq, namely,

. =y PIGCDDV,, + expt PIGCD) ¥ 1.06

2.21
ge o PIGCD V" + 2.06* &2

PIGCD is expressed as

BITOXE || Vo

r (), (2.22)

PIGCD=

gsteff gsteff

lgca IS given by
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— (PIGCDIN, + Dexpf PIGCDY 1.0

[ oq =1 sef 2.23
ged T 9%0 PIGCD? V,,,* + 2.0€* (2.23)
2.4 Gate L eakage | mprovement with High-K Gate Dielectric
The drain current of MOS transistors is given by
1 W
I ZEHCOXT[Z(VGS_VIP‘)V os~V ps |- (2.24)

In order to have high driving current, the oxidekiness is reduced to achieve larggg. C

The larger G« not only increases the driving current but alsyeases the operating speed.
However, the interface will existidirect tunnelindpen’the oxide thickness is scaled down
to several nanometers or below. The situation besomorse as the oxide thickness
becomes thinner. In order to-avoid the large gedédge current, different kinds of gate
dielectrics have been studied“to,replace the temdit. SiQ. In other words, using other

dielectrics can increase the oxide thickness-withimcreasing the driving current. The

capacitance in the dielectric layer is

C=—2, (2.25)

Using high-k dielectrics can increase the capacégaand maintain high driving
current even if the thickness is thicker than #fafiO,. To maintain good interface with
substrate, multi-layer stacked dielectric layersl hmeen proposed. Experiment results
indicate that the leakage current was significab#yimproved by using high-K dielectric
[15] [16] and the gate leakage improvement fornied&nt kinds of gate dielectrics are
shown in Fig. 2.5-Fig. 2.8.

The high-K dielectric layers are available in noagsladvanced CMOS technologies.
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Fig. 2.5. Calculated dependence of tunneling ctiwarsubstrate electric field for Si@nd

HfO, by classical and quantum mechanical (QM) modele Guantization in inversion

layer lifts the electron energy up, leading to &rmnneling current [15].

10° s _
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Fig. 2.6. Calculated tunneling currents vs gatéaga from classical and QM models.

The QM effects are compensated in some extentaltiestlarger band bending in QM

model. However, the enhancement due to quantizatarstill be observed in I-V plot

for HfO, [15].
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Al, O3 mole fraction is 8% .for HfAIO .and SiNymole fraction 49 for optimized
SiON [16].

1.E+04 —
S

= i S
2 1.E+02 -
= HFOJ/TiM on T~
= 1.E+01 Control Si -
- 1.E+00
2 4 E-01 -
[
=< -
P 1. E-402
L. HFO TN on

1.E-04 4 Strained Si

1;E‘“5 L] T T T T

11 13 15 17~ 19 21 23
T (A)
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dielectrodes. Also shown is SION line for referefi®.
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Chapter 3
Ultra-L ow L eakage Power-Rail ESD Clamp Circuits

3.1 Traditional Power-Rail ESD Clamp with Gate L eakage Consideration

The traditional power-rail ESD clamp circuit is cposed of an ESD clamp device,
such as a MOSFET or Silicon Controlled RectifieCRg, and a trigger circuit. This
trigger circuit is in charge of detecting the ESesses and activating in time the
protection device to sink the ESD current througbage path. The trigger circuit often
includes an RC delay stage to detect the fastitlaheature of the ESD stress, and a set
of transistors to trigger the main protection devid schematic of this circuit is shown in
Fig. 3.1.

The circuit of Fig. 3.1s designed and simulatesithg the SPICE models for a
65-nm CMOS technology. The circuit is comprisedaloyRC delay circuit formed by the
resistor R and the PMOS capacitog-a-trigger circuit formed by the transistors, M
and M, and an SCR as protection clamp. The transistpisNarge-sized to provide the
SCR trigger current. Notice that an SCR has beed instead of a MOSFET; this is done
basically because the SCR is known to have theEf@Btrobustness-per-area [17], and as
the operating voltages in this technology fall kekthe SCR holding voltage, there is no
latch-up issue.

Under a positive ESD pulse zapping the nogg Wss grounded), the initial value
of Vi is kept to ~OV. The capacitor & then charges up the node. With the time
constant RC (in the order of microseconds). Asiibde /. remains low, the transistorgV
is turned on and drives the trigger current to $@&R, causing the SCR to turn on to

protect the internal circuits.
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Table 3.1

Leakage current of NMOS and PMOS capacitor in tbfie CMOS processes.

Total Gate Current at 1V

Generation MOS Type ol
(W/L=1pm/1pum)

NMOS ~2.3nm ~11nA
90-nm

PMOS ~2.5nm ~3nA

NMOS ~2.0nm ~140nA
65-nm

PMOS ~2.2nm ~80nA

NMOS ~1.9nm ~260nA
45-nm

PMOS ~2.1nm ~95nA

Vb

P+
M
R § -ciI: ° N-WELL
Vrc
I—o  — P+I P-WELL
Vout

i

MCAP

Vss

Fig. 3.1. Traditional power-rail ESD clamp circuit.
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Fig 3.3. ESD-like transient simulation for the cirtoof Fig 3.1.
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Table 3.2

Traditional power-rail ESD clamp circuit.

Transistor size (Um/pm)
R (k)
Mn Mp Mcap

1/0.15 50/0.15 20/20 50

Under normal circuit operation the capacitogAv presents high impedance, so the
voltage at the node VRC is kept tey/ Therefore, M and M, are turned off and on,
respectively, so the SCR trigger point is tied g, Vnaintaining the SCR in off state. The
RC time constant of the capacitoicMand resistor R is fast enough (in the order of us)
so the RC delay stage can follow thgpMransient.voltage and there are no misstriggers
during the power-on ramp (usually 100us to Imsadwanced CMOS technologies, there
is a leakage current through the capacitogAd)l-which'induces a voltage drop across the
resistance R. Therefore, the voltage.at the“nodeisvViower than ¥p. This voltage
difference prevents the transistor, ¥b be fully turned off. There is another source of
leakage across the transistorg &hd M, which increases the total leakage current. A
table with the comparison of this leakage acrofferént technologies is given in Table
3.1, also, Fig. 3.4 and Fig. 3.5 shows the MOS aé&ma current for different voltages
and temperatures. According to simulations, thal tegakage current of the traditional
power-rail ESD clamp circuit under 1 Volt bias i$.@uA. In addition, if the protection
device used is an NMOS transistor, as the nogdg i¥ not fully biased to VSS the
transistor is not fully turned off so there is akage current flowing through the transistor,

increasing even more the circuit leakage current.
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Fig. 3.4. Simulated PMOS gate current for differesitages and temperatures.
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Fig. 3.5. Simulated NMOS gate current for differealtages and temperatures.

The simulation transient curves for power-on tramsi and ESD-like event are

shown in Fig. 3.2 and Fig. 3.3, respectively.
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A modification of the power-rail ESD clamp circist shown in Fig. 3.6. It consists
on adding a level restorer (Mn the node \. This transistor biases the nodg ¥ Vpp.
Therefore, the transistor Ms fully turned off and there is no leakage cutrianough M,
and also the nodey¥ is fully tied to \ss so there is no leakage through the protection
device. Being the node Vat the \bp voltage, the voltage drop in dd provokes a
current to flow. Therefore, even though the leakageduced, the leakage due to the gate
tunneling is still high (13pA in the simulationsder 1V bias).

Even though the leakage current can be halved éYetrel restorer, it is still high.
Therefore, changes need to be introduced in oaddetrease the total leakage current to
the order of nanoamperes.

The simulation transient curves. for. power-on triamsi and ESD-like event are

shown in Fig. 3.7 and Fig. 3.8, 1espectively

Voo

P+
4fe
N-WELL
¢—o— P+ | P-WELL
Vout

fg

Fig. 3.6. Modified power-rail ESD clamp circuit Witevel restorer.
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Table 3.3

Traditional power-rail ESD clamp circuit with levedstorer.

Transistor size (Um/pm)
R (kQ)
Mn Mp |vlr MCAP

1/0.15 50/0.15 1/0.15 20/20 50

3.2 Previous Works

Some previous works have addressed the leakage @gl different designs have
been proposed to overcome the leakage currentipdtver-rail ESD clamp circuit [18] -
[21]. These circuits use different circuititechreguo either reduce the capacitance value,
or the voltage applied to the capacitor under. nbwparation; either the capacitance or
voltage reduction helps reducingthe leakage thrahg-capacitor.

The work shown in Fig. 3.9 [18] uses-a-series atlstd diode-connected transistors
to reduce the MOS capacitor voltage.under.normetaifon. The diode-connected PMOS
transistors are used to bias the node gtd/reduce the voltage across the MOS capacitor.
The static current through diode-connected PMOSisistors can be reduced by
increasing their channel lengths. With enough dicalenected PMOS transistor stacked
between VDD and VSS, the voltage across the MO&aitap can be decreased to reduce
the leakage current. PMOS capacitor is used im#wve proposed ESD-detection circuit
because the MOS capacitor is not connected to \ffelStehas less gate leakage current
than NMOS capacitor. The work shown in Fig. 3.10][lises a different technique to
achieve a similar result. The transistop;Ns used to generate the SCR trigger circuit
under an ESD stress. The transistan M turned on under normal operation to tie the
SCR trigger node t¥ss therefore guarantying the SCR is kept in off stiteng normal

operation. The RC time constant from RgMMc,, and M, is designed in the order of
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microseconds to distinguish ESD events from norrmpalver on transitions. The
diode-connected transistors,iand My; act as start-up circuit with initial gate-to-bulk
current fromVpp to the ESD detection circuit, and in time to coridsome current
through the transistor Mto bias the internal nodes.

Another power-rail ESD clamp circuit using diffetgraths to extend the delay time
and reduce RC value to solve the fast power-oreigsahown in Fig. 3.11 [20].

Recent work has reported that the MOS capacitor lmnmeplaced by a MOM
capacitor, without a significant increase in ar2h|[

Even though all these techniques success at reglubm leakage, it is done at

expense of area overhead or the leakage remages lar

VDD

S
P+

Mbicde

LT_II_

M Diode

L.l_IA
Tz
5| %
m m
[ r
r -

MDiDde MC‘P P+ )
~C N+
L
M[}inda
_C
_I

Vss

Fig. 3.9. Proposed power-rail ESD clamp circuitaference [18].
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Fig. 3.10. Proposed power-rail ESD clamp,circuiteference [19].
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Mp.4
o [
VDD VDD

- __C1 -4 M, Mp; ._ll:MNz
ECH

Fig. 3.11. Proposed power-rail ESD clamp circuitdference [20].
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N-WELL
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l-I-J MOM _| M. N+

Capacitor | ‘

Vss

Fig. 3.12. Proposed power-rail ESD clamp,circuiteference [21].

3.3 Proposed Designs

Vb
TRIGGER ESD
CIRCUIT CLAMP
L 1
\ T ®
1 3 \
Vss

Fig. 3.13. Capacitor gating technique to overconeegate leakage.

The novel circuit technique presented in Fig. 3sLt&he main focus of this thesis.

The basic idea behind this technique is to actieelytrol the MOS capacitor gate plate to
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selectively drive the node to eithepd/or Vss When the node is connected tgsvthe

RC delay stage is connected and the circuit behasethe traditional power-rail ESD
clamp circuit described in Fig. 3.1; when the na&ged to \bp there is no voltage drop
through the capacitor, as the other node is bi&sedhp by the resistor. Therefore, the

capacitor leakage is nulled.

3.3.1 Proposed Design A

The circuit presented in Fig. 3.14 is the first amgost straightforward
implementation of the circuit technique describ&dwe. The switches are implemented
with the transistors Iy and My, and the trigger circuit is implemented by thensiators
M, and M,. The RC time constantis designed.to.be 0.1ps.

On power-on, the nodepy raises to its full voltage with a slow time-risEOQus to
1ms). As the rise time is slower than‘the RC timastant, the node ycan follow \pp.
Therefore, the transistor Mis turned off, asZits gate-source voltage rematQ¥.
Moreover, the transistor Ms turned on, tying the node,)}to Vss maintaining the SCR
in turn-off state. As the nodeyyis ~0V, the transistor M is turned off and the transistor
My is turned on, driving the node Vg tey. Therefore, both capacitor nodes, &d \4
are biased to M, so the capacitor gate leakage current is nulled.

When a positive ESD pulse is zapping aip\{Vss grounded) the fast rise time
nature of the discharge keeps the nogdow, so the transistor Ms turned on and drives
the node ¥ high. As the node ¥ is higher than Vs the transistor M is turned on,
tying the node Y to Vss so the capacitor terminal is connected to groamdi therefore
the node V; start charging with the RC time constant. The ndgeemains lower than
the inverter (M and M,) turning point during the ESD zap (set as a desarsideration).

Therefore, the node i remains high and drives the trigger current toSIR, assuring

-28-



the SCR turns on and therefore protecting theniadasircuits from damage.
The simulation transient curves for power-on tramsi and ESD-like event are

shown in Fig. 3.15 and Fig. 3.16, respectively.

P+
- R 4 Mp
§ N-WELL
Vi Vout
—— P+I P-WELL
4 Mn

B
_l_mng

Fig. 3.14. Proposed design A schematic.

Table 3.4

Proposed Design A

Transistor size (Um/pm)
R (k)
Mn Mp Mng Mpg MCAP

1/0.15 50/0.15 5/0.15 2/0.15 20/20 50
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60

e [2,]
[—] [—]

[ 2]
=

Voltage (V)
(yw) juasin)

N
[—]

-
[=]

0 20 40 60 80 100 120 140
Time (ns)

Fig. 3.16.ESD-like transient simulation for the circuit oigF3.14.
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3.3.2 Proposed Design B

The circuit presented before can be modified asvehm Fig. 3.17. Two more
transistors are added to the original design, AerdSICR trigger point is connected to the
third inverter instead of the first. The capacliottom node remains tied to Vg.

On power-on, the nodeMollows Vpp, S0 My is turned off and M is turned on.
Therefore, the node s tied to \&s so the transistors jdand M, are turned on and off,
respectively, tying the nodeg\fo the \6p voltage. As  is driven to \bp, the node M
is tied to \ks by the transistor M, thus assuring the SCR remains in off state during
normal operation. Also, as the nodeg ¥®nd 4 are both driven to M, there is no
leakage path through the transistor. Thereforegtte leakage current is canceled.

The behavior under ESD.is similar to.theprevioursuit. When a positive ESD
zaps at the nodepy (Vss grounded) the node Mremains initially low, so the transistor
My is turned on and the transistopMs-turned off. Therefore, the node M driven to
the Vpp voltage. Moreover, the transistors,Mand Mz (Mp2 and M) are turned on
(turned off), and the nodeg\(Voyy) is tied to \ss (Vpp). As the node Yis kept at \és the
capacitor Map starts charging the node:,With the RC time constant, thus assuring this
node to remain low during the duration of the E$4@-levent. Therefore, the transistor
Mps remains turned on during all the duration of ti&DHike event, thus driving the SCR
trigger current and assuring the protection ofitiernal circuits.

The simulation transient curves for power-on triamsi and ESD-like event are

shown in Fig. 3.8 and Fig. 3.19, respectively.
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Fig. 3.17. Proposed design B schematic.
Table 3.5
Proposed Design'B
Transistor size (um/pm)
R (k)
Mn1 Mpz1 Mn2 Mp2 Mhns Mps Mcap
1/0.15 5/0.15 2/0.15 10/0.15 5/0.15 50/0.15 20/20 0 5
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Fig. 3.19. ESD-like transient simulation for thecait of Fig 3.17.
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3.3.3 Proposed Design C

The circuits mentioned above use RC circuit ddday,this topology can be inverted,
I.e., the capacitor is connected between ®nd V., and the resistor between.\dnd \ss
With this change, the output voltage of the delags is an exponential decay under input
steps (such as ESD events), on the opposite tRthelelay stage, whereas the output
voltage increases exponentially. Two inverter fage needed to trigger the SCR. The
resulting circuit is plotted in Fig. 3.12.

Vbp

+
Mcap P
Mo+ Mp2

V,$—9 S ¢—e&| P+ | P-WELL
VrC N+
R M —| M,
Vss

Fig. 3.20. Proposed design C schematic.

The main operation of this circuit is similar toetiprevious ones. Under normal
circuit operation, the node [/remains at ~0V, so ) is biased at ¥s tying both
capacitor nodes at ¢ thus suppressing the capacitor leakage. Undeosiiye ESD
pulse zapping at p6 (Vss grounded), the node,Ms originally biased at M, and starts
decaying exponentially with the RC time constard.lédng as Vrc remains higher than the

first inverter turning point, b remains turned on, driving the SCR triggering eatr
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Table 3.6

Proposed Design C

Transistor size (Um/pum)
R (k)
Mn1 Mp1 Mn2 Mp2 Mcap

1/0.15 25/0.15 1/0.15 50/0.15 20/20 50

Voltage (V)

- 240

-
:
o
£
i
|

0.2 |- DR R PRI DU SUUPUITE FOVPIY SUOPUIE 4220

A4 A 4 A 4 200
200 300 400 500
Time (us)

0.0

Fig. 3.21. Power-on transient simulation for thewit of Fig. 3.20.
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Fig. 3.22. ESD-like transient simulation. for,thecait of Fig 3.20.

3.3.4. Comparison between Circuit Simulations

All the circuits were simulated.to test the‘behawinder power-on input ramps and
ESD-like events (high transient pulses). Tablesh@ws a comparison for the simulated
total leakage current of the trigger circuits und¥®f bias. It can be seen that the total

leakage current of the power-rail ESD clamp cicg@n be reduce down to two levels of

magnitude with the proposed designs.
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Table 3.7

Simulation results

Circuit

Leakage current

under 1V bias

Traditional power-rail ESD clamp circuit
Modified power-rail ESD clamp circuit
Power-rail ESD clamp circuit with gating technique
Power-rail ESD clamp circuit with gating technicared

inverter chain

21.6pA
12uA

112nA

250nA
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Chapter 4

Experiment Results

The circuits proposed in Section 3 were design &b-am CMOS process and send
to tape-out. The test chip, shown in Fig. 4.1, am# all the proposed circuits with
parameterized SCR driving strength to test theceté the SCR driving strength on the
ESD performance. The PMOS driver was design foh eacuit to be 50um/0.15um,
80um/0.15um, and 100um/0.15um. The sizes of ther dtAnsistors were adjusted if
necessary from the values shown in Tables 3.2 T0t@.pass the simulations (see
discussion at Section 5.1). All the circuits useigentical SCR, designed in the area of
40um by 7.8um. The purpose of this is to test ffexeof the different trigger circuits in
the ESD performance. Also, a standalone SCR and kip3&citors were included on the
test chip for testing purpose.

The experimental measurements aresdivided in SossctThe first section includes
the devices characteristics, .Such as the-SCR' psaiforte and capacitor leakage. The
second section comprises the designed‘power-r&liStection circuits’ leakage current
at operating voltage. The last, three sections/delthe ESD characterization and
performance, such as TLP measurements; turn-orication, and HBM and MM

simulation.
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(b)
Fig. 4.1 65-nm CMOS process test chip: (a) Layoptuiew of the test chip (b) Die photo
of the test chip.

Vss Voo

-

P+ N+
']
NW
‘\\ ",
K Se< SCR Path
Trigger Path P-Substrate
- >
7.8um
(b)

Fig. 4.2. Substrate-triggered SCR: (a) Layout tegwand (b) Cross-sectional view of the
substrate-triggered SCR.
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(a) (b)
Fig. 4.3. Test MOS capacitors for measuring the daakage. (a) NMOS capacitor, (b)
PMOS capacitor. Both capacitors are 20um by 20um.

4.1 Devices Characteristics

As discussed in Section:3, the main' ESD clamp éewsed in this work is an SCR.
The layout and cross section forithe SCR-are showig. 4.2. The measured leakage for
the device is about 10nA at roomtemperature‘witiaa voltage of 1 volt. The TLP curve
for the standalone SCR is shown in Fig 4.x. Thaihg voltage Vtl is 12V and the
holding voltage is 2.5V. The ESD levels are 4kV HBRU 350V MM.

Two capacitors were included in the test chip tofyeéhe simulation results for the
gate leakage issue using the same values as theitoap used for the simulations shown
in Fig. 3.2 and Fig. 3.3. The setup for the measerds is as indicated in Fig. 4.5. The
values are recreated in Table 4.1. There is a bfgrehce for the NMOS capacitor
between the simulated value (~501A) and the medsialeie (~20pA). The reason of this
iIs due to process variation. A variation in witengith, oxide thickness, and/or doping
concentration can change the total current flovtimgugh the transistor gate, as discussed

in Section 2.
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Table 4.1

MOS capacitor current under 1Vbias

Capacitor current

MOS type
T=25°C T=125°C
PMOS 10.67pA 11.2pA
NMOS 26.44pA 30.26pA

Leakage Current (A)

10™ 10™ 10° 10" 107 10° 10° 10"
25 T T T T T T T T
R ‘ 4/A
201
<L 15
=
c
g
-
=3
O 1.0
o
.|
|_
SCR
0.5 —a—TLPIV
—&— Leakage Current
0.0 TN ISP S N EPU EP Ty S B PR I

5 6 7 8 98 10 11 12 13 14
TLP Voltage (V)

o
-
(8]
w
F -9

Fig. 4.4. SCR TLP IV curve.
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Fig. 4.5. Setup for measuring“the capacitor leakdége NMOS capacitor; (b) PMOS
capacitor.

4.2 L eakage M easurement

The leakage current of the power-rail ESD protectwcuits included in the 65-nm
test chip are measured at controlled temperat&®(2nd 125°C), using a bias voltage of
1 volt. The measured data is plotted in Table 4.2.

There is a variation between the simulated and unedsleakage currents for the
proposed designs B and C (250nA vs. 165nA and 23BnA95nA, respectively, under
1V-bias, at 25°C).

The size of the PMOS driver impacts directly in thwal leakage current,
incrementing approximately 50% the total leakageresu when the PMOS driver is
doubled in size.
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Table 4.2

Measured leakage current for the designed circuits

PMQOS driver Total leakage current

Circuit width under 1V bias

(L=0.15um) T=95°c T=125°C

S50um 12.3pA 53.58pA
Traditional power-rail ESD clamp
N 80pum 16.9pA 80.79pA
circuit
100pm 20.55pA 103pA
50um 112nA 642nA
Proposed Design A 80um 146nA 914nA
100 m 165nA 1.11pA
Proposed Design B 50 m 165nA 653nA
Proposed Design:C 50pum 195nA 625nA
4.3 TLP Measurements

The circuits were evaluated using a TLP. The comparof the TLP curves for the
circuits are shown in Fig. 4.6, Fig. 4.7, and H@, for the traditional power-rail ESD
clamp circuit and the proposed designs A, B, ance§pectively. The IT2 current remains
almost unchanged among all the circuits, aroun@.ZTBe proposed design C IT2 is very
small (0.045A), and it can be seen the circuit cammgger the SCR.

The turning point VT1 was compared among the diffiercircuits, and the results
are plotted in Fig. 4.10. The increase of the S@Redwidth decreases the turning point
VT1, as expected. For the circuits using a SCRedrof width 50pum, the turning point
presents a high variation among the different desi®.2V to 3.8V). When the PMOS
SCR driver width is increased, the variation in thening point among the different
designs decreases. Moreover, the VT1 voltage deeseto around 2.6V for a PMOS

transistor of width 100um, with a variation lesartt0.1V.
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The turning point for all the new proposed power-ESD protection circuit is
higher than the turning point of the traditionalwms-rail ESD protection circuit. The
reason of this effect is that as the proposed itgrauses a series of transistors and a
feedback loop, the reaction time for these ciragitslightly higher than the reaction time

of the traditional design, which can be seen inTthe curves as a higher VTL1.

Leakage Current (A)

A

10
2.5

2.0

=y
L4]

TLP Current (A)
>

Traditional Design
PMOS driver width
—a— W=50pm
—4&— W=80pm
—v— W=100um

0.5

PR IR N R U B BRI R B
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

TLP Voltage (V)

0.0

Fig. 4.6. TLP measurements fot.the traditional petad ESD clamp circuits.
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s | ¥
= 4 .
S 4 —
O 10} ; -
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2 | Design A
PMOS driver width
0.5 |- —s— W=50pm 7]
I —&— W=80pm
—v— W=100um
0.0 PR T NI PO P P [P [N EI R NP

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
TLP Voltage (V)

Fig. 4.7. TLP measurements for the proposed design
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Leakage Current (A)
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Fig. 4.8. TLP measurements for the proposed De3ign
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Fig. 4.9. TLP measurements for the proposed dé&3ign
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Fig. 4.10. Comparison ofy against the PMOS driver width

4.4 Turn-On Verification

The turn-on behavior of SCR devices.is an imporiadex for ESD protection
[24]-[26]. To measure the turn-on of the power-EH8D protection circuits, a square-type
pulse of 5ns rise time and 5V amplitude-to-simuéapmositive-to-VDD ESD stress. When
this voltage is applied to the power-rail ESD claomguits on VDD (VSS grounded) the
fast time rise triggers the protection device, @arg the voltage between 2V and 3V. The
results are shown in Fig. 4.10 and Fig. 4.11 ferdtiferent proposed circuits. Each figure
comprises the turn-on verification results for théerent PMOS SCR driver sizes to
compare the influence of the SCR driving on the-om efficiency. Fig. 4.12 also shows a
comparison among different circuits implementedhwite PMOS SCR driver of size
W/L=50um/0.15um, including the power-rail ESD clamipcuit with gating technique
and inverter chain and the power-rail ESD clamguwir with gating technique and
CR-based delay.

There is a difference of ~0.25V in the holding agk between the circuits using the
PMOS SCR driver with widths 50um and 80um. For titaelitional power-rail ESD
clamp this difference seems to be smaller. Forcthauits using PMOS SCR driver of
widths 80um and 100um the difference in the holdialgages is smaller (~0.15V). The
proposed design B can clamp VDD to a lower voltidngeks to the better driving strength.
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The holding voltage for this circuit is similar the one of the power-rail ESD clamp
circuits using PMOS SCR driver of width 80um an@16n.

6 T T T T T T T T T T T T T T T T T

al | W/L=50pm/0.15pm ‘. iy
l W/L=80pm/0.15pm

Voltage (V)

;40L-20I 0 I20I40I60I80I100 120 140
Time (ns)
Fig. 4.11. Comparison of the turn-on-efficiencytbé traditional power-rail ESD clamp
circuits with parameterized PMOS:SCR driver.

N DR s

Voltage (V)

W/L=100pm/0.15um

01.|.1|.|.|.|.|.|M_L

-40 -20 0 20 40 60 80 100 120 140

Time (s)

Fig. 4.12. Comparison of the turn-on efficiency tife proposed design A with
parameterized PMOS SCR driver.
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Fig. 4.13. Comparison of the turn-on efficiency amahe different power-rail ESD clamp
circuits with PMOS SCR driver of size W/LE=50im/0.1b.

45HBM and MM

The human-body-model"(HBM) [27] and-machine-mod#\) [28] ESD levels for
positive-to-VDD and negative-to-VDD._ESD-~stresses presented in Table 4.3. Each
circuit is zapped on time with an increasing vodtagntil the circuit fails. Failure is
defined as a deviation of 30% or more in the IMveurThe maximum ESD level are 3kV
HBM and 250V MM.

The results from these tests suggest there is hlgmnowith the layout. The
measured ESD levels could be enhanced by reviemdatouts. SEM analysis confirms
the failure spots are located mostly on the SCRedrand in the SCR guard ring, which
are clearly due to poor layout design.

Design C fails at the first zap on HBM and MM ted#reover, the |-V curve after
ESD stress is not like the I-V curve of an opertgir or short-circuit failure, but as
shown in Fig. 4.20. This shift in the I-V curve iogtes there is damage in the internal
circuits and not in the SCR. SEM analysis confims,tshowing the failure is located in

the transistor M of the circuit shown in Fig. 3.20 (Fig. 4.21).
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Table 4.3

ESD robustness of the designed circuits

PMOS driver ESD level
Circuit width
(L=0.15um) HBM MM
50pm 3kV 150V
Traditional power-rail ESD clamp
o 80um 3kV 200V
circuit
100um 3kV 250V
50um 3kV 250V
Proposed Design A 80pm 3kV 250V
100pm 3kV 250V
Proposed Design B 50um 3kV 100V
Proposed Design C 50um <500V <50V

Note: ESD Levels are pass levels. HBM step is 504M, step is 50V. The proposed
design C failed at the first zap.
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MM stress of 200V.

MA-tek 10.0kV 13.8mm x4.50k SE(M) 10.0um

Fig 4.15. Failure spot on SCR in design A after Mivess of 250V.
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Fig. 4.17. Failure on SCR in the traditional powat-ESD clamp circuit after HBM stress
of 3.5kV.
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MA-tek 10.0kV 13.6mm x8.00k SE(M)

m of 3.5kV.

Fig. 4.18. Failure on SCR in desig :
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MA-tek 10.0kV 13.6mm x10.0k SE[{M)

Fig. 4.19. Failure on SCR in design B after HBMes# of 3.5kV.
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Fig. 4.20. I-V curve for the proposed design-Crai€D zap. The green line (B) is the IV
curve of the fresh sample before zap-and the ned(A).is the IV curve of the sample after
zap.

MA-tek 10.0kV 11.2mm x25.0k SE(M)

Fig. 4.21. Failure in proposed design C after Mkést of 50V.
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MA-tek 10.0kV 11.3mm x25.0k SE(M)
Fig. 4.22. Failure in proposed design C after HEMss of 500V.
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Chapter 5

Discussions

5.1 SCR Driving Srength vs. ESD Performance

The performance of the designed power-rail ESD plaircuits can be evaluated by
means of leakage current and ESD robustness. Whtredeakage increases drastically
when the SCR PMOS driver increases, as the leakad@minated by this transistor, the
turning point \; decreases. The reduction ip Yauses the SCR to be triggered at a lower
voltage. Therefore, the circuit turn-on time dese=a The turn-on verification also shows
a proportional reduction in the holding voltage ttee SCR PMOS driver size. Lower
holding voltage should lead to higher ESD levdisugh in the results the ESD levels are
almost the same for every design. SEM analysicatdd the failures are due to layout
error. With a better layout the ESD levels shoaldéase with the SCR PMOS driver size.

The proposed design B,.using-a PMQOS SCR driveizef\W/L=50um/0.15um, has
similar performance when compared with the propasesign A with PMOS SCR driver
of size W/L=80um/0.15um and W/L=100um/0.151m. Thé&limg voltage and leakage
current at 25°C are similar, but the proposed aeddg has lower leakage at high
temperatures, as the total area occupied hy ttansiss smaller. The inclusion of the
inverter chain seems to have better performanceahe results, even though the

performance in the simulations was poor.

5.2 Proposed Design C Failure Analysis

As shown in Chapter 4, the proposed design C &dila very low voltage. TLP
shows the SCR is not turned on, and also the &ikiat very low TLP voltage. Also, the
IV curve shift after ESD stress is not like the d¢urve of short-circuit and open-circuit
failures. Therefore, the failure has to be in tf&DEdetection circuit and not in the SCR.
OBIRCH analysis was done to find the failure sjot, even though some hot spots were
found, the failure location could not be found.

SEM analysis shows the failure is located in theDE8tection circuit, more
specifically in the transistor M. The failure is due to electrical overstress & giate, as a

result of high voltage in the nodec.VV . is supposed to start at oy under ESD stress
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and then decay with RC time constant, but the SRdRIld be triggered before damage
may happen.

A proposed solution should be to move the SCR (lglgted in red in Fig. 5.1) to
the top, nearer thepy pad and the trigger PMOS in order to reduce thayde turn the
SCR faster. In addition, two design variations, vehan Fig. 5.3(b) and 5.3(c), are
proposed as solutions. The circuit in Fig. 5.2(brauples the feedback path from the
output in order to reduce the load ig;Mo increase the SCR trigger speed. The circuit in
Fig. 5.2(c) adds two small resistors in the gaig source of the transistorMin order to

reduce the voltage drop at the transistor gatedalayate damage.

Fig. 5.1. Layout view of the proposed design C. &R is highlighted in red.
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Fig. 5.2. OBIRCH Image. The hotspots appear higitdid in red color.
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Fig. 5.3. (a) The original design C; (b) modificatiof design ¢ with separated driver to
speed up the turn-on of the SCR; (c) modificatidndesign ¢ with added resistors to

protect M.
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5.3 Sources of L eakage in the Proposed Designs

Even though the technique implemented by the pexghaesigns can eliminate the
capacitor leakage, there is still a low leakages@ne in the circuits (100nA ~ 200nA). It
can be noticed also that the leakage also increaghsthe PMOS driver width (see
Table 4.2).

The proposed design A (with the PMOS driver of sWé.=50um/0.15um) is
analyzed in SPICE in detail to detect all the |lggkaources. The circuit is analyzed under
low and high temperatures (25°C and 125°C). Unoertemperatures, the main leakage
path is between the resistor R and the gate pfdMe to gate induced drain leakage [29].
The transistor Malso suffers from large leakage in the junctioesanse Mis very big.
The overall leakage provided by,Ns ~76nA. The rest of the leakage is providedhsy t
transistors M and M4 due to gate leakage. Under high temperatureséteslgakage has
little change, so the junction leakage becomes dantj and the transistor g\provides
most of the overall leakage current.in the-circuit.

It can be concluded that the  dominantdeakage nmésims at low temperature are
direct gate tunneling for the fransistors in-onestnd gate induced drain leakage for the
transistors in off-state, whereas the dominantdgakmechanism at high temperature is
due to channel current. In both cases, the maitribation is made by the PMOS driver,
so, in principle, it cannot be reduced-without.coampising the ESD robustness.

5.4 More Discussions on M easurement Results

It can be seen from the ESD testing results thatridditional design (with PMOS
driver of size W/L=50um/0.15um) and the design Bdalower MM level, and also the
failure is located in the PMOS driver and not ie ®CR. Low driving strength could be
assumed as the cause of failure (i.e., the PMO&is not big enough and fails due to
high current), but the design A with the same PMiDi@er size fails at higher level. This
effect could be due to transient waveforms duringl BSD testing that could be some
different in the measurement setup. A second clap tested to verify this, and some
variation in the ESD levels was found. The desighoBexample, passed only 100V MM
on the first test, but passed 200V MM on the sedestl Therefore, a PMOS driver of
size W/L=50um/0.15um may not be enough to obtginoper ESD level (200V MM is

the minimum level required for the industry).
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Chapter 6

Conclusons and Future Works

6.1 Conclusions

The gate leakage issue affects the behavior opdtiveer-rail ESD clamp circuit in
nanoscale CMOS processes and needs to be takewansideration. In this thesis, a
series of circuits were proposed in order to ovaeahe gate leakage issue in the
power-rail ESD clamp circuit, using only thin-oxidevices.

The proposed design A can achieve the lower leakalye of 112nA under 1V-bias
at 25°C (642nA at 125°C) when implemented with a@DRSPMOS driver of size
W/L=50um/0.15um. The proposed design B measured leakage curnel@r i V-bias is
165nA at 25°C (653nA at 125°C). Both proposed desigims to reduce the leakage
current of the traditional power-rail ESD clampcciit (21.61A under 1V-bias at 25°C).

The holding voltage for the cireuits-is-=2.5V, whiis free of latch-up issue in the
CMOS ICs using ¥p = 1V.

The measured ESD levels for-this designs ‘are 3kWIHBd 250V MM, though
these levels could be enhanced by layout revision.

6.2 Future Wor k

Although low leakage has been achieved in the meggower-rail ESD clamp
circuits, the ESD robustness was lower than exdeciée layout design has some
drawbacks that should be corrected to increas&8i2 robustness. In addition the SCR
layout needs to be revised in order to avoid tmel kif failures detected in the designed
circuits.

Also, the proposed modifications to the design ©ush be implemented and
verified in silicon.
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