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Abstract

Drift-Di�usion, Hydro dynamic and Mon te Carlo sim ulations ha v e b een used in

this w ork to sim ulate strained Si/SiGe devices for RF and CMOS applications. F or

n umerical sim ulations of Si/SiGe devices, strain e�ects on the band structure of Si

ha v e b een analyzed and analytical expressions are presen ted for parameters related

to the bandgap and band alignmen t of Si/SiGe heterostructure.

Optimization of n-t yp e buried strained Si c hannel Si/SiGe MODFET s has b een

carried out in order to ac hiev e high RF p erformance and high linearit y . The impact

of b oth lateral and v ertical device geometries and di�eren t doping strategies has

b een in v estigated.

The impact of the Ge con ten t of the SiGe bu�er on the p erformance of p-t yp e

surface c hannel strained Si/SiGe MOSFET s has b een studied. Hydro dynamic de-

vice sim ulations ha v e b een used to assess the device p erformance of p-t yp e strained

Si/SiGe MOSFET s do wn to 35 nm gate lengths. W ell-temp ered strained Si MOS-

FET s with halo implan ts around the source/drain regions ha v e b een sim ulated and

compared with those devices p ossessing only a single retrograde c hannel doping.

The calibrations in resp ect of sub-100 nm Si and strained Si MOSFET s fabri-

cated b y IBM lead to a scaling study of those devices at 65 nm, 45 nm and 35 nm

gate lengths. Using Drift-Di�usion sim ulations, ring oscillator circuit b eha viour has

b een ev aluated. Strained Si on insulator (SSOI) circuits ha v e also b een sim ulated

and compared with strained Si circuits, Si circuits emplo ying con v en tional surface

c hannel MOSFET s along with SOI devices.

Ensem ble Mon te Carlo sim ulations ha v e b een used to ev aluate the device p er-

formance of n-t yp e strained Si MOSFET s. A non-p erturbativ e in terface roughness

scattering mo del has b een used and v alidated b y calibrating with resp ect to ex-
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p erimen tal mobilit y b eha viour and device c haracteristics. The impact of in terface

roughness on the p erformance enhancemen t of strained Si MOSFET s has b een in-

v estigated and evidence for reduced in terface roughness scattering is presen ted, i.e. ,

a smo other in terface is suggested in strained Si MOSFET s. A 35 nm gate length

T oshiba Si MOSFET has b een sim ulated and the p erformance enhancemen t of 35

nm strained Si MOSFET s o v er the T oshiba Si device is predicted.

Mon te Carlo sim ulations are also emplo y ed to in v estigate the p erformance degra-

dation due to soft-optical phonon scattering, whic h arises with the in tro duction of

high- � gate dielectrics. Based on the device structures of the calibrated sub-100 nm

n-t yp e con v en tional and strained Si IBM MOSFET s, signi�can t curren t degradation

has b een observ ed in devices with high- � gate dielectrics, HfO

2
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Glossary

� 0 V acuum p ermittivit y , 8.85 � 10� 14
F/cm

f T Cut-o� frequency

f max Maxim um frequency of oscillation

gds Output conductance ( dID =dVD )

gm T ransconductance ( dID =dVG )

~ Reduced Planc k's constan t, 1.055 � 10� 34
J-s

kB Boltzmann's constan t, 1.38 � 10� 23
J/K

m0 F ree electron mass, 9.1 � 10� 31
kg

q Electronic c harge, 1.6 � 10� 19
C

Ec Conduction band

Eg Band gap

Ev V alence band

I D Drain curren t

Lef f E�ectiv e gate length

Lg Ph ysical gate length

NA A cceptor (doping) concen tration

ND Donor (doping) concen tration

S Subthreshold slop e

VD Drain v oltage

VG Gate v oltage

VT Threshold v oltage

1-D (1D) One Dimensional

2-D (2D) T w o Dimensional

2-DEG 2-Dimensional Electron Gas
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BTE Boltzmann T ransp ort Equation

CL ( � ) Correlation Length (of surface roughness)

CMOS Complemen ted Metal Oxide Semiconductor

DCFET Dop ed Channel Field E�ect T ransistor

DDM Drift-Di�usion (transp ort) Mo del

DIBL Drain Induced Barrier Lo w ering

DOS Densit y of States

EOT Equiv alen t Oxide Thic kness

FD F ully Depleted (SOI)

HDM Hydro dynamic (transp ort) Mo del

HEMT High Electron Mobilit y T ransistor

HFET Heterostructure Field E�ect T ransistor

IM In termo dulation

IR In terface Roughness

ITRS In ternational T ec hnology Roadmap for Semiconductors

LDD Ligh tly dop ed drain

LO Longitudinal Optical (phonon)

MC Mon te Carlo

ME Mo dulation E�ciency

MODFET Mo dulation Dop ed Field E�ect T ransistor

MOSFET Metal Oxide Semiconductor Field E�ect T ransistor

PD P artially Depleted (SOI)

PIP3 Input p o w er leading to excess third-order in termo dulation

RF Radio F requency

RMS ( � ) Ro ot Mean Square (heigh t of surface roughness)

SCE Short Channel E�ects

S/D Source/drain

SDE Source Drain Extension

SGOI SiGe-on-insulator

SIMO X Separation b y implan ted o xygen

SO Soft Optical (phonon)
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SOI Si-on-Insulator MOSFET

SSDOI Strained Si directly on Insulator MOSFET

SSi Strained Si MOSFET

SSOI Strained Si on SiGe SOI MOSFET

TO T ransv erse Optical (phonon)
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Chapter 1

In tro duction

Silicon based CMOS tec hnology is no w en tering the sub-100 nm regime [1], enabling

the in tegration of tens of millions transistors on to a single c hip, while the dimensions

of the smallest demonstrated devices [2, 3] are rapidly approac hing their 'ph ysical'

limit - the silicon lattice constan t. Ho w ev er, this con tin uous dimension scaling not

only brings di�culties to device fabrication, but also induces device op eration prob-

lems. The ma jor problems of scaling con v en tional MOS-t yp e devices include [4]: (1)

Quan tum mec hanical tunnelling through the thin gate o xide, from source to drain

and from drain to b o dy; (2) threshold v oltage con trol induced b y random doping

e�ects; (3) short c hannel e�ects and mobilit y degradation; (4) pro cess con trol of

thin la y er uniformit y , accurate lithograph y and implan tation.

Therefore, to extend the lifetime of the silicon based CMOS tec hnology , devices

with new structures or new materials need to b e considered [1, 4]. In a scaled

con v en tional Si MOSFET, a thin gate o xide and a highly dop ed c hannel are required

in order to ha v e a go o d con trol of short c hannel e�ects (SCE). Ho w ev er, suc h action

induces problems of gate tunnelling and lo w mobilit y in the c hannel. Complicated

designs of source/drain (S/D) and w ell doping pro�les, e.g. , ligh tly dop ed drain

(LDD), retrograde or halo doping, are necessary to suppress the serious SCE and

sustain c hannel mobilit y , main taining a high on/o� curren t ratio. The use of high- �

gate dielectrics [5] is a solution to suppress the gate leak age, although problems

still exist in terms of pro cess con trol and asso ciated mobilit y degradation [6, 7].

The ev olution of device structure [1, 4], e.g. , ultra-thin b o dy SOI MOSFET and

1
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m ulti-gate MOSFET s with ligh tly dop ed or undop ed c hannel, whic h b ene�t from

in trinsically w ell con trolled SCE and b etter carrier transp ort, are promising solutions

for future ultra-scaled devices. The scaling also necessiates source/drain engineering

b y using either Sc hottky source/drain or non-o v erlapp ed source/drain extensions in

order to reduce source/drain resistance or suppress 2-D e�ects. These p erformance

b o osters ha v e b een summarized in the 2003 edition of the In ternational T ec hnology

Roadmap for Semiconductors (ITRS) [1] and the roadmap suggested that one or

sev eral b o osters ma y b e required for devices b ey ond the 90 nm tec hnology no de in

order to sustain the historic ann ual increase of in trinsic sp eed of high-p erformance

MPUs at 17% [1]. Among those p oten tial solutions for future CMOS applications,

transp ort enhanced FET s using strained Si c hannel are amongst the most mature

tec hnology and ha v e already demonstrated enhanced device and circuit p erformance.

1.1 The Allure of Strained Si

The transp ort enhanced FET s use new materials with higher mobilities to en-

hance/replace the Si c hannel. V arious materials ha v e b een prop osed, e.g. , I I I-V

materials, Ge or SiGe, and strained Si. I I I-V materials ha v e higher mobilities than

bulk Si, but they lac k a natural o xide lik e SiO

2

in the case of Si. Recen t researc h has

sho wn that gro wing dielectrics on I I I-V materials with go o d in terfaces is ac hiev able,

indicating the p ossible future of I I I-V material for CMOS applications [8]. On the

other hand, although Ge or SiGe c hannel with higher mobilities ha v e b een stud-

ied primarily for p-t yp e applications, the di�culties of gro wing an insulator with

go o d in terface prop erties on top of Ge or SiGe has slo w ed do wn its application for

CMOS [9, 10]. Recen t researc h fo cuses are on the strained Si material, whic h has

adv an tages in terms of the mobilit y enhancemen t for b oth electrons and holes and

its compatibilit y with existing Si tec hnology .

Strained Si ma y b e ac hiev ed either through pro cess induced material stress or b y

pseudomorphically gro wing silicon on a bu�er with larger lattice constan t, usually

relaxed SiGe. Appropriate pro cess steps can stress the Si c hannel through appropri-

ate strain engineering of shallo w trenc h isolation (STI), cap la y er (con tact-etc h-stop
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la y er) or silicidation pro cesses [11�13], whic h has b een incorp orated in to In tel's cur-

ren t 90 nm tec hnology to ac hiev e p erformance enhancemen t [11]. Ho w ev er, this

kind of strain is v ery dep enden t on the sp eci�c pro cess conditions and also device

dimensions [12]. In comparison with the pro cess induced strain, strained Si pseu-

domorphically gro wn on a relaxed SiGe la y er is a commonly adopted approac h to

ac hiev e tensile strain. If the strain Si la y er is thinner than its critic al thickness [14]

(de�ned as the thic kness b ey ond whic h the strained Si can b e gro wn without induc-

ing mis�t dislo cations to reliev e the strain), it should b e reasonably stable.

Strained Si on SiGe heterostructure for CMOS applications has b een studied for

more than ten y ears [15] and IBM �rst announced its plan in 2001 to use strained Si

for their future CMOS tec hnology [16], whic h w as claimed to b o ost the c hip sp eed b y

35% with only a 10% cost increase. Compared to bulk Si CMOS, a 70 nm strained

Si pro cess has b een recen tly demonstrated, deliv ering a 95% higher in v erter p eak

curren t and a 2.2 ps reduction in ring oscillator dela y for the same driv e curren t [17].

Recen t progress has also demonstrated the ev olution of the strained Si bulk MOS

structure, suc h as the strained Si on SiGe on insulator (SGOI) MOSFET [4, 18] and

the strained Si directly on insulator (SSDOI) MOSFET [19, 20]. Ha ving a highly

strained Si c hannel [21] or using a di�eren t orien tation (110) substrate [22] in p-

t yp e MOSFET s, the p erformance matc h b et w een the NMOS and PMOS for CMOS

applications migh t b e ac hiev ed. Ho w ev er, unless sp eci�cally indicated, all the w ork

con tained in this thesis refer to the (100) substrate.

Driv en b y the requiremen ts for high p erformance and high in tegration, strained

Si has b een widely accepted as a candidate for future CMOS applications [1] and

sub-100 nm strained Si devices ha v e b een demonstrated b y ma jor industry v endors

suc h as IBM [16], In tel [11], AMD [23], T oshiba [18], UMC [17], TSMC [24].

Apart from its wide application in CMOS, strained Si/SiGe heterostructure has

also b een applied to the high electron mobilit y transistor (HEMT) structure, in

whic h the undop ed strained Si c hannel is capp ed b y t w o relaxed SiGe la y ers and

the carriers are supplied b y remote dop ed SiGe la y ers, forming a high mobilit y 2-D

quan tum w ell. This structure, named the mo dulation-dop ed �eld e�ect transistor

(MODFET), has demonstrated promising RF p erformance of highest record f
max

,
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188 GHz [25], and minim um noise �gures of 0.3 dB at 25 GHz [26]. Compared to

their I I I-V coun terparts, strained Si MODFET is more easily in tegrated in to existing

Si tec hnology and is therefore able to realize the system-on-c hip in some application

areas.

1.2 Ab out the Pro ject

The Ph.D pro ject is part of �SiGe for MOS T ec hnologies - Phase I I�, a large in ter-

univ ersit y collab orativ e gran t funded b y the UK Engineering Ph ysical and Science

Researc h Council (EPSR C). The w ork has b een carried out within the Device Mo d-

elling Group at the Departmen t of Electronics and Electrical Engineering of the

Univ ersit y of Glasgo w. The aim of the pro ject is to study the ev olution of Si based

MOSFET s via the incorp oration of new materials, for example SiGe or strained Si,

to ev aluate the resultan t device p erformance and predict future scaling trends of

strained Si/SiGe MOSFET s for CMOS and RF applications. The pro ject is based

on sim ulation w ork, using the commercial TCAD to ols MEDICI and T A UR US from

Synopsys [27]; a 1-D P oisson-Sc hrö dinger solv er [28] and an in-house ensem ble Mon te

Carlo sim ulator [29].

The �rst y ear's w ork fo cused on the scaling study of n-t yp e strained Si/SiGe

MODFET s [30], in collab oration with DaimlerChrysler in German y . A sim ulation

based calibration with resp ect to the exp erimen tal data of 67 nm e�ectiv e gate

length n-t yp e bulk Si and strained Si MOSFET s from IBM [31] w as also carried out

during this p erio d.

In the second y ear, further collab oration with Daimler Chrysler and the Ultrafast

System Group in the departmen t led to the con tin uation of the w ork on strained

Si/SiGe MODFET s, fo cusing on the optimization of the device structure for high

linearit y RF applications [32, 33]. Ma jor w ork in this y ear w as the scaling study of

sub-100 nm strained Si/SiGe p-t yp e MOSFET s [34], based on the calibration with

exp erimen tal data from [21].

In the third y ear, Mon te Carlo sim ulations w ere applied to study the e�ect of

in terface roughness on bulk Si and strained Si MOSFET s [35], using a new mo del
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dev elop ed within the group [36]. Based on the v alidation of the mo del, p erformance

predictions of scaled strained Si MOSFET s w ere carried out. Soft optical phonon

scattering mec hanism [6] w as also implemen ted within the Mon te Carlo sim ulator

and has b een in v estigated in b oth con v en tional Si and strained Si MOSFET s with

high- � gate dielectrics.

1.3 Thesis Outline

A brief description of the con ten t of this thesis is giv en b elo w:

Chapter 2 brie�y reviews curren t strained Si MOS tec hnology . Di�eren t struc-

tures, tec hnological issues and solutions of buried c hannel strained Si/SiGe MOD-

FET s for RF applications and surface c hannel strained Si MOSFET s for CMOS

applications are discussed. Emerging tec hnologies and a v ailable therotical w ork

concerning the future of strained Si CMOS tec hnology are also outlined.

Chapter 3 giv es a brief in tro duction of di�eren t sim ulation tec hniques and dis-

cusses the prop erties of the Si/SiGe heterostructure whic h are imp ortan t for n umeri-

cal device sim ulations. Calculations and summary of the heterostructure parameters

are giv en. The studied parameters, including the bandgap of strained Si or SiGe,

band o�sets of the heterostructure at the conduction and v alence bands; e�ectiv e

masses; densit y of states (DOS); and p ermittivit y are essen tial for all the sim ulation

w ork asso ciated with the Si/SiGe heterostructure and ha v e b een used throughout

all the w ork con tained in this thesis.

Chapter 4 presen ts a comprehensiv e sim ulation study of n-t yp e buried strained

Si c hannel MODFET s b y using a 1-D P oisson-Sc hrö dinger solv er and a 2-D drift-

di�usion device sim ulator MEDICI. The sim ulations are based on calibrations in

resp ect of a 0.25 � m and a 0.1 � m n-t yp e strained Si/SiGe MODFET s fabricated

b y DaimlerChrysler. The impact of the device geometry on RF p erformance and

the impact of di�eren t device designs on linearit y are then in v estigated.

In Chapter 5, scaling studies for b oth n-t yp e and p-t yp e bulk Si and strained Si

MOSFET s are presen ted. The sim ulations are based on calibrations with resp ect to

the sub-100 nm n-t yp e and p-t yp e strained Si MOSFET s fabricated b y IBM. Using
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drift-di�usion device sim ulator MEDICI and aiming to CMOS applications, the

calibrated n-t yp e and p-t yp e devices are then scaled do wn to a 35 nm gate length.

The impact of parasitic c hannel in p-t yp e strained Si MOSFET s is in v estigated and

a p erformance prediction of scaled p-t yp e strained Si MOSFET s is carried out based

on h ydro dynamic device sim ulations. The scaled devices are �nally used to assess

the device and circuit b eha viours do wn to gate length of 35nm.

Using Mon te Carlo sim ulations, Chapter 6 in v estigates the impact of in terface

roughness scattering and soft optical phonon scattering on n-t yp e con v en tional Si

and strained Si devices. The in terface roughness mo del dev elop ed in the Device

Mo delling Group has b een v alidated b y repro ducing the univ ersal mobilit y b eha viour

and exp erimen tal device c haracteristics of a 67 nm e�ectiv e gate length con v en tional

Si MOSFET. The mo del is then used to ev aluate the impact of this scattering on

the p erformance enhancemen t of strained Si MOSFET s. Based on the v alidation

of the in terface roughness scattering mo del, a p erformance prediction of strained Si

MOSFET s do wn to a 35 nm gate length is presen ted. This c hapter also con tains the

sim ulation w ork of soft optical phonon scattering induced b y high- � gate dielectrics

and compares the impact of suc h scattering on the device p erformances b et w een 67

nm con v en tional Si and strained Si devices with di�eren t high- � gate dielectrics.

In Chapter 7, ma jor con tributions of this Ph.D pro ject are summarised. F urther

w ork based on existing study is also suggested.



Chapter 2

Strained Si for MOS T ec hnologies -A

Literature Review

The lattice mismatc h b et w een Si and Ge, whic h is 4.2% at ro om temp erature, re-

quires either tensile or compressiv e strain of the activ e Si

1-x

Ge

x

la y er to matc h the

in-plane lattice when it is pseudomorphically gro wn on a Si

1-y

Ge

y

substrate la y er

(when x 6= y ). The strain applied to the activ e material induces c hanges in the band

structure and forms band o�sets b et w een the activ e material and the substrate ma-

terial. The details of these strain e�ects will b e discussed in Chapter 3. There

are t w o t yp es of Si/SiGe hetero- in terfaces: t yp e I is demonstrated b y compressiv e

strained SiGe la y er on an unstrained Si substrate, whereas t yp e I I is tensile strained

Si on relaxed SiGe heterostructure, as illustrated in Fig. 2.1.

Strained  SiGe             Si
  Strained  Si         

  Relaxed SiGe         

Conduction band edge

    Valence band edge

Type I: strained SiGe on Si		 Type II: strained Si on relaxed SiGe

Figure 2.1: The band structures of strained SiGe on unstrained Si and strained Si

on relaxed SiGe

7
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The t yp e I (strained SiGe on unstrained Si) heterostructure has a large v alence

band o�set and has b een successful in enhancing the p erformance of p-t yp e strained

SiGe c hannel MOSFET s, as review ed b y Whall and P ark er [9, 10]. The p o or qualit y

of SiO

2

gro wn directly on the SiGe la y er requires a Si cap la y er on top of the

strained SiGe c hannel to form an insulator with go o d in terface. Ho w ev er, there is

parasitic conduction within the lo w mobilit y cap la y er. High- � dielectrics, whic h ma y

suppress Ge segregation during thermal pro cess, enable the fabrication of a strained

SiGe surface c hannel p-t yp e MOSFET [37�39]. Recen t progress has pro duced a

19 nm ultra-thin b o dy strained SiGe surface c hannel SOI device with a 2.3 times

mobilit y enhancemen t o v er con v en tional univ ersal mobilit y b eha viour [40]. A 50

nm ultra-thin b o dy fully depleted SiGe c hannel p-t yp e MOSFET has also b een

demonstrated with a 70% driv e curren t enhancemen t [41], although exp erimen tal

w ork b y Andrieu et al. [42] observ ed less p erformance enhancemen t when scaling

SiGe c hannel MOSFET s do wn to a 50 nm gate length. Nev ertheless, the presence

of parasitic conduction within the strained SiGe buried c hannel device and the p o or

qualit y of the in terface within the strained SiGe surface c hannel MOSFET are still

the ma jor reasons whic h slo ws do wn its applications for CMOS.

This Ph.D pro ject fo cused on the t yp e I I heterostructure, i.e. , the strained Si on

relaxed SiGe heterostructure. Here, the tensile strain causes band structure c hanges

of Si and as a result enhances b oth electron and hole transp ort. Therefore the t yp e I I

heterostructure has the p oten tial to build b oth n- and p-t yp e heterostructure �eld-

e�ect-transistors (HFET s) for p erformance enhanced CMOS applications. In this

c hapter, a literature review is made to summarise the (dev elop ed and dev eloping)

strained Si tec hnologies for future Si based CMOS tec hnology . The fo cus is on

the strained Si for MOSFET tec hnologies, including the strained Si/SiGe for RF

applications and the strained Si for CMOS applications.
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2.1 Mobilit y Enhancemen t in the Strained Si/SiGe

Heterostructure

The enhanced mobilities of b oth electrons and holes are the k ey features whic h mak e

this material so promising. When gro wing Si pseudomorphically on a relaxed SiGe

la y er, the activ e Si material is under tensile strain in order to matc h the lattice

constan ts of the t w o materials in the plane. As a result of the tensile strain, the

lattice constan t of tensile strained Si p erp endicular to the in terface b ecomes smaller.

Fig. 2.2 illustrates the sc hematics of the Si lattice b efore (unstrained) and after

(tensile strained) gro wth of the Si la y er on relaxed SiGe. The relaxed SiGe on Si

substrate therefore b eha v es lik e a substrate (bu�er) for the strained Si la y er and is

called a � virtual substr ate �.

Relaxed Si                                         Strained Si

     Relaxed SiGe                              Relaxed SiGe

Figure 2.2: Sc hematics of the Si and SiGe lattice structure. The Si is pseudomor-

phically gro wn on the SiGe la y er
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The strain shifts the energy lev els of the v alence and conduction bands and splits

degenerate bands, whic h reduces in ter-v alley scattering, lo w ers the e�ectiv e mass,

as a result, enhances the carrier transp ort within the strained la y er. Therefore the

mobilit y enhancemen t of strained Si is dep enden t on the degree of strain, in other

w ords, the Ge concen tration of the relaxed SiGe bu�er in this case. Fig. 2.3 and

Fig. 2.4 sho w Mon te Carlo sim ulated lo w-�eld electron and hole mobilities [43] in the

strained Si la y er as a function of Ge concen tration within the relaxed SiGe bu�er.

The electron mobilit y data has b een compared with results from Bu�er et al. [44].
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Figure 2.3: Mon te-Carlo calculation of lo w-lateral-�eld (0.25k V/cm) in- and out-of-

plane electron mobilities in strained Si as a function of Ge con ten t within the SiGe

bu�er. The electron mobilities from Bu�er et al. [44] are sho wn for comparison.

F rom Fig. 2.3, it can b e seen that tensile strain enhances the in-plane electron

mobilit y , whereas it degrades the electron mobilit y in the out-of-plane direction. The

in-plane electron mobilit y enhancemen t increases as the substrate Ge concen tration

increases and saturates at a Ge concen tration of ab out 15%-20%.
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Figure 2.4: Mon te-Carlo calculation of lo w-lateral-�eld (0.25k V/cm) in- and out-

of-plane hole mobilities in strained Si as a function of Ge con ten t within the SiGe

bu�er. Inset sho ws the in and out-of-plane directions.

On the other hand, the hole mobilit y enhancemen t requires a higher strain, i.e. ,

a large Ge concen tration within the SiGe substrate, as indicated b y Fig. 2.4. This

means that di�eren t Ge concen trations of the SiGe substrate are required for p-t yp e

and n-t yp e MOSFET s in order to ac hiev e high p erformance enhancemen t, whic h

mak es the fabrication of CMOS more problematic. Another problem of strained

Si for p-MOSFET s is that the degradation of hole mobilit y enhancemen t at high

electric �eld is m uc h greater than that of electrons [21]. Suc h sev ere hole mobilit y

degradation is due to the fact that high electric �eld eliminates the b ene�ts from

the reduced in ter-v alley scattering.

Note the substrate orien tation studied in this thesis is in the (100) direction. The

(110) orien tation substrate ma y b e used to enhance the hole mobilit y b ecause the

hole e�ectiv e mass in the (110) direction is smaller than that in the (100) direction.

The hole mobilit y of a (110) w afer has b een rep orted as more than t wice of that

of a (100) bulk Si w afer [22, 45]. The (110) direction ma y solv e the p erformance

mismatc h problem for CMOS use.
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2.2 V arious Strained Si Device Structures

Ha ving b een studied for more than ten y ears, Si and SiGe material based band

engineering pla y ed v ery imp ortan t role in impro ving the p erformance of Si based

CMOS. In earlier stages, SiGe (in compressiv e strain) on Si heterostructure, ha v-

ing the adv an tages of enhanced hole mobilit y and hole con�nemen t, w as prop osed

for p-t yp e MOS applications. Ho w ev er, although the p erformance for p-t yp e MOS-

FET s is enhanced, the incorp oration of this structure in to CMOS isn't promising at

presen t. Recen t progress from researc h groups and ma jor industry v endors indicate

that tensile strained Si surface c hannel MOSFET s, ha ving similar structures and

p erformance enhancemen ts for b oth n- and p-t yp e devices, is a b etter c hoice for

p erformance enhanced CMOS applications. Without signi�can t additional cost, the

strained Si MOSFET ma y b e realised via di�eren t tec hniques and has demonstrated

remark able p erformance compared to bulk Si CMOS, sho wing a brigh t future for

CMOS tec hnology .

In the area of RF applications, although I I I-V remains the pacemak er ev en to da y ,

designs based on SiGe tec hnology ha v e b een dev elop ed, suc h as the SiGe HBT and

the Si/SiGe heterostructure FET s (HFET s) for RF applications.

2.2.1 Strained Si/SiGe Mo dulation Dop ed Field E�ect T ran-

sistors (MODFET s)

The t yp e-I Si/SiGe heterostructure (see Fig. 2.1) is fa v ourable for hole con�ne-

men t and has b een exploited in man y heterostructure devices, e.g . the p-t yp e MOS-

FET s/MODFET s and the SiGe HBT [14, 46�50]. The t yp e I I structure (see Fig. 2.1)

with high electron and hole mobilities is p oten tially b etter than the t yp e I structure

for CMOS applications. The fo cus of this pro ject is the n-t yp e strained Si/SiGe

HFET s, mainly mo dulation dop ed �eld e�ect transistors (MODFET s) [46� 53].

The basic structures of strained Si c hannel MODFET s are sho wn in Fig. 2.5.

The m ulti-la y er MODFET s ha v e undop ed strained Si c hannels with side dop ed SiGe

supply la y ers. Spacer la y ers are added b et w een the c hannel and the supply la y ers

to reduce the e�ect of ionized impurit y scattering on the mobilit y of c hannel. Car-
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riers are supplied from remote dop ed SiGe la y ers, a pro cess whic h is kno wn as a

mo dulation doping .

Si cap layer

SiGe cap layer

SiGe spacer layer

SiGe buffer layer

Si substrate

N+

Si cap layer

SiGe cap layer

SiGe spacer layer

SiGe spacer layer

SiGe buffer layer

Si substrate

N+

N+

Si cap layer

SiGe cap layer

SiGe spacer layer

SiGe buffer layer

Si substrate

N+

N+ SiGe doping supply layer Strained Si channel

(a)                                        (b)                                   (c) 

Figure 2.5: (a) F ron t-, (b) double- and (c) bac k- side mo dulation dop ed strained-

Si/SiGe MODFET s

Lik e con v en tional Si MOSFET s, Si/SiGe MODFET s also ha v e t w o w orking mo des:

the depletion and enhancemen t mo des. The enhancemen t mo de in a MODFET with

Sc hottky gate ma y b e ac hiev ed b y gate recessing with v arying recess depth [48, 51].

In the enhancemen t mo de MODFET, the gate is lo cated in, or close to, the undop ed

spacer la y er. A t zero gate bias, the c hannel b eneath the gate is en tirely depleted.

Therefore, the gate has to b e forw ard-biased for transistor action. The adjustmen t

of the op eration mo de can also b e made b y c hanging the doping in the supply la y ers

and the thic knesses of la y ers ab o v e the c hannel. Recen t researc h has concen trated

mainly on the depletion mo de MODFET. Utilizing the structure sho w in Fig. 2.5(b),

a 0.1 �m n-t yp e Si/Si

0.6

Ge

0.4

MODFET with f
T

=74 GHz at 300 K [54] and a 0.1 �m

n-t yp e Si/Si

0.6

Ge

0.4

MODFET with f
max

=188 GHz at 300 K and f
max

=230 GHz at

50 K ha v e b een successfully demonstrated [25]. Because of the suppression of noise
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sources from the in terface the structure ma y also b e used for lo w noise applications,

as has b een demonstrated b y a 0.3 dB minim um noise �gure at 25 GHz in a 0.13

�m Si/Si

0.58

Ge

0.42

n-MODFET [26].

T o ac hiev e high transconductance that is required for RF applications, the high

mobilit y carrier densit y in the c hannel needs to b e maximized [30, 55]. The optimiza-

tion of the device structure is therefore needed. The detailed impacts of di�eren t

la y ers and gate structures are outlined b elo w.

2.2.1.1 La y er Issues

As sho wn in Fig. 2.5, there are di�eren t p ossible MODFET la y er structures. The

thic knesses of these la y ers and the doping conditions need to b e optimized in order to

obtain a high concen tration of high mobilit y carriers con�ned within the quan tum

w ell [30, 55]. The thin undop ed Si cap la y er is used to protect against the in-

depth o xidation in to the device and can reduce the e�ects from in terface roughness

scattering. Changing the cap thic kness also adjusts the con trol of the gate o v er the

2DEG (2-dimensional electron gas) in the c hannel. Mo dulation dop ed la y ers supply

high mobilit y carriers to the c hannel through the spacer la y ers. Increasing the spacer

la y er thic kness reduces the Coulom bic scattering from the ionized impurities in the

dop ed la y er. Ho w ev er, the carrier densit y in the c hannel decreases when the spacer

b ecomes to o thic k. Higher doping concen trations in the supply la y er increases the

carrier densit y within the c hannel. Again care has to b e tak en as a parasitic c hannel

ma y b e created in the la y ers ab o v e the c hannel. Careful adjustmen t of the doping

lev els and the la y er thic knesses can reduce the parasitic curren t to an acceptable

lev el.

Mo dulation dop ed la y ers ma y b e lo cated ab o v e the c hannel, or b elo w the c hannel

or b oth (ab o v e and b elo w), as illustrated in Fig. 2.5. The dra wbac k of the fron t-

side (ab o v e the c hannel) doping structure is the early onset of the parasitic c hannel

ab o v e the c hannel, whic h is not observ ed in those structures with bac kside (b elo w

the c hannel) doping. T o o high a bac kside doping ma y also lead to the formation

of a parasitic curren t b elo w the c hannel that do es not allo w the device to pinc h-

o� completely [53]. The carrier densit y in the double-side dop ed c hannel structure
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(Fig. 2.5b) is nearly doubled whic h is useful for those applications requiring a lo w

c hannel resistance. This t yp e of structure p ermits a symmetrical w a v e function in

the rectangular c hannel whic h maximizes the carrier densit y in the c hannel [48].

2.2.1.2 Bu�er Issues

F rom the design p oin t of view, the most imp ortan t problems are the optimization

of the cap thic kness, the doping concen tration and the spacer thic kness. Ho w ev er,

in real devices, the SiGe virtual substrate is also a k ey factor a�ecting the device

p erformance. The di�cult y lies in realizing a thin high qualit y SiGe bu�er. Di�eren t

t yp es of bu�ers ha v e b een prop osed, suc h as the step wise Ge con ten t bu�er and the

graded Ge con ten t bu�er [56�60].

Go o d SiGe bu�ers need to b e fully relaxed and act as the bu�er b et w een the Si

substrate and the strained Si la y er. Ho w ev er, a high densit y of threading dislo cations

ma y b e created in the bu�er during its gro wth. The gro wth temp erature and the

gro wth Ge gradien t are the k ey gro wth parameters. Lo w gro wth temp eratures lead

to shorter mis�t dislo cation lines and a corresp ondingly higher threading dislo cation

densit y [59]. A lo w grading rate, i.e. , a thic k bu�er, has few er defects [58], but to o

thic k a bu�er costs m uc h more in terms of gro wing time, making it less compatible

with existing Si pro cesses. Thic k bu�er also induces self-heating problem due to

the m uc h lo w er thermal conductivit y of SiGe [61]. Ref. [46] suggests a Ge con ten t

grading rate of b et w een 20%/ � m and 30%/ � m to b e optimal. A higher defect den-

sit y not only a�ects device p erformance, but also limits the commercial applications

of this tec hnology . T o deal with this problem, there ha v e b een man y prop osed ap-

proac hes to gro w bu�er. Hac kbarth et al. [62] recen tly studied di�eren t approac hes

to gro w micron thic kness Si

0.7

Ge

0.3

bu�ers and concludes that o v ergro wn graded

UHV CVD (ultra high v acuum c hemical v ap our dep osition) and LEPECVD (lo w

energy plasma enhanced c hemical v ap our dep osition) bu�ers ha v e great adv an tages

o v er en tirely MBE (molecular b ean epitaxy)-gro wn samples. Another particularly

in teresting tec hnique is to gro w the SiGe bu�er on an SOI (Si/SiO

2

) substrate using

the separation b y implan ted o xygen (SIMO X) tec hnique [63, 64]. This t yp e of struc-

ture allo ws the relaxation of a thin SiGe bu�er la y er with the dislo cations threading
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do wn in to the Si/SiO

2

substrate and is p oten tially one of the b est w a ys to pro vide

a thin SiGe bu�er go o d enough for strained Si applications. Another adv an tage of

using a SOI based bu�er is to reduce junction capacitances and suppress leak age

curren t from the bu�er, thereb y impro ving device p erformance.

2.2.1.3 Gate issues

The di�erences b et w een t w o t yp es of gate v ersions, the Sc hottky-gate and MOS-gate

HFET s, ha v e b een in v estigated in [65, 66]. The rep orted highest cut-o� frequency

( f
T

) of 72 GHz in a 0.1 � m n-MODFET [54] and maxim um oscillation frequency

( f
max

) of 188 GHz in a 0.1 � m n-MODFET [25], are all ac hiev ed using Sc hottky

gates. Although the Sc hottky-gate HFET s ha v e a higher frequency p erformance

than that of MOS-gated devices, they su�er from a reduced gate v oltage swing due

to the onset of a signi�can t gate leak age curren t at high gate bias. Ref. [66] rep orted

that the gate leak age curren t of Sc hottky gate devices is ab out 3 orders of magnitude

higher than that of MOS-gated devices.

The gate structure used in MODFET s has a larger source-to-drain distance than

the gate length. This ma y b e useful to reduce short-c hannel e�ects, suc h as drain-

induced-barrier-lo w ering (DIBL), and reduce the parasitic capacitance caused b y

dopan t di�usion under the gate from the source and drain [65]. The disadv an tages

are an increased source-drain in trinsic resistance and a lo w er transconductance [65].

2.2.2 Strained Si MOSFET s

The adv an tages of strained Si for CMOS include the enhancemen t of mobilit y for

b oth electrons and holes and the compatibilit y with existing Si tec hnology . A c hiev ed

either b y the widely used tec hnique to gro w strained Si on a SiGe virtual substrate

or b y recen tly emerged pro cess stress tec hniques, strained Si tec hnology has b een

accepted as the most promising solution for the enhancemen t of near future CMOS

in the roadmap [1].
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2.2.2.1 SiGe Virtual Substrate Based

The researc h of strained Si for MOSFET s has b een mainly fo cused on relaxed SiGe

virtual substr ates since the strained Si n- and p- MOSFET s on relaxed SiGe bu�er

w ere �rst demonstrated in 1992 [15]. The surface c hannel strained Si MOSFET

structure is similar to that of the con v en tional bulk Si (or c ontr ol Si) MOSFET.

Some additional pro cess considerations are required for the fabrication of strained

Si MOSFET s, ho w ev er these are not the ma jor in terest of this w ork.

A w ell-kno wn disadv an tage of strained Si for CMOS applications is that the hole

mobilit y enhancemen t in strained Si is m uc h less than that for electrons. Indeed,

for a long time, most of the rep orted p erformance enhancemen ts in strained Si

MOSFET s w ere for n-t yp e devices.

In 1992, W elser et al. [15] �rst demonstrated long c hannel n- and p-t yp e strained

Si on relaxed Si

0.7

Ge

0.3

MOSFET s, sho wing a 2.2 times larger electron mobilit y in the

n-t yp e strained Si MOSFET but no di�erence in the p-t yp e strained Si MOSFET

compared to c ontr ol Si MOSFET s. T w o y ears later, W elser et al. [67] measured

the strain dep endence of electron mobilit y enhancemen t, demonstrating that the

enhancemen t factor of the mobilit y in the strained Si la y er o v er that in the Si

saturates at 1.76 when the Ge con ten t w as increased to ab out 20% within the SiGe

virtual substr ate .

Rim et al. [68] �rst rep orted the strain dep endence of the hole mobilit y enhance-

men t in long c hannel p-t yp e strained Si on relaxed SiGe MOSFET s. It w as found

that increasing the substrate Ge con ten t enhances the hole mobilit y and at 29% Ge

con ten t the device sho ws a 1.8 times larger hole mobilit y than that of the bulk Si

device.

Ho w ev er, due to high electric �eld and high c hannel doping, these lo w-�eld mo-

bilit y enhancemen ts degrade in small devices. The high c hannel doping in short

c hannel MOSFET helps to suppress the SCE e�ects, but on the other hand it in-

duces high electric �elds and causes degradation of the mobilit y . Rim et al. [69]

demonstrated a 0.1 �m n-t yp e strained Si/Si

0.8

Ge

0.2

MOSFET, sho wing a 45% im-

pro v emen t in transconductance and a 75% electron mobilit y enhancemen t at high

electric �elds. They also rep orted the self-heating e�ect in the thic k SiGe la y er,



2.2. V arious Strained Si Device Structures 18

whic h requires a A C measuremen t to a v oid this e�ect. In a DC measuremen t, the

self-heating e�ect degrades the drain curren t b y 10-20% [61].

In 2001, Rim et al. [31] rep orted a 67 nm e�ectiv e gate length n-t yp e strained

Si/Si

0.85

Ge

0.15

MOSFET with a 70% increase in electron mobilit y at high electric

�eld (1.5MV/cm) and a 35% driv e curren t increase. The mobilit y enhancemen t

at suc h high electric �eld suggests a new mobilit y enhancemen t mec hanism [31],

whic h according to Fisc hetti et al. [70] and the conclusion in Chapter 6 of this

thesis is an � impr ove d � in terface roughness of the strained Si/SiO 2 in terface, i.e. ,

reduced in terface roughness scattering in strained Si MOSFET s. Based on this

breakthrough, IBM then announced their plans to use strained Si for their future

CMOS tec hnology and rep orted a 35% p erformance b o ost with only a 10% cost

increase based on existing Si CMOS tec hnology [16]. Later, a sub-100 nm p-t yp e

strained Si/Si

0.72

Ge

0.28

MOSFET w as demonstrated b y Rim et al. with a 45%

enhancemen t of p eak hole mobilit y and 7-10% driv e curren t increase, as w ell as a

n-t yp e strained Si/Si

0.8

Ge

0.2

MOSFET with a 110% enhancemen t at high electric

�eld (1.5MV/cm) and >15% driv e curren t increase [21, 71].

Recen t progresses b y AMD include the fabrication of n-t yp e strained Si/Si

0.8

Ge

0.2

MOSFET s do wn to 25nm gate length [23] and the demonstration of a 45% driv e

curren t enhancemen t in a 35nm ph ysical gate length NiSi metal gated device.

In terms of circuit p erformance, in a 70 nm strained Si CMOS tec hnology com-

pared to bulk Si CMOS, an 86% electron mobilit y enhancemen t and o v er 20% in-

crease in the driv e curren t ha v e b een demonstrated b y Huang et al. [17], deliv ering

a 95% higher in v erter p eak curren t and a reduction of 2.2 ps in dela y of the ring

oscillator at the same driv e curren t. W ang et al. [24] recen tly rep orted a 60 nm gate

length strained Si CMOS with the lo w est ring oscillator dela y of 6.5 ps at 1.2 V

op eration.

Ho w ev er, there are some v ery imp ortan t fabrication issues whic h need to b e con-

sidered for strained Si CMOS [72], including the mis�t dislo cations asso ciated with

the SiGe bu�er, and thermal budget constrain ts. The mis�t dislo cations are induced

b y relaxation pro cesses of the SiGe bu�er and, at the strained Si/SiGe in terface, in-

crease the di�usion co e�cien t of Arsenic b y up to six orders of magnitude [73]. More
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exp erimen ts on strained Si/Si

0.8

Ge

0.2

ha v e con�rmed the increased di�usivities of n-

t yp e dopan ts in relaxed SiGe [72, 74]. In con trast to n-t yp e dopan t di�usion, b oron

di�usion w as found to b e suppressed with increasing Ge fraction [72, 75]. These

di�usivit y c hanges therefore necessitate a greater con trol of doping. The thermal

pro cessing, on the other hand, will a�ect dopan t di�usion, strain relaxation and in-

terdi�usion at the Si/SiGe in terface. K o ester et al. [76] studied the e�ect of thermal

annealing on strained Si on SiGe heterostructures b y using Raman sp ectroscop y .

They found that annealing at 1000

�
C for as long as 300 seconds resulted in in ter-

di�usion at the Si/SiGe in terface and therefore e�ectiv ely reduced the strained Si

thic kness, but didn't cause signi�can t strain relaxation of strained Si la y er.

Strain relaxation, whic h leads to the in tro duction of mis�t dislo cations, ma y start

to o ccur once the thic kness of the strained Si la y er exceeds the critic al thickness .

Recen t exp erimen tal w ork b y Fiorenza et al. [77] demonstrated a lo w �eld electron

mobilit y enhancemen t for strained Si on Si

0.8

Ge

0.2

of ab out 80% on all samples,

with strained Si la y er thic kness b oth less and far greater than the critical thic kness

(14nm). The explanation of the observ ed mobilit y enhancemen t within a strained

Si la y er thic k er than the critic al thickness is that carrier conduction is o ccurring far

a w a y from the mis�t dislo cations induced b y partially relaxation. Ho w ev er, the in-

creased mis�t dislo cation densit y at the Si/SiGe in terface in the sample with thic k er

strained Si la y er forms dopan t di�usion pip es b et w een source and drain, leading to

an increase in o�-curren t. It is therefore concluded [77] that the c hief motiv ation to

limit the strained Si thic kness b elo w the critic al thickness is to minimize the leak age

curren t, rather than minimize the loss of strain and mobilit y enhancemen t.

2.2.2.2 Pro cess Straining

Pro cess strained Si ma y b e ac hiev ed through the prop er strain engineering of the

shallo w trenc h isolation (STI), the cap la y er (con tact-etc h-stop la y er) or silicidation

pro cesses [11�13]. These three pro cess induced strain tec hniques ha v e di�eren t ef-

fects on the driv e curren t of MOSFET, as concluded b y Ge et al. [12]. Ge et al.

also studied the 3D strain sensitivit y of CMOS p erformance enhancemen t and found

that the application of strain (tensile or compressiv e) in di�eren t directions ( x or
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y or z ) has di�eren t e�ects on the driv e curren t of n- or p-t yp e MOSFET s. Eac h

approac h results in a 5-10% enhancemen t of ring oscillator sp eed [12]. Using com bi-

nations of these strain tec hniques, the 3D pro cess induced strain is able to enhance

the driv e curren ts of b oth n- and p-t yp e MOSFET s. The strains w ere also found to

ha v e di�eren t dep endences on the c hannel length and c hannel width [12, 13].

In tel has announced its strained Si applications within its curren t 90nm tec h-

nology [11]. In tel's strained Si CMOS uses a high stress Si

3

N

4

cap la y er to ac hiev e

tensile strain in the c hannel of an n-MOSFET and a SiGe source-drain to obtain

compressiv e strain in the c hannel of a p-MOSFET device, whic h deliv er increases in

driv e curren t of 10% for n-MOSFET and 25% for p-MOSFET with only an extra

2% cost based on existing Si CMOS tec hnology [11].

Chan et al. [13] rep orted IBM's high sp eed 45 nm gate length strained Si MOS-

FET s, whic h w as realized b y the in tegration of their 90 nm bulk Si tec hnology with

a strain engineering. These devices, optimized b y stress e�ects from b oth STI and

con tact etc h stop nitride �lms, sho w ed an 8% increase in driv e curren t in n-MOSFET

and no degradation in p-MOSFET and therefore impro v ed the ring oscillator sp eed

b y 5%.

2.2.3 Strained Si SOI MOSFET s

T ak agi et al. [78] summarized the curren t issues of strained Si MOSFET s and the

adv an tages of strained Si SOI MOSFET s. P ossible problems of designing strained

Si on relaxed SiGe MOSFET s [72, 78] include: (1) Mobilit y degradation due to

Ge outdi�usion, whic h is asso ciated with the strained Si thic kness and thermal

budget during fabrication; (2) The higher Ge con ten t of the SiGe substrate required

for a notable hole mobilit y enhancemen t in p-MOSFET, whic h on the other hand

w orsens the qualit y of the strained Si la y er and the SiGe bu�er; (3) Pro cess con trol

for the di�eren t di�usion rates of b oron, arsenic and phosphorus in SiGe; (4) The

strain induced threshold v oltage shift and junction leak age due to band o�sets of

the heterostructure and the narro w ed bandgap of strained Si; (5) The self heating

of a thic k lo w thermal conductivit y SiGe bu�er.

On the other hand, the strained Si SOI structure has inheren t imm unit y to
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some of the problems men tioned ab o v e, in whic h the relaxed SiGe la y er on insulator

(usually called SGOI) acts as the virtual substr ate of the strained Si la y er. With

a thin SiGe bu�er, esp ecially in a fully depleted (FD) SOI device [4, 78], (1) the

mobilit y is enhanced b ecause of m uc h reduced c hannel doping; (2) the junction

capacitance and junction leak age are reduced; (3) the self-heating e�ect due to a

thic k SiGe bu�er diminishes; (4) the SCE e�ects are suppressed resulting in the

m uc h impro v ed scalabilit y of this t yp e of structure.

Man y e�orts ha v e b een made to impro v e the qualit y of the SGOI w afer and

reduce the bu�er thic kness. Recen t progress in realizing strained Si directly on in-

sulator (SSDOI or SiGe F ree) has b een rep orted [12, 20, 79]. The details are discussed

b elo w.

2.2.3.1 SiGe Virtual Substrate Based

Di�eren t tec hnologies, suc h as: SIMO X [63, 64, 80� 82]; w afer b onding and la y er

transfer [83] and Ge condensation (enric hmen t) tec hniques [84� 88], ha v e b een in-

v estigated to gro w the SGOI structure. SIMO X tec hnology is, p erhaps, the most

mature tec hnology used to gro w the SGOI structure. Ho w ev er, the temp erature of

the SIMO X annealing pro cess is higher than the melting temp erature of SiGe mate-

rial when the Ge con ten t is >10% [4, 87, 88]. Suc h lo w Ge con ten ts are not su�cien t

to supply enough strain to ac hiev e hole mobilit y enhancemen t [89, 90].

The Ge condensation (enric hmen t) tec hnique, a com bination of the in ternal-

thermal o xidation (ITO X) and SIMO X tec hniques, has b een used to gro w ultra-thin

high Ge con ten t SGOI substrates [84, 88]. Using this tec hnique, a long c hannel fully

depleted SOI MOSFET based on a 7 nm thic k strained Si la y er on a 53 nm thic k 25%

Ge con ten t relaxed SiGe la y er has b een recen tly rep orted [88], sho wing 85% and 53%

maxim um enhancemen ts in electron and hole mobilit y , resp ectiv ely . Ring-oscillators

constructed from these high-sp eed strained Si SOI transistors demonstrated a 63%

impro v emen t in sp eed o v er the con trol-SOI CMOS device at the a supply v oltage

of 1.5 V. The tec hnique also enables the dep osition of ultra thin (9 nm) high Ge

con ten t (56%) SiGe bu�ers [84]. High uniformit y and lo w dislo cation densit y (< 108

m -2

) of �lms w ere rep orted using this tec hnique [78]. Lee et al. [91] rep orted their
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sub-70 nm strained Si on ultra-thin ( T
SOI

<55 nm) thermally mixed SGOI substrate

tec hnology . These devices are based on IBM's con v en tional SOI tec hnology and the

o v erall p erformance enhancemen t of n-MOSFET is 20-25% o v er the con v en tional Si

SOI MOSFET. In these devices, the in terface roughness RMS (ro ot mean square)

heigh t is rep orted to b e 0.52 nm.

The w afer b onding and la y er transfer approac h has the adv an tage of gro wing

highly relaxed high Ge con ten t SiGe la y ers, but the tec hnique has the di�culties of

gro wing thin la y er and con trolling the qualit y and uniformit y of the SiGe la y er [4].

Using this tec hnique, long c hannel devices ha v e deliv ered a 50% electron mobilit y

enhancemen t (with 15% Ge con ten t of SiGe bu�er) and a 15-20% hole mobilit y

enhancemen t (with 20-25% Ge con ten t of SiGe bu�er) [92]. In these devices, the

rep orted RMS heigh t of b onded SGOI w afer after CMP (c hemical mec hanical p ol-

ishing) is 0.4 nm.

2.2.3.2 SiGe-F ree Strained Si Directly on Insulator

Although progress has b een made to w ards thinning the SiGe bu�er la y er, the large

thic kness of the bu�er still limits the scaling of devices and the implemen tation of

FD SOI b elo w the 35 nm regime. Indeed, the problems asso ciated with the presence

of a SiGe la y er, lik e the c hanged di�usion rates of dopan ts in the SiGe la y er and the

di�usion of Ge in to strained Si la y er, still exist. The SiGe free or strained Si directly

on insulator (SSDOI) structure w as therefore prop osed to a v oid the obstacles from

SiGe la y er but main tain the mobilit y enhancemen t p ossible from the strained Si

c hannel.

Lando et al. [19, 93] �rst rep orted their SiGe free bu�er for strained Si MOSFET s

b y w afer b onding and h ydrogen-induced la y er transfer. A 49 nm strained Si la y er

with RMS of 9.5 Å w as transfered after its gro wth on a relaxed Si

0.68

Ge

0.32

bu�er

on to a 100nm SiO

2

substrate.

Rim et al. [20] �rst demonstrated their long c hannel SSDOI MOSFET s with

p erformance enhancemen ts for b oth n- and p-t yp e devices. IBM in tends to use these

devices in its future CMOS tec hnology . Ultra thin (<20 nm) strained Si la y ers with

RMS of <2 nm w ere transfered from a high Ge con ten t SiGe la y er (>35%) to a 120
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nm SiO

2

substrate. Long c hannel devices with an in v ersion carrier densit y of 1013

cm-2

w ere demonstrated with an electron mobilit y enhancemen t of 125% and a hole

mobilit y enhancemen t of 21%. Sub-60 nm n- and p-t yp e SSDOI devices with go o d

subthreshold c haracteristics ha v e also b een rep orted, while further optimizations are

required to suppress the series resistances to optimise the p erformance enhancemen t.

Yin et al. [79] rep orted their strained Si on insulator without SiGe bu�er tec h-

nology . A strained Si la y er (appro ximately 20 nm thic k) with an equiv alen t strain

on a relaxed Si

0.85

Ge

0.15

bu�er w as transfered to a complian t b orophosphorosilicate

glass (BPSG) insulator b y w afer b onding and 'Smartcut' pro cesses. A 55-60% higher

transconductance and e�ectiv e electron mobilit y near turn-on w ere sho wn in a long

c hannel n-t yp e strained Si on insulator device o v er a bulk Si SOI MOSFET.

Recen t w ork b y Lauer et al. [94] rep orted that the mobilit y enhancemen t in Ge-

free strained Si on insulator n-MOSFET s, with strained Si thic kness far greater than

the critic al thickness, ma y b e obtained. This fact is further supp orted b y the same

b eha viour exhibited in bulk strained Si/SiGe MOSFET s [77], whic h w as men tioned

in last section. Lauer et al. also sho w ed an imm unit y to mis�t dislo cation at the

Si/substrate insulator in terface, whic h in fact solv es the leak age curren t problem

whic h w as rep orted in strained Si on relaxed SiGe MOSFET s [77]. The results

indicate that a p ossibilit y of gro wing strain Si la y er with a thic kness thic k er than

the previously understo o d critic al thickness.

In general, the SSDOI tec hnology is v ery promising for future ultra scaled FD

SOI MOSFET s, in whic h SCE e�ects are in trinsically con trolled and the mobilit y is

enhanced due to strain in the c hannel, lo w v ertical electric �elds and lo w c hannel

doping. The structure also p ossess imm unit y to the leak age curren t induced b y the

mis�t dislo cation at the Si/SiGe in terface. Using this tec hnology , it is therefore

p ossible to b ene�t from the p erformance and scalabilit y of the strained Si double-

gate MOSFET (without the SiGe bu�er), although uncertain ties o v er fabrication

still exist [4].
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2.2.4 (110)-orien tation Strained Si MOSFET s

Besides the widely used (100) orien tation w afer for the MOSFET s discussed ab o v e,

the (110) orien tation has also recen tly b een prop osed for CMOS applications, demon-

strating remark able hole mobilit y enhancemen ts [22, 45]. The smaller hole e�ectiv e

mass along the (110) orien tation along with reduced in ter-v alley scattering result in

an appreciable hole mobilit y enhancemen t for strained Si in the (110) orien tation.

It ma y b e used in the p-MOSFET in CMOS, balancing the p erformance b et w een

n-t yp e and p-t yp e devices.

Using the Ge condensation tec hnique, n- and p-t yp e strained Si SOI MOSFET s

ha v e b een fabricated b y Mizuno et al. [45] on a (110) relaxed SGOI substrate with a

Ge con ten t of 25%. The resulting devices sho w electron and hole mobilit y enhance-

men ts, of 81% and 203% resp ectiv ely , o v er the univ ersal mobilities of (100) bulk

MOSFET s.

Y ang et al. [22] recen tly rep orted IBM's h ybrid-orien tation tec hnology (HOT),

whic h implemen ts a (100) Si n-MOSFET and a (110) Si p-MOSFET on the same

w afer to ac hiev e high p erformance CMOS. This tec hnology uses w afer b onding and

la y er transfer tec hniques and has demonstrated a substan tial driv e curren t enhance-

men t for n-MOSFET. An 80 nm gate length (110) Si p-MOSFET deliv ered a 65%

higher driv e curren t than a con v en tional (100) bulk Si p-MOSFET ev en with a non-

optimized surface roughness within the (110) device. This allo ws the p erformances

of n- and p-MOSFET s in CMOS applications to b ecome balanced. Based on the

curren t strained Si and HOT tec hnologies, although the fabrication migh t b e c hal-

lenging, future high p erformance CMOS ma y b e ac hiev ed b y in tegrating strained Si

c hannel, SOI and di�eren t orien tations together on a w afer.

2.2.5 Strained Si MOSFET s with High- � Dielectrics

The con tin uous scaling of MOSFET s driv en b y the need for increased p erformance

b ey ond the 45 nm tec hnology no de requires extremely thin gate o xides, resulting in

in tolerably high gate leak age and o xide/in terface uniformit y problems during device

fabrication [1]. High- � dielectrics ma y then b e used to replace the long studied
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SiO

2

to enable further scaling. Although high- � dielectrics signi�can tly reduce the

leak age curren t and impro v e scalabilit y , the qualities of the Si/insulator in terface

and the dielectrics itself are curren tly not appropriate for commercialization.

Rim et al. [95] �rst demonstrated a sub-100 nm strained Si MOSFET with an

in v ersion equiv alen t o xide thic kness (EOT) HfO

2

of 2.8 nm, sho wing a 1000 times

reduction in gate leak age compared to a con v en tional Si MOSFET with an an EOT

SiO

2

of 3.1 nm. Although a notable electron mobilit y enhancemen t of strained Si

with HfO

2

o v er bulk Si with HfO

2

or SiO

2

has b een observ ed, the exp erimen tal

results also sho w that the mobilit y in an HfO

2

based MOSFET (either strained Si

or bulk Si) is m uc h degraded from that of corresp onding SiO

2

based MOSFET. This

analysis indicates that a new mobilit y limiting mec hanism is required to explain the

mobilit y degradation asso ciated with high- � dielectrics. This degradation ma y b e

due to Coulom b scattering from the trapp ed and �xed c harges [95] or soft-optical

phonon scattering [6]. Recen t exp erimen tal studies b y Ren et al. [7] and Datta

et al. [96] suggest that soft-optical phonon scattering is a in trinsic limiting factor

for high- � induced mobilit y degradation and cannot b e coun teracted b y pro cess

optimization.

Datta et al. [96] rep orted sub-100 nm n-t yp e strained Si c hannel MOSFET s with

an HfO

2

dielectric of EOT=1 nm and a TiN metal gate electro de, sho wing a 35%

mobilit y enhancemen t at 1 MV/cm e�ectiv e �eld and a 1000 times reduction in gate

leak age curren t compared to unstrained Si devices with con v en tional o xides. It w as

also concluded that a metal gate with a higher free electron concen tration and a

higher plasma frequency ma y dynamically screen the high- � soft-optical phonons

b y coupling with the in v ersion carriers and is therefore b ene�cial in impro ving the

soft-optical phonon limited mobilit y [96].

Recen t w ork b y Zh u et al. [97, 98] on mobilit y measuremen ts for HfO

2

-gated

MOSFET s con�rmed that b oth Coulom b scattering and soft-optical phonon scat-

tering pla y imp ortan t roles in the mobilit y degradation due to the in tro duction of

high- � dielectrics.
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2.3 The F uture of Strained Si - Ho w F ar It Can Go?

Strained Si has demonstrated high p erformance and compatibilit y with existing Si

tec hnology . That this material ma y replace Si c hannels has b een widely accepted b y

the industry and has b een considered as the �rst step to w ards the future of enhanced

Si based CMOS tec hnology , as indicated in the latest v ersion of the In ternational

T ec hnology Roadmap for Semiconductors [1]. The in tro duction of high- � dielectrics,

whic h is sc heduled to b e a necessary step b ey ond the 65 nm tec hnology no de to solv e

the gate leak age problem and enable further scaling, is still problematic and requires

further in v estigations in order to b e b etter understo o d [1]. In con trast to the status of

high- � dielectrics, strained Si is ready to b e in tegrated in to existing Si tec hnology , an

example of whic h is the In tel's 90 nm strained Si tec hnology announced in 2003 [11].

When the gate length is reduced to 10-20 nm, the ultra-thin (UT) b o dy fully-

depleted (FD) SOI or double-gate MOSFET (DG-MOSFET) structure is required

to ha v e go o d con trol of short c hannel e�ects and high p erformance [1, 4]. Ho w-

ev er, regardless of the fabrication issues, the aggressiv e scaling of UT FD SOI or

DG-MOSFET s is in trinsically limited b y the mobilit y degradation observ ed in the

ultrathin c hannel. This is due to increased phonon scattering [99, 100], long-range

(remote) Coulom b scattering (R CS) induced b y the hea vily dop ed source/drain [101]

and p olycrystalline gate [102�105], surface roughness scattering con tributed b y b oth

top and b ottom Si/insulator in terface [106], and p ossibly soft optical phonon scat-

tering [107].

The phonon limited mobilit y in the UT SOI device is nearly indep enden t of the

c hannel thic kness, t
c hannel

, when it is greater than appro ximately 5 nm [108]. As

the thic kness is reduced, the phonon limited mobilit y starts to increase, reac hing a

maxim um at a critical thic kness, t
c

, whic h is � 3 nm from [108, 109] and � 3.5 nm

from [107]. When t
c hannel

is less than t
c

, the phonon scattering rate increases dramat-

ically and the phonon limited mobilit y decreases monotonically . When t
c hannel

is less

than 10nm, the presence of the buried (substrate) Si/SiO

2

in terface within the UT

SOI mo di�es the surface roughness scattering induced b y the gate Si/SiO

2

in terface

and pro vides a non-negligible scattering rate to the total surface roughness scat-

tering [106]. The total surface roughness kills the phonon-limited mobilit y increase
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observ ed when t
c hannel

is b et w een 3nm and 5nm as men tioned ab o v e and the total

e�ect of the surface roughness and phonon scattering forces a sharp degradation in

the mobilit y if t
c hannel

<3 nm [109]. Long-range Coulom b scattering, whic h do esn't

a�ect carrier transp ort in large devices, is non-negligible in small devices and a�ects

in v ersion la y er mobilit y via the in teractions b et w een the in v ersion la y er electrons

and the electrons in the hea vily dop ed source/drain or gate. By self-consisten t full-

band Mon te Carlo/P oisson sim ulations, Fisc hetti et al. [101] observ ed as m uc h as a

50% degradation in the e�ectiv e electron v elo cit y due to remote Coulom b scattering

for devices with gate lengths shorter than ab out 40nm and o xides thinner than 2.5-3

nm, and a 20-25% mobilit y decrease at a large sheet carrier densit y for an o xide

thic kness of 1.5 nm [102]. Saito et al. [103] theoretically studied remote Coulom b

scattering and rep orted a 20% p eak mobilit y reduction within a 1-nm-thic k SiO

2

MOSFET. G �amiz et al. [104] suggested that remote Coulom b scattering cannot b e

neglected for o xide thic knesses b elo w 2nm, but the e�ect is negligible for o xide thic k-

ness ab o v e 5 nm. Esseni and Abramo [105] calculated the electron mobilit y based

on the relaxation time appro ximation and suggested that the remote Coulom b scat-

tering induced mobilit y degradation should b e clearly observ ed for o xide thic kness

b elo w appro ximately 3 nm. The w ork b y Esseni and Abramo also suggested that

high- � gate dielectrics ma y help to suppress the remote Coulom b scattering, al-

though this w ould in tro duce additional issues, suc h as �xed c harges, in terface states

and soft optical phonon scattering.

The in tro duction of a bac k-gate within DG SOI MOSFET s enables b etter gate

con trol o v er the c hannel and mo di�es the scattering mec hanisms discussed ab o v e.

The DG SOI MOSFET s [109] op erate in volume inversion when the c hannel thic k-

ness is less than the sum of the depletion regions induced b y the t w o gates and

enables carrier distributions throughout the en tire c hannel. The presence of volume

inversion reduces the e�ect of all scattering mec hanisms [109] and enables higher

mobilit y than that in single-gate (SG) SOI MOSFET s for devices with c hannel

thic kness b et w een 5 nm and 20 nm. Ho w ev er, when considering all the scattering

mec hanisms men tioned ab o v e, for t
c hannel

<5 nm, b oth the SG SOI and DG SOI

devices exhibit a dramatic mobilit y degradation whic h therefore limits the further
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scaling of these kinds of device structures [109].

Another imp ortan t requiremen t for further device scaling is the application of

high - � gate dielectrics. Ho w ev er, regardless of the fabrication issues [5], soft optical

phonon scattering (induced b y the strong coupling b et w een carriers in the in v ersion

la y er and lo w-energy surface optical phonons arising due to the highly p olarized

b onds within high - � dielectrics [6]) and remote Coulom b scattering (due to the

existence of �x c harges and in terface states) strongly a�ect carrier mobilit y in the

c hannel and are in trinsic limitations of device p erformance. The use of a transp ort

enhanced material in the c hannel, suc h as strained Si or Ge, is therefore necessary

in order to main tain a relativ ely high c hannel mobilit y in MOSFET s with high - �

gate dielectrics.

Ho w ev er, although strained Si c hannels enhance the carrier transp ort within the

c hannel, and partially coun teract the mobilit y degradation of extremely scaled thin

b o dy devices, the strained Si c hannel thic kness of either the SG SOI or DG SOI

MOSFET is still limited b y the mobilit y degradation within an extremely scaled

c hannel [110� 112]. The further scaling of either con v en tional Si or strained Si MOS-

FET s is therefore limited b y the c hannel thic kness at � 3nm.

Aside from strained Si c hannel devices, some other promising device structures

based on Si/SiGe heterostructure are also under dev elopmen t. Dual c hannel MOS-

FET s ha v e sho wn to b e v ery in teresting for CMOS applications. T ensile strained

Si on compressiv ely strained Si

0.2

Ge

0.8

on a relaxed Si

0.5

Ge

0.5

substrate MOSFET,

in whic h the strained Si is used for electron transp ort and the strained SiGe for

hole transp ort, w as demonstrated b y Leitz et al. [113], deliv ering a hole mobilit y

enhancemen t factor of 5.15 o v er a con v en tional Si MOSFET. A recen t promising

w ork for CMOS applications, the strained Si on strained Ge dual c hannel MOSFET

b y Lee et al. [114], has b een rep orted with hole and electron mobilit y enhancemen t

factors of 10 and 1.8 times, resp ectiv ely , o v er con v en tional Si MOSFET s. F urther-

more, high - � gate dielectrics also enable a high mobilit y Ge la y er to b e used as a

c hannel within a MOSFET, as demonstrated b y Ch ui et al. [115] for an n-MOSFET

and b y Ritenour et al. [116] for a p-MOSFET.
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2.4 Summary

This c hapter has review ed the curren t status of strained Si based tec hnology . The

devices discussed are based on the strained Si/SiGe heterostructure and ha v e b een

classi�ed in to t w o categories here: buried c hannel strained Si c hannel MODFET s

for RF applications and surface c hannel strained Si MOSFET s for CMOS applica-

tions. The strained Si/SiGe MODFET s ha v e m ulti la y ers and a T-shap ed Sc hottky

gate, whic h require careful optimization for sp eci�c high p erformance applications.

Strained Si MOSFET s, whic h range from bulk structures to single gate SOI and

double gate SOI, ha v e b een discussed in detail b y describing device structures, asso-

ciated adv an tages and disadv an tages, tec hnology solutions and curren t status. The

application of high - � dielectrics is also discussed as one of the solutions for the fur-

ther scaling of CMOS. With regard to sim ulations, theoretical w ork on scattering

mec hanisms asso ciated with ultra scaled devices ha v e b een outlined to discuss the

limit of device scaling.

Based on this literature review, it is clear that sim ulation w ork is necessary to

optimize device design and to gain insigh t in to device op eration. As a basis, a

detailed understanding of the Si/SiGe heterostructure is therefore required. This is

addressed in next c hapter.



Chapter 3

Sim ulation T ec hniques and Si/SiGe

Heterostructure P arameters

Numerical device mo delling is pla ying an ev er increasing imp ortan t role in the semi-

conductor industry . By using device sim ulation it is p ossible to assess device b eha v-

ior b efore fabrication. V arious commercial n umerical device sim ulators are a v ailable,

suc h as MEDICI and T A UR US from Synopsys [27], A TLAS from Silv aco [117] and

DESSIS from ISE [118]. These commercial to ols are often used along with other

non-commercial sim ulators, suc h as P oisson-Sc hrö dinger solv ers and Mon te Carlo

sim ulators. The selection of these to ols necessitates an understanding of the v alid-

it y and limitation of the ph ysical mo dels and n umerical metho ds used in di�eren t

sim ulators. The 2-D device sim ulators, MEDICI and T A UR US, emplo ying Drift-

Di�usion (DD) and Hydro dynamic (HD) mo dels, together with the ensem ble Mon te

Carlo sim ulator dev elop ed in the Device Mo delling Group etc, w ere used in this

Ph.D pro ject. These di�eren t mo dels solv e the Boltzmann transp ort mo del at dif-

feren t lev els of appro ximation and th us ma y b e used for di�eren t purp oses. Apart

from understanding the ph ysical mo dels emplo y ed within those sim ulators it is also

essen tial to ha v e kno wledge of the parameters asso ciated with the device sim ulation,

particularly when studying devices constructed from new materials. T o date, there

has b een some confusion regarding the parameters for adv anced materials, strained

Si or SiGe in this case, and a complete set of asso ciated parameters are required

to replace the default parameters pro vided b y the commercial TCAD to ols. F or

30
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the purp ose of this Ph.D pro ject a study of the Si/SiGe heterostructure parameters

b ecomes essen tial b efore sim ulating an y strained Si or SiGe devices.

As in Si, the band structure of bulk Si

1-x

Ge

x

has a conduction band at the

� p oin t when the Ge comp osition, x , is less than 0.85. The material has a Ge-lik e

c haracter with a conduction band L minima when x >0.85 [119]. The energy lev els of

the conduction band minima and v alence band maxima in Si

1-x

Ge

x

allo ys v ary with

comp osition, whic h together with strain e�ects, a�ect the conduction/v alence band

o�sets of the heterostructure. P eople et al. [14] rep orted the �rst theoretical study

of the e�ects of Ge comp osition on the Si/SiGe band structure: sho wing that strain

causes the conduction and v alence bands energy lev els to shift and split. Strain in

the Si/Ge heterostructure w as studied theoretically b y V an de W alle and Martin

based on self-consisten t calculations using lo cal densit y functional theory and ab

initio pseudo-p oten tials [120], considering also the c hemical band misalignmen t and

strain e�ects. F urther w ork on this heterostructure w as done b y Rieger and V ogl

using an empirical pseudop oten tial metho d [121]. They concluded that the strain in

pseudomorphically strained la y ers has t w o main e�ects on the band structure: the

h ydrostatic strain shifts the energetic p osition of a band, and the uniaxial strain

comp onen t splits degenerate bands [122]. Generally , band o�sets enable carrier

con�nemen t whereas band splitting a�ects the e�ectiv e mass and the densit y of

states, reducing the amoun t of in ter-v alley scattering and as a result enhancing

carrier transp ort in the strained la y er. T o understand the p erformance enhancemen ts

obtainable from a heterostructure it is essen tial to study the band misalignmen t and

strain e�ects within the heterostructure.

3.1 Sim ulation T ec hniques

Di�eren t sim ulation tec hniques ha v e b een prop osed for semiconductor device sim-

ulations. A hierarc h y of sim ulation approac hes is sho wn in Fig. 3.1 [123]. These

tec hniques, ranging from complicated n umerical in tensiv e quan tum approac h to the

relativ e simplicit y of compact device mo delling, pro vide di�eren t lev els of descrip-

tion of the semiconductor device and enable wide c hoices of mo dels for sp eci�c
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requiremen ts. A t the top of the hierarc h y are those tec hniques based on the quan-

tum descriptions of carrier transp ort. Ho w ev er, the quan tum approac h is still far

from maturit y and requires further study . The compact mo delling approac h at the

b ottom of Fig. 3.1 uses analytical phenomenological mo dels to describ e the device

b eha viour and is normally used in building blo c ks for circuit sim ulations. Therefore,

these t w o mo dels are not of in terest in this pro ject and will not b e discussed further

in this thesis.

Quantum Approach
(e.g. Wigner function,

GreenÕs function)

Boltzmann Equation Monte Carlo

Hydrodynamic Model,
Energy Transport Model

Drift-Diffusion Model

Compact Modelling

Figure 3.1: Hierarc h y of semiconductor sim ulation mo dels [123]

The bac kb one of practical n umerical device sim ulations is P oisson's equation,

whic h is discussed in detail in Chapter 4. P oisson's equation relates the electrostatic

p oten tial and the electric �eld to the carrier concen tration. T o obtain information
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on carrier transp ort it is necessary to relate the carrier v elo cit y to the electric �eld

and the carrier concen tration. The semi-classical Boltzmann transp ort equation,

giv en in equation (3.1), can b e used to describ e the carrier transp ort sub ject the

follo wing assumptions [124]:

� The scattering probabilit y is indep enden t of external forces.

� The duration of a collision is m uc h shorter than the a v erage time of motion of

a particle.

� External forces are almost constan t o v er a length comparable to the ph ysical

dimensions of the w a v e pac k et describing the motion of a carrier.

� Band theory and the e�ectiv e mass theorem apply to the semiconductor under

consideration.

@f
@t

+ ~v � 5 r f +
~F
~

� 5 k f =
�

@f
@t

�

c

(3.1)

Equation (3.1) describ es the carrier distribution function f in the sev en dimen-

sional phase space whic h consist of the spatial co ordinates ~r =

2

6
6
6
4

x

y

z

3

7
7
7
5

, the momen-

tum co ordinates

~k =

2

6
6
6
4

kx

ky

kz

3

7
7
7
5

and time t . ~v is the carrier electron a v erage v elo cit y;

~F is the external force and ma y b e expressed in terms of electric �eld;

� @f
@t

�
c

is the

v ariation of the distribution function due to scattering.

In general it is di�cult to solv e the Boltzmann equation directly due to the

complexit y of solving this in tegro-di�eren tial equation in a m ulti-dimensional space.

An equiv alen t approac h is the Mon te Carlo sim ulation approac h (sho wn in Fig. 3.1)

whic h statistically solv es the Boltzmann equation without making assumptions of the

distribution function. Although this approac h can b e exp ensiv e in terms of computer

time, it enables a ph ysical description of the carrier transp ort in semiconductor

devices and has b een widely used to determine the real nature of carrier transp ort.
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The Hydro dynamic and Drift-Di�usion approac hes, whic h are discussed in detail

in Chapter 4 and Chapter 5, are based on di�eren t lev els of appro ximation of the

Boltzmann transp ort equation. The Drift-Di�usion metho d represen ts an appro x-

imation of the lo w est-order transp ort system obtained from the �rst momem tum

of the Boltzmann transp ort equation and is suitable for sim ulating devices close

to equilibrium. This means it cannot b e used to assess the p erformance of small

devices where non-equilibrium transp ort ma yb e imp ortan t. Ho w ev er, this metho d

is v ery e�cien t and pro vides useful information of device op eration, esp ecially the

subthreshold b eha viour. The details of this metho d are outlined in Chapter 4.

In additional to the features of the DDM, the Hydro dynamic mo del conserv es

momen tum and energy and is based on the appro ximations from the second-order

momen tum of the Boltzmann equation and accoun ts for some non-equilibrium trans-

p ort. Ho w ev er the mo del whic h is outlined in detail in Chapter 5 ma y o v erestimate

the v elo cit y o v ersho ot e�ect in scaled devices [125]. T o precisely describ e carrier

transp ort in small devices, Mon te Carlo sim ulation is more appropriate and is dis-

cussed in Chapter 6.

Apart from an understanding of the ph ysical mo dels the parameters asso ciated

with the Si/SiGe heterostructure are essen tial for meaningful device sim ulation in

order to prop erly describ e the prop erties of di�eren t materials and ev aluate the

p oten tial adv an tages of these new materials. The follo wing sections in this c hapter

review the most imp ortan t parameters of the Si/SiGe heterostructure necessary for

reliable drift-di�usion and h ydro dynamic device sim ulation. Comparisons b et w een

the calculations presen ted here with published data are giv en and �tted analytical

expressions for those parameters essen tial for device sim ulations are pro vided. The

parameters discussed in this c hapter include the band gap of strained and relaxed

SiGe; the conduction and v alence band o�sets; the band shifts and splitting due to

strain; e�ectiv e masses; densities of states and p ermittivit y of strained Si and SiGe

in the heterostructure.
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3.2 V alence Band O�sets in the Si/Ge Heterostruc-

ture

One of the most fundamen tal prop erties of a semiconductor in terface is the band

misalignmen t, i.e. , the band o�sets b et w een the band edges of the t w o materials,

whic h determine the e�ectiv eness of carrier con�nemen t. A large conduction band

o�set is b ene�cial for electron transp ort in n-t yp e applications, whereas a large

v alence band o�set is suitable for holes in p-t yp e applications. T o date there is

less rep orted w ork on the Si/SiGe conduction band o�set compared to the wide

rep orting of the theoretical and exp erimen tal studies of v alence band o�sets [120�

122, 126� 132]. The band o�sets dep end on the crystallographic orien tation [120] and

only the commonly studied (100) orien tation Si/SiGe heterostructure is discussed

in this c hapter.

The �rst theoretical study of the v alence band o�set of Si/SiGe heterostructure

w as based on the calculation of the o�set b et w een pure Si and Ge, for whic h V an

de W alle and Martin prop osed t w o approac hes: one is the self-consisten t in terface

calculation [120] and the other is the �mo del solid� approac h [126]. The theoretical

studies predicted v alence band o�sets of 0.84 e V [120], 0.93 e V [126] and 0.74 e V [127]

for pure Ge on Si, and 0.31 e V [120], 0.36 e V [126] and 0.21 e V [127] for pure Si

on Ge. These ma y b e compared to the exp erimen tal data of 0.74 � 0.13 e V [128],

0.83 � 0.11 e V [129] and 0.78 e V [130] for pure Ge on pure Si, and 0.17 � 0.13 e V [128]

and 0.22 � 0.13 e V [129] for pure Si on pure Ge.

The linear in terp olation of the v alence band o�set in a Si/Ge heterostructure

with resp ect to Ge comp osition has b een adopted to calculate the v alence band

o�sets of the Si/Si

1-x

Ge

x

or Si

1-x

Ge

x

/Si systems [14, 120, 127, 131]. Moreo v er, when

the h ydrostatic and uniaxial strain comp onen ts are considered separately , published

results sho w that the a v erage v alence band discon tin uit y is nearly indep enden t of

the strain conditions and only v aries with a w eak linear relationship on the lattice

constan t parallel to the in terface [120, 127, 130]. Neglecting the w eak linear v ariation

of the a v erage v alence band due to strain, Y u et al. [129] rep orted a 0.49 � 0.13 e V

discon tin uit y of the a v erage v alence band edges for pure Ge on Si from their x -ra y
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photo electron sp ectroscop y measuremen ts. Using self-consisten t in terface calcula-

tions [120] and the �mo del solid� [126] approac h, V an de W alle and Martin predicted

0.54 e V and 0.63 e V resp ectiv ely for the a v erage v alence band o�set of pure Ge on Si,

and 0.53 e V and 0.60 e V resp ectiv ely for pure Si on Ge. F ollo wing the calculations

b y Colom b o et al. [127], whose results agreed with the core-lev el photo emission data

from Sc h w artz et al. [128], Rieger and V ogl [121] prop osed an in terp olation form ula

for the a v erage v alence band o�set (due to the e�ects of h ydrostatic strain), 4 E
v,a v

at the in terface b et w een a strained Si

1-x

Ge

x

la y er on a relaxed Si

1-y

Ge

y

substrate:

4 Ev;av = (0 :47� 0:06y)(x � y) (3.2)

A realistic measure of the v alence band o�set, 4 E
v

, ma y b e found b y applying

the e�ect of the uniaxial strain comp onen ts on 4 E
v,a v

. The lo w est conduction band

edge o�set, 4 E
c

, is then calculated b y subtracting 4 E
v

from the di�erence b et w een

the bandgaps of the activ e strained la y er and the relaxed substrate la y er. Note that

the sym b ol, 4 E
c(v)

, used here denotes the energy lev el di�erence b et w een the activ e

and substrate la y ers: 4 E
c(v)

= E
c(v)

(activ e)- E
c(v)

(substrate).

3.3 The Bandgap of the Unstrained Si

1-y

Ge

y

and

Strained Si

1-x

Ge

x

Allo y

The Si

1-y

Ge

y

allo y has b een found to ha v e an indirect band gap and the conduc-

tion band c hanges from Si-lik e with six-fold ellipsoid � -v alley minima (shifted b y

15% from X -v alley) to Ge-lik e with L -v alley minima when the Ge con ten t y >0.85,

see Fig. 3.2 [119, 133, 134]. Braunstein et al. [119] �rst studied the dep endence

of the bandgap on the Ge con ten t and temp erature from optical absorption mea-

suremen ts. The dep endence of the Si

1-y

Ge

y

bandgap on Ge con ten t w as con�rmed

b y Krishnam urith y et al. [134] using the virtual crystal appro ximation (V CA) and

the molecular coheren t-p oten tial appro ximation (MCP A). Go o d agreemen t w as ob-

tained with exp erimen tal data. W eb er et al. [133] measured the Si

1-y

Ge

y

bandgap

using photoluminescence (PL) at 4.2K from whic h the follo wing �tted quadratic
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expression as a function of Ge con ten t, y , w as obtained [133] for y <0.85:

Eg(y) = 1 :155� 0:43y + 0:206y2
(3.3)

Although all e�orts predict similar trends of the bandgap with v ariation of the

Ge con ten t, from Fig. 3.2 deviations of up to 40 me V b et w een data rep orted b y

Braunstein et al. [119] and W eb er et al. [133] are observ ed . Ho w ev er, equation

(3.3) tends to w ards the accepted v alue for Si at lo w temp erature and is adopted to

estimate the bandgap of unstrained Si

1-y

Ge

y

as a function of y at 4.2K.
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Figure 3.2: Bandgap of bulk Si

1-y

Ge

y

allo y

T o estimate the Si

1-y

Ge

y

bandgap at higher temp eratures, one ma y use the w ell-

kno wn relationship for the temp erature ( T ) dep endence of the bandgap of Si [135]

giv en b elo w:

Eg(T) = Eg(0K ) �
4:73� 10� 4T2

T + 636
(3.4)
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Fig. 3.3 compares the bandgap for a giv en Ge con ten t as a function of temp era-

ture b et w een Braunstein et al. [119] (sym b ols) and the calculations using equations

(3.3) and (3.4) (Note that the energy gap at 0K is appro ximated b y the v alue at

4.2K). The agreemen t indicates that the temp erature dep endence of the bandgap of

unstrained Si

1-y

Ge

y

ma y b e estimated using the same temp erature dep endence as

for Si.
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Figure 3.3: T emp erature dep endence of the bandgap for Si
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y

bulk allo ys

There ha v e b een man y in v estigations of the bandgap of pseudomorphically gro wn

strained Si

1-x

Ge

x

on a relaxed Si substrate. Fig. 3.4 compares the exp erimen tal data

and some analytical results for the bandgap of lo w temp erature strained Si

1-x

Ge

x

as

a function of Ge con ten t x [136�141]. F or Ge con ten ts of up to 30%, there is go o d

agreemen t b et w een exp erimen tal data and the analytical w ork. A t Ge con ten ts up to

60%, the expressions obtained b y Robbins et al. (upp er triangle sym b ols in Fig. 3.4)

from photoluminescence measuremen ts [136] and Bean et al. (lo w er triangle sym b ols
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in Fig. 3.4) [138] deviate b y a maxim um of 60 me V from Lang et al. 's absorption

measuremen t data [140]. Ho w ev er, in addition to the fundamen tal bandgap, Lang's

data includes the a v erage energy of phonons in v olv ed in the absorption pro cess.

Therefore, b y adding the exciton binding energy to the exp erimen tally determined

energy of the free exciton line (upp er triangle sym b ols in Fig. 3.4), the bandgap

b et w een the strained Si

1-x

Ge

x

v alence band and the lo w est conduction band edge at

4.2 K (for x <0.4) ma y b e estimated [140] (square sym b ols in Fig. 3.4) b y equation

(3.5) sho wn b elo w:
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Figure 3.4: Bandgap of strained Si

1-x

Ge

x

on Si (001) substrate

Eg(x) = 1 :17� 0:896x + 0:396x2
(3.5)

The bandgap temp erature dep endence relationship for Si ma y b e used to estimate

the bandgap of strained Si

1-x

Ge

x

[139] at higher temp eratures (equation (3.4)).
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3.4 Strain E�ects on the Band Structure

F or Ge con ten ts less than 85%, the Si

1-x

Ge

x

allo y exhibits Si-lik e band structure,

ha ving six-fold degenerate conduction band minima and t w o-fold degenerate v alence

band maxima. The lattice constan t mismatc h b et w een the pseudomorphic Si

1-x

Ge

x

activ e la y er and the relaxed Si

1-y

Ge

y

substrate material determines the strain t yp e:

whic h is compressiv e if x > y or tensile if x > y . The strain in the pseudomorphic

activ e la y er includes a h ydrostatic comp onen t whic h shifts the a v erage band energy

lev el and an uniaxial comp onen t whic h splits the degenerate bands. Here, sym b ol

4 E is used to denote the energy lev el shift induced b y the strain: 4 E = E (strained)-

E (relaxed).

The relaxed Si

1-y

Ge

y

lattice constan t as a function of Ge con ten t, y , is giv en

b y [122]:

a0(y) = a0(Si) + 0 :200326y(1 � y) + [ a0(Ge) � a0(Si)]y2
(3.6)

where a0(Ge) and a0(Si) are the lattice constan ts of relaxed Ge and Si, resp ec-

tiv ely . Using a? and ak to represen t the parallel (in-plane) and p erp endicular (to

the in terface) lattice constan ts in the strained Si

1-x

Ge

x

la y er, then w e ha v e [121]:

8
<

:

ak = a0(y)

a? = a0(x)
h
1 � 2c12 (x)

c11 (x)
ak � a0 (x)

a0 (x)

i
(3.7)

where c11(x) and c12(x) are the elastic constan ts for the Si

1-x

Ge

x

allo y found from the

linear in terp olation b et w een those of Si and Ge. The lateral, " k , and p erp endicular,

"? , strain tensors in strained Si

1-x

Ge

x

are then de�ned as [121]:

8
<

:

" k =
ak

a0 (x) � 1

"? = a?
a0 (x) � 1

(3.8)

The h ydro dynamic strain, 4 V=V, is related to the h ydrostatic strain shifts of

the conduction and v alence bands b y follo wing expressions [122]:

4 Ec;av = ac
4 V
V

= ac(2" k + "? ) (3.9)
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4 Ev;av = av
4 V
V

= av(2" k + "? ) (3.10)

where ac and av are the h ydro dynamic deformation p oten tials for the conduction

band and v alence band resp ectiv ely .

Under the action of uniaxial strain along the [001] direction, the bands along [100]

and [010] directions split o� from the one along the [001] direction. The uniaxial

induced energy shifts of the conduction bands are giv en b y [122]:

4 E 001
c =

2
3

� 4
u ("? � " k) (3.11)

4 E 100;010
v = �

1
3

� 4
u ("? � " k) (3.12)

where � u is the uniaxial strain deformation p oten tial for the conduction band. The

energy splitting of the v alence bands is giv en b y [122]:

4 Ev;1 = �
1
6

4 0 +
1
4

�E +
1
2

�
4 2

0 + 4 0�E +
9
4

�E 2

�
(3.13)

4 Ev;2 = �
1
3

4 0 �
1
2

�E (3.14)

4 Ev;3 = �
1
6

4 0 +
1
4

�E �
1
2

�
4 2

0 + 4 0�E +
9
4

�E 2

�
(3.15)

where 4 0 is the spin-orbit splitting; for strain along the [001] direction, �E = 2b( and

b is the uniaxial deformation p oten tial for tetragonal strain.

The parameters are summarized in table 3.1 [120� 122, 142]. Note that these

parameters are for pure Si and Ge. Linear in terp olation ma y b e used to calculate

the parameters for Si

1-x

Ge

x

allo ys according to the Ge con ten t.
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T able 3.1: The parameters for the calculation of the strain e�ects on the band

structure

P arameters at 300K Si Ge

Bandgap Eg(eV) 1.12 0.66

Lattice constan t (Å) 5.43 5.65

c11(Mbar) 1.675 1.315

c12(Mbar) 0.65 0.494

ac(eV) 4.18 2.55

� u(eV) 9.16 9.42

av(eV) 2.46 1.24

4 0(eV) 0.044 0.296

l (eV) -0.9 -2.4

m (eV) 3.6 4.2

n (eV) -5.889 -7.621

Fig. 3.5 illustrates the tensile strain induced energy lev el shifts and the e�ect of

splitting on the Si band structure. The h ydrostatic tensile strain raises the a v erage

energy lev els of the conduction band and v alence band and the uniaxial comp onen t

splits degenerate bands. This causes a lo w ering of the t w ofold degenerate [001]

ellipsoids and raises the fourfold degenerate [100][010] ellipsoids from the sixfold

degenerate system.
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Figure 3.5: The strain e�ects to the band structure of silicon
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The strain also shifts and splits the degenerate v alence bands at the � p oin ts

(see Fig. 3.5). Fig. 3.6 sho ws the calculated splitting of the v alence band in to

lev els v1 , v2 and v3 . Compressiv e strain raises band v2 (whic h has a larger e�ectiv e

mass) whereas tensile strain will raise band v1 . Note that the split v alence band

v2 is a pure |3/2,3/2> state, whilst bands v1 and v3 are the mixtures of states

|3/2,1/2> and |1/2,1/2>. The splitting of the conduction and v alence bands a�ects

the densities of states and the e�ectiv e masses; these will b e discussed later in this

c hapter.
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Figure 3.6: The v alence band splitting (taking the a v erage v alence band as the

reference lev el)

The bandgap of strained Si ma y then b e calculated b y subtracting the total

energy lev el shifts of the lo w est conduction band lev el and the highest v alence band

lev el from the unstrained Si bandgap (see Fig. 3.5). A linear relationship for the

strained Si bandgap as a function of Ge con ten t has b een deduced from [14] and is

plotted together with exp erimen tal data from [121] in Fig. 3.7. Ho w ev er, further
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exp erimen tal studies are necessary to determine the strained Si bandgap with large

Ge con ten ts within the SiGe substrate. The linear �t (solid line in Fig. 3.7) to

the calculations (square sym b ols in Fig. 3.7, with a maxim um error of 3%) for the

bandgap of strained Si as a function of the Ge con ten t, y , of the relaxed Si

1-y

Ge

y

substrate at 300 K is giv en b y:

Eg(y) = 1 :11� 0:6y (3.16)
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Figure 3.7: Calculated bandgap of strained Si on relaxed Si

1-y

Ge

y

as a function of

Ge con ten t y , compared with the calculations tak en from P eople [14] and Rieger et

al [121]
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3.5 Band O�sets in the Si/Si

1-x

Ge

x

Heterostructure

3.5.1 The strained Si

1-x

Ge

x

on relaxed Si heterostructure

The t yp e I strained Si

1-x

Ge

x

on unstrained Si heterostructure has a large v alence

band o�set whic h enables enhanced hole transp ort, see Fig. 2.1. It has b een widely

used in SiGe HBT and p-t yp e MOSFET applications. The compressiv e strain in the

pseudomorphic Si

1-x

Ge

x

la y er causes the lo w ering of the fourfold degenerate ellipsoids

and the raising of the t w ofold degenerate ellipsoids ( cf. the e�ect of tensile strain)

in the conduction band and also splits the degenerate v alence bands.

Using equation (3.2), the a v erage o�set b et w een the v alence bands of strained

Si

1-x

Ge

x

and Si is calculated b y setting y =0, giving 4 Ev;av = 0:47x . This allo ws

us to use the Si v alence band edge as the reference energy lev el for the follo wing

band o�set calculations of the Si

1-x

Ge

x

/Si heterostructure. The strain e�ects on

the Si

1-x

Ge

x

band structure can b e calculated b y using the theory describ ed earlier

in this pap er, whic h giv es b oth the h ydro dynamic strain and the uniaxial band

splitting comp onen ts. T aking the v alence band splitting in to accoun t, the v alence

band o�set 4 Ev , whic h is the o�set b et w een the highest v alence band edges of the

heterostructure, ma y b e estimated b y:

4 Ev = 4 Ev;av + max(4 Ev1; 4 Ev1; 4 Ev1) = 0 :71x (3.17)

Note that the linear expression is in go o d agreemen t with exp erimen tal data [132]

for Ge con ten ts less than 30%. F or example, for pure Ge on Si, this linear relationship

giv es a 0.71 e V v alence band o�set whic h is close to the rep orted v alue of 0.74

e V [127, 128]. The calculated o�sets of the highest v alence band edge and lo w est

conduction band edge b et w een the strained Si

1-x

Ge

x

and Si are giv en in Fig. 3.8,

compared with theoretical results [120] and exp erimen tal data [132].

The conduction band o�set, 4 Ec , is found b y subtracting the Si bandgap from

the sum of the calculated v alence band o�set 4 Ev and the Si

1-x

Ge

x

bandgap giv en

b y equation (3.5):
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4 Ec = Eg(SSiGe) + 4 Ev � Eg(SSi) (3.18)

Ho w ev er, the conduction band o�set, whic h v aries nonlinearly with Ge con ten t,

is rather less than the v alence band o�set and is generally not of in terest in this t yp e

of heterostructure.
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Figure 3.8: Calculated v alence and conduction band o�sets b et w een strained

Si

1-x

Ge

x

and unstrained Si (assuming the v alence band edge of Si as the reference

zero of the energy lev el), compared with the data tak en from W alle et al. [120] and

T ak agi et al. [132]

3.5.2 The strained Si on Si

1-y

Ge

y

heterostructure

The t yp e I I strained Si on Si

1-y

Ge

y

heterostructure has considerable band o�sets in

b oth the conduction and v alence bands. The strain induces band splitting of b oth

degenerate conduction and v alence bands, lo w ers the e�ectiv e mass and reduces the
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in ter-v alley scattering and therefore enhances b oth hole and electron transp ort.

The calculation of the heterostructure band o�sets are based on the a v erage

o�set of the v alence band, 4 Ev;av = (0 :06y � 0:47)y , obtained from rearrangemen t

of equation (3.2). The v alence band o�set, 4 Ev , is determined b y considering the

highest v alence band splitting of 4 Ev;av . The conduction band o�set, 4 Ec , is then

calculated b y subtracting the bandgap of relaxed Si

1-y

Ge

y

, giv en b y equation (3.4),

from the sum of the strained Si bandgap, giv en b y equation (3.16), and the v alence

band o�set of the heterostructure, 4 Ev .
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Figure 3.9: Calculated conduction band splitting and the v alence band edge of

strained Si on relaxed Si

1-y

Ge

y

as a function of Ge comp osition y (assuming the

v alence band edge of Si as the reference zero of the energy lev el), compared with the

w ork b y W alle et al. [120] and Rieger et al. [121]

Fig. 3.9 sho ws the calculated conduction band splitting and the highest v alence

band edge as a function of Ge con ten t, together with the theoretical calculations

from [120, 121] for comparison. The v alence band o�set, 4 Ev , ma y b e expressed b y

the follo wing quadratic expression as a function of Ge con ten t, y ,



3.6. Other P arameters 48

4 Ev = � 0:238y + 0:03y2
(3.19)

where the negativ e sign indicates that the v alence band of strained Si is lo w er than

that of relaxed Si

1-x

Ge

x

. A t y =1, v alence band o�set of 0.208 e V is obtained for pure

Si on Ge, whic h is close to the v alue of 0.22 e V giv en b y [127, 129]. The conduction

band splitting of strained Si exhibits a linear relationship, 4 Ec;splitting = 0:67y [14].

It is found that the follo wing cubic �t for the conduction band o�set as a function

of the substrate Ge con ten t, y , can b e used.

4 Ec = Eg(SSi) + 4 Ev � Eg(SiGe) = � 0:35y � 0:35y2 + 0:12y3
(3.20)

In equation (3.20), the negativ e o�set denotes that the conduction band edge of

strained Si is lo w er than that of relaxed Si

1-y

Ge

y

, pro viding electron con�nemen t in

the strained Si la y er at the strained Si/Si

1-y

Ge

y

in terface.

3.6 Other P arameters

3.6.1 E�ectiv e Mass

The e�ectiv e electron mass in the strained Si

1-x

Ge

x

or relaxed Si

1-y

Ge

y

allo y has b een

calculated b y Rieger and V ogl [121], where they deriv e the e�ectiv e longitudinal and

transv erse electron masses in strained Si

1-x

Ge

x

on relaxed Si

1-y

Ge y as functions of

x and y . Under tensile strain the conduction band minim um of strained Si

1-x

Ge

x

is

lo cated in the lo w est doubly degenerate band and in the lo w est fourfold degenerate

band for compressiv e strain. Therefore, at Ge con ten ts where the large degree of

conduction band splitting reduces the o ccupation in the raised sub v alleys, the ef-

fectiv e electron mass of strained Si la y er or strained SiGe la y er ma y b e assumed to

b e that asso ciated with the lo w est t w ofold or fourfold band minima. The analyti-

cal expressions for the longitudinal and transv erse electron e�ectiv e masses can b e

obtained from [121] and will not b e giv en in this c hapter.



3.6. Other P arameters 49

1.0 0.8 0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
yx

v1v2

Close Symbols: this work
Open Symbols: [Fischetti]

Strained Si
1-x

Ge
x
 on Si Strained Si on relaxed Si

1-y
Ge

y

 

 
H

ol
e 

M
as

s 
(m

0)

Ge Content x, y

Figure 3.10: Calculated hole e�ectiv e mass in band v1 and v2 from full-band k � p

calculations, compared with data from Fisc hetti et al. [142]

In this w ork, the e�ectiv e hole masses are calculated directly from six band k � p

theory using in-house ensem ble full-band Mon te Carlo sim ulator

1

. The calculated

hole masses in bands v1 and v2 of strained Si (on relaxed Si

1-y

Ge

y

) and strained

Si

1-x

Ge

x

(on Si), ha v e b een giv en in Fig. 3.10. F or Si

1-x

Ge

x

under compressiv e

strain, the mass in v2 is larger than that in v1 and from Fig. 3.6 it is eviden t that

band v2 is raised during the splitting. Therefore, in strained Si

1-x

Ge

x

band v2 pla ys

an imp ortan t role in hole transp ort. Under tensile strain, the mass in v2 is larger

than that in band v1 for Ge con ten ts less than 20%, whereas the masses in band

v1 are greater than those in v2 for greater Ge con ten ts. Ho w ev er, it is clear from

Fig. 3.6 that band v1 is at the top of the v alence band edge and therefore b oth

bands will con tribute to the hole transp ort at lo w Ge con ten ts. With increasing Ge

1

Courtesy of Dr. J. R. W atling, Device Mo delling Group, Univ ersit y of Glasgo w
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con ten t, band v1 dominates transp ort due to the higher mass and the increasing

band splitting reduces the o ccupation of band v2 . The calculated masses for the

tensile strained Si ha v e b een compared with the results from [142] in Fig. 3.10.

The sligh t disagreemen ts are due to the di�eren t deformation p oten tials used in the

calculations.

The calculated masses for the t w o strained materials ha v e b een �tted to the

analytical expressions b elo w for strained Si

1-x

Ge

x

(equation (3.21)) and strained Si

on relaxed Si

1-y

Ge

y

(equation (3.22)), whic h sho w go o d agreemen t for Ge con ten ts

up to 80%.

2

4
m(SSiGe; v2)

m(SSiGe; v1)

3

5 =m0 =

2

4
� 2:8369

� 0:1432

3

5 x3+

2

4
4:6844

0:3618

3

5 x2+

2

4
� 2:87

� 0:3699

3

5 x+

2

4
0:8956

0:2534

3

5

(3.21)

2

4
m(SSi; v2)

m(SSi; v1)

3

5 =m0 =

2

4
� 2:2515

0:0298

3

5 y3+

2

4
4:4158

� 0:3308

3

5 y2+

2

4
� 2:9248

0:5713

3

5 y+

2

4
0:9375

0:2511

3

5

(3.22)

3.6.2 Densit y of States

F or strained Si

1-x

Ge

x

on relaxed Si

1-y

Ge

y

, the conduction band splitting, 4 Ec;splitting

b et w een the lo w ered a -fold degenerate bands and the raised b -fold degenerate bands

ma y b e determined from equations (3.11) and (3.12); where for tensile strain, a =2

and b =4 and in the case of compressiv e strain, a =4 and b =2. The free carrier

densit y can then b e calculated b y

n = 2
Z 1

E c

(a + bexp(�
4 Ec;splitting

kB T
))f 0(E)N (E)dE (3.23)

where f 0(E) is normally tak en to b e Maxw ell-Boltzmann appro ximation of the

F ermi-Dirac statistic. N(E)dE is the densit y of states p er unit v olume in the energy

range E to E+dE . The m ultiplier 2 outside of the in tegral accoun ts for spin and the

factors inside the in tegral represen t the degeneracies of the lo w ered a -fold degenerate
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band and the raised b -fold degenerate band resp ectiv ely . This equation ma y then

b e cast in the familiar form n = Nc exp
�

� E c � EF
kB T

�
. The e�ectiv e densit y of states

in conduction band, Nc is therefore de�ned b y

Nc = 2( a + bexp(�
4 Ec;splitting

kB T
)) � (

mkB T
2� ~2

)3=2
(3.24)

where m is calculated from [121]. In t ypical applications (where the Ge con ten t is

greater than 13%), the exp onen tial term in (3.24) is around 0.05, whic h enables us

to neglect the con tribution from the raised b -fold bands. Therefore, the e�ectiv e

conduction band densit y of states of strained SiGe is appro ximated as the e�ectiv e

DOS of the lo w est a -fold degenerate v alleys, as illustrated in Fig. 3.11. F or Ge

con ten ts greater than 15%, the conduction band DOS of tensile strained Si is nearly

1/3 that of relaxed Si, while the conduction band DOS of compressiv e strained SiGe

drops to 2/3 of the DOS of relaxed Si. Ho w ev er, there is a sligh t increase with

increasing Ge con ten t whic h is due to the increase in the e�ectiv e electron mass.

In the v alence band, strain causes the splitting of degenerate v alence bands at

the � p oin t. The strain shifts bands v1 and v2 up for compressiv e strain and band

v1 up and band v2 do wn for tensile strain (see Fig. 3.6). This band splitting

reduces the o ccupation in the lo w ered sub v alleys and therefore decreases the densit y

of states. Using equations (3.21) and (3.22) to calculate the hole mass in eac h band,

the densit y of states in the v alence band, Nv can b e obtained using an analysis

analogous for Nc :

Nv = 2( m3=2
U + m3=2

M exp(�
4 Ev;splitting

kB T
)) � (

kB T
2� ~2

)3=2
(3.25)

where mU and mM are the e�ectiv e hole masses of the raised and lo w ered bands

resp ectiv ely and 4 Ev;splitting is the v alence band splitting of the degenerate band

at the � p oin t. Note that equation (3.25) neglects the con tribution from band v3

(spin split-o� band) whic h is relativ ely far from the top v alence band edge (see Fig.

3.6). The densit y of states in the conduction and v alence bands as a function of Ge

con ten t is giv en in Fig. 3.11. The upturn in the strained Si v alence band densit y of
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Figure 3.11: Calculated electron and hole densit y of states of tensile strained Si and

compressiv e strained SiGe at 300K

states is due to the increased hole mass in band v1 and b ecomes larger than that in

band v2 when the Ge con ten t is greater than 20%. It can b e found from equation

(3.25) that Nv rev erts to the case of relaxed Si with its larger densit y of states (see

Fig. 3.11) compared to the v alues giv en in [135, 143]. Ho w ev er, the densit y of states

giv en b y [135, 143] uses a lo w temp erature mass (0.5 m0 ) for the hea vy hole that is

inappropriate at ro om temp erature [29].

3.6.3 P ermittivit y

An alternativ e in terp olation sc heme to estimate the p ermittivit y of the Si

1-x

Ge

x

allo y

based on the Clausius-Mossotti relationship [144] that giv es:

� SiGe � 1
� SiGe + 2

= (1 � x)
� Si � 1
� Si + 2

+ x
� Ge � 1
� Ge + 2

(3.26)

Based on this relationship, the follo wing form ula can b e used for simpli�ed com-
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putation:

� SiGe =
2(A + B) + 1
1 � (A + B)

(3.27)

where A = (1 � x) � Si � 1
� Si +2 and B = x � Ge � 1

� Ge +2 .

3.7 Summary

This c hapter summarizes relev an t results related to the bandgap and band misalign-

men t calculations of Si/SiGe heterostructure, fo cusing on their application in prac-

tical n umerical sim ulation of related devices. The aim is to pro vide simple empirical

expressions for the ma jorit y of essen tial parameters asso ciated with transp ort in this

t yp e of heterostructure and complemen ted with guidance for their implemen tation

in corresp onding semi-classical device sim ulations. By comparing the existing the-

oretical and exp erimen tal w ork with these calculations, analytical expressions ha v e

b een concluded for the bandgap; the band o�set; the e�ectiv e masses; the densities

of states and the p ermittivit y for the strained Si on relaxed Si

1-y

Ge

y

and the strained

Si

1-x

Ge

x

on unstrained Si heterostructure.



Chapter 4

Sim ulations of Strained-Si/SiGe

MODFET s for RF and High

Linearit y Applications

This c hapter fo cuses on strained Si MODFET s for high frequency and high lin-

earit y applications. Similar to their I I I-V coun terparts, Si/SiGe MODFET s ha v e

c hannels with high mobilit y and high sheet carrier densit y . Moreo v er, the compati-

bilit y of Si/SiGe MODFET s with the existing Si tec hnology mak es them promising

candidates for system-on-c hip applications. Ho w ev er, the complicated la y er struc-

ture of MODFET s requires prop er design to ac hiev e high device p erformance, as

discussed in Chapter 2. Compared to previous w ork on the optimization of the

device structure for RF applications, little w ork has b een done to optimize suc h de-

vices for comm unication applications, b earing in mind that p o w er ampli�cation for

wide-band comm unications requires high linearit y to minimize the in termo dulation

distortion.

Comprehensiv e n umerical sim ulations are used to study the e�ects of b oth lateral

and v ertical device designs on device p erformance and linearit y . The sim ulations are

based on extensiv e calibrations in resp ect of a 0.25 � m and a 70 nm n-t yp e buried

strained Si c hannel Si/SiGe MODFET s fabricated b y Daimler Chrysler. Apart from

the study of di�eren t device geometries, the impact of di�eren t doping strategies on

device p erformance and linearit y b eha viour are also in v estigated.

54
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4.1 Sim ulation T o ols and Mo dels

The sim ulation w ork in this c hapter uses 2-dimensional (2-D) drift-di�usion mo del

(DDM) device sim ulators, MEDICI and T A UR US from Synopsys [27], and Greg-

Snider 1-D P oisson-Sc hrö dinger solv er [28]. The 2-D drift-di�usion sim ulators self-

consisten tly solv e the three partial di�eren tial equations (4.1)(4.2)(4.3) for the elec-

trostatic p oten tial  and for the electron and hole concen trations n and p, resp ec-

tiv ely [143].

r 2(� ) = � q(p � n + N +
D � N �

A ) � � s (4.1)

@n
@t

=
1
q

�!
r �

�!
Jn � Un (4.2)

@p
@t

= �
1
q

�!
r �

�!
Jp � Up (4.3)

The electrical b eha viour of semiconductor devices is go v erned b y the P oisson's

equation giv en b y (4.1) and the con tin uit y equations for electrons and holes giv en

b y (4.2) and (4.3) resp ectiv ely . In equation (4.1), � is the dielectric p ermittivit y; q

denotes the electronic c harge; N +
D and N �

A represen t the ionized impurit y concen-

trations for donors and acceptors, resp ectiv ely; � s is the surface c harge densit y due

to �xed c harges in gate insulator or c harged in terface states. In equations (4.2) and

(4.3), Jn and Jp are the curren t densities for electrons and holes resp ectiv ely; Un

and Up are the net recom bination rates for electrons and holes resp ectiv ely .

T o obtain the curren t densities, Jn and Jp , Boltzmann transp ort theory is ap-

plied [124]. By only k eeping the lo w est-order transp ort system from the Boltzmann

transp ort equation the follo wing expressions for Jn and Jp are used in the self-

consisten t calculation.

�!
Jn = � q� nn

�!
r � n = � q� nn

�!
r  + qDn

�!
r n (4.4)

�!
Jp = � q� pp

�!
r � p = � q� pp

�!
r  � qDp

�!
r p (4.5)
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where � n and � p are the quasi-F ermi p oten tials for electrons and holes resp ectiv ely;

� n and � p are the electron and hole mobilities resp ectiv ely; Dn and Dp are the

electron and hole di�usion co e�cien ts resp ectiv ely and de�ned b y the Einstein R e-

lations : Dn(p) = kT
q � n(p) under the assumption of Maxw ell-Boltzmann statistics.

T o prop erly describ e the carrier transp ort within semiconductor devices the drift-

di�usion mo del is not su�cien t, esp ecially for carriers under non-equilibrium con-

ditions, as addressed in Chapter 3. F or small devices featuring non-equilibrium

transp ort, more adv anced appro ximations of the Boltzmann equation, suc h as the

h ydro dynamic transp ort mo del, or a statistical solution of the Boltzmann equation,

e.g. Mon te Carlo particle sim ulation, are required and emplo y ed in later c hapters.

F or the devices under equilibrium condition the drift-di�usion sim ulation is v ery

e�cien t and pro vides adequate descriptions of the electrical b eha viour. Pro vided

with prop er mobilit y mo dels for � n and � p it can accoun t for realistic carrier trans-

p ort b eha vior. The mobilit y mo dels [143] used in this sim ulation w ork for the

calculations of � n and � p are giv en b elo w.

� n(p) =
� S;n(p)�

1 +
�

� S;n ( p) E jj ;n ( p)

vsat
n ( p)

� �
�

1=�

(4.6)

� S;n(p) =
� 0;n(p)q

1 +
E? ;n ( p)

E critical

(4.7)

Equation (4.6) is the Caughey-Thomas expression whic h accoun ts for the carrier

heating and the v elo cit y saturation e�ects due to a high �eld in the direction of

curren t �o w. vsat
n(p) is the saturation v elo cit y for electrons (holes); � is a �tting pa-

rameter and b y default set to 2 for electrons and 1 for holes; E jj ;n(p) is the electric �eld

comp onen t parallel to the electron (hole) curren t �o w; � S;n(p) is the lo w �eld surface

roughness limited electron (hole) mobilit y and is expressed b y equation (4.7). Equa-

tion (4.7) is the P erp endicular Electric Field Mobilit y Mo del whic h accoun ts for the

mobilit y degradation at high p erp endicular electric �elds due to surface roughness

scattering. In equation (4.7), E? ;n(p) is the electric �eld comp onen t p erp endicular

to the electron (hole) curren t �o w; Ecritical is the critical electric �eld and is a �tting
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parameter; � 0;n(p) is the lo w �eld electron (hole) mobilit y whic h is either de�ned as

a constan t or dep enden t on the ionized impurit y concen trations.

� 0;n(p) = � min;n (p) +
� max;n (p)

�
T

300

� nu
� � min;n (p)

1 +
�

T
300

� xi
�

N total
N ref

� � n; ( p)
(4.8)

Equation (4.8) is an analytical expression of a concen tration- and temp erature-

dep enden t empirical mobilit y mo del whic h accoun ts for ionized impurit y scattering.

T is the temp erature; N total is the lo cal total impurit y concen tration; other param-

eters are empirical �tting parameters and their default v alues are tak en from [143].

Another imp ortan t issue for deep submicron device sim ulation is the concern of

quan tum mec hanical e�ects. In the 2D device sim ulators MEDICI and T A UR US

man y metho ds ha v e b een used to accoun t for the quan tum mec hanical e�ects within

a con�ned c hannel [143, 145]. Ho w ev er, the most accurate w a y is to solv e Sc hrö dinger

equation self-consisten tly with P oisson's equation, whic h has b een realized in T A U-

R US [145]. A 1-dimensional (1D) P oisson-Sc hrö dinger solv er b y Greg Snider [28] is

also used in this pro ject to study the v ertical structure of strained Si MODFET s.

4.2 RF P arameter Extraction

Since this c hapter studies the strained Si/SiGe MODFET s for RF applications, it

is necessary to use some �gures of merit to assess the device p erformance. Using

MEDICI transien t sim ulations based on the mo dels describ ed b eforehand, small

signal analysis is enabled and used to extract RF parameters.

4.2.1 Small signal analysis

In a t w o-p ort net w ork, assume I 1 ( V1 ) and I 2 ( V2 ) to b e the curren t (v oltage) of the

input and output terminal separately , the follo wing equations can b e written to

describ e a Y -parameter net w ork,

8
<

:

I 1 = Y11V1 + Y12V2

I 2 = Y21V1 + Y22V2

(4.9)
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where Yij = I i
Vj

�
�
�
Vk;k 6= j =0

( i , j =1 or 2). Let's de�ne a matrix

eY = f Yij g = G + j!C

to represen t these short-circuit admittance parameters, where G is the conductance

matrix and C is the capacitance matrix.

Let a small v oltage p erturbation � Vj b e applied to con tact j at t =0. Using

im (t) ( vm (t) ) to denote the total curren t (v oltage) at con tact m the small-signal

admittance matrix comp onen t

eY is giv en b y [146]:

fYij =
F f i i (t) � I i (0)g
F f vi (t) � Vi (0)g

=
F f i i (t) � I i (0)g

� Vj
(4.10)

where I i (0) ( Vi (0) ) is the initial curren t (v oltage) at con tact i . Ff i (t)g is the F ourier

transform of the function i (t) . Substituting the F ourier decomp osition in to equation

(4.10) and separating it in to the frequency dep enden t and indep enden t parts, the

follo wing expressions can b e obtained [146]:

Gij =
n

I i (1 )� I i (0)
� Vj

+ !
� Vj

R1
0 [i i (t) � I i (1 )] sin !tdt

o

Cij =
n

1
� Vj

R1
0 [i i (t) � I i (1 )] sin !tdt

o
(4.11)

where I i (1 ) giv es the �nal DC v alue of the curren t at the con tact i .

Scattering parameters ( S -parameters) are in tro duced for micro w a v e transistors

to see w a v e pictures and are normally used in device measuremen ts for frequency

analysis. In the t w o-p ort net w ork illustrated in Fig. 4.1, the normalized complex

w a v e amplitudes are de�ned as ai and bi , where ai indicates w a v es to w ards the

t w o-p ort and bi w a v es tra v elling a w a y from it. Then the t w o-p ort net w ork can b e

describ ed b y its S -matrix as [147]:

8
<

:

b1 = S11a1 + S12a2

b2 = S21a1 + S22a2

(4.12)

The follo wing relationships are used to transform Y -parameters to S -parameters

[147]:
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1             [S]           2
AC AC

Z0
Z0

a2

b1 b2

a1

Figure 4.1: A t w o-p ort net w ork

8
>>>>>><

>>>>>>:

S11 = (1� y11 )(1+ y22 )+ y12 y21

(1+ y11 )(1+ y22 )� y12 y21

S12 = � 2y12
(1+ y11 )(1+ y22 )� y12 y21

S21 = � 2y21
(1+ y11 )(1+ y22 )� y12 y21

S22 = (1+ y11 )(1 � y22 )+ y12 y21

(1+ y11 )(1+ y22 )� y12 y21

(4.13)

where yij = Yij Z0 , Z0 is the c haracteristics imp edence and Yij is the Y -parameter

comp onen t in equation (4.10). The amplitude, Sma , and the phase, Sph , of S -

parameters can b e expressed b y:

Sma;ij = jSij j

Sph;ij = tan � 1
�

Im (Sij )
Re(Sij )

�
� 360=2�

(4.14)

In the MEDICI sim ulator the Y -parameters can b e deduced after a transien t

sim ulation with a step c hange � Vg of the gate bias follo w ed b y a transien t sim ulation

with a step c hange � Vd of the drain bias [148]. The S -parameters can b e obtained

using the transformations (4.13) from the Y -parameters.

The Field-E�ect T ransistor (FET) can b e treated as a t w o-p ort net w ork with

a common source terminal. A small-signal equiv alen t circuit is required to analyze

the frequency resp onse of a transistor. Fig. 4.2 is an equiv alen t circuit [149] whic h
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Intrinsic Part

G

S

D

Lg                 Rg

Cpg

Rs

Ls

Cgs

Ri

Cgd

gds Cds

Rd             Ld

Cpd
wtj

meg
-

Figure 4.2: Small-signal equiv alen t circuit of a �eld e�ect transistor [149]

con tains the external parasitic elemen ts and the in trinsic device including sev en

unkno wn parameters .

In Fig. 4.2, Lg , Ld , L s are the external inductances; Cpg and Cpd are the external

pad capacitances; Rs , Rd and Rg are total terminal resistances including the pad

resistance. These external parasitic parameters can b e deduced from S -parameter

after exp erimen tal measuremen t [150]. The sev en in trinsic parameters ma y b e writ-

ten in terms of the Y parameters: Cds , Cgd and Cgs are the capacitances b et w een

three terminals; Ri is the in trinsic resistance; gds is the drain transconductance; gm

is the steady-state transconductance and � is the dela y time of the transistor. These

parameters can b e determined analytically from the follo wing expressions [149]:

8
>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>:

Cgd = � Re(Y12 )
!

Cds = � Im( Y22 )� !C gd

!

Cgs = Im( Y11 )� !C gd

!

�
1 + (Re(Y11 )) 2

(Im( Y11 )� !C gd )2

�

Ri = Re(Y11 )
(Im( Y11 )� !C gd )2+(Re( Y11 )) 2

gds = Re(Y22)

gm =
q

((Im( Y21) + !C gd)2 + (Re( Y21))2)(1 + ! 2C2
gsR

2
i )

� = 1
! arcsin

�
� !C gd � Im( Y21 )� !C gs R i Re(Y21 )

gm

�

(4.15)
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4.2.2 Figures of Merit

The unit y curren t gain frequency , f T , is de�ned as the signal input frequency at

whic h the extrap olated small-signal curren t gain of the transistor equals one. f T

is used as a b enc hmark to describ e the sp eed of in trinsic devices. The small-signal

curren t gain, GC , is de�ned as the amplitude of small-signal drain curren t to small-

signal gate curren t and is expressed in terms of the extracted Y -parameters b y:

GC =
dId

dIg
=

�
@Id=@Vg
@Id=@Vd

�
=

�
�
�
�
Y21

Y11

�
�
�
� (4.16)

f T is then extracted b y solving log[GC (log[f ])] = 0 .

After transforming the Y -parameters to S -parameters the maxim um frequency

of oscillation, f max , can b e extracted b y solving log[GMAG (log[f ])] = 0 , where GMAG

is the maxim um a v ailable gain and is expressed b y [151]:

GMAG =

�
�
�
�
S21

S12

�
�
�
� (K �

p
K 2 � 1); if K > 1 (4.17)

Here, K is the stabilit y factor and is de�ned b y:

K =
1 + jS11S22 � S12S21j

2 � j S11j
2 � j S22j

2

2jS12S21j
(4.18)

When the sum of t w o sin usoids is applied to the input of a nonlinear device

the output con tains harmonics of the original frequencies and v arious in termo du-

lation (IM) pro ducts. A classical appro ximation of PIP3 (P o w er at the 3rd-order

In tercept P oin t), represen ting the input signal p o w er leading to excess third-order

in termo dulation, ma y b e used as a �gure of merit for the linearit y of in v estigated de-

vices [152], as illustrated in Fig. 4.3. The analytical expression of PIP3 is obtained

b y the follo wing deductions.

Assume an input v oltage of V applied to a device giv es an output curren t of I .

The v alue of I at an input DC bias VG with a small A C signal v can b e expressed

b y a T a ylor series expansion:

I (VG + v) = I 0 + A1v + A2v2 + � � � (4.19)
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Figure 4.3: Illustration of the de�nition for PIP3

where An = 1
n!gm(n� 1) and gm(n� 1) is the ( n -1)

th

deriv ativ e of gm in resp ect of the

gate v oltage VG . Assuming the t w o input sin usoids with frequencies ! 1 and ! 2 ha v e

the same amplitude A , the small signal v can b e expressed b y v = A(cos(! 1t) +

cos(! 2t)) . Substitution of the expression of v in to equation (4.19) deliv ers the output

comp onen ts at frequencies ! 1 , ! 2 , 2! 1� ! 2 , 2! 2� ! 1 and man y other frequencies. The

frequency comp onen ts whic h are not listed are either far a w a y from the t w o original

frequencies or ha v e small amplitudes and therefore can b e ignored in ev aluating the

linearit y upto the third order IM distortion. By only k eeping the selected frequency

comp onen ts upto the third order, equation (4.19) b ecomes:

I = I 0 + A1A (cos(! 1t) + cos(! 2t)) +
3
4

A3A3 (cos(2! 1t � ! 2t) + cos(2! 2t � ! 1t))

(4.20)
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T o ha v e the third-order in tercept p oin t illustrated in Fig. 4.3 for PIP3, the

amplitude of the linear term and that of the third-order term in equation (4.19) is

equalled giving A1A = 3
4A3A3

. Th us, assuming the input resistance to b e Rs , the

PIP3 can b e expressed b y:

P IP 3 =
A2

2Rs
=

2A1

3A3Rs
=

4gm

gm2Rs
(4.21)

where gm is the transconductance, gm2 is the second deriv ativ e of gm in resp ect of

the gate v oltage VG , and Rs =50 
 is the load resistance.

4.3 Device Calibration

4.3.1 Calibration Metho dology

It is unlik ely to run device sim ulations with default parameters and obtain go o d

agreemen ts with exp erimen tal c haracteristics. The default parameters used in com-

mercial sim ulators often dep end on pro cessing conditions and sp eci�c mo dels used.

Therefore, generic parameters whic h can fully describ e the in ternal b eha viours of all

devices are not a v ailable. The role of device calibration is to repro duce exp erimen tal

device c haracteristics b y adjusting a series of parameters in a manner with ph ysical

meaning. Before the calibration it is necessary to obtain as m uc h as p ossible de-

tailed information of studied device. The device structure, the dimensions in b oth

directions, the doping pro�les and their activ ation rates, the con tact resistances, the

in terface states and the device measuremen ts are essen tial.

The calibration using MEDICI starts with the construction of the MEDICI input

�le to describ e the device structure illustrated in Fig. 4.4 and include all necessary

material parameters. The device description should con tain the device structure

and dimensions, the doping pro�les and the mesh de�nitions. The material param-

eters, including the bandgap, the conduction and v alence band o�sets, the e�ectiv e

masses, the densit y of states and the dielectric p ermittivit y relev an t to the Si/SiGe

heterostructure are calculated according to the theory addressed in Chapter 3. Ap-

propriate mobilit y mo dels are then selected from the a v ailable mo del list of MEDICI
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Source                                                            Drain

    n+                                                                  n+

Strained Si cap

SiGe cap

n+ SiGe supply layer
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Strained Si channel

SiGe buffer (45% Ge)

SiGe buffer (5%->45% Ge)

p- Si substrate

Ti/Pt/Au contact

T-gate
Pt/Au

Figure 4.4: Illustration of sim ulated strained Si/SiGe MODFET

and applied to sp eci�c regions of the device. The Caugh y-Thomas lateral �eld de-

p enden t and the p erp endicular �eld dep enden t mobilit y mo dels [143] ma y b e used

to describ e the transp ort within Si/SiGe MODFET s. The Caugh y-Thomas lateral

�eld dep enden t mobilit y mo del, whic h accoun ts for the high �eld v elo cit y saturation

e�ects, has t w o imp ortan t parameters, the saturation v elo cit y vsat and the �tting pa-

rameter � giv en b y equation (4.6). � is usually set to 2 for electrons and 1 for holes.

The saturation v elo cit y vsat for electrons in Si is b y default set to 0.97 � 107
cm/s,

while that in strained Si ma y b e 10-20% higher, i.e. , ab out 1.1-1.2 � 107
cm/s [153],

due to the enhanced transp ort in strained Si.

The p erp endicular �eld dep enden t mobilit y mo del, describ ed b y equation (4.7),

has t w o parameters, the v ertical critical �eld Ecritical and the lo w �eld mobilit y � ,
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if it is assumed as a constan t. F or the device structure studied in this c hapter, as

illustrated in Fig. 4.5, the source-drain distance is m uc h larger than the gate length,

so that di�eren t p ositions in the c hannel ma y ha v e di�eren t high p erp endicular �eld

e�ects. Th us it is reasonable to divide the c hannel in to sev eral parts and use di�eren t

Ecritical for the di�eren t c hannel regions. Ecritical and � should also b e di�eren t in

the di�eren t la y ers. The electron mobilit y in a con�ned strained Si 2DEG has b een

rep orted to b e 1000-2900 cm

2

/V s at 300 K [46, 51� 53, 154]. The mobilit y in the

strained Si cap la y er su�ers from in terface roughness scattering and should b e lo w er

than that in the strained Si c hannel. The mobilit y in the relaxed SiGe la y er has

b een rep orted at 100-800 cm

2

/V s and dep ends on the germanium con ten t and the

impurit y concen tration [155].

The calibration is then follo w ed b y a lo op of adjusting a series of parameters

discussed ab o v e. The �rst step is the adjustmen t of Ecritical and � to obtain a agree-

men t b et w een the sim ulated and measured I
D

- V
G

c haracteristics at lo w drain bias,

e.g. , 50 m V or 100 m V. The second step is to tune Ecritical and vsat in order to repro-

duce the I
D

- V
G

c haracteristics at high drain v oltage. Con tact resistances ma y b e

included and v aried to help the calibration. The calibration ma y need to come bac k

to the parameter adjustmen t at lo w drain v oltage if it fails to agree with the exp er-

imen tal data at high drain bias. A ctiv ation rates of the doping concen trations in

the supply la y ers ma y b e c hanged according to the information from the fabrication

to obtain di�eren t sheet carrier densit y in the c hannel. Successful calibrations at

b oth lo w and high drain biases then lead to the calibration of I
D

- V
D

c haracteristics

for a whole range of gate biases. Care need to b e tak en on all parameters at this

stage, esp ecially vsat . These three steps ma y need b e rep eated in order to obtain a

global �tting with ph ysical parameters. Ho w ev er, if the sim ulation can't �t the high

gate I
D

- V
D

c haracteristics after sev eral lo ops, the v elo cit y o v ersho ot ma y b e the

cause and a more adv anced sim ulation tec hnique, suc h as the h ydro dynamic mo del,

is required.

4.3.2 Device Structure and Calibration Results

The strained Si/SiGe MODFET s studied in this pro ject are based on a 0.25
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Figure 4.5: Sc hematic of strained Si/SiGe MODFET

� m and a 70 nm n-t yp e buried strained Si c hannel Si/SiGe MODFET s fabricated

b y Daimler Chrysler, as illustrated in Fig. 4.4. The la y er sequence of the 0.25

� m MODFET is [30]: a p�
substrate with � >1000 
 � cm; a relaxed SiGe bu�er

with linearly graded Ge con ten t from 5% to 45%; a 4 nm SiGe supply la y er with

a dopan t concen tration of ND =4 � 1018
cm

� 3
; a 3 nm SiGe spacer; a 9 nm strained

Si c hannel; a 3 nm SiGe spacer; a 3.5 nm SiGe supply la y er with a doping lev el of

ND =1.5 � 1019
cm

� 3
; a 3 nm SiGe cap la y er and a 4 nm Si cap la y er. The T-shap e

Au/Pt gate is lo cated asymmetrically with source-gate distance Lgs =0.5 � m while

total drain-source distance Lds =1.5 � m, as illustrated in Fig. 4.5.

Fig. 4.6 sho ws the 1D band diagram and the comparisons of the electron distri-

butions b y the 1D Greg-Snider solv er based on the solutions of P oisson's equation

and P oisson-Sc hrö dinger. F rom the 1D band diagram it is eviden t that there are par-

asitic conduction paths coming with the 2-dimensional electron gas. The con�ned

electron distribution in the c hannel is obtained from the 1D P oisson-Sc hrö dinger
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solution (only solving the c hannel region) and compared with the solution of the 1D

P oisson equation in Fig. 4.6.
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Figure 4.6: 1D band diagram and electron distributions from the 1D Greg-Snider

solv er based on the solutions of P oisson's equation and P oisson-Sc hrö dinger

F ollo w ed the metho dology addressed, a successful calibration is carried out in

resp ect of the 0.25 � m MODFET using MEDICI. Figs. 4.7 and 4.8 sho w the I
D

- V G

and I
D

- V D c haracteristics (sim ulated and exp erimen tal) resp ectiv ely and demon-

strate the go o d agreemen t b et w een measuremen ts and sim ulations. The calibrated

lo w �eld mobilit y in the 2-DEG is 1500 cm

2

/V s whic h is in agreemen t with the v alue

suggested b y Daimler Chrysler [156]. Ho w ev er, sligh t discrepancies are observ ed at

high V G and V D whic h ma y b e attributable to self-heating [61]. The sim ulations

predict a curren t gain cuto� frequency , f T , of ab out 24 GHz, as indicated in Fig.

4.9, also in agreemen t with exp erimen tal data. Ho w ev er, leak age in the bu�er in

this device causes the on curren t and o� curren t ratio I on / I of f to b e less than 10.
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A comprehensiv e calibration in resp ect of a 70 nm n-t yp e Si/SiGe MODFET

fabricated b y Daimler Chrysler is also carried out. The la y er sequence (from b ottom

to top) of the calibrated device is [33]: a p�
substrate with � >1000 
 � cm; a relaxed

SiGe bu�er with linearly graded Ge con ten t from 5% to 45%; a 5 nm SiGe supply

la y er with a dopan t concen tration of 2.5 � 1018
cm

� 3
; a 3.5 nm SiGe spacer; a 9

nm strained Si c hannel; a 3 nm SiGe spacer; a 5 nm SiGe supply la y er with a

doping lev el of 1.0 � 1019
cm

� 3
; a 6 nm SiGe cap la y er and a 2 nm Si cap la y er.

The T-shap e Au/Pt gate is lo cated with a source-gate distance of Lgs =0.5 � m while

the total drain-source distance is Lds =1.0 � m. The main di�erences of the 70 nm

device compared to the 0.25 � m are the reduced gate length, the reduced drain-

source distance and the shifted gate (increased ratio of Lgs / Lds ) aiming for high RF

p erformance, and the increased gate-to-c hannel distance aiming for high linearit y .

In the calibration of the 70 nm MODFET, the c hannel has b een divided in to

three regions in whic h di�eren t Ecritical ha v e b een applied. The calibrated lo w �eld
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Figure 4.10: Calibrated I
D

- V G c haracteristics of the 70 nm MODFET

mobilit y in the 2-DEG is 1600 cm

2

/V s. Fig. 4.10 sho ws the I
D

- V G c haracteris-

tics (sim ulated and exp erimen tal) and demonstrates the go o d agreemen t b et w een

measuremen ts and sim ulations. The sligh t discrepancies at high V D can b e again

attributed to self-heating e�ects whic h are not included in the sim ulations [61].

4.4 Impact of the Device Geometry on RF p erfor-

mance

4.4.1 An Qualitativ e Analysis

Before using MEDICI to sim ulate the impact of the device geometry , it is essen tial

to qualitativ ely analyze the imp ortance of di�eren t parameters in the complicated

device structure of MODFET. Therefore, instead of extracting the cuto� frequency ,

f T , and the maxim um a v ailable frequency , f max , from equation (4.16) and (4.17) for

MEDICI sim ulations, analytical expressions for f T and f max are used to qualitativ ely
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analyze the dep endence on the RF p erformance. The f T and f max are functions of

the sev en in trinsic parameters (see equation (4.15)) and the external pad resistances

Rg , Rs and Rd . They can b e calculated using the follo wing relations [157, 158]:

f T =
gm=2�

(Cgs + Cgd)[1 + ( Rs + Rd)gds] + Cgdgm (Rs + Rd)
(4.22)

f max =
f T

2
p

2�f T RgCgd + ( Rg + Ri )gds
(4.23)

F rom equations (4.22) and (4.23), in order to obtain high f T and f max , gm has to

b e as large as p ossible; Cgs, Cgd, Cds , Ri , Rg Rs , Rd and gds need to b e as small as

p ossible. These parameters are sensitiv e to b oth lateral and v ertical device designs.

In the lateral direction, the source-to-drain distance, Lds , the gate p osition,

Lgs=Lds , and the ph ysical gate length, Lg , are imp ortan t. Increasing Lds leads

to small capacitances but on the other hand it induces more in trinsic resistance

Ri . Di�eren t Lgs=Lds causes the c hange of Cgs=Cgd whic h results in di�eren t f max .

Shrinking Lg is a commonly used approac h to increase the device sp eed, ho w ev er,

the gds increase induced b y the 2-D e�ects degrades the device p erformance. There-

fore, careful trade-o� designs of these lateral dimensions are required in order to

obtain a high RF p erformance.

In the v ertical direction, the la y er structure and the doping pro�les need to b e

optimized in order to ac hiev e high carrier densit y in the c hannel. In order to analyze

the RF p erformance dep endence of the device design in the v ertical direction, the

follo wing deduction ma y b e used to obtain another expression for f T to ev aluate the

RF p erformance. Neglecting the e�ects of the parasitic resistance Rs and Rd , the

expression for f T (4.22) ma y b e simpli�ed to [159]:

f T =
gm

2� (Cgs + Cgd)
=

gm

2�c gW Lef f
(4.24)

where Lef f is the e�ectiv e gate length whic h dep ends on Lg , Lds and Lgs ; W is the

device width; cg is the e�ectiv e gate capacitance p er unit area b et w een the gate and

the 2-DEG c hannel and ma y b e expressed as cg = �
d+� d ( � is the e�ectiv e dielectric

constan t of the la y ers ab o v e the 2-DEG); d is the distance from the gate to the
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2-DEG in terface and � d is the e�ectiv e distance b et w een the hetero junction and

the 2-DEG. When increasing the gate-to-c hannel separation d, the gate capacitance

cg decreases. Ho w ev er, the increase in the gate-to-c hannel separation results in a

losing of the gate con trol o v er the c hannel and induces a lo w er gm and therefore

degrades f T . T o ev aluate the gate con trol on the 2-DEG c hannel the mo dulation

e�ciency ( ME ), as prop osed b y F oisy et al [160], can b e used:

ME =
@ns=@VG

@(ns + np)=@VG
(4.25)

where ns is the sheet carrier densit y in the c hannel and np is the parasitic sheet

carrier densit y in the la y ers ab o v e the c hannel whic h limits the ME to b e less than

1. A high ME means a go o d con trol of the gate o v er the c hannel and leads to a high

transconductance, gm . It is ob vious that the mo dulation e�ciency at a �xed gate

v oltage dep ends on the thic kness of eac h la y er and the doping concen trations in the

supply la y ers. W e can no w reform ulate analytical expression for f T (see equation

(4.24)) using the de�nition of the ME as [160]:

f T =
vef f

2�L ef f
=

vsat

2�L ef f
ME (4.26)

where vef f and vsat denote the e�ectiv e and p eak v elo cities in the 2-DEG c hannel,

resp ectiv ely .

It can b e seen from equations (4.22)-(4.26) that Lg , Lds , Lgs , the thic kness of eac h

la y er and the concen tration in eac h supply la y er pla y imp ortan t roles in determining

the RF p erformance and careful design of these parameters are required. The e�ects

of these parameters on the device p erformance are studied b y n umerical sim ulations

in next section. The e�ects from the external resistances and capacitances also need

to b e tak en in to accoun t to ev aluate the real RF p erformance but they are not the

fo cus of this thesis and will b e neglected in the follo wing w ork.

4.4.2 Sim ulation Results

F ollo w ed the qualitativ e analysis made in last section, this section uses the n umer-

ical sim ulator MEDICI to study the e�ects of di�eren t device designs, i.e. , Lg , Lds
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and Lgs in the lateral direction, and the thic knesses of eac h la y er and the concen tra-

tions in the supply la y ers in the v ertical direction. The sim ulations carried out in

this section are based on the calibration in resp ect of the 0.25 � m n-t yp e Daimler

Chrysler strained Si/SiGe MODFET discussed in section 4.3.2.

4.4.2.1 Impact of the lateral dimensions

Since the sp eed of FET is in trinsically limited b y the electron transit time, the

most ob vious approac h to impro v e the device sp eed is to reduce the gate length,

as describ ed b y equation (4.26). Ho w ev er, the 2-D e�ects due to the gate length

scaling ( e.g. DIBL) a�ect the threshold v oltage and subthreshold slop e and increase

the o�-state curren t (see Fig. 4.11). When the gate length is aggressiv ely scaled

the gate b egins to lose con trol o v er the c hannel and the parasitic conduction la y ers,

whic h results in a saturation, p ossibly in a reduction of transconductance gm and

in an increase of drain conductance gds . These will decrease the cuto� frequency f T

and the v oltage gain G (de�ned as Vout =Vin = gm=gds ).

The source-drain distance Lds is crucial in reducing the in trinsic resistance Ri .

Ho w ev er, reducing Lds also decreases the v oltage gain G due to increased drain

conductance gds . It has b een suggested that raising the source/drain junctions ma y

comp ensate for this [55] e�ect. Scaling Lgs and Lds also increases Cgs and Cgd and

induces a second pronounced p eak in the gm c haracteristics (see Fig. 4.12). This

is due to the increase in the curren t densit y within the Si cap la y er b et w een the

source/drain and the gate at high VG when scaling Lgs and Lds [53].



4.4. Impact of the Device Geometry on RF p erformance 74

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

300

310

320

330

340

350

360

370

380
 

V
T 

S
hi

ft 
(V

)

Gate Length L
g
 (micron)

L
gs
=0.2 m,L

ds
=1.5 m, no vertical scaling

0.05 0.10 0.15 0.20 0.25 0.30 0.35

10

20

30

40

50

 

 

C
on

du
ct

an
ce

 g
d (

m
S

/m
m

)

Gate Length L
G
 ( m)

V
D
=1.6V

M
ax

im
um

 T
ra

ns
co

nd
uc

ta
nc

e 
g

m
 (

m
S

/m
m

)

Figure 4.11: Threshold v oltage shift and transconductance c haracteristics v ersus the

gate length; the inset is the output conductance c haracteristics
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Figs. 4.13 and 4.14 sho w the e�ects of c hanging the Lgs=Lds ratio and the

source-drain distance Lds . F or a giv en Lds , decreasing the Lgs=Lds ratio increases

the Cgs=Cgd ratio, whic h will generally tend to increase f max . Ho w ev er, the decrease

in Lgs=Lds also tends to increase the output (drain) conductance, gds . This increase

in gds will reduce f max b y decreasing the e�ect of Cgs=Cgd on f max . This e�ect

is particular eviden t for the la y er structures considered in this w ork due to their

relativ ely high gds . The RF c haracteristics as a function of the gate length scaling,

with a Lgs=Lds ratio 0.5 � m/1.5 � m, are sho wn in Fig. 4.15. The RF p erformance

impro v emen ts with di�eren t saturation v elo cities (also sho wn in Fig. 4.15) indicate

that the e�ect of v elo cit y o v ersho ot ma y also lead to an impro v emen t in the RF

p erformance.
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4.4.2.2 E�ects of di�eren t v ertical structures

Optimization of the v ertical structure ma y help to impro v e the device p erformance

and partially suppress the 2-D e�ects due to the gate length scaling. In the case

of the MODFET structure studied in this c hapter (Fig. 4.5), the k ey parameters

asso ciated with its v ertical structure are the thic kness of eac h la y er and the doping

concen trations in the supply la y ers. The thic kness of the 2-DEG strained Si c hannel

is a sensitiv e parameter for the carrier con�nemen t of the 2-DEG.
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Figure 4.16: The conduction band diagram and the w a v e functions in a 9 nm thic k

strained Si c hannel

Fig. 4.16 illustrates the 1D (v ertical direction) conduction band pro�le and the

w a v e functions within a 9nm thic k strained Si c hannel b y 1D P oisson-Sc hrö dinger

solutions. Due to quan tum con�nemen t, the p eak electron concen tration app ears

close to the middle of the c hannel and the shap e of the electron distribution and
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the sheet carrier densit y within the c hannel dep ends on the width and the depth

of the quan tum w ell. The depth of the w ell ma y b e v aried b y c hanging the Ge

con ten t within SiGe la y ers but to o high Ge con ten t causes the problems of la y er

gro wth. The width of the quan tum w ell, i.e. , the thic kness of the c hannel, needs

to b e prop erly c hosen. Although the p eak concen tration increases with decreasing

c hannel thic kness, the sheet carrier densit y in the c hannel reduces. On the other

hand, a to o large c hannel thic kness causes carriers to mo v e a w a y from the gate

whic h increases output conductance gds . The c hannel thic kness is also limited b y

the critical thic kness whic h decreases as the Ge con ten t in the adjacen t SiGe la y ers

increases.

The aim of the optimization in the v ertical structure is to maximize the sheet

carrier densit y in the c hannel and main tain a go o d gate con trol o v er the c hannel. ME

de�ned b y equation (4.25) is appropriate to ev aluate the gate con trol on the c hannel.

The gate-to-c hannel separation requires a careful consideration in order to suppress

the SCE in tro duced b y the gate length scaling. The gate-to-c hannel separation is

sum of the thic knesses of the Si and SiGe cap la y ers, the SiGe doping la y er and the

SiGe spacer la y er. Reducing the Si and the SiGe cap la y er thic knesses impro v es the

con trol of the gate on the device. Ho w ev er, reducing the SiGe cap la y er thic kness

leads to an increase in parasitic conduction within the Si cap. Shrinking the SiGe

spacer la y er increases the ME and the sheet carrier densit y in the c hannel but also

reduces the mobilit y within the c hannel due to an increase of remote ionized impurit y

scattering. V arying the thic kness of the doping la y er and their doping concen tration

c hanges [161] the capabilit y of supplying carriers in to the c hannel.
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on the mo dulation e�ciency and the sheet carrier densit y in the c hannel (the sheet

carrier densities plotted in the second �gure are extracted at the ME =0.8 within

the �rst �gure)
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Fig. 4.17 illustrates the e�ects of the thic kness and the doping concen tration in

the fron t SiGe doping supply la y er on the mo dulation e�ciency whic h w as obtained

from the 2D sim ulator MEDICI. T o illustrate the e�ects on the carrier densit y in

the c hannel the sheet carrier densities are also extracted from Fig. 4.17 at ME =0.8

(as an example) and plotted in the same �gure as a function of the la y er thic kness

and the doping lev el. It can b e seen from Fig. 4.17 that reducing the doping con-

cen tration in the fron t doping supply la y er or decreasing the thic kness of this la y er

decreases the sheet carrier densit y in the c hannel and causes a sligh tly sharp er fall

o� of the ME as the gate v oltage is increased. This leads to a reduced gate op er-

ation range. Ho w ev er, a to o high doping concen tration ma y induce sev ere mobilit y

reduction in the c hannel and p ossibly increase the parasitic carrier densit y in the

la y ers ab o v e the c hannel.
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Figure 4.18: Extracted in trinsic RF c haracteristics and capacitance ( Cgs + Cgd )

v ersus the gate length at VD =1.6 V, the gate-to-c hannel distance=12 nm

The reduction in gm (see Fig. 4.11) limits f T during the gate length scaling.

Ho w ev er, this negativ e e�ect ma y b e partially o�seted b y the reduction of the gate-
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to-c hannel separation, d [55]. The RF c haracteristics v ersus gate length with a

reduced d is presen ted in Fig. 4.18. The reduction of the d decreases the in trinsic

capacitance (the sum of Cgs and Cgd) and results in an impro v ed RF p erformance

when compared to RF p erformance in Fig. 4.15.

It is therefore necessary to optimize the b oth lateral and v ertical arc hitectures in

order to ac hiev e RF p erformance impro v emen ts in sub-100 nm devices. Nev ertheless,

parasitic e�ects b ecome increasingly imp ortan t with decreasing gate lengths, whic h

together with the 2-D e�ects, limit impro v emen t of the device p erformance.

4.5 Impact of Di�eren t Device Designs on Linearit y

The optimization of Si/SiGe MODFET device geometry is necessary in order to

ac hiev e an impro v ed p erformance b y ha ving b etter quan tum con�nemen t and high

mo dulation e�ciency whic h help to ac hiev e high densit y and high mobilit y of carriers

in the c hannel. Ho w ev er, the existence of lo w-mobilit y parasitic conduction paths

in these devices limits device p erformance and range of op eration. A t high curren t

lev els, the carrier densit y in the lo w mobilit y slab doping la y ers ab o v e the c hannel

increases, screening further mo dulation of the c hannel carrier concen tration, whic h

in turn limits device linearit y and also degrades device p erformance.

This section discusses the impact of di�eren t device designs on linearit y . The

sim ulations are based on the calibration in resp ect of the 70 nm n-t yp e Daimler

Chrysler strained Si/SiGe MODFET giv en in section 4.3.2. The �gure of merit for

linearit y , PIP3, de�ned b y equation (4.21), is used. A larger PIP3 means b etter

linearit y , i.e. , a wide device op eration range featuring small in termo dulation distor-

tions.

4.5.1 Impact of the Device Geometry

The gate-to-c hannel distance, d , is the k ey parameter whic h a�ects the gate con trol

on the conduction la y ers. The decrease of d helps to ac hiev e a high transconductance

and b etter RF p erformance. Ho w ev er, small gate-to-c hannel separations degrade

device linearit y b y compressing the transconductance c haracteristics. As sho wn in
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Fig. 4.19, the devices with small gate-to-c hannel separations ha v e a lo w er PIP3

represen ting w orse linearit y p erformance. Ho w ev er their larger transconductances

result in higher RF p erformance as discussed in section 4.4.
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Figure 4.19: The device PIP3 and transconductance gm (the inset) c haracteristics

with di�eren t gate-to-c hannel distances

The lateral device design also a�ects linearit y . The source-drain distance is larger

than the ph ysical gate length whic h helps to reduce the gate-to-con tact parasitic ca-

pacitances and increase the breakdo wn v oltage. The transconductance is sensitiv e

to the c hanges of lateral dimensions as they a�ect the series resistance. The source

series resistance c hanges the shap e of the I D - VG c haracteristics and therefore af-

fects linearit y . Fig. 4.20 sho ws that although increasing the source-gate separation

degrades the transconductance and driv e curren t, it �attens the transconductance

c haracteristics and do es help to impro v e the linearit y . The reduction of gm due to

the large Lgs degrades RF p erformance, as sho wn in Fig. 4.14 in section 4.4.
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When the device is scaled laterally , the RF p erformance is impro v ed as illustrated

in Fig. 4.15. Unfortunately , the gate length scaling do esn't help in obtaining a b etter

linearit y . F or con v en tional CMOS devices [162], PIP3 starts to decrease when the

device is scaled in to the deep submicron regime and ev en tually rises at v ery small

gate length (<100 nm). In this sim ulation w ork, the mo dulation dop ed device

b eha v es similarly to the traditional MOSFET as illustrated in Fig. 4.21.

The sim ulations ha v e preserv ed the v ertical structure, mobilit y , series resistance

and saturation v elo cit y during the scaling. If the v ertical scaling is also considered,

the RF p erformance ma y increase ev en more (see Fig. 4.18) while device linearit y

will decrease due to a smaller gate-to-c hannel separation.

4.5.2 Channel Doping Strategies

Si Cap Layer

SiGe Cap Layer
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SiGe Spacer

Si Channel
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Graded SiGe buffer (5%-45%)
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Figure 4.22: Illustrations of studied MODFET and DCFET (half )

The existence of parallel parasitic conduction paths in MODFET s is the ma jor

factor a�ecting linearit y . The carriers supplied b y the side doping la y ers ma y mo v e

from the c hannel to the lo w mobilit y parasitic conduction path at high gate v oltages,
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whic h narro ws the transconductance p eak and reduces the linearit y . Existing w ork

on I I I-V HEMT s has suggested that the in tro duction of c hannel doping impro v es

linearit y [163]. T ransferring this idea in to Si/SiGe MODFET s, it is also exp ected

to ha v e an increased linearit y due to the dop ed c hannel. When compared with the

side dop ed devices, the carriers in the dop ed c hannel devices sta y in the c hannel for

a larger range of gate v oltages, whic h �attens the transconductance c haracteristics

and impro v es the linearit y .
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Figure 4.23: The comparison of device transconductance c haracteristics b et w een

structure A (undop ed c hannel MODFET), structure B (dop ed c hannel MODFET)

and structure C (DCFET)

In this w ork, three di�eren t devices with iden tical la y er structures ha v e b een

studied (illustrated in Fig. 4.22). Structure A is the original MODFET used in

the calibration pro cess (describ ed in section 4.3.2) with the double side SiGe doping

la y ers and an undop ed c hannel. Structure B is the MODFET with a reduced side
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doping ab o v e the c hannel comp ensated b y an equiv alen t amoun t of c hannel doping

of 1 � 1018
cm

-3

. Structure C is the dop ed c hannel FET (DCFET) without the side

doping and with a c hannel doping of 6 � 1018
cm

-3

. The doping is limited to the

cen tral 5 nm of the c hannel, as illustrated in Fig. 4.22.

Figs. 4.23 and 4.24 sho w that the linearit y of dop ed c hannel devices is distinctly

impro v ed compared to that of undop ed c hannel devices while the undop ed c hannel

devices ha v e a higher driv e curren t.
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Figure 4.24: The comparison of PIP3 b et w een structure A (undop ed c hannel MOD-

FET), structure B (dop ed c hannel MODFET) and structure C (DCFET)

F or FET-t yp e ampli�ers under small signal op eration, distortion related to non-

linearities in the transconductance, gm , is complemen ted b y distortions asso ciated

with nonlinearities in the coupling capacitances, Cgs, Cgd and Cds . F rom transien t

sim ulations, the v oltage dep endence of these in trinsic small-signal equiv alen t circuit

parameters (see Fig. 4.2) ha v e b een extracted and compared b et w een structure A
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(MODFET) and structure C (DCFET), sho wn in Fig. 4.25. It can b e seen from

the �gure that across a large gate op eration range the capacitances of structure C

exhibit a greater linearit y than that of structure A whic h con tributes to the high

linearit y of dop ed c hannel MODFET s.
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Figure 4.25: The comparison of in trinsic capacitances b et w een structure A (undop ed

c hannel MODFET) and structure C (DCFET) at VD =1.5 V

Ho w ev er, �gures 4.23 and 4.24 sho w that the driv e curren t and the p eak transcon-

ductance of dop ed c hannel MODFET s are m uc h smaller than that of undop ed c han-

nel devices due to the lo w er mobilit y within the c hannel. Although the doping in

the c hannel pro vides a high sheet carrier densit y , the mobilit y is signi�can tly lo w er

than that of the undop ed c hannel due to strong ionized impurit y scattering. By

solving P oisson's equation in 1-D , the sheet carrier densities, ns , in the c hannel,

drain curren t, I D , transconductance, gm , in trinsic capacitance, Cgs + Cgd, and in trin-

sic f T at VG =0.4 V ha v e b een obtained and summarized in T able 4.1. Ev en with a
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T able 4.1: Comparisons of sheet carrier densit y in the c hannel ns ( � 1012
cm

-2

),

I D ( � 10� 4
A/ � m), gm (mS/mm), in trinsic capacitance (fF) and in trinsic f T (GHz)

b et w een the dop ed and undop ed c hannel devices

ns I D gm Cgs + Cgd f T

Structure A 2.18 2.8 231 27.7 83.8

Structure C 1.91 1.4 156 18.9 69.7

m uc h lo w ered gm , the dop ed c hannel MODFET ac hiev ed a relativ ely high in trinsic

cut-o� frequency f T b ecause of the reduced gate capacitance Cgs+ Cgd.

4.6 Summary

Based on the calibration in resp ect of a 0.25 � m and a 70 nm n-t yp e buried strained

Si c hannel Si/SiGe MODFET s fabricated b y Daimler Chrysler, the RF p erformance

and linearit y in v arious Si/SiGe MODFET s arc hitectures ha v e b een studied in this

c hapter. Qualitativ e analysis and n umerical sim ulations indicate that the RF p er-

formance and linearit y are sensitiv e to b oth lateral and v ertical device designs, es-

p ecially to Lg , Lds , Lgs , to the gate-to-c hannel separation d (whic h dep ends on the

thic kness of eac h la y er) and to the doping concen trations in the SiGe doping supply

la y er and the c hannel. The gate-to-c hannel separation and gate to source/drain dis-

tances are found to ha v e a signi�can t but opp osite e�ects on the device p erformance

and linearit y . The doping in the supply la y ers need to b e prop erly adjusted in order

to obtain a high sheet carrier densit y in the c hannel and to ac hiev e a higher mo d-

ulation e�ciency . The dop ed c hannel device exhibits the b est linearit y but at the

exp ense of the reduced driv e curren t, transconductance and RF p erformance. The

sim ulations also sho w that scaling helps to impro v e RF p erformance but sligh tly

reduces device linearit y . T rade-o� designs are necessary for sp eci�c RF and/or high

linearit y applications.

In this c hapter, the comprehensiv e design considerations of Si/SiGe MODFET s

originate from the m ulti-la y er structure of their I I I-V coun terparts and the strained

Si/SiGe heterostructure. Ho w ev er, the most commonly studied devices of the strained

Si on relaxed SiGe heterostructure is its implemen tation in the structure of con v en-

tional MOSFET s for CMOS applications whic h is addressed in next c hapter.



Chapter 5

Scaling Study of Strained Si

MOSFET s for CMOS Applications

Sub-100 nm surface c hannel strained Si/SiGe MOSFET s for CMOS applications

ha v e b een rep orted with notable p erformance enhancemen ts for b oth n- and p-

MOSFET s when compared to con v en tional Si MOSFET s (discussed in Chapter 2).

The p erformance enhancemen ts are mainly due to strain-induced carrier-mobilit y

enhancemen t within the strained Si c hannel and reduced in terface roughness scat-

tering in strained Si MOSFET s. Ho w ev er, high strain (>30% Ge con ten t in the

bu�er) is necessary for strained Si p-t yp e MOS applications in order to obtain a

larger hole mobilit y enhancemen t (see Fig. 2.4) and matc h the p erformance en-

hancemen t of n-t yp e strained Si MOSFET s. Moreo v er, the t yp e I I strained Si on

relaxed SiGe heterostructure used in the surface c hannel p-t yp e strained Si MOS-

FET s (see Fig. 2.1) leads to a parasitic conduction path in the lo w-mobilit y relaxed

SiGe la y er.

In this c hapter, extended drift di�usion and h ydro dynamic mo dels are used to

in v estigate the p erformance dep endence of p-t yp e strained Si MOSFET s and the

scaling prop erties of the strained Si CMOS tec hnology . The sim ulations are based

on careful calibrations with resp ect to the sub-100 nm n- and p-t yp e strained Si/SiGe

MOSFET s rep orted b y Rim et al. [21, 31]. The calibrated device structures are then

scaled do wn to 35 nm ph ysical gate lengths to ev aluate the p oten tial device and

circuit b eha viours. The 2D device sim ulations carried out with MEDICI are com-

89
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plemen ted with an understanding of the carrier transp ort of strained Si using Mon te

Carlo sim ulations and the parameters asso ciated with the Si/SiGe heterostructure

giv en in Chapter 3.

5.1 Sim ulation Mo dels and Device Calibrations

5.1.1 Sim ulation Mo dels

2D drift-di�usion (DDM) and h ydro dynamic (HDM) sim ulations emplo ying MEDICI

are used in this c hapter to assess the p erformance of strained Si based devices and

circuits. The DDM sim ulations are based on the mo dels describ ed in Chapter 4,

incorp orating the concen tration dep enden t mo del for lo w-�eld mobilit y , the p erp en-

dicular �eld dep enden t mobilit y mo del accoun ting for surface roughness scattering,

and the Caughey-Thomas lateral �eld dep enden t mo del accoun ting for high �eld

e�ects. Details of these mobilit y mo dels ha v e b een addressed in Chapter 4. The

default parameters in MEDICI asso ciated with the Si/SiGe heterostructure are mo d-

i�ed based on the analytical expressions giv en in Chapter 3.

Similar to the quan tum con�nemen t in the c hannel of Si/SiGe MODFET s dis-

cussed in Chapter 4, the surface c hannel MOSFET s studied in this c hapter also

feature a 2-dimensional quan tum w ell when high gate v oltages are applied. An ex-

ample of the quan tum mec hanical e�ects on the electron distribution in the in v ersion

la y er of Si MOSFET s is illustrated in Fig 5.1, whic h is obtained from Greg Snider's

1D P oisson-Sc hrö dinger solv er [28]. It is eviden t that the quan tum con�nemen t in

the in v ersion la y er causes a p ositional shift of the p eak electron concen tration ab out

1nm a w a y from the Si/SiO

2

in terface. This e�ect reduces the sheet carrier densit y

in the c hannel and e�ectiv ely induces a threshold v oltage shift. The quan tum cor-

rection mo del used for this study is a bandgap widening approac h [143]. The mo del

appro ximately accoun ts for b oth the splitting of energy lev els in the conduction band

to higher sub-bands and for a displacemen t of the carrier concen tration a w a y from

the semiconductor-insulator in terface. The bandgap of c hannel material is therefore

widened b y an amoun t 4 Eg;qm , as expressed b y [143]:
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Figure 5.1: Electron distributions solv ed b y 1D Greg-Snider solv er [28] based on the

solutions of P oisson-Boltzmann and P oisson-Sc hrö dinger equations

4 Eg;qm = � n(p) �
13
9

� � �
� � semi

4kT

� 1=3
�
�
�En(p)

�
�2=3

(5.1)

where En(p) is the normal electric �eld at the semiconductor/insulator in terface; � is

a �tting parameter and b y default set to 4:1 � 10� 8
e V � cm; � semi is the p ermittivit y

of semiconductor material in the c hannel; � n(p) is a �tting parameter accoun ting

for the e�ect of quan tized lev els ab o v e the ground state and b y default set to 1.0

for silicon in MEDICI. The v alue of 4 Eg;qm is then used to calculate the corrected

in trinsic carrier concen tration at the in terface:

ni;qm = ni;conv exp
�

�
4 Eg;qm

2kT

�
(5.2)

where ni;conv is the con v en tional in trinsic carrier concen tration at the semiconduc-

tor/insulator in terface without taking in to accoun t quan tum mec hanical a�ects.



5.1. Sim ulation Mo dels and Device Calibrations 92

In addition to the drift-di�usion mo del discussed in Chapter 4, this c hapter

also uses h ydro dynamic device sim ulations whic h appro ximate the non-equilibrium

transp ort due to lo cal carrier heating at high electric �elds. The h ydro dynamic

mo del includes the drift-di�usion transp ort mo del describ ed b y equation (4.1)-(4.3)

and the energy balance equation from the second-order momen t of the Boltzmann

equation. Instead of equations (5.3) and (5.4) used in DDM, the follo wing equations

are emplo y ed for solving the curren t densities Jn and Jp [143].

�!
Jn = q� n

�!
r (unn) + q� nn

�!
E + qnun

@�n (un)
@un

�!
r un (5.3)

�!
Jp = � q� p

�!
r (upp) + q� pp

�!
E � qpup

@�p(up)
@up

�!
r up (5.4)

where un and up represen t the electron and hole thermal v oltages kTn=q and kTp=q

resp ectiv ely ( Tn and Tp are the electron and hole temp eratures). Neglecting carrier

generation and recom bination, the energy balance equations for electrons and holes

ma y b e expressed b y [143]:

�!
r �
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where u0 represen ts the lattice thermal v oltage kT0=q ( T0 is the lattice temp erature);

� n and � p denote the electron and hole energy relaxation times and ma y b e obtained

from Mon te Carlo sim ulations; Sn and Sp represen t the electron and hole energy

�o w densities and are giv en b y [143]:
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The determined carrier temp erature distributions mak e it p ossible to more ac-

curately mo del the real carrier transp ort. In this case, the Caughey-Thomas �eld

dep enden t mobilit y mo del, giv en b y equation (5.9) for the DDM sim ulations, de-

p ends on the carrier and lattice temp eratures and the carrier energy relaxation times

and b ecomes [143]:

� n(p)(un(p)) =
� S;n(p)h

1 +
�
� n(p)(un(p) � u0)

� �
i

1=�
(5.9)

� n(p) =
3� S;n(p)

2v2
sat � n(p)

(5.10)

5.1.2 Device Calibrations of sub-100nm Strained Si MOS-

FET s

Using the DDM mo del, MEDICI sim ulations are carried out to p erform device cali-

brations in resp ect of sub-100 nm con v en tional Si and strained Si n-t yp e and p-t yp e

MOSFET s. The calibrated n-t yp e devices ha v e an 80 nm gate length ( L
g

) and a 2.2

nm thic k gate o xide ( t
o x

) for b oth Si and strained Si MOSFET s and a relaxed SiGe

virtual substr ate with 15% Ge con ten t is used in the strained Si device [31]. Both

calibrated p-t yp e Si and strained Si MOSFET s ha v e a 90 nm gate length ( L
g

) and a

2.8 nm thic k gate o xide ( t
o x

), and the strained Si device uses a relaxed SiGe virtual

substr ate with 28% Ge con ten t [21]. The device structure of the n-t yp e strained Si

MOSFET is illustrated in Fig. 5.2. The p-t yp e strained Si MOSFET has the same

sc hematic as the n-t yp e strained Si device. The v ertical band diagram of the device

is also plotted in Fig. 5.2. The band o�sets at the t yp e-I I Si/SiGe hetero-in terface

enable the electron con�nemen t in the strained Si la y er, but lead to a parasitic con-

duction path for holes in the lo w-mobilit y SiGe la y er. The Si devices are assumed

to ha v e the same ph ysical dimensions and iden tical source/drain doping pro�les as

their strained Si coun terparts. Channel doping pro�les b et w een the Si and strained

Si MOSFET s are sligh tly di�eren t due to the di�eren t di�usion rates of dopan ts in

Si and in SiGe [74, 75], although the same pro cess conditions are assumed for b oth

devices.
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Figure 5.2: Sc hematic of strained Si MOSFET and band diagram along the middle

of the device

The calibrations against the exp erimen tal data of these devices are based on

the metho dology describ ed in Chapter 4. The calibration uses a single retrograde

w ell doping and a n-t yp e hea vily dop ed p oly-Si gate for b oth Si and strained Si

MOSFET s. Gaussian distribution based analytical pro�les are used to repro duce the

source, drain and c hannel doping distributions. An illustration of the doping pro�les

in the devices is sho wn in Fig. 5.3. Assuming a symmetric doping distribution in the

lateral direction ( x -direction) and setting up a x � y co ordinate in the device (sho wn

in Fig. 5.3), the doping concen tration at a mesh p oin t (x; y) ma y b e expressed b y a

sum of sev eral 2D analytical pro�les:

N total (x; y) = ND 1f x1(x)f y1(y) + ND 2f x2(x)f y2(y) + Nsub + NA f y3(y) (5.11)

f (z) =

8
>>>>><

>>>>>:

exp
�
�

�
z� zmin

zchar

� 2
�

z < zmin

1 zmin < z < z max

exp
�
�

�
z� zmax

zchar

� 2
�

z > zmax

(5.12)
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where ND 1 is the p eak concen tration of the n-t yp e doping in the source (or drain)

con tact; ND 2 is the p eak concen tration of the n-t yp e doping in the source (or drain)

extension; Nsub is the uniform substrate p-t yp e doping; NA is the p eak concen tration

of the p-t yp e c hannel doping; f xi and f yi are the horizon tal ( x -direction) and v ertical

( y -direction) doping v ariation functions. The general expression of the function f (z)

is giv en b y equation (5.12).
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        Nsub
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Figure 5.3: Illustration of the doping pro�les within the strained Si MOSFET

A 2D doping distribution ma y b e obtained b y expression (5.11) through a com-

bination of NA , ND , xchar , ychar , xmin , xmax , ymin and ymax . The source/drain

doping parameters are obtained b y matc hing the expression with the a v ailable dop-

ing pro�les [71] and the c hannel doping parameters are calculated b y calibrating

with resp ect to the subthreshold slop e and the threshold v oltage of the exp erimen-

tal data. The calibrated doping distribution parameters for b oth Si and strained Si

MOSFET s are listed in T able 5.1.
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T able 5.1: Summary of calibrated doping pro�les in the 80 nm Si and strained Si

n-MOSFET s

Units Si Strained Si

Nsub cm

� 3 1 � 1015 1 � 1015

Channel doping: NA (cm� 3) cm

� 3 3 � 1018 2 � 1018

Channel doping: ychar nm 60 50

Channel doping: ymin =ymax nm/nm 30/30 40/40

S/D con tact doping: ND 1 cm

� 3 2 � 1020 2 � 1020

S/D con tact doping: xchar =ychar nm/nm 17/25 17/25

S/D con tact doping: xmin =xmax nm/nm 100/ L x 100/ L x

S/D con tact doping: ymin =ymax nm/nm 2/2 2/2

S/D extension doping: ND 2 cm

� 3 2:5 � 1020 2:5 � 1020

S/D extension doping: xchar =ychar nm/nm 9/14 9/14

S/D extension doping: xmin =xmax nm/nm 47/ L x 47/ L x

S/D extension doping: ymin =ymax nm/nm 2/2 2/2

L x is half of the total length in the x-dir e ction of the simulate d devic es
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Figure 5.4: Calibrated I D - VG c haracteristics of the 80 nm gate length Si and strained

Si n-MOSFET s
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Fig. 5.4 illustrates the calibrated I D - VG c haracteristics of the 80 nm gate length

Si and strained Si n-MOSFET s. The sim ulated I D - VG c haracteristics agree with the

exp erimen tal data across whole device op eration range for b oth Si and strained Si

devices. A 200 m V threshold v oltage di�erence is observ ed b et w een the t w o MOS-

FET s whic h is due to the c hange of band structure of strained Si and the suppressed

Boron di�usion of the c hannel doping within the strained Si MOSFET [31, 75]. The

successful calibrations of b oth Si and strained Si MOSFET s indicate that the repro-

duction of the device structures and the doping pro�les pro vides reliable information

for later sim ulation studies.
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Figure 5.5: Calibrated I D - VD c haracteristics of the 80 nm gate length Si n-MOSFET

If w e de�ne an e�ectiv e gate length ( Lef f ) as the distance b et w een the p oin ts

where the source/drain doping falls to 2 � 1019
cm

-3

[164], the e�ectiv e gate length

of the 80 nm gate length Si and strained Si MOSFET s is ab out 67 nm. Using I D - VG

c haracteristics, w e ma y also de�ne a threshold v oltage VT as the gate v oltage at whic h
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the drain curren t equals Lef f � 10� 7
A/ � m at lo w drain v oltage (50 m V) [165]. The

extracted threshold v oltage is 0.52 V in the Si MOSFET and 0.32 V in the strained Si

MOSFET. The extracted subthreshold slop e, whic h is de�ned as S =
�

d(log10 I D
dVG

� � 1

[165], is 86.7 m V/decade for the Si MOSFET and 88.3 m V/decade for the strained

Si MOSFET. These v alues indicate w ell con trolled short c hannel e�ects in b oth

devices. The driv e curren t enhancemen t of the strained Si MOSFET, compared to

the Si device, is around 35% [31] at the same gate o v erdriv e VG - VT =1.0 V. Figs. 5.5

and 5.6 plot the calibrated I D - VD c haracteristics of the Si and strained Si MOSFET s.

Consisten t with the I D - VG c haracteristics, the sim ulated I D - VD device c haracteristics

agree with the exp erimen tal data throughout the whole range of device op eration

giving ev en more con�dence to the calibration.

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0

50

100

150

200

250

 

 

V
T
=0.32V

V
G
-V

T
=(0.2V,0.4V,0.6V,0.8V,1.0V)

I D
 (m

A
)

V
D
 (V)

 Strained Si MOSFET (Rim VLSI'01)
 Strained Si MOSFET (Simulation)

Figure 5.6: Calibrated I D - VD c haracteristics of the 80 nm gate length strained Si

n-MOSFET

The calibrations of the 90 nm Si and strained Si p-t yp e MOSFET s follo w the same

metho dology as that of the n-t yp e MOSFET s. The devices ha v e the same e�ectiv e
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gate length of ab out 67 nm. Fig. 5.7 illustrates the sim ulated I D - VG c haracteristics

of b oth devices, compared to exp erimen tal data from [21]. Sligh t discrepancies in

the subthreshold region of b oth devices sho wn in Fig. 5.7 ma y b e due to the lac k of

reliable information concerning the doping pro�les. The doping distributions used

for the initial guess of the calibration are based on the information of the calibrated

n-t yp e devices. The extracted subthreshold slop e S is appro ximately 92 m V/decade

for b oth the Si and strained Si MOSFET s. The extracted threshold v oltage VT is

appro ximately -0.35 V for the Si MOSFET and -0.3 V for the strained Si MOSFET s.

The small di�erence in the threshold v oltages b et w een the p-t yp e Si and strained

MOSFET s, compared to that of n-t yp e devices, b ene�ts from the smaller c hange

of the band energy lev el in the v alence band of strained Si and the small di�erence

of the c hannel doping distributions b et w een the Si and strained Si devices. The

strained Si MOSFET deliv ers ab out 10% driv e curren t enhancemen t o v er the Si

MOSFET. T able 5.2 summarizes the calibrated doping distributions parameters for

the 90 nm Si and strained Si p-MOSFET s.

T able 5.2: Summary of calibrated doping pro�les for the 90 nm Si and strained Si

p-MOSFET s

Units Si Strained Si

Nsub cm

� 3 1 � 1015 1 � 1015

Channel doping: NA (cm� 3) cm

� 3 2 � 1018 2:15� 1018

Channel doping: ychar nm 80 80

Channel doping: ymin =ymax nm/nm 35/35 35/35

S/D con tact doping: ND cm

� 3 2 � 1020 2 � 1020

S/D con tact doping: xchar =ychar nm/nm 21/30 21/30

S/D con tact doping: xmin =xmax nm/nm 110/ L x 110/ L x

S/D con tact doping: ymin =ymax nm/nm 2/2 2/2

S/D extension doping: ND cm

� 3 2:5 � 1020 2:5 � 1020

S/D extension doping: xchar =ychar nm/nm 10/14 10/14

S/D extension doping: xmin =xmax nm/nm 45/ L x 45/ L x

S/D extension doping: ymin =ymax nm/nm 2/2 2/2

L x is half of the total length in the x-dir e ction of the simulate d devic es

Based on the calibrations in resp ect of the 80 nm n-t yp e Si and strained Si

MOSFET s and the 90 nm p-t yp e Si and strained Si MOSFET s, more extensiv e
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Figure 5.7: Calibrated I D - VG c haracteristics of the 90 nm gate length Si and strained

Si p-MOSFET s

w ork ma y no w b e carried out to assess the b eha viour of sub-100 nm strained Si

MOSFET s for CMOS applications.

5.2 Impact of P arasitic Channel in p-t yp e Strained

Si MOSFET s

As discussed in Chapter 2, to balance the p erformance b et w een the n-t yp e and p-

t yp e devices for CMOS applications, a high Ge con ten t ma y b e required for p-t yp e

strained Si MOSFET s. Ho w ev er, one problem of the strained Si/SiGe heterostruc-

ture for p-t yp e MOSFET applications is that the v alence band o�set tends to con�ne

holes in the lo w mobilit y SiGe la y er (see Fig. 2.1), a�ecting the device c haracteris-

tics and increasing the leak age curren t. Fig. 5.8 compares the hole distribution and

v alence band pro�le for a range of uniform substrate doping lev els obtained from



5.2. Impact of P arasitic Channel in p-t yp e Strained Si MOSFET s 101

the Greg-Snider 1-D P oisson-Sc hrö dinger solv er [28]. It is clear that the increase

in the substrate doping suppresses the hole p opulation within the Si

0.65

Ge

0.35

la y er.

When NA exceeds 1017
cm

� 3
, the hole distribution in the parasitic c hannel (SiGe

la y er) b ecomes negligible.
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Figure 5.8: Hole distributions and v alence band pro�le in the c hannel for a range of

uniform substrate dopings obtained using 1-D P oisson-Sc hrö dinger solutions (sheet

densities in the c hannel ns = 1 � 1012
cm

� 2
)

The hole densit y ma y also b e reduced b y lo w ering the Ge concen tration of the

SiGe bu�er. Ho w ev er, it is crucial to main tain a high Ge concen tration in the

bu�er as the p erformance impro v emen t of strained Si MOSFET is rapidly reduced

at high VG . F or example, in the calibrated 90 nm p-t yp e strained Si MOSFET,

the mobilit y enhancemen t of strained Si on Si 0:72 Ge

0.28

drops from a maxim um

of 45% and disapp ears at the v ertical e�ectiv e �eld approac hing to 1 MV/cm [21].

Therefore, a high Ge concen tration in the SiGe bu�er is required to ac hiev e mobilit y

enhancemen t at high electric �elds.
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Figure 5.9: Sheet carrier densities in the c hannel and the SiGe bu�er la y er with dif-

feren t Ge concen trations as a function of gate v oltage obtained using a 1-D P oisson-

Sc hrö dinger solv er (assuming a uniform substrate doping ND = 1 � 1017
cm

� 3
)

Fig. 5.9 sho ws the sheet carrier densities in the strained Si and SiGe la y ers for

three di�eren t Ge concen trations in the bu�er. A t high gate v oltages, the carrier

densit y in the SiGe bu�er b ecomes negligible compared to that in the c hannel.

A t lo w gate bias, although increasing the Ge con ten t increases hole concen tration

at the bu�er-c hannel in terface, it remains smaller than the hole concen tration in

the strained Si c hannel due to the high c hannel doping and do es not compromise

the subthreshold leak age. Using HDM device sim ulations, Fig. 5.10 illustrates

the sim ulated I D - VG c haracteristics of devices with di�eren t Ge concen trations. The

hole energy relaxation times, used in the HDM sim ulations and obtained from Mon te

Carlo, are 0.2 ps, 0.69 ps, 0.81 ps and 0.9 ps for strained Si on relaxed SiGe with

Ge con ten t of 0% (bulk Si), 28%, 35% and 40%, resp ectiv ely .
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Figure 5.10: Sim ulated I D - VG c haracteristics of 90 nm strained Si MOSFET s with

di�eren t Ge con ten ts in the bu�er; the inset is the extracted e�ectiv e mobilit y from

the sim ulations

In the sim ulations, the mobilit y mo dels ha v e b een calibrated to obtain the same

e�ectiv e mobilit y enhancemen t factors as a v ailable exp erimen tal data [72] whic h is

around 2 for 35% Ge con ten t and around 2.25 for 40% Ge con ten t at the e�ectiv e

electric �eld Eef f =0.5 MV/cm, and around 2 for 40% Ge con ten t at Eef f =0.6

MV/cm. The inset of Fig. 5.10 sho ws the extracted e�ectiv e mobilities from the

MEDICI sim ulations. Extractions of the e�ectiv e mobilit y � ef f and the the e�ectiv e

electric �eld Eef f are based on the theory used b y Currie et al. [110]. A t small VD

(50 m V in this case), Eef f is calculated from Eef f = Eox � ox � (1� � )Q inv

� S
and � ef f is

extracted from � ef f = I D L
W Cox (VG � VT )VD

. In these expressions, Eox is assumed to b e

equal to VG=tox ; Qinv is the in v ersion la y er c harge tak en as Cox(VG � VT ) ; � ox and � S

are the dielectric constan ts of the o xide and the semiconductor (strained Si in this

case); � is a �tting parameter and t ypically set to 1/3 for holes in order to attain

the univ ersal mobilit y b eha viour; L and W are the device e�ectiv e gate length and
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the device width resp ectiv ely; Cox is the e�ectiv e gate o xide capacitance and tak en

as � ox=tinv ; t inv is the equiv alen t o xide thic kness whic h equals to the sum of the

ph ysical gate o xide thic kness ( tox ) and the equiv alen t o xide thic kness con tributed b y

the in v ersion la y er.

In Fig. 5.10, the subthreshold slop e is only w eakly a�ected b y the Ge con ten t of

the SiGe bu�er, indicating that the high c hannel doping (> 1017
cm

� 3
) suppresses

the e�ect of the parasitic c hannel. The threshold v oltage ( VT ) shift in the same

�gure comes from the c hange in the v alence band o�set. The increase in saturation

curren t with increasing Ge con ten t at VG - VT =1 V (whic h sho ws a 10% increase for

a Ge con ten t of 28%; a � 30% increase for Ge con ten t of 35% and a � 50% increase

for a Ge con ten t of 40%) is due to the higher sheet carrier densit y (see Fig. 5.9)

and enhanced hole transp ort. Ho w ev er, it has b een sp eculated that increased mis�t

dislo cation densit y ma y a�ect the mobilit y enhancemen t with Ge con ten t ab o v e

40% [110].

It is therefore concluded that for sub-100 nm p-t yp e MOSFET s, a bu�er Ge

con ten t b et w een 30% and 40% is suitable in conjunction with high doping (> 1017

cm

� 3
) in the c hannel region in order to suppress parasitic conduction.

5.3 Device Beha viour of Scaled Strained Si MOS-

FET s

5.3.1 Scaling of n-t yp e and p-t yp e strained Si MOSFET s

After successful calibrations of the sub-100 nm n-t yp e and p-t yp e strained Si MOS-

FET s, it is p ossible to in v estigate the scalabilit y of these devices with a single retro-

grade c hannel doping. The calibrated n-t yp e and p-t yp e devices b oth ha v e e�ectiv e

gate lengths of around 67 nm, whic h corresp onds to the in-pro duction 130 nm tec h-

nology no de in the ITRS roadmap [1]. Using the drift-di�usion device sim ulations,

these devices are scaled do wn to 45 nm, 35 nm and 25 nm e�ectiv e gate lengths,

corresp onding to the 100 nm (whic h app eared in 2003), 80 nm (exp ected in 2005)

and 65 nm (exp ected in 2007) tec hnology no des [1] resp ectiv ely . The scaling study
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is based on the generalized scaling rule [165], whic h allo ws di�eren t scaling factors

for p o w er supply v oltage and device dimensions. A simple description of the scaling

rule is giv en b elo w [165].

Assuming that the electric �eld in tensit y c hanges b y a factor of � and the device

ph ysical dimensions scale do wn b y a factor of � ( � >1), the p oten tial will c hange b y

a factor of �=� . Therefore, b oth the v ertical and the lateral electric �elds c hange

b y the same m ultiplication factor so that the shap e of the electric �eld pattern is

preserv ed. Moreo v er, the doping concen trations m ust b e scaled up b y a factor of

�� to con trol the depletion region depth and a v oid short-c hannel e�ects due to the

higher electric �eld. This assures su�cien t con trol of 2-D e�ects when scaling to

smaller dimensions.

As a result, the circuit dela y scales do wn b y a factor b et w een � and �� , dep ending

on the degree of v elo cit y saturation. The scaling factor of the p o w er-dela y pro duct

p er circuit is � 2=� 3
. Ho w ev er, the main problems of the generalized scaling are the

increase of electric �eld b y a factor of � , whic h causes reliabilit y concerns, and the

increase of p o w er densit y b y a factor of � 2
to � 3

, whic h leads to problems in c hip

pac k aging.

In this study , the c hannel doping concen trations of the calibrated 80 nm n-t yp e

and 90 nm p-t yp e strained Si MOSFET s ha v e b een c hanged in order to matc h

the threshold v oltages of their con v en tional Si coun terparts and enable fair com-

parisons of devices and circuits. During the scaling pro cesses, the same geometry

and source/drain doping pro�les are assumed for b oth con v en tional and strained Si

MOSFET s. The scalings of these threshold v oltage matc hed ( V
T

-matc hed) n-t yp e

and p-t yp e con v en tional Si and strained Si MOSFET s are summarized in T ables 5.3

and 5.4.
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T able 5.3: Scaling summary of the n-t yp e V
T

-matc hed con v en tional Si and strained

Si MOSFET s

Gate length Lg (nm) 80 65 45 35

E�ectiv e gate length Lef f (nm) 67 45 35 21

Supply v oltage V DD (V) 1.2 1.1 1.0 0.9

Gate o xide thic kness tox (nm) 2.2 1.8 1.4 1.1

SDE junction depth x j 2 (nm) 31 25 20 17

SDE doping abruptness x js (nm/decade) 15 12 9.5 8

Spacer width (nm) 60 40 32 25

Threshold v oltage Si 0.56 0.49 0.42 0.35

V T (V) at VD =50m V Strained Si 0.56 0.49 0.42 0.35

Threshold v oltage roll o� Si 58 70 90 110

� V T (m V) Strained Si 50 58 75 95

On Curren t Si 322 380 450 525

I on (A/m) at VD = VG = V DD Strained Si 400 480 550 647

O� Curren t Si 1.39 12 203 3300

I of f (pA/ � m) at VD = V DD Strained Si 1.56 13 147 2570

Subthreshold slop e Si 85.3 85.2 87.6 92.2

S (m V/decade) at VD = V DD Strained Si 86.7 86 87.4 89.8

T able 5.4: Scaling summary of the p-t yp e V
T

-matc hed con v en tional Si and strained

Si MOSFET s

Gate length Lg (nm) 90 65 45 35

E�ectiv e gate length Lef f (nm) 67 45 35 22

Supply v oltage V DD (V) -1.2 -1.1 -1.0 -0.9

Gate o xide thic kness tox (nm) 2.8 2 1.4 1.1

SDE junction depth x j 2 (nm) 33 25 20 16

SDE doping abruptness x js (nm/decade) 16 12 9.5 8

Spacer width (nm) 65 45 35 30

Threshold v oltage Si -0.55 -0.47 -0.41 -0.34

V T (V) at VD =-50m V Strained Si -0.55 -0.47 -0.41 -0.34

Threshold v oltage roll o� Si 130 120 110 110

� V T (m V) Strained Si 120 110 105 100

On Curren t Si 149 168 200 240

I on (A/m) at VD = VG = V DD Strained Si 160 190 225 262

O� Curren t Si 44 100 519 6120

I of f (pA/ � m) at VD = V DD Strained Si 38 93 490 4300

Subthreshold slop e Si 91.9 88.9 88.9 94.8

S (m V/decade) at VD = V DD Strained Si 91.8 88.4 87.3 90.8

The device structure parameters listed in T ables 5.3 and 5.4 ma y b e referred to

Fig. 5.3. SDE in the tables stands for the source/drain extension sho wn in Fig. 5.3.

SDE doping abruptness, x js , is de�ned as the v ertical abruptness of the SDE doping.
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The scaling pro cesses decrease all the lateral and v ertical device dimensions, while

increasing the doping concen trations and leading to abrupt junctions. Although the

abrupt (with x js =8 nm/decade) and shallo w (with x j 2 =16 nm) SDE junctions in

the scaled 35nm devices is ac hiev able in mo dern CMOS tec hnology [166], they ma y

degrade the driv e curren t due to increased external resistance and p o or SDE to gate

coupling [167]. Therefore, in realit y , suc h device structure with single retrograde

c hannel doping is not recommended for ultra small devices [1].

As summarized in T ables 5.3 and 5.4, the con v en tional and strained Si devices

sho w similar b eha viour in the subthreshold regime during the scaling pro cess. The

devices b eha v e reasonably w ell across all gate lengths studied, with subthreshold

slop es of 87-100 m V/decade and threshold v oltage roll o� of 50-130 m V. The o�-

state curren ts of the scaled devices are lo w er than the requiremen ts set out in the

ITRS roadmap [1]. This indicates that suc h device structure with single retrograde

c hannel doping ma y b e scaled do wn to 35 nm gate length with w ell con trolled short

c hannel e�ects. The driv e curren t enhancemen t factors, i.e. , the ratio b et w een the on

curren ts of the strained Si MOSFET s and the con v en tional Si MOSFET s, remain the

same during the scaling for b oth n-t yp e and p-t yp e devices. This is b ecause although

the DDM mo del used here is able to predict the subthreshold device b eha viours, it

do esn't accoun t for the increasing non-equilibrium transp ort when scaling the device

do wn. Therefore, extended device sim ulations with more appropriate mo dels, suc h

as the h ydro dynamic mo del and Mon te Carlo, are required to fully estimate the

device p erformance of the scaled devices.

5.3.2 Hydro dynamic device sim ulations of scaled p-t yp e strained

Si MOSFET s

In con trast to the successfully demonstration of n-t yp e strained Si MOSFET with

gate length do wn to 25 nm regime [23], little information is a v ailable on the p er-

formance of scaled p-t yp e strained Si MOSFET s with gate length less than 50 nm.

F rom T able 5.4, the predicted driv e curren t enhancemen t of the scaled 35 nm p-t yp e

strained Si MOSFET o v er the Si MOSFET is only around 10%, whic h is similar to

the enhancemen t observ ed in the original 90nm gate length devices. Ho w ev er, when
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considering non-equilibrium transp ort whic h the DDM mo del cannot accoun t for,

a greater p erformance enhancemen t in the scaled strained Si MOSFET s is to b e

exp ected. Here, based on the scaling scenario describ ed in T able 5.4, h ydro dynamic

sim ulations are carried out to assess the scaling prop erties of sub-100 nm strained Si

p-c hannel MOSFET s. The hole energy relaxation times, used in the HDM sim ula-

tions and obtained from Mon te Carlo, are 0.2 ps and 0.69 ps for bulk Si and strained

Si on relaxed SiGe with Ge con ten t of 28% resp ectiv ely .
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Figure 5.11: The lo w drain curren ts of Si con trol and strained Si MOSFET s as a

function of gate length (scaling from 90 nm); the inset sho ws the high drain on

curren t increase of scaled Si and strained Si MOSFET s as a function of gate length

compared to the 90 nm devices

Fig. 5.11 plots the sim ulated device c haracteristics at lo w drain v oltage and the

scaling induced curren t increase at high drain bias as a function of gate length. It

is seen from the �gure that the high drain curren t increases during the scaling for

b oth sets of devices and the curren t enhancemen t factor of strained Si MOSFET s
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(o v er con v en tional Si MOSFET s) increases b y 10% when the gate length is scaled

from 90 nm to 35nm. This is due to appreciable v elo cit y o v ersho ot in the strained

Si devices as a result of the increased hole relaxation time in strained Si, whic h is

not observ ed in the results predicted in T able 5.4, where the DDM mo del is applied.

Note that the strained Si la y er thic kness is k ept unc hanged since sim ulations sho w

that v ariation of the strained Si la y er thic kness from 5 nm to 15 nm has negligible

e�ects on the I D - VG c haracteristics.

In suc h device structures with a single retrograde c hannel doping, follo wing the

scaling rule, the c hannel doping and the source/drain doping concen tration increase

v ery rapidly . The scaling up of doping concen trations, whic h is limited b y the solid

solubilit y of corresp onding dopan ts [165], increases the electric �eld and reduces

the carrier mobilit y . As an alternativ e, the w ell-temp ered MOSFET is a promising

structure that enables scaling in to decananometer regime with appropriate sup-

pression of short c hannel e�ects [168]. Instead of using retrograde c hannel doping,

as in the con v en tional MOSFET structure in v estigated so far, the w ell-temp ered

MOSFET adopts halo implan ts around the source/drain regions pro viding a raised

source-to-drain barrier to suppress DIBL. The basic Si device structures sim ulated

here are tak en from the n-t yp e 50 nm and 25 nm e�ectiv e gate length MOSFET s b y

MIT [168], with appropriate mo di�cations for the p-t yp e devices. The halo dopings

ha v e b een mo di�ed to obtain reasonable threshold v oltages and a 10 nm strained

Si la y er on a relaxed Si

0.72

Ge

0.28

substrate is used to realize the strained Si p-t yp e

w ell-temp ered MOSFET, as illustrated in Fig. 5.12.

T able 5.5 presen ts the prop osed device parameters and the sim ulated results of

the w ell-temp ered con v en tional Si and strained Si MOSFET s. As can b e seen from

the table, the prop osed w ell-temp ered devices o�er comparable device p erformance

impro v emen t to the calibrated MOSFET structures studied b eforehand. The sub-

threshold slop e v aries from 89 to 110 m V/decade and the threshold v oltage roll o�

degrades to 200 m V in the 25 nm device. Ho w ev er, the o� curren t of the 25 nm

strained Si MOSFET (0.09 � A/ � m) is sligh tly higher than the v alue (0.07 � A/ � m)

set out in the ITRS roadmap [1]. When considering further device scaling, ad-
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Figure 5.12: Sc hematic of the sim ulated p-t yp e w ell-temp ered strained Si MOSFET

ditional w ell and p o c k et engineering ma y b e required in order to minimize short

c hannel e�ects.

T able 5.5: The device parameters and the sim ulated results of w ell-temp ered Si and

strained Si MOSFET s

E�ectiv e gate length Lef f (nm) 50 25

P o w er supply v oltage VDD (V) -1.2 -1.0

S/D p eak doping NA (cm

� 3
) 2 � 1020 2 � 1020

Halo p eak doping ND (cm

� 3
) 0:8 � 1019 1:3 � 1019

Gate o xide thic kness tox (nm) 2.0 1.5

Junction depth x j (nm) 37 32

Threshold v oltage roll o� Si 90 205

� V T (m V) Strained Si 80 200

Subthreshold slop e Si 91 109

S (m V/decade) at VD = V DD Strained Si 93 110

O� Curren t Si 10 1:3 � 104

I of f (pA/ � m) at VD = V DD Strained Si 90 9 � 104

On Curren t Si 200 350

I on (A/m) at VD = V G = V DD Strained Si 300 570
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5.4 Circuit Beha viour of Strained Si MOSFET s -

3-Stage Ring Oscillator

Based on the device scaling summarized in T ables 5.3 and 5.4, strained Si based

CMOS circuits are exp ected to deliv er enhanced p erformance as compared to con-

v en tional Si CMOS circuits. Here, a 3-stage ring oscillator (sho wn in Fig. 5.13) is

used as an example to assess the strained Si CMOS circuit b eha viour. In Fig. 5.13,

Wn=Ln and Wp=Lp are the gate width/length ratios for the n- and p-t yp e devices

resp ectiv ely; CL is the load capacitance. F or all circuits sim ulated here, Wn=Wp is

set to b e 1� m/ 2� m in order to balance the p erformance of the n-t yp e and p-t yp e

MOSFET s.
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Figure 5.13: Sc hematic of CMOS 3-stage ring oscillator ( Wn=Wp = 1� m/ 2� m)

Compared to similar w ork on the p erformance assessmen t of strained Si CMOS

using compact mo delling [169], the drift-di�usion mo del based n umerical mo delling

is used here to sim ulate circuits in order to directly obtain reliable information

from discrete devices. Although this approac h is more ph ysical than the compact
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mo delling, it can only cop e with small scale circuits and is not appropriate for

practical circuit sim ulations. The circuit sim ulations carried out here are based

on the device scaling study summarized in T ables 5.3 and 5.4. A MEDICI input

�le for the circuit sho wn in Fig. 5.13 ma y b e created b y describing the netlist �le

of the circuit and including all mo dels directly from the device mo delling for those

discrete devices. By p erforming transien t sim ulations, the MEDICI device sim ulator

acts as a circuit sim ulator and outputs circuit c haracteristics. Fig. 5.14 sho ws the

circuit c haracteristics of con v en tional Si and strained Si CMOS unloaded 3-stage

ring oscillators. The n- and p-t yp e devices are tak en from the 67 nm e�ectiv e gate

length MOSFET s listed in T ables 5.3 and 5.4. The dela y p er stage in the strained

Si circuit is ab out 6.5 ps less than that in the con v en tional Si circuit, sho wing a 19%

circuit p erformance enhancemen t of the strained Si CMOS in suc h circuit structure

without load capacitance.
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Figure 5.14: Output circuit c haracteristics for the 67 nm e�ectiv e gate length Si and

strained Si CMOS unloaded 3-stage ring oscillators
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Figure 5.15: Circuit dela ys and p o w er-dela y pro ducts v ersus the supply v oltage for

the 67 nm Si and strained Si CMOS unloaded 3-stage ring oscillators
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Si CMOS 3-stage ring oscillators
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Fig. 5.15 compares the sim ulated circuit dela ys and p o w er-dela y pro ducts of

the 67 nm con v en tional Si and strained Si ring oscillators when c hanging the p o w er

supply v oltage V
DD

. As V
DD

decreases, the circuit dela y of b oth circuits increase

and the p erformance of the strained Si CMOS enhances sligh tly more. Ho w ev er, the

p o w er-dela y pro ducts of b oth circuits remain unc hanged when v arying the p o w er

supply v oltages. Fig. 5.16 plots the circuit dela ys for the 67 nm Si and strained Si

ring oscillators as a function of load capacitance, C
L

. The increase of the strained

Si circuit dela y is slo w er than that of the con v en tional Si circuit dela y as the load

capacitance increases, indicating that a p erformance enhancemen t of more than

19% for the strained Si circuit o v er the con v en tional Si circuit is exp ected in the real

circuits with a realistic load capacitance.
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Figure 5.17: Sp eed enhancemen t and p o w er-dela y pro ducts against the e�ectiv e gate

length for Si and strained Si CMOS unloaded 3-stage ring oscillators

Using the scaled devices with 45 nm, 35 nm and 25 nm e�ectiv e gate lengths listed

in T ables 5.3 and 5.4, con v en tional Si and strained Si ring oscillators corresp onding to
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these di�eren t gate lengths are sim ulated. By normalizing the circuit dela ys of these

ring oscillators to that of the 67 nm con v en tional Si circuit, the sp eed enhancemen t

factors of these 3-stage ring oscillators are plotted in Fig. 5.17. It is eviden t that the

circuit p erformance impro v es dramatically when the gate length is scaled do wn. The

p o w er-dela y pro ducts of those circuits reduce as scaling do wn the gate length. Since

the same scaling factors are used for b oth con v en tional Si and strained Si MOSFET s

(see T ables 5.3 and 5.4), the circuit dela ys of b oth circuits scale b y a factor of 1=��

to 1=� and the p o w er-dela y pro ducts of b oth circuits c hange b y a factor of � 2=� 3
,

dep ending on the degree of v elo cit y saturation [165], in general agreemen t with the

trends sho wn in Fig. 5.17.

Si substrate

Strained Si channel

Relaxed SiGe buffer

SiO2

N+N+

Figure 5.18: Illustration of sim ulated strained Si on SiGe on insulator device struc-

ture

T o further impro v e the circuit p erformance, SOI device structures ma y b e used

in addition to the strained Si tec hnology . Based on the 67 nm e�ectiv e gate length

devices listed in T ables 5.3 and 5.4, SiO

2

buried la y ers are used in the devices to
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form an SOI structure. T o mak e a simple test case, the b o dy thic knesses (the

distance from the Si/SiO

2

in terface to the surface of the buried SiO

2

la y er) of these

con v en tional Si and strained Si SOI (SSOI) devices are assumed to b e the same as

the S/D con tact junction depth ( x j 1 in Fig. 5.3). Fig. 5.18 illustrates the formed

67 nm strained Si on SiGe on insulator MOSFET device structure. The sim ulated

67 nm con v en tional Si SOI device structure also has buried SiO

2

la y er in the same

p osition as that in the SSOI device.
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Figure 5.19: Comparisons of the circuit dela ys and p o w er-dela y pro ducts of 67 nm

con v en tional Si, strained Si, con v en tional SOI and strained Si SOI CMOS unloaded

3-stage ring oscillators ( Wn=Wp = 1� m/ 2� m)

Fig. 5.19 compares the circuit dela ys and the p o w er-dela y pro ducts of the con-

v en tional bulk Si (Si), strained bulk Si (SSi), con v en tional SOI (SOI) and strained

Si SOI (SSOI) unloaded 3-stage ring-oscillators. It is eviden t that the SOI circuits

exhibit signi�can t p erformance enhancemen ts and m uc h lo w er energy dissipations

o v er their bulk coun terparts. This is due to the reduced junction capacitances and

b etter con trolled short c hannel e�ects in the SOI structures [170]. The sim ulated
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SOI devices are considered to b e op erating in a partially depleted (PD) mo del. In

realit y , optimizations are necessary in the SOI device and circuit designs in order to

consider sp ecial prop erties of SOI devices [170], suc h as the �oating b o dy e�ect.

A ccording to the 2003 edition of ITRS [1], sev eral p erformance b o osters, in-

cluding transp ort-enhanced FET s (suc h as strained Si MOSFET s studied in this

w ork), ultra-thin b o dy SOI FET s, source/drain engineered FET s and m ulti-gate

FET s, ha v e b een prop osed and one or more than one of them ma y b e required for

devices b ey ond the 90 nm tec hnology no de in order to sustain the historic ann ual

increase of in trinsic sp eed of high-p erformance MPUs at 17% [1]. Source/drain en-

gineering, suc h as using metallic source and drain electro des, is required for ultra

scaled devices in order to main tain the source and drain resistance to b e a reason-

able fraction of the c hannel resistance [1]. Therefore, the scaled devices in this w ork

ma y b e further optimized to ha v e smaller source/drain resistances and deliv er faster

circuit sp eed. The PD SOI structures sim ulated in this w ork ma y also b e further

mo di�ed to form a fully depleted (FD) SOI structure and enable extreme device

scaling [170]. Nev ertheless, the strained Si SOI CMOS, deliv ering remark able p er-

formance enhancemen t and consuming lo w rate of p o w er as compared to its bulk

coun terparts, is v ery promising for future adv anced CMOS tec hnology .

5.5 Summary

Comprehensiv e drift-di�usion and h ydro dynamic sim ulations ha v e b een used to as-

sess the device and circuit b eha viours of sub-100 nm strained Si CMOS. The parasitic

c hannel in the SiGe bu�er is found to ha v e negligible e�ects on the p erformance and

leak age of sub-100 nm devices with high c hannel doping. Ge concen trations in the

SiGe bu�er in the range of 30%-40% could pro vide optim um device p erformance.

The single retrograde c hannel dop ed MOSFET structure obtained b y the scaling of

published IBM devices sho ws a health y p erformance impro v emen t do wn to 35 nm

ph ysical gate length, k eeping con trol of the short c hannel e�ects in the Si and the

strained Si transistors. The w ell-temp ered MOSFET structure is also appropriate

for p-c hannel strained Si devices for gate lengths do wn to 25 nm. Increasingly com-



5.5. Summary 118

plicated w ell and p o c k et pro�le designs ho w ev er are required for scaling the strained

Si devices b elo w the 20 nm barrier. 3-stage ring oscillators constructed b y the scaled

devices are sim ulated using the MEDICI device sim ulator. Strained Si circuits ex-

hibit enhanced p erformance compared to their con v en tional Si coun terparts. By

incorp orating the SOI device structure, the sim ulations sho w that strained Si SOI

circuits deliv er signi�can t sp eed enhancemen t o v er all their comp etitors and exhibit

reduced energy dissipation compared to their bulk coun terparts.

This c hapter predicts the device and circuit b eha viours of the strained Si CMOS

tec hnology b y the MEDICI sim ulator. Ho w ev er, as stated b eforehand, the mo dels

used in this c hapter cannot fully accoun t for the real transp ort within short c hannel

devices. Therefore, when considering non-equilibrium transp ort within the scaled

devices, the p erformance enhancemen t of the strained Si CMOS are exp ected to

b e larger than the predictions made in this c hapter. Nev ertheless, the MEDICI

sim ulator, whic h can sim ulate device b eha viour under equilibrium conditions, still

pro vides useful information for the sim ulated devices and circuits. T o prop erly esti-

mate the device p erformance of sub-100 nm strained Si MOSFET s, more adv anced

sim ulations are required, suc h as Mon te Carlo. These are considered in the next

c hapter.



Chapter 6

P erformance Predictions of sub-100

nm n-t yp e Strained Si MOSFET s

As discussed in Chapter 3, the DDM and HDM sim ulation mo dels adopted in this

study are based on di�eren t degrees of appro ximation of the momen ts of the Boltz-

mann transp ort equation. Suc h treatmen ts enable e�cien t n umerical device sim-

ulations and are widely used to assess device b eha viour during the device design

phase. Ho w ev er, as devices are scaled in to the sub-100 nm regime, the app earance

of non-equilibrium carrier transp ort requires more precise solutions of the Boltzmann

transp ort equation in order to capture the ph ysics of carrier transp ort when sub-

jected to v ery high electric �elds. The Mon te Carlo (MC) metho d is the most widely

used approac h to solv e the Boltzmann transp ort equation. An ensem ble Mon te Carlo

sim ulator is used in this c hapter to sim ulate sub-100 nm n-t yp e strained Si MOS-

FET s and assess device p erformance. The subthreshold b eha viour of these devices,

studied b y the DDM and HDM sim ulations in Chapter 5, are not the in terest of

this c hapter since the Mon te Carlo metho d is a statistical approac h and ma y induce

large n umerical noise at lo w electric �eld (subthreshold region). The device struc-

tures sim ulated in this c hapter are based on the 80 nm gate length con v en tional Si

and strained Si MOSFET s whic h w ere calibrated in Chapter 5. The device struc-

tures and doping pro�les used in the Mon te Carlo sim ulations are directly tak en from

MEDICI DDM sim ulations. Successful calibration of devices from Drift-Di�usion

sim ulations ensure reliable device information for the Mon te Carlo sim ulation.

119
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The transp ort enhancemen t of electrons and holes in strained Si deriv es from the

lo w er e�ectiv e masses and from the reduction in the in ter-v alley phonon scattering

due to the strain induced X -v alley splitting. Suc h mobilit y enhancemen ts in strained

Si ha v e b een sim ulated b y Mon te Carlo and are plotted in Figs. 2.3 and 2.4 (see

Chapter 2) for electrons and holes resp ectiv ely . Ho w ev er, to fully ev aluate MOS-

FET device p erformance, it is also necessary to incorp orate the e�ect of in terface

roughness (IR) scattering. In terface roughness has long b een an imp ortan t scatter-

ing mec hanism limiting the device p erformance of surface c hannel MOSFET s [171].

In mo dern sub-100 nm devices, the high c hannel doping induces a high p erp endic-

ular electric �eld, reinforcing the degree of in terface scattering and resulting in an

undesired degradation in c hannel mobilit y and a corresp onding reduction in device

curren t. It is therefore necessary to study in terface roughness in the strained Si sur-

face c hannel MOSFET and compare it with the con v en tional Si MOSFET in order

to understand the device p erformance enhancemen t mec hanisms in the strained Si

MOSFET s. This c hapter uses the in terface roughness mo del [36] dev elop ed within

the Device Mo delling Group at the Univ ersit y of Glasgo w and v alidates the mo del b y

calibrating it with resp ect to the univ ersal mobilit y b eha viour [171] and device c har-

acteristics [31] of con v en tional Si MOSFET s. Based on this understanding, Mon te

Carlo sim ulations are then carried out to study the impact of in terface roughness on

the p erformance enhancemen t of strained Si MOSFET s and predict the p erformance

of scaled strained Si MOSFET s do wn to a 35 nm gate length.

When the gate length is do wn to 35 nm, gate o xides as thin as 1.1 nm ma y b e

required, as indicated in Chapter 5 (see T able 5.3). Suc h thin gate o xides results in

an in tolerably high gate leak age. A p ossible solution to this problem is the incor-

p oration of high- � dielectrics in the gate stac k [1]. Ho w ev er, while the in tegration

of high- � dielectrics ma y solv e the gate leak age problem, it in tro duces a n um b er of

tec hnological problems: inducing lo w thermal stabilit y; a high densit y of in terface

states and �xed c harges; and a p o or qualit y of the top and b ottom in terfaces [5].

Apart from these tec hnological issues, a fundamen tal dra wbac k asso ciated with the

in tro duction of high- � dielectrics in the gate stac k is the mobilit y degradation due

to strong soft-optical (SO) phonon scattering. This scattering arises from the cou-
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pling b et w een carriers in the in v ersion la y er and surface longitudinal optical (LO)

phonons at the silicon/high- � in terface due to the increased p olarizabilit y of high- �

dielectrics [6]. The e�ect of suc h scattering has b een demonstrated exp erimen tally

in the case of HfO

2

[7, 96] and supp orted b y a temp erature dep endence study of

mobilit y [98]. Ho w ev er, there is v ery little quan titativ e analysis of the impact of

this scattering mec hanism on device p erformance. This c hapter studies the impact

of high- � dielectrics on sub-100 nm con v en tional and strained Si n-t yp e MOSFET s

b y including SO phonon scattering in to Mon te Carlo device sim ulations. The e�ect

of the t w o leading high- � gate dielectrics, HfO

2

and Al

2

O

3

, has b een examined.

6.1 Sim ulation Metho dology

6.1.1 Mon te Carlo sim ulations

Mon te Carlo [172] is a statistical n umerical metho d used for solving mathematical

problems. When applied to carrier transp ort in solids, Mon te Carlo can, in theory ,

pro vide an precise n umerical solution of the BTE without the necessit y of solving

it directly . The essence of Mon te Carlo is to sim ulate the motion of the ensem ble

of carriers in k space as w ell as in r (real) space. The motion of eac h carrier

is go v erned b y semiclassical equations of motion and b y sto c hastic collisions with

v arious p erturbations (phonons, ions). A t ypical Mon te Carlo pro cess �o w for the

sim ulations of a stationary and homogeneous transp ort pro cess is illustrated in Fig.

6.1 [172]. The starting p oin t of the program is the de�nition of the ph ysical system

of in terest, including the parameters of the material and the v alues of ph ysical

quan tities. The parameters con trolling the sim ulation, suc h as the duration of eac h

sub-history and the desired precision of the results, are also de�ned at this lev el.

The next step in the program is a preliminary calculation of eac h scattering rate as

a function of electron energy , pro viding information on the maxim um v alue of these

functions for optimizing the e�ciency of the sim ulations.
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Definition of physical system
Input of physical and simulation parameters

Initial conditions of motion

Stochastic determination of flight duration

Free flight

Scattering

Is simulation sufficiently long for
desired precision?

STOP
No Yes

Figure 6.1: Flo w c hart of a t ypical Mon te Carlo program

In the case under consideration, in whic h a steady-state situation is sim ulated,

the time of sim ulation m ust b e long enough so that the initial conditions of the carrier

motion do not in�uence the �nal results. Generally , the longer the sim ulation time,

the less in�uence the initial conditions will ha v e on the a v erage results. The c hoice

of a �go o d� time of sim ulation is a compromise b et w een the need for ergo dicit y

(requiring an in�nite sim ulation time) and need to b e computationally e�cien t.

The subsequen t step in the program is the generation of the �igh t duration.

The electron w a v e v ector k c hanges con tin uously during free �igh t b ecause of the

applied electric �eld. Th us if � [k(t)]dt is the probabilit y that an electron in the state

k su�ers a collision during the time dt , the probabilit y P(t) that the electron will

su�er its next collision during dt around t is giv en b y [172]
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P(t)dt = � [k(t)] exp
�
�

Z t

0
� [k(t0)]dt0

�
dt (6.1)

Because of the complexit y of the in tegral in the exp onen t, the concept of �self-

scattering� [172] is in tro duced in order to o v ercome the di�cult y of using ev enly

distributed random n um b ers to generate sto c hastic free �igh ts with the distribu-

tions of equation (6.1). Once the electron free �igh t is terminated, the scattering

mec hanism has to b e selected. The w eigh t of the i -th scattering mec hanism is giv en

b y [172, 173]

Pi (k) =
� i (k)

�
; � =

n
X

i = 1

� i (k) (6.2)

A scattering mec hanism is selected b y generating random n um b er r b et w een 0

and 1 and b y testing the inequalities [172, 173]

j � 1
X

i = 1

� i (k)
�

< r <

j
X

i = 1

� i (k)
�

; j = 1; � � � ; n (6.3)

The j -th scattering mec hanism is selected if the j -th inequalit y is ful�lled.

The next step in the program is the c hoice of state after scattering. If the free

�igh t ended with a self-scattering, the new state after scattering ev en t, k

f

, is equal

to the state b efore scattering, k

i

. When a true scattering ev en t o ccurs, k

f

m ust b e

generated sto c hastically according to the di�eren tial cross section of that particular

scattering mec hanism and conserv ation of momen tum and energy . The last step of

the sim ulation is the collection of statistical a v erages.

This c hapter uses an ensem ble Mon te Carlo sim ulator [29, 43] dev elop ed within

the Device Mo delling Group. The Si band-structure for electrons emplo y ed in the

Mon te Carlo sim ulator consists of a set of 6 non-parab olic ellipsoidal M-v alleys. The

six conduction band v alleys are included through three pairs: v alley pair 1 p oin ting

in the <100> direction; v alley pair 2 in the <010> direction and v alley pair 3 in

the <001> direction. The Mon te Carlo sim ulator includes all the relev an t scat-
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tering mec hanisms [29, 43]: inelastic acoustic phonon scattering, ionized impurit y

scattering, f - and g - optical in terv alley phonon scattering, in terface roughness scat-

tering and soft-optical phonon scattering. All of these scattering mec hanisms are

imp ortan t for b eing able to correctly mo del electronic transp ort in strained Si and

SiGe la y ers. In terface roughness scattering and soft optical phonon scattering are

discussed in the follo wing sections. Using this sim ulator, the electron and hole mo-

bilities in strained Si as a function of Ge concen tration in SiGe substrate ha v e b een

calculated as plotted in Figs. 2.3 and 2.4.

6.1.2 In terface Roughness Scattering

T o date, t w o main approac hes whic h ha v e b een adopted to accoun t for in terface

roughness scattering within the ensem ble Mon te Carlo framew ork. The �rst uses a

phenomenological parameter corresp onding to the fraction of di�use and/or sp ecular

re�ections, whic h are indep enden t of b oth the energy and the inciden t angle of

carriers [174, 175]. Ho w ev er, this approac h lac ks ph ysical insigh t and the results are

sensitiv e to the arbitrary factors for sp ecular and di�use scattering. The second

is based on the �uctuations of the eigen-states of the carriers within the in v ersion

la y er [176] but is ho w ev er exp ensiv e at presen t for e�cien t device sim ulation. This

approac h is also unsuitable considering the semi-classical nature of the Mon te Carlo

formalism.

This w ork uses an in terface scattering mo del dev elop ed in the Device Mo delling

Group [36] whic h calculates the probabilities of sp ecular and di�use scattering as

a function of the ph ysical parameters asso ciated with b oth the carriers and the

in terface. The mo del treats the in terface roughness scattering non-p erturbativ ely b y

incorp orating the e�ects of scattering as a b oundary condition for the Boltzmann

T ransp ort Equation. The mo del [36] is v alid at large distances from the ob ject

plane, r . In the case of in terface roughness scattering the assumptions are ful�lled

when r > � 2=� dB , where � dB is the electron de-Broglie w a v elength and � is the

RMS heigh t of the in terface ab o v e the plane. In Si MOSFET s with SiO

2

gate

dielectrics, the thermal DeBroglie w a v elength � dB at ro om temp erature is ab out 4.3

nm [177] and � is t ypically less than 1 nm. Therefore the mo del is applicable for
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surface c hannel MOSFET s since r > � 2=� dB is satis�ed for most carriers in the

in v ersion la y er. The mo del treats the inciden t carrier as a plane w a v e from whic h

the emergen t �ux (whic h is in terpreted as probabilit y using quan tum mec hanics)

is estimated based on the principles of the geometrical scattering from a p erfectly

re�ecting surface. This metho d is suitable for those surfaces where � � � , where

� is the correlation length of the roughness distribution. The mo del neglects the

p oten tial v ariations within the semiconductor in the region of the in terface; the

assumption is that the carriers are uncon�ned. This mo del therefore holds for high-

energy electrons, suc h as those that o ccur in mo dern nano-scale devices at ro om

temp erature, esp ecially in the on-curren t regime.

The mo del assumes an exp onen tial auto correlation function [178] to de�ne the

Si/SiO

2

in terface and has b een used to calculate the probabilit y of sp ecular scatter-

ing, P
F

, and the angular scattering probabilit y for di�use scattering PDif fuse [36].

The probabilit y for sp ecular scattering is giv en b y:

PF = exp( � 4� 2k2 cos� IN ); (6.4)

where k represen ts the k -v ector of the scattering particle and � IN represen ts the

inciden t angle of the scattering particle as measured from the normal. In the case

of a di�use scattering ev en t, the angular probabilit y distribution, PDif fuse , is giv en

b y:

PDif fuse /
(cos� IN + cos� OUT )2

1 + � 2k2(sin � IN +sin � OUT )2

2

; (6.5)

where � OUT represen ts the emergen t angle of the scattering particle. It is clear that

the probabilities are no w related to ph ysical parameters of � and � . The probabilit y

of sp ecular re�ection increases as the in terface b ecomes smo other � ! 0 and the

angular probabilit y for di�use scattering forms a lob e around the sp ecular scattering

angle, b ecoming increasingly di�use and spread out as � ! 0.
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6.1.3 Soft-optical Phonon Scattering

The in tro duction of high- � gate dielectrics reduces the gate leak age curren t t ypically

b y orders of magnitude [1]. Ho w ev er, it also in tro duces strong soft optical phonon

scattering. The scattering results from the strong ionic p olarizabilit y of the high- �

material, whic h also determines the large v alue of the dielectric constan t. Electrons

scatter from these phonons via a F röhlic h in teraction, whic h has an unscreened

scattering �eld amplitude giv en b y [6]:

� =
�

~! SO

2q2

�
1

� 1
Si + � 1

ox
�

1
� 1

Si + � 0
ox

�� 1=2

(6.6)

where � 1
ox , � 0

ox and � 1
Si are the optical and static p ermittivities for the o xide and Si

resp ectiv ely . ! SO is the soft-optical phonon energy and is calculated from the t w o

dominan t transv erse-optical (TO) phonon mo des in the dielectric via the Lyddane-

Sac hs-T eller relationship [6]:

! SO =

r
1
2a

[b� (b2 � 4ac)1=2] (6.7)

a = � 1
ox + � 1

Si (6.8)

b= a(! 2
T O1 + ! 2

T O2) + ( � i
ox � � 1

ox)! 2
T O2 + ( � 0

ox � � i
ox)! 2

T O1 (6.9)

c = ( a + � 0
ox � � 1

ox)! 2
T O1!

2
T O2 (6.10)

where ! T O1 and ! T O2 are the phonon energies for t w o TO mo des (assuming ! T O1 < ! T O2 );

� i
ox is the in termediate insulator p ermittivit y describing the dielectric resp onse of the

insulator at some in termediate frequency b et w een ! T O1 and ! T O2 . Equation (6.7)

for calculating the SO phonon energy is based on the assumption of Qt ! 1 . t

is the distance from the in terface and Q is the in-plane momen tum transfer. The

scattering �eld � whose amplitude is giv en b y equation (6.6) falls o� exp onen tially

with distance t as exp(� Qt) . T able 6.1 lists the static, in termediate and optical p er-

mittivities (relativ e to the v acuum p ermittivit y � 0 ), along with the phonon energies

for t w o TO mo des, and for the di�eren t dielectrics considered in this w ork.
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T able 6.1: P arameters used to calculate the electron soft-optical phonon coupling in

high- � gate dielectrics, after Fisc hetti et al. [6]

Quan tit y/Dielectric SiO

2

Al

2

O

3

HfO

2

� 0
ox ( � 0 ) 3.90 12.53 22.00

� i
ox ( � 0 ) 3.05 7.27 6.58

� 1
ox ( � 0 ) 2.50 3.20 5.03

! T O1 (me V) 55.60 48.18 12.40

! T O2 (me V) 138.10 71.41 48.35

! SO1 (me V) 57.14 53.19 16.79

! SO2 (me V) 140.78 82.48 50.67
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Figure 6.2: Scattering rate of soft optical phonon scattering in a Si/HfO

2

system

(absorption mo de of phonon mo de 1 ( ! SO1 ) in X -v alley)

It can b e seen from T able 6.1 and equation (6.6) that for lo w phonon energies,

the larger di�erence b et w een the static and optical p ermittivities for the high- �

dielectrics, HfO

2

and Al

2

O

3

, causes strong scattering to carriers in the in v ersion

la y er. The high phonon energies (hard Si-O b ond) and the small di�erence b et w een

the static and optical p ermittivities for SiO

2

mak e suc h scattering negligible in the
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Si/SiO

2

based system.

The scattering rate for absorption of phonon mo de 1 ( ! SO1 ) in the X -v alley of Si

is illustrated for Si/HfO

2

in terface in Fig. 6.2. The scattering rate decreases with an

increase in energy , whic h is c haracteristic of a F röhlic h t yp e in teraction and drops

exp onen tially as a function of the distance from the Si/HfO

2

in terface.

6.2 In terface Roughness Scattering in Strained Si

MOSFET s

6.2.1 Mo del V alidation

The in terface roughness mo del has b een implemen ted in the in-house ensem ble

Mon te Carlo sim ulator and con vincingly repro duces the univ ersal mobilit y data for

Si [171] (sho wn in Fig. 6.3) using � =0.5 nm and � =1.8 nm, whic h is in go o d

agreemen t with the exp erimen tal data ( � =0.48 nm and � =1.3 nm) of Go o dnic k et

al. [178]. The measured mobilit y b eha viour in the 67 nm e�ectiv e gate length Si

MOSFET calibrated in Chapter 5 [31] is also plotted for comparison. The e�ectiv e

mobilit y b eha viour illustrated in Fig. 6.3 is extracted from a 1 � 1 � m

2

MOS de-

vice at lo w lateral �eld (0.1 k V � cm

-1

) with an uniform p-t yp e substrate doping of

7.2 � 10

16

cm

-3

.

Using the calibrated roughness parameters, � =0.5 nm and � =1.8 nm, Mon te

Carlo sim ulations are carried out to sim ulate the 67 nm e�ectiv e gate length con-

v en tional Si MOSFET calibrated in Chapter 5. The device structure and the doping

pro�les are obtained after successful MEDICI calibrations and a summary of the

calibrated device information is listed in T able 5.1. The device information from

MEDICI together with the calibrated roughness parameters are then used in Mon te

Carlo sim ulations. In this w a y , w e are able to use Mon te Carlo sim ulation to repro-

duce the exp erimen tal I D - V G c haracteristics without further parameter calibration,

as sho wn in Fig. 6.4. The drain curren t at lo w drain v oltage without the IR scatter-

ing is also plotted as a reference. It is observ ed that in terface roughness scattering

degrades the drain curren t at lo w drain bias b y � 35% at V
G

- V T =1.1 V.
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Figure 6.3: Field dep endence of the e�ectiv e electron mobilit y of bulk Si, compared

with data from T ak agi et al. [171] and Rim et al. [31]
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with and without IR scattering, compared with data from Rim et al. [31]
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6.2.2 In terface Roughness Scattering in Strained Si MOS-

FET s

The success of the in terface roughness mo del in the case of relaxed Si suggests it

ma y b e suitable for the application to strained Si in terfaces. T o date, little w ork

has b een done on the in terface roughness scattering strained Si MOSFET s, whic h

is crucial in exploiting the p erformance enhancemen t of strained Si MOSFET s. A

recen t theoretical study b y Fisc hetti et al. [179] suggested that the assumption of an

incr e asingly smo other interfac e with incr e asing (tensile) str ain ma y in part explain

the observ ed p erformance in strained Si MOSFET s. This is in addition to the lo w er

conductivit y mass and the reduction of in terv alley scattering within strained Si

MOSFET s. This is supp orted b y the fact that lik e the tensile strain in a strained Si

MOSFET, a su�ciently lar ge c on�nement p otential within the in v ersion la y er of a

con v en tional Si MOSFET also generates a signi�can t splitting b et w een the doubly

degenerate and fourfold degenerate subbands, and leads to signi�can t reduction of

the in terv alley scattering and large electron p opulation in the lo w conductivit y mass

subbands. In their w ork, the correlation length (CL) w as c hosen to b e �xed and

the RMS heigh t of the surface to v ary . In this w a y , they w ere able to repro duce the

exp erimen tally observ ed mobilit y b eha viour of the strained Si MOSFET.

In this w ork, ho w ev er, it is assumed that tensile strain c hanges only the corre-

lation length of the roughness, the RMS heigh t b eing una�ected [180]. Applying

the in terface roughness mo del to a strained Si la y er gro wn on a relaxed Si

0.85

Ge

0.15

bu�er, the roughness parameters of unstrained Si ( � =0.5 nm and � =1.8 nm) lead

to a lo w er e�ectiv e mobilit y at high �elds compared to the exp erimen tally measured

mobilit y data of the 67 nm e�ectiv e gate length IBM strained Si MOSFET calibrated

in Chapter 5, as sho wn in Fig. 6.5. This suggests an o v erestimation of the degree

of in terface roughness scattering in the strained Si la y er. In order to repro duce the

exp erimen tal data it is necessary to consider a smo other surface for the strained Si

in terface b y increasing the correlation length, as sho wn in Fig. 6.5. It is determined

that a correlation length, � , of 3.0 nm giv es the b est agreemen t with exp erimen t in

the high-�eld regime, where in terface roughness scattering dominates.
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Figure 6.5: Field dep endence of the e�ectiv e electron mobilit y of strained Si, com-

pared with data from Rim et al. [31] and W elser et al. [67]

The calibrated in terface roughness parameters of � =0.5 nm and � =3.0 nm are

then used in Mon te Carlo sim ulations of the 67 nm e�ectiv e gate length IBM strained

Si MOSFET. The device dimensions and doping pro�les, summarized in T able 5.1,

pro vide reliable information for the Mon te Carlo sim ulations. Using the IR param-

eters of � =0.5 nm and � =3.0 nm, the results of the Mon te Carlo sim ulations are

sho wn in Fig. 6.6. The sim ulations agree with the exp erimen tal data without an y

further adjustmen t of the roughness parameters. T o assess the e�ect of the in ter-

face roughness scattering, drain curren ts at lo w drain v oltage ( V
D

=0.1 V) without

in terface roughness scattering and with in terface roughness scattering using the con-

v en tional Si ( � =0.5 nm and � =1.8 nm) parameters are also plotted for comparison.

It is eviden t that using the con v en tional Si roughness parameters underestimates the

drain curren t. F rom Fig. 6.6, the observ ed drain curren t degradation at V
G

- V T =1.1

V and V
D

=0.1 V is ab out 25%, less than the 35% observ ed in the con v en tional Si



6.2. In terface Roughness Scattering in Strained Si MOSFET s 132

MOSFET as sho wn in Fig. 6.4, indicating that in terface roughness scattering is

pla ying a less imp ortan t role within the strained Si MOSFET. The agreemen ts b e-

t w een the sim ulations and the exp erimen tal mobilit y and device c haracteristics of

the strained Si MOSFET adds further w eigh t to the conjecture that a smo other

in terface in the case of strained Si (represen ted b y a larger correlation length) pla ys

a signi�can t con tribution in the p erformance impro v emen t in strained devices.
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Figure 6.6: Mon te Carlo sim ulator I
D

- V G c haracteristics of the 67 nm strained Si

MOSFET with and without IR scattering, compared with data from Rim et al. [31]

Fig. 6.7 sho ws the a v erage c hannel carrier v elo cities obtained from the Mon te

Carlo sim ulations in bulk Si and strained Si with and without in terface roughness

scattering. It is eviden t from the �gure that the in terface roughness scattering

signi�can tly a�ects carrier transp ort within the c hannel, limiting device p erformance

at high �elds. The a v erage c hannel v elo cit y in the strained Si device (using the

calibrated roughness parameters � =0.5 nm and � =3.0 nm) is higher than that
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in the bulk Si device through whole c hannel region, con tributing to the observ ed

p erformance enhancemen t in the strained Si MOSFET.
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Figure 6.7: Mon te Carlo sim ulated a v erage c hannel v elo cities of the 67 nm n-t yp e

con v en tional Si and strained Si MOSFET s with and without in terface roughness

scattering

6.2.3 P erformance Predictions of Scaled Strained Si MOS-

FET s

The v alidation and calibration of the in terface roughness scattering mo del with the

exp erimen tal data for b oth con v en tional Si and strained Si MOSFET s enable us to

ev aluate the p erformance of scaled strained Si MOSFET s. T o ensure credibilit y , an

n-t yp e Si MOSFET fabricated b y T oshiba [181] is used as the calibration standard:

This device has a 35 nm ph ysical gate length and 1.2 nm thic k gate o xide (NO

o xynitride) featuring relativ e p ermittivit y of 4.75. The complete doping pro�les are
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obtained from calibrated T aurus [145] pro cess and device sim ulations. The T aurus

calibrations

1

, whic h incorp orate the same mobilit y mo dels as that used in the

MEDICI calibrations discussed earlier in Chapter 5, repro duce the exp erimen tal

device c haracteristics, as sho wn in Fig. 6.8.
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Figure 6.8: Calibrated I
D

- V G c haracteristics of the 35 nm ph ysical gate length n-

t yp e Si MOSFET; exp erimen tal data from Inaba et al. [181]

The device is then sim ulated using Mon te Carlo. The sim ulation commences with

an assumption of a con v en tional Si c hannel with in terface roughness parameters of

� =0.5 nm and � =1.8 nm, the results of whic h are plotted in diamond sym b ols in

Fig. 6.9. The T aurus sim ulation results (with and without external resistances) are

plotted in the same �gure for comparison. Due to the unkno wn external resistance of

the real device, it is exp ected that the Mon te Carlo sim ulation should lie somewhere

1

T aurus sim ulation results w ere pro vided b y Mr. Fikru A dam-Lema, Device Mo delling Group,

Univ ersit y of Glasgo w



6.2. In terface Roughness Scattering in Strained Si MOSFET s 135

T able 6.2: List of Mon te Carlo sim ulated 35nm gate length MOSFET s

T otal e�ectiv e strain Pro cess-induced Using SiGe bu�er IR parameters

A 0% 0% 0% � =� =0.5/1.8

B 5% 5% 0% � =� =0.5/1.8

C 10% 5% 5% � =� =0.5/1.8

D 15% 5% 10% � =� =0.5/1.8

E 15% 5% 10% � =� =0.5/3.0

F 20% 5% 15% � =� =0.5/3.0

Note: the str ain shown in p er c entage is e quivalent to the str aine d by using SiGe

bu�er with Ge c ontent in the same p er c entage

b et w een the t w o T aurus curv es. Ho w ev er, the Mon te Carlo sim ulated drain curren ts

(diamond sym b ols) are lo w er than the T aurus data, indicating a con v en tional Si

c hannel underestimates the device p erformance.

Ho w ev er, it is kno wn that pro cess induced strain ma y o ccur in suc h small devices

due to the use of con tact-etc h-stop cap la y er, shallo w trenc h isolation and silicidation

pro cesses [12, 13, 24]. W e attempt here to sim ulate the e�ects of this to �rst order b y

assuming a strained Si b o dy with di�eren t lev els of strain. The sim ulated degrees

of strain in the c hannel are assumed to b e equiv alen t to that due to a SiGe bu�er

with 5%, 10% and 15% Ge con ten t (represen ted b y 5%, 10% and 15% Ge con ten t

equiv alen t strains). T able 6.2 lists the Mon te Carlo sim ulated devices with di�eren t

amoun t of strain. A con v en tional (unstrained) Si in terface has b een main tained for

these devices (structures A-D in T able 6.2). The I
D

- V
G

curv es for the devices with

di�eren t amoun ts of strain are plotted in Fig. 6.9 at the same gate o v erdriv e for a

fair comparison. It is clear from the �gure that the 35 nm T oshiba device is b est

mo delled with 5% Ge con ten t equiv alen t strain. The device p erformance as w e could

exp ect increases with increasing strain in the c hannel.
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Figure 6.9: Mon te Carlo calibrated I
D

- V G c haracteristics of 35 nm gate length n-

t yp e Si MOSFET s, compared to the data from calibrated T aurus sim ulator

T o in v estigate the p ossible p erformance enhancemen t in scaled strained Si MOS-

FET s, Mon te Carlo sim ulations are also carrier out for in ten tionally strained 35

nm devices (structures E and F in T able 6.2), assuming strained Si in terface pa-

rameters ( � =0.5 nm and � =3.0 nm). Here, devices are assumed equiv alen t strains

corresp onding to substrate Ge con ten ts of 15% and 20%. These equiv alen t strains

are equal to the sum of the pro cess induced (5% Ge con ten t equiv alen t strain) and

substrate strain, listed in T able 6.2. The device c haracteristics of all devices listed

in T able 6.2 are sho wn in Fig. 6.10 for comparison. The driv e curren t enhancemen t

at V
G

- V
T

=0.85 V and V
D

=0.85 V of the 35 nm strained Si c hannel MOSFET with

15% Ge con ten t equiv alen t strain (pro cess strained Si on a relaxed Si

0.9

Ge

0.1

sub-

strate) is ab out 32% o v er the 35 nm T oshiba device assuming only a pro cess induced

strain equiv alen t to a 5% Ge con ten t, and 55% o v er the 35 nm Si MOSFET with

zero strain in the c hannel. When considering higher degrees of strain in the c hannel,
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for example, a strained Si c hannel with a total 20% Ge con ten t equiv alen t strain, the

35 nm gate length strained Si MOSFET deliv ers a � 41% driv e curren t enhancemen t

o v er the T oshiba Si MOSFET, whic h is supp orted b y the recen tly demonstrated

45% driv e curren t enhancemen t in a 35 nm gate length strained Si/Si

0.8

Ge

0.2

MOS-

FET [23].
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Figure 6.10: Mon te Carlo sim ulated I
D

- V G c haracteristics of 35 nm gate length

n-t yp e Si MOSFET s with di�eren t strain within the c hannel

6.3 P erformance Predictions of Strained Si MOS-

FET s with High- � Dielectrics

6.3.1 Device Structure

The device structures sim ulated here are based on the 67 nm e�ectiv e gate length

con v en tional Si and strained Si MOSFET s calibrated in Chapter 5 (see Fig. 5.2)
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and are assumed to ha v e high- � dielectrics with the same equiv alen t o xide thic kness

(EOT) of 2.2 nm. Fig. 6.11 illustrates the sim ulated device structures. Here, the

t w o leading high- � con tenders, HfO

2

and Al

2

O 3 [5], are studied. All other device

parameters, suc h as the device geometry and the Si/insulator in terface roughness

parameters, are the same as the previous sim ulated SiO

2

devices, although this ma y

b e an optimistic scenario giv en the immaturit y of the high- � fabrication pro cesses.

The same EOT of di�eren t gate dielectrics leads to the same gate capacitances

and enables iden tical electrostatic gate con trol b et w een the devices with SiO

2

and

high- � dielectrics. Ho w ev er, in the presence of high- � dielectrics carriers within the

in v ersion la y er are sub jected to SO phonon scattering, leading to a reduction in the

mobilit y of carriers. Therefore a reduction in device driv e curren t is exp ected when

high- � dielectrics are in tro duced.
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Figure 6.11: Sc hematics of the sim ulated devices: (a) con v en tional Si MOSFET with

SiO

2

; (b) con v en tional Si MOSFET with high- � dielectrics; (c) strained Si MOSFET

with SiO

2

; (d) strained Si MOSFET with high- � dielectrics

6.3.2 P erformance Degradation due to Soft-optical Phonon

Scattering

Soft optical phonon scattering has b een included within the ensem ble Mon te Carlo

sim ulator when studying the impact of the in tro duction of HfO

2

and Al

2

O

3

in the

gate stac k. Fig. 6.12 illustrates the sim ulated I
D

- V
G

c haracteristics with and with-
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out SO phonon scattering for the con v en tional Si MOSFET with a HfO

2

gate di-

electric of 12.5 nm (EOT=2.2 nm). Fig. 6.13 illustrates the corresp onding I
D

- V
G

c haracteristics of the strained Si MOSFET with an HfO

2

gate dielectric (EOT=2.2

nm). The sim ulations whic h include SO phonon scattering due to the HfO

2

gate

dielectric exhibit a 40-50% reduction in the driv e curren t at V
D

=0.1 V and � 25%

reduction at V
D

=1.2 V. Similar p ercen tage reductions are observ ed for b oth the Si

and strained Si MOSFET s at the same gate o v erdriv e, V
G

- V
T

=1.0 V. The reduc-

tion of the high- � related curren t degradation at high V
D

ma y b e explained with

reference to Fig. 6.2 whic h sho ws a reduction in the SO phonon scattering rate with

the increasing carrier energy exp ected at high drain v oltages.
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Figure 6.12: Mon te Carlo sim ulated I
D

- V G c haracteristics with and without SO

phonon scattering of the 67 nm n-t yp e con v en tional Si MOSFET with HfO

2

gate

dielectrics.

Fig. 6.14 sho ws the a v erage c hannel v elo cities obtained from Mon te Carlo sim-

ulations b oth with and without soft-optical phonon scattering at the same gate

o v erdriv e, V
G

- V
T

=1.0 V. SO phonon scattering signi�can tly reduces the c hannel
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v elo cities of b oth con v en tional and strained Si MOSFET s. Ho w ev er, it is observ ed

that the c hannel v elo cit y in the strained Si MOSFET with SO phonon scattering

is sligh tly higher compared to the v elo cit y in the con v en tional Si MOSFET with-

out SO phonon scattering. This indicates that the in tro duction of high mobilit y

strained c hannels could b e used to coun teract the p erformance degradation due to

SO phonon scattering.
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2

gate dielectrics.
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Figure 6.14: A v erage c hannel v elo cities obtained from MC sim ulations with and

without SO phonon scattering in the 67 nm con v en tional and strained Si MOSFET s

Sim ulations w ere also p erformed to in v estigate the p erformance degradation as-

so ciated with another promising high- � candidate, Al

2

O

3

. Again comparisons w ere

made b et w een con v en tional Si and strained Si MOSFET s b oth with an Al

2

O

3

gate

stac k of 7 nm (EOT=2.2 nm). The Mon te Carlo sim ulated I
D

- V
G

c haracteristics

with and without SO phonon scattering due to the Al

2

O

3

dielectric at V
D

=1.2 V are

illustrated in Fig. 6.15. Compared to the 25% curren t degradation at V
G

- V
T

=1.0

V and V
D

=1.2 V observ ed in the devices with HfO

2

gate dielectrics, it is observ ed in

this case of the Al

2

O

3

dielectric, a curren t reduction of around 10% for b oth con v en-

tional and strained Si MOSFET s. The di�erences in curren t degradation due to the

SO phonon scattering can b e explained b y the larger phonon energies and a reduc-

tion in the di�erence b et w een the static and optical p ermittivities (summarized in

T able 6.1), in mo ving from HfO

2

to Al

2

O

3

and SiO

2

. In high- � gate dielectrics, the
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large static dielectric constan t arises from the highly p olarized ionic b onds, leading

to lo w er phonon energies and smaller optical p ermittivit y . The con v en tional SiO

2

has the lo w est static dielectric constan t, but harder b onds and th us higher phonon

energies, whic h results in the small e�ect of SO phonon scattering in a Si/SiO

2

based

device and is resp onsible for less than a 5% reduction in the driv e curren t.
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out soft optical phonon scattering in 67 nm n-t yp e con v en tional and strained Si
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gate dielectrics at V D =1.2V

6.3.3 Other Mobilit y Degradation Sources

Aside from SO phonon scattering and geometrical in terface roughness considered

here, other scattering mec hanisms presen t in the case of high- � gate stac ks ma y also

con tribute to the device p erformance degradation. Amongst them: remote Coulom b

scattering due to in terface states at the Si/insulator in terface; �xed/trapp ed c harges

and in terfacial dip oles, as w ell as the partial crystallization of the gate dielectric ha v e
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all b een highligh ted in the literature [7].

Another unkno wn factor is the qualit y (RMS heigh t and correlation length) of

the in terface at the Si/insulator in terface. The in terface roughness parameters used

in this study are assumed to b e those of the Si/SiO

2

system. Ho w ev er, this ma y b e

to o optimistic for the Si/high- � in terface giv en the relativ e immaturit y of the high- �

gro wth compared to maturit y and high qualit y of SiO

2

gro wth. Therefore, greater

p erformance degradation than the predictions made in this w ork migh t b e exp ected;

the results presen ted here should b e tak en to represen t the b est case scenario.

Ho w ev er, the presence of a thin in terfacial o xide b et w een the high- � gate di-

electric and Si during gro wth ma y help to obtain a go o d qualit y in terface and ma y

partially suppress the e�ect of SO phonon scattering, although ev en a v ery thin

la y er w ould sev erly limit the equiv alen t o xide thic kness of the high- � gate stac k.

Recen t exp erimen tal w ork of metal-gated devices with an HfO

2

gate stac k has sp ec-

ulated that the screening b y free carriers in the metal gate ma y help to suppress SO

phonon scattering [96]. Ho w ev er, the degree of screening will dep end on the gate

material and the thic kness and prop erties of the dielectrics. F urther w ork is required

to in v estigate this e�ect.

6.4 Summary

A non-p erturbativ e semi-classical in terface roughness scattering mo del incorp orating

roughness de�ned via an exp onen tial auto correlation function has b een used to assess

the e�ects of in terface roughness in ultra small devices. The v alidation of the mo del

is based on Mon te Carlo sim ulations of the univ ersal mobilit y b eha viour of bulk

Si and the device c haracteristics of sub-100 nm con v en tional Si IBM MOSFET s.

It has b een found that the Si/SiO

2

roughness for the con v en tional Si MOSFET s

ma y b e c haracterized b y � =0.5 nm and � =1.8 nm. F urther calibrations of the

mo del against the �eld-dep endence of the electron mobilit y in strained Si and the

device c haracteristics of the 67 nm strained Si IBM MOSFET indicate that reduced

in terface roughness scattering in the strained Si MOSFET is one of the k ey factors

enhancing the device p erformance. This leads to the conclusion that strained Si ma y
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ha v e a smo other in terface whic h is c haracterised b y � =0.5 nm and � =3.0 nm. The

mo del w as then used to study the 35 nm gate length T oshiba n-MOSFET where

Mon te Carlo sim ulation suggests that a 5% Ge con ten t equiv alen t strain ma y o ccur

within the c hannel. Using the calibrated roughness parameters for Si and strained

Si, the 35 nm strained Si MOSFET with 15% and 20% Ge con ten t equiv alen t strains

deliv er around 32% and 41% driv e p erformance enhancemen t resp ectiv ely o v er the

35 nm T oshiba Si MOSFET assuming a 5% Ge con ten t equiv alen t strain induced

b y pro cessing.

Mon te Carlo sim ulations w ere also carried out to in v estigate the p erformance

degradation due to soft-optical phonon scattering, whic h is b ecoming of great im-

p ortan t with the in tro duction of high- � gate dielectrics. Curren t degradation of

around 25% at V
G

- V
T

=1.0 V and V
D

=1.2 V is observ ed for the 67 nm e�ectiv e

gate length con v en tional and strained Si MOSFET s with a 2.2 nm EOT HfO

2

di-

electric. This compares to a 10% degradation arising from the in tro duction of a

2.2 nm EOT Al

2

O

3

dielectric. As a reference, the observ ed curren t degradation

asso ciated with SO phonons in SiO

2

in devices with iden tical structure is less than

5%. The results also indicate that the inheren t mobilit y degradation asso ciated

with the high- � gate stac k MOSFET s could b e comp ensated for b y the in tro duction

of strained Si c hannels. The infancy of high- � gate fabrication tec hniques means

that other p erformance degrading scattering mec hanisms are lik ely to b e presen t

including a strong in terface roughness con tribution. Th us the o v erall p erformance

degradation asso ciated with high- � gate dielectrics could w ell b e w orse than the

predictions made in this c hapter.



Chapter 7

Conclusions

Numerical sim ulations of con v en tional and strained Si MOSFET s w ere carried out

in this w ork for RF and CMOS applications. This c hapter summarizes the ma jor

con tributions of this study and discusses future researc h directions.

7.1 Summary of Con tributions

Di�eren t sim ulation tec hniques: Drift-Di�usion, Hydro dynamic and Mon te Carlo

sim ulations w ere used in this study for the sim ulations of strained Si/SiGe devices.

In order to precisely describ e the prop erties of strained Si and SiGe for the practical

n umerical sim ulation of related devices, parameters asso ciated with the bandgap

and band alignmen t of the Si/SiGe heterostructure ha v e b een calculated and sum-

marized. The e�ect of strain on the band structure of Si ha v e b een analyzed and

the strain induced band splitting of the degenerate sub v alleys (th us reducing in-

terv alley scattering) and the reduction in the e�ectiv e mass are ma jor reasons of

the enhanced mobilit y in bulk strained Si. By comparing the existing theoretical

and exp erimen tal data with this w ork, analytical expressions ha v e b een obtained

for the bandgap; the band o�set; the e�ectiv e masses; the densities of states and

the p ermittivit y for the strained Si on relaxed Si

1-y

Ge

y

and the strained Si

1-x

Ge

x

on

unstrained Si heterostructures.

Drift-Di�usion device sim ulations ha v e b een used to optimize the n-t yp e buried

strained Si c hannel Si/SiGe MODFET for RF and high linearit y applications. Quali-

145
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tativ e analysis and n umerical sim ulations suggest that it is essen tial to consider b oth

lateral and v ertical device designs for RF p erformance and linearit y . The gate-to-

c hannel separation and gate to source/drain distances are found to ha v e signi�can t

but opp osite e�ects on device p erformance and linearit y . The doping in the supply

la y ers needs to b e prop erly adjusted in order to obtain a high sheet carrier densit y

in the c hannel and ac hiev e b etter mo dulation e�ciency . The dop ed c hannel device

exhibits the b est linearit y but at the exp ense of reduced driv e curren t, transconduc-

tance and RF p erformance. The sim ulations also sho w that scaling helps to impro v e

RF p erformance, but sligh tly reduces device linearit y . Therefore, trade-o� designs

are necessary for sp eci�c RF and/or high linearit y applications.

Mon te Carlo sim ulations sho w b oth electron and hole mobilit y enhancemen ts in

strained Si la y ers, indicating the adv an tage of using strained Si for CMOS appli-

cations. In the strained Si on relaxed SiGe hetero-system, when increasing the Ge

con ten t of the SiGe substrate, the electron and hole mobilit y enhancemen ts satu-

rate at Ge con ten t of 15-20% and 35-40%, resp ectiv ely . 1-D P oisson-Sc hrö dinger

solutions and Hydro dynamic device sim ulations sho w that in the sub-100 nm p-t yp e

strained Si (on relaxed SiGe bu�er) MOSFET, a bu�er Ge con ten t b et w een 30% and

40% is suitable for optim um device p erformance in conjunction with high doping

(> 1017
cm

� 3
) in the c hannel region in order to suppress the parasitic conduction

within the lo w-mobilit y SiGe la y er.

Based on the successful calibrations in resp ect of the 80 nm gate length n-t yp e

and 90 nm gate length p-t yp e con v en tional Si and strained Si MOSFET s fabricated

b y IBM, comprehensiv e Drift-Di�usion device sim ulations ha v e b een used to scale

these devices do wn to 65 nm, 45 nm and 35 nm gate lengths and predict device and

circuit b eha viour of sub-100 nm strained Si MOSFET s for CMOS applications. The

IBM MOSFET structure, with a single retrograde c hannel doping obtained from the

calibrations against published data, sho ws a health y p erformance impro v emen t when

the gate length is scaled do wn to 35 nm, minimising the short c hannel e�ects in the Si

and strained Si transistors. Three-stage ring oscillators constructed with these scaled

devices w ere sim ulated using the MEDICI device sim ulator. Strained Si circuits

exhibit enhanced p erformance compared to their con v en tional Si coun terparts. By
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incorp orating the SOI device structure, the sim ulations sho w that the strained Si SOI

circuit deliv ers signi�can t sp eed enhancemen t o v er all its Si comp etitors and exhibits

reduced energy dissipation compared to its bulk coun terparts. Since the Drift-

Di�usion mo del used for the scaling cannot accoun t for non-equilibrium transp ort

whic h is lik ely to b e presen t in small devices, the Hydro dynamic mo del and Mon te

Carlo w ere emplo y ed to predict the p erformance enhancemen t of the scaled strained

Si devices. Compared to the 7-10% driv e curren t enhancemen t observ ed in the

original 90 nm p-t yp e strained Si MOSFET (o v er its con v en tional Si coun terpart),

Hydro dynamic device sim ulations suggest that the curren t enhancemen t factor of

the strained Si MOSFET (o v er corresp onding con v en tional Si MOSFET s) increases

b y 10% when the gate length is scaled from 90 nm to 35 nm. Compared to the device

structure with retrograde c hannel doping, the w ell-temp ered strained Si MOSFET s

with halo implan ts around the source/drain regions, whic h w ere sim ulated using

the Hydro dynamic mo del, o�ers comparable driv e curren t and w ell con trolled short

c hannel e�ects for e�ectiv e gate lengths do wn to 25 nm.

Ensem ble Mon te Carlo sim ulations w ere used for predicting the device p erfor-

mance (driv e curren t) of n-t yp e strained Si MOSFET s. A non-p erturbativ e in terface

roughness scattering mo del w as used to in v estigate the impact of suc h scattering

on the p erformance enhancemen t of strained Si MOSFET s. The mo del has b een

v alidated b y calibrating with resp ect to the univ ersal mobilit y b eha viour and the

exp erimen tal device c haracteristics of the 80 nm IBM con v en tional Si MOSFET. It

is found that the Si/SiO

2

roughness for the con v en tional Si MOSFET s ma y b e c har-

acterized b y � =0.5 nm and � =1.8 nm using this mo del. F urther calibrations of the

mo del against the �eld-dep endence of the electron mobilit y in strained Si and the

device c haracteristics of the 67 nm strained Si IBM MOSFET indicate that reduced

in terface roughness scattering in the strained Si MOSFET is one of the k ey factors

enhancing the device p erformance. This leads to the conclusion that strained Si ma y

ha v e a smo other in terface whic h is c haracterised b y � =0.5 nm and � =3.0 nm. The

mo del w as then used to study the 35 nm gate length n-t yp e MOSFET fabricated b y

T oshiba. Mon te Carlo sim ulation suggests that a 5% Ge con ten t equiv alen t strain

(see section 6.2.3) ma y o ccur within the c hannel. Using the calibrated roughness
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parameters of Si and strained Si, a 35 nm strained Si MOSFET with 15% and 20%

Ge con ten t equiv alen t strains deliv er ab out 32% and 41% driv e p erformance en-

hancemen t resp ectiv ely o v er the 35 nm T oshiba Si MOSFET whic h assumes a 5%

Ge con ten t equiv alen t strain induced b y pro cessing.

Mon te Carlo sim ulations w ere also emplo y ed for in v estigating the p erformance

degradation due to soft-optical phonon scattering, whic h arises with the in tro duction

of high- � gate dielectrics. Based on the calibrated 80 nm n-t yp e con v en tional and

strained Si IBM MOSFET structures, a device curren t degradation of around 25%

at V
G

- V
T

=1.0 V and V
D

=1.2 V is observ ed for b oth con v en tional and strained

Si devices with a 2.2 nm EOT HfO

2

dielectric. This compares to an appro ximate

10% degradation arising from the in tro duction of a 2.2 nm EOT Al

2

O

3

dielectric.

As a reference, the curren t degradation asso ciated with SO phonons in SiO

2

in

devices with an otherwise iden tical structure is less than 5%. The results also

indicate that the inheren t mobilit y degradation asso ciated with the high- � gate stac k

MOSFET could b e comp ensated for b y the in tro duction of a strained Si c hannel.

The infancy of high- � gate fabrication tec hniques means that other p erformance

degrading scattering mec hanisms are lik ely to b e presen t including a strong in terface

roughness con tribution. Th us the o v erall p erformance degradation asso ciated with

high- � gate dielectrics is exp ected to b e w orse than predicted in this study .

7.2 F uture W ork

The w ork on the Si/SiGe MODFET s for RF applications con tained in this the-

sis is based on Drift-Di�usion device sim ulations, whic h cannot accoun t for the

self-heating e�ect due to lo w thermal conductivit y of the thic k SiGe bu�er. The

Hydro dynamic mo del ma y b e used to sim ulate this e�ect along with v elo cit y o v er-

sho ot in the c hannel. Mon te Carlo sim ulations ma y b e more appropriate for these

sub-100 nm devices in order to capture real carrier transp ort in the 2-DEG. The

exp ected v elo cit y o v ersho ot in the strained Si c hannel should enhance RF p erfor-

mance. Replacing the few-microns thic k SiGe bu�er with a thin SiGe-on-insulator

bu�er, Si/SiGe MODFET s are exp ected to deliv er enhanced p erformance, b etter
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con trolled short c hannel e�ects, and less leak age curren t. By replacing the thic k

SiGe bu�er in the calibrated 70 nm n-t yp e MODFET with a thin SiGe-on-insulator

bu�er, preliminary sim ulations sho w a 10% increase in f
T

.

In this w ork, most of the sim ulations of strained Si MOSFET s for CMOS ap-

plications w ere based on the calibrated device structures with a single retrograde

c hannel doping. F or small devices, it is necessary to use complicated w ell and p o c k et

pro�le designs. The scaling of n-t yp e and p-t yp e devices and the circuit sim ulations

w ere based on Drift-Di�usion sim ulations. Ho w ev er, more adv anced mo dels suc h

as the Hydro dynamic mo del and Mon te Carlo sim ulations are more appropriate to

predict the device p erformance of scaled devices. Based on the understanding of the

strained Si MOSFET s from the n umerical device sim ulations, compact mo delling of

strained Si CMOS is also required in order to prop erly assess the circuit b eha viour

and ev aluate the adv an tages of strained Si CMOS.

F or p-t yp e MOSFET s, full band Mon te Carlo sim ulations are required in order

to precisely sim ulate hole transp ort based on the full description of the hole band

structure, suc h as the six band k � p theory , whic h has b een emplo y ed in the Mon te

Carlo sim ulator a v ailable in the Device Mo delling Group at the Univ ersit y of Glas-

go w. F urther in v estigation of the in terface roughness scattering mo del used in this

study is also needed for p-t yp e MOSFET s.

The sim ulated strained Si bulk MOSFET structure ma y also b e in tegrated with

new device structures suc h as SOI and double-gate MOSFET s. By incorp orating

strained Si within SOI or double-gate device structure, enhanced device p erformance

is exp ected along with b etter con trolled short c hannel e�ects and impro v ed scala-

bilit y . Ho w ev er, these c hanges of the device structure and material require more

theoretical w ork in order to understand the carrier transp ort, suc h as phonon scat-

tering, surface roughness scattering, remote Coulom b scattering, etc.

When MOSFET s are scaled b ey ond the 45 nm tec hnology no de, high- � dielectrics

b ecome necessary . Apart from impro ving fabrication tec hniques to impro v e the

qualit y of high- � dielectrics, it is also necessary to in v estigate the new scattering

mec hanisms induced b y the in tro duction of high- � dielectrics, suc h as SO phonon

scattering and remote Coulom b scattering. A preliminary sim ulation sho ws that the
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driv e curren t degradation is only around 8% in a 35 nm MOSFET with an HfO

2

dielectric of EOT=1nm, whic h is smaller than the p erformance degradation in the

80 nm Si and strained Si devices. This ma y b e due to the SO phonon scattering

rate drop with increasing energy . Ho w ev er, the unscreened SO phonon scattering

mo del w as used in this study . When the EOT o xide thic kness b ecomes v ery small, a

suc h scattering mo del is necessary that the screening e�ect from the gate with high

concen tration of free carriers can b e accoun ted for.
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