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ABSTRACT

Silicon-Germanium (SiGe) has emerged as a promising vehicle for expanding the perfor-
mance bounds of silicon-based VLSI technology. Attempts are now underway worldwide to
demonstraic that SiGe field effect transistors can reach industrial maturity. In particular, SiGe
P-MOSFET's require the most urgent attention because of the poor performance of silicon p-
channel devices. A novel Si/SiGe/Si p-MOSFET structure is proposed here, whereby the
effective hole mobility is maximized by employing a buried SiGe channel with triangular Ge
profiles. The benefits of the triangular Ge chanrel, in comparison with the established rec-
tangular Ge channel profile, were demonstrated both theoretically and experimentally. The
SiGe p-MOSFET's were implemented in-house, in a VLSI compatible process that allowed
for the integration of silicon and SiGe p-MOSFET’s on the same chip. Hole mobilities of 400
cm?/Vs and 250 cm?/Vs were measured for devices with 0-50% Ge triangular and 25% Ge
rectangular channels, respectively. A factor of two improvement in transconductance with
respect to the equivalent, on-chip silicon p-MOSFET was obtained. When compared to rec-
tangular Ge profile devices, the MOSFET’s with triangular Ge channel profiles demonstrated
30-40% improvement in mobility, transconduciance and cutoff frequency. New methods to
characterize the band offset and doping concentration in Si/SiGe layers, as well as the
mobility profiles inside the channel, were also developed and validated experimentally.
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CHAPTER 1

INTRODUCTION

1.1. Why Silicon-Germanium ?

Silicon technology has reached a very mature stage at which incremental pro-
gress is achieved with increasing difficulty. Further improvements in the perfor-
mance of silicon IC’s can be expected by using novel materials and device structures.
One of these possibilities is being offered by an alloy of silicon and germanium SiGe,
grown en Si substrates, which can form the basis for a host of new high speed elec-
tronic and nptoelectronic devices [1-4].

Whiie compatible with exisiing silicon chip-fabrication lines [3], SiGe offers a
significant ircrease in device performance due to its superior transport properties as
compared to silicon. Carrier mobilities are larger in SiGe than in Si {1,5] and result
in higher speed of operation of SiGe devices. The energy bandgap of SiGe is smaller
than that of silicon [5] and linearly scales with the Ge content, opening up exciting
opportunities o build devices based on bandgap engineering concepts. These favor-
able properties of SiGe have spurred great interest in the IC community over the last
few years.

One possible system application for SiGe devices is a portable digital tran-

sceiver. As illustrated in Fig.1.1. a state of the art version of such a transceiver is built

-1.1-
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up from four chips, three of which are implemented in silicon and one in GaAs.

Digital wireless transceiver on a chip ?

AN\'} ANT2  Plessey’s GPSI DE6003

(Computer Design Nov. '53) RF requirements:
1 .L N | batacuos
B P e i s KB ) coMPATIBLE O  ANTENNA SWITCH: CMOS
B G MEz pRecEIVER (RoftRom)
R S i
"":g “‘3’“‘ : : (BIPOLAR) ol O LNA:CMOS, HBT
ot wmicmOWaVE | (NF, bandwidth)
== i R A ® Mt
- ; = B 1 (1Y neles)
248 TRIPLE “T @ MIXER: HET
2.15GHz MHz SYNTHESIZER |je&—t (noalinearity, N¥)
AND 16 MHiz
708 Mz R ENCE @ HPA: HBT or CMOS
OSCILLATOR OSCILLATOR i w(. 2
AND DIVIDER l«—  (cMos) 4
(BIPOLAR) kP/s | SERIAL O By compromising pesrformance
TRANSMIT

DATA

Figure 1.1 Possible application of Si/SiGe technology in a single-chip digital wire-
less transceiver. Current Si/SiGe device performance allows for the replacement of

the GaAs block by a SilSiGe circuit.

State of the art Si/SiGe HBT’s can deliver most functions currently implemented in
the RF GaAs block, with the exception of the low noise amplifier and antenna switch-
ing functions. Si/SiGe CMOS devices would be more suitable for the latter two cir-
cuits. High speed Si/SiGe CMOS devices would also facilitate a significant increase
in the digital data rate. With its high speed, low voltage and low power features,
Si/SiGe technolegy has the potential to integrate all these functions on a single chip,
thus making the wristwatch personal communicator a possibility in the near, rather

than distant, future.

VLSI Research Group University of Toronto
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1.2. Silicon-Germanium Material Properties

1.2.1. Lattice Constant and Film Growth

Irrespective of the Ge mole fraction Y, Si;—-Gey maintains a diamond struc-
ture, which is characteristic for both silicon and germanium [2,5]. The lattice con-
stant of Sij_yGey depends on the mole fraction Y and, for low Y, can be expressed
as [5]

asiGe = asi + Y(age—asi) (1.1
where ag; is the lattice constant of silicon and age is the lattice constant of ger-
manium. Since ag; (0.5431 nm) and ag. (0.5646 nm) have difierent values. a lattice
mismatch of 4.17% occurs at room temperature. Because of the lattice mismatch,
only thin layers of SiGe can be grown free of misfit dislocations on a silicon sub-
strate. As illustrated schematically in Fig. 1.2, two situations can occur when a SiGe
layer is grown on top of a Si substrate a) an in-plane compressed (coherently)
strained SiGe lattice with a corresponding lattice expansion along the growth direc-

tion and b) generation of dislocations at the SiGe/Si interface.

In the first case, known as pseudomorphic growth [5], coherent mechanical
strain builds up in the SiGe film to retain a dislocation free interface between Si and
SiGe. The in-plane lattice constant of the SiGe film thus grown is given by the equa-

tion [5]

2 _ 5iGeXsiGe T asiXsi (12)
noplane XsiGe + Xsi '

VLSI Research Group University of Toronto
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where xgig. and xg; are the thicknesses of the SiGe film and of the Si substrate,

respectively.
PSEUDOMORPHIC
XSiGe

RELAXED SiGe

GGe Xsi

+ = EDGE DEFECTS
O
st

St SUBSTRATE

Figure 1.2 Schematic illustration of the mechanisms by which thin SiGe films can be

grown on a Si substrate.

The second case, generation of dislocations, produces a very defective interface
between SiGe and Si which results in a poor quality SiGe film being grown on top of
the silicon substrate. For these reasons, only pseudomorphic SiGe films are of interest

for device and circuit applications.

For the film to be strained and dislocation free during and after growth, two con-
ditions must be met. First, the SiGe film must be thin enough to accommodate the

strain, i.e. Xs;Ge € Xs;. The thickness of the film is bound by the Matthews-Blakeslee

VLSI Research Group University of Toronto
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critical value [6], which is a function of the lattice mismatch. For SiGe films, the crit-
ical thickness decreases strongly as the Ge mole fraction increases [5]. Second, the
temperature during the growth and during all subsequent processing steps must be
sufficiently low in order to prevent strain relaxation. The requirement for low tem-
perature processing results fiom the typically metastable character of most strained
SiGe films used in semiconductor devices. Under high temperature conditions, the
film cannot maintain the strain and misfit dislocations are generated. In fact, both the
temperature and the duration of the process, i.e. the thermal budget, are important. As
an example, temperatures up to 600 °C applied for tens of minutes are considered to
be "safe”, while those up to about 900 °C are "acceptable” for time intervals up to

two minutes before strain relaxation and generation of dislocations set in [7]f.

In the example considered in Fig. 1.2, the SiGe film was grown on a silicon sub-
strate. In some device applications a complementary processing sequence, the
growth of a tensile strained silicon layer on top of a relaxed SiGe layer, is important.
Both systems, strained SiGe on relaxed Si and strained Si on relaxed SiGe, can be
grown either by Molecular Beam Epitaxy (MBE) [8], or by one of several variants of
Chemical Vapor Deposition (CVD) techniques such as High Vacuum (HV-CVD) [1],
Rapid Thermal (RT-CVD) [9] or Limited Reaction Processing (LRP-CVD) [7].
Because of the better quality of the grown layers and because of the possibility of

processing a batch of wafers in one run, HV-CVD has emerged as the industry

+ The MOSFET structures described in this thesis are within the Mathews-Blakeslee critical
thickness. While this and other strain-relaxation models are still debated, these experimental
results, as well as IBM's SiGe MOSFET's [2] indicate that average Ge mole fractions of 25%
over 15 nm are technologically feasible.
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standard for the growth of Si/SiGe heterojunctions [1-3].

1.2.2. Bandgap

One of the key features of SiGe is its energy bandgap Eg which is lower

St hd
than that of silicon Eg_. The bandgap of SiGe depends on the Ge mole fiaction Y
and changes from 1.17eV for Y =0 to 0.78 eV for Y = 0.5 [5]. In this range of Ge

mole fractions, the dependence has an approximately linear character [5].
AEG = Eg, —Eg,, =0.74*Y (1.3)

In addition to the energy bandgap, a critical issue for device operation is the
actual bandgap alignment between SiGe and Si. The two combinations of Si and
SiGe that are relevant for device operation and the corresponding energy bands align-

ments are illustrated schematically in Fig. 1.3.

TYPEI TYPE I
—

-~
Layer structure Energy bands Layer structure Energy bands

bl L L LT LT 1 1) ) S
[ Ftrained SiGe N T stramed Si [
=S 300 meV 300 me
11 Sisubstrate [T | _Irelaxed SiGe | |
et F T 17T 11
E
Ey Ec v Ec

Figure 1.3 Schematic illustration of the energy bands alignment and of the layer
structure in type I and type II Si/SiGe heterostructures. In both cases the Ge mole

fraction Y is 0.5.
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The band alignment shown in the left side of Fig. 1.3 is of the type I character, i.e. the
SiGe bandgap lies within the Si bandgap. The bandgap difference AEg is the sum of

the valence band AEy and of the conduction band AE¢ offsets

AEG = AEy + AEc (1.4a)

and is accommodated almost entirely in the valence band (i.e. AEy > AEc) [1,3].
The large valence band discontinuity and its monotonic increase with the Ge mole
fraction are two of the most attractive features of the type I Si/SiGe alignment that
can be used to control hole confinement in field effect transistors and hole injection

and electron transport in npn heterostructure bipolar transistors [1].

The band diagram is significantly different for the second case, that of strained
silicon on a relaxed SiGe substrate. This band alignment, in which the SiGe bandgap
lies partially above the silicon bandgap, is defined zs type IL In this case, eqn.(1.4a)
must be replaced by

AEg = AEy — AEc (1.4b)

The type Il energy bands alignment scheme aliows for the separate confinement of
electrons and holes at the heterojunction, i.e. holes in the SiGe layer and electrons in
the strained Si layer. This property of the type II system is used in both n-channel and

p-channel FET"s.

1.2.3. Carrier Transport in Silicon-Germanium Alloys

The in-plane electron and hole mobilities in SiGe are complex functions of the

mechanical strain, of the Ge mole fraction Y, and of the various scattering
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mechanisms in the SiGe and adjacent layers. For example, increasing the Ge mole
fraction will reduce the effective mass and. consequently, enhance mobility. This
trend competes with a reduction in mobility caused by alloy (up to mole fractions of
50%) and interface scattering. It was demonstrated both theoretically [10-12} and
experimentally [13-16] that carrier mobilities are larger in strained SiGe and strained
silicon films than in conventional silicon. Electron mobilities as large as 2700 cm>/V's
have been obtained at room temperature in strained silicon layers grown on a SiGe
substrate[1], while SiGe hole mobilities of 1300 cm?/Vs have been measured [16]. It
is noteworthy that hole mobilities in SiGe quantum layers are theoretically predicted
to be larger than in pure germanium [10], indicating that mobility cannot be simply

extrapolated between Si and Ge.

It must be mentioned that, despite the larger mobilities, the saturation drift velo-
cities of elect-ons and holes in SiGe layers are comparable to those of silicon {14,
15]. Therefore, small geometry devices in which the velocity saturation effect is the
current limiting mechanism might not benefit from the presence of SiGe to the cxtent

suggested by the mobility data.

1.3. Silicon-Germanium Devices

By inserting a precisely controlled SiGe layer in the vertical structure of a Si
bipolar or field effect transistor an additional design freedom is obtained. As a conse-
quence, the current and voltage gain, unity gain cutoff frequency and the maximum
frequency of oscillation can be optimized over wider voltage and temperature ranges,

as compared to the original silicon devices. Because of the possibility of controlling
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both the bandgap and the index of refraction, SiGe has also been successfuily applied
to heterostructure photodetectors and optical waveguides. For a recent overview of

silicon-based optoelectronics, reference [17] may be consulted.

In the case of Heterostructure Bipolar Transistors (HBT’s) [1-3], the interest in a
SiGe base was first driven by the ability to tailor the bandgap of SiGe so that an
exponential increase in the current gain B could be traded off for a reduction in the
base resistance, thus simultaneously improving the gain, the maximum frequency of
oscillation and the noise figure of the device. Later refinements involved grading the
Ge profile along the base in order to maximize the electron velocity and, thereby, the
cutoff frequency of the transistor [1,3]. The SiGe HBT is by now a mature device that

has already been integrated in a commercial BiICMOS process [3,4]

Even though research interest in SiGe FET's [18] predated that in SiGe HBT's,
they have yet to make a significant impact on Si technology. The conventional way
of enhancing the performance of field effect transistors is to scale down the gate
length. Another technique is to use a material with better transport properties as the
conductive channel between source and drain. SiGe is the ideal material to boost the
speed of botn n and p-channel Si MOSFET's. Developments over the last decade
have demonstrated that iigh speed FET action can be achieved with both type I and
type II Si/SiGe heterostructure alignments, employing either Schottky or MOS gates
[18-27]. Record breaking electron and hole mobilities have so far been the exclusive
domain of type Il Si/SiGe FET’s [17, 21-25]. However, thzse devices, which require

a relaxed SiGe substrate, have proved until now very difficult to integrate in conven-
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tional Si technology. Furthermore, the defect density in type II S/SiGe layers 1s still

too high to meet VLSI specifications. For these reasons, only type I Si/SiGe devices

will be discussed.

1.4. Why Si/SiGe/Si p-MOSFET’s ?

First, because the performance of state of the art silicon CMOS and BiCMOS
circuits is limited by the slow p-channel MOSFET, upgrading the p-FET requires
urgent attzntion. Secondly, while undoubtedly a worthy pursuit, the implementation
of n-channel devices raises more severe hurdles. Due to the negligible conduction
band offset in the type I Si/SiGe system, there is minimal electron confinement to
increase n-MOSFET speed. n-MOSFET’s have therefore been attempted primariiy in

the Type II system, beset by fabrication problems.

Recently reported type [ Si/SiGe/Si p-channel MOSFET’s, which are relatively
easy to fabricate in a VLSI process [26,27], have exhibited hole mobilities higher
than in Si devices, but well below those mcasured in type II Schottky gate,
Modulation-Doped FET's (MODFET’s). Based on very recent experiments [28],
which indicate a monotonic increase in hole mobility with the Ge mole fraction, it is
highly probable that a significant increase in performance can only be attained if very
large (in excess of 40-50%) Ge mole fractions are used in the channel. Practical
implementations of large Ge mole fractions in Type I p-MOSFET’s have been pre-
cluded by the necessity of complying with the Matthews-Blakeslee critical layer
thickness [6)], by the rectangular or trapezoidal shape [29] of the Ge profile in the

channel, and by interface scattering at very abrupt Si/3iGe interfaces [1]. The latter
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severely degrades mobility. The thrust of the thesis is to demonstrate, through theory
and experiments, that a practical solution to these problems may be achieved by using

a triangular Ge profile in the channel of the MOSFET.

1.5. Thesis Objectives and Outline

The objectives of this thesis are to demonstrate the feasibility of a VLSI compa-
tible type I SU/SiGe/Si p-MOSFET with triangular Ge profiles and to develop electri-

cal characterization techniques for Si/SiGe/Si MOSFET technology.

In order to meet these goals, a theory is developed in Chapter 2 to model and
interpret the C-V characteristics of heterostructure MOS capacitors [30]. This model
is followed up in the second part of that chapter by the proposal and experimental
validation of a C-V charactenzation technique that extracts the parameters of the
Si/SiGe heterojunction, which are critical in the design of Si/SiGe/Si p-MOSFET's
[31]. The material and process information obtained from these measurements
include the valence band offset and the Ge composition at the Si/SiGe interface, as
well as the doping level in the Si substrate. The concept of a Si/SiGe/Si p-MOSFET
with triangular Ge channel profiles [32] is proposed in Chapter 3 and its benefits in
comparison with current Si/SiGe/Si p-MOSFET's are discussed based on newly
developed analytical models and on two-dimensional simulation results [33,34]. A
fabrication process, compatible with conventional silicon VLSI process lines,
whereby SiGe and Si p-MOSFET’s are integrated on the same chip, is described in
Chapter 4 [35,36]. Experimental characteristics of Si and SiGe transistors imple-

mented in this technology are also presented. Finally, in Chapter 5, conclusions are

VLSI Research Group University of Toronto




Page .12 VLSI Compatible S¢/SiGe/Si p-MOSFET s

drawn regarding the implications of this work for the short and medium term pros-

pects of Si/SiGe IC’s. Possible related topics for future research are also discussed.
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CHAPTER 2

THE HETEROSTRUCTURE MOS CAPACITOR

2.1. Introduction

A salient feature of the Si/SiGe heterostructure systemt is the possibility of
growing high quality oxides, comparable to those obtained on Si [1,2]. The aim of
this chapter is to demonstrate - based on analytical models, numerical simulation and
experimental results - that. like its silicon counterpart, the Si/SiGe heterostructure
MOS capacitor is a useful tool in the understanding of the underlying physics of
Si/SiGe/Si MOSFETs. It is also shown that it can become an effective characteriza-

tion vehicle for Si-based heterostructure technolegy.

This chapter is organized as follows. First the Si/SiGe MOS capacitor structure
is defined and the main assumptions in the derivation of the threshold voltages and of
the charge distribution are discussed. The energy band diagram and the charge distri-
bution in the three regimes - inversion, depletion, and accumulation - are compared
with those of a conventional MOS capacitor. Analytical expressions for the threshold
voltages are also derived. Their dependence on structural parameters such as the Ge
mole fraction Y, the silicon cap layer thickness x., and the impurity dose in the &-

doped layer is investigated using analytical and one dimensional (1D) simuiation

+ For simplification purposes, the term SiGe will be used throughout the thesis to refer to a
SiGe alloy with a Ge molz fraction Y, and a Si mole fraction [-Y.
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results. The capacitance-voltage {C-V) characteristics are discussed next. Finally. a
technique is developed for the reverse engineering of the layer structure from high-
frequency (HF) and low-frequency (LF) C-V measurements. The limitations of the
technique and the sources of errors associated with the measurements are docu-

mented. Experimental validation is provided.

The analytical derivation of the threshold voltages, of the semiconductor charge,
and of the semiconductor capacitance is described in detail in Appendix A. An over-
view of the one-dimensional numerical simulation technique. which selfconsistently
solves Poisson’s and Schrbdinger’s equations to obtain the potential and carrier distri-

butions inside the capacitor structure, is presented in Appendix B.

2.2. Physics of Heterostructure MOS Capacitors

Consider the schematic of the p-channel heterostructure MOS capacitor shown
in Fig.2.1. The structure is similar to that of a conventional silicon MOS capacitor,
except for the presence of the undoped SiGe channel, of thickness XsiGe, separated
from the Si/SiO, interface by a thin undoped silicon cap layer of thickness Xc,. A 6-
doped boron layer, of thickness X3, is usually inserted below the SiGe channel [3].
Separation between the SiGe film and the 3-doped film is provided by an undoped
silicon buffer, of thickness xu,. This separation is necessary in order to prevent the
mobile holes in the SiGe film from scattering by the ionized acceptors of the 3-doped
region. The primary role of the 8-doped layer is to control the threshold voltage of the
SiGe channel. This sandwich of layers is grown by CVD or MBE techniques on top

of a uniformly-doped, n-type silicon substrate.
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Figure 2.1 Si/SiGe MOS capacitor structure and notation employed for potential and

hole concentration at each interface.

Basic assumptions
In order to facilitate understanding of the operation of the heterostructure MOS
capacitor and to render the problem analytically tractable, the following assumptions

are made

e the bandgap difference AEg between Si and SiGe lies entirely in the valence
band, i.e. AEg = AEv [4],

e the contribution of the fixed charge in the undoped layers is negligible,

e the Ge mole fraction Y is either constant throughout the SiGe layer, or it varies

linearly from Yy, at the bottom of the SiGe film, to Yy at the top,
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e the Ge profile is coastrained by the assumption of positive grading i.c.
Y(x)=Yy-Y(x)20
implying that, as illustrated in Fig. 2.2, only rectangular (5Y}, =0), tra-

pezoidal (6Yp, >0) or triangular (8Y,, =Yy and Yy, = 0) profiles arc

allowed.

The latter restriction is not really a limitation since all cases of practical interest are

covered. TRA
Ge PROFILE MPEZ"mAL
AY@ T o
04}
0.2 ....... > TN v";‘:: ......... 8 Y bO
0.0} = >
: E |
;‘ c ]
X SiGe

Figure 2.2 Three types of Ge profiles considered for the SilSiGe MOS capacitor

Structure.

Because of their linear dependence on the Ge mole fraction, the valence band
offset AEy and the permittivity in the SiGe film €g;g., become position dependent [4]
and can be expressed as

AEy(x) = AEvy - 0.743Y(x) = AEyy — qFpix 2.1
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EsiGe(X) = EsiGen — 4.28Y(x) (2.2)

0.748Yp, . . ) .
where Fy,; = ———— is the built-in electric field due to Ge profile grading. The

XSiGe

total Ge dose in the SiGe film can be expressed in ¢m, (Y is dimensionless), as

§Y 1o
2

Dose(Ge) = I;s'& Y(x)dx = [YH - XSiGe 2.3)

In the above equations, the values at the top heterojunction (subscript H) are con-

sidered as reference.

2.2.1. Charge Distribution and Threshold Voltages

Figure 2.1 illustrates the definitions of the potential ¢(x) and of the hole concen-
tration p(x) at the substrate/S-doped layer interface (subscript 8 ), ut the buffer/d-
doped layer interface (subscript bu), at the bottom Si/SiGe hetercjunction (subscript
bo), at the top Si/SiGe heterojunction (subscript H) and at the Si/SiO, interface (sub-
script S).

The Fermi potential in the bulk corresponds to that of an n type silicon substrate

with uniform ionized donor concentration Ng

— (2.4)

By accounting for the position-dependent bandgap. the concentration of mobile holes

p(x) is expressed as

2q9¢¢ + AEg(x) —qo(x) ln[ Nysi | 25)

KT Nvsice |

p(x) = Ngexp[
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Because of the negligible conduction band offset, the electron concentration is identi-

cal to that in a silicon MOS capacitor

n(x) = Ngexp [ %?] (2.6)

Similarly, the gate voltage Vg, and the total semiconductor charge Qr, can be

described in terms of the su face potential ¢s [5]

V2q€s;Np 7 f(ds)

VG=VFB+¢S+vox=VFB+¢S" C,
X

2.7

Qr = V2qes; Nporf(ds) (2.8)

where C,; = £4x/Xox is the gate oxide capacitance per unit area, x,, is the gate oxide
thickness, Vgg is the flatband voltage which includes the contribution of the work-
function difference ¢ps between the gate and the silicon substrate and that of the
fixed charge Q at the Si—SiO, interface. f(¢s) contains the heterojunction-specific

information and its expression is derived in Appendix A.

Figure 2.3 shows the schematic energy bands diagram and the corresponding
charge distribution in the a) inversion, b) depletion and ¢) accumulation regimes. For

the sake of simplicity, the 8-doped layer is not included.

The distinctive feature of the charge distribution is the presence of mobile holes
in strong inversion at both the Si/SiO, interface pg, and at the top Si/SiGe hetero-
junction py. Since the type I Si/SiGe heterojunction has a negligible conduction
band offset, the accumulation and depletion charges are similar to those of a MOS

capacitor fabricated in silicon. Therefore, the focus next is on the investigation of the
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threshold voltages and of the inversion charge.

u-type Si subetrats

I X 5 % B
a) inversion
\/ . QT ¢
“ [_|= |/
1Ge channel (sndoped) .- Q sice
a-type Sl substrais s w
F
I X 5 B
b) depletion
+ 7 %0
= TN\ = I\ )
$IGe 8iGe W
T x . . x x

¢) accumulation

Figure 2.3 Schematic energy bands diagrams and charge distribution in a) inversion,

b) depletion and c) accumulation in a Si/SiGe MOS capacitor.
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The onset of strong inversion at the top Si/SiGe interface corresponds to the gate
voltage at which the concentration of minority holes at the top Si/SiGe heterojunction

is equal to the substrate doping concentration N [6]

| 2q¢r + AEyy — qon _m[ NVSi]

= Npgex
Pul BEXP KT - J

] =Np (2.9)
Vg = Vi

This leads to the following condition for the threshold potential ¢y at the top hetero-
junction

Nvsi
NvsiGe

AEyy

|
¢1H = OH | =20 +

IVQ'—'Vm

-mln[ (2.10)

where Nyg; and Nys;g. are the densities of states in the valence band for silicon and
for SiGe, respectively, and ¢t is the thermal voltage. The gate voltage which causes
strong inversion at the top Si/SiGe interface is denoted by Vry, the threshold voltage

of the SiGe channel.

Similarly, strong inversion at the Si/SiO, interface is defined as

l 205 —
ps | =NBexp[ %~ 0s| Ny @.11)
IV0=V-,-5 ¢r

and the comresponding threshold surface potential ¢rs must satisfy the condition

|
ors =ds | =2¢f (2.12)

|v0=v“

The gate voltage which causes strong inversion at the surface of the silicon cap layer

is denoted by Vg, the threshold voltage of the surface channel [6].
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A simplified version of f(¢s) is piugged into eqn. (2.7) to derive expressions for
the threshold voltages Vry and Vs. The fixed charge in the depletion layer and the
mobile hole charge in the SiGe film are accounted for. The hole charge in the silicon
cap is neglected since, for a properly designed strucuure, Vru>Vrs, indicating that
strong inversion occurs first at the top S/SiGe heterointerface. As detailed in Appen-

dix A, for Vs < Vg, the following relation holds

Vg = Vig + 01 — Qg [f-“;+ x°"] T+ HGR) 2.13)

€si  Eox]

where Qg = q(Npx4—Nj5xs) is the fixed charge in the depletion layer, accounting for
the contribution of the 3-doped layer and of the uniformly-doped substrate. H(¢y)
represents the contribution of holes in the SiGe layer to the potential drop across the

silicon cap.

The expression for Vry is derived directly from eqn. (2.13) as

| X _
Vi = Vg =vpg+4>m—Qam.,[5°—+ "°]~11+H<4>1H) 2.14)
|¢H=¢TH ESi X

In eqn.(2.14), x4 and Qg assume their maximum values Xgmax and QBmax» respec-

tively, corresponding to the onset of strong inversion.

Eqn. (2.14) can be simplified by noting that, at the onset of strong inversion at
the top heterointerface, the hole contribution is very small. Therefore, the H(¢ry)
term can be neglected. Simulation revealed that, under typical conditions, this results
in an error of at most 70 mV. However, it should be emphasized that the impact of Ge

mole fraction grading (through Fy;) cit the threshold voltage is also contained in this
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term. Grading affects the subthreshold slope and the MOSFET small signal parame-

ters [7], as will be explained in Chapter 3, but hardly at all the threshold voltage.

The threshold voltage Vs, is obtained from eqns.(2.7), using a simple formula

for f(¢s), valid in strong inversion

| max
Vs = Vg | =V +¢rs — ng V1 +H(¢y) (2.15)
los =ors x

In this case, the contribution of the holes in the SiGe layer is important. H(¢y) is

much larger than 1 and eqn. (2.15) can be rewricten as

Vs = VEg + 75 — exp

€5iGe,, I'bi
Cox "\ / 1+ —Q—B_

The potential at the top heterointerface ¢y, needed to calculate Vg, can be obtained

V2G€sice, NBOT [ drH — ¢H]

by iteration [6]. However, it is quite reasonable to assume that, at Vg = Vs, the

Fermi level in the buried channel is pinned at the valence band. Therefore,

NvsiGe
Np

o1 =orH — ¢rln

is a good approximation.

In order to verify the validity of the analytical model, the impact of the struc-
tural parameters Yy, Xca, N§X5, Xox and Ng on Vry and Vrg, as obtained from eqns.
(2.14) and (2.16), was investigated and compared with simulation. The results are
shown in Figs. 2.4 through 2.8. The agreement between the analytical model and the

numerical simulation results is excellent for Vqoy and good for Vpg. A better match
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for Vs can be obtained by replacing the exponential in eqn. (2.16) and in H(¢y) with
the Fermi-Dirac function of order 3/2. Fermi-Dirac statistics are thus accounted for,
and the anziytical form can stil! be retained. Conclusions, useful in MOSFET design,

are summarized below.

-1.0 v v v

e ANALYTICAL
@ 1D SIMULATION

b -15 :
5-3 4
[ V.
é RECTANGULAR TS
> xox=10nm
a =20 * J
-OJ X a=5nm
=
é *size=10nm '
=
= 257 CRITICAL 1

x buff= 10nm

Ge DOSE
x 8 =0nm
-3.0 A a A "
(1] 10 20 30 40 50

Ge MOLE FRACTION Y (%)

Figure 2.4 Numerically and analytically computed threshold voltages in a Si/SiGe

MOS capacitor as functions of Ge mole fraction Yy.

a) Ge mele fraction Yy

The Ge mole fraction at the top of the channel affects both Vy and Vrs. This depen-

dence is linear for Vyy, primarily due to the ¢y term, and superlinear for Vrs.
b) Ge mole fraction grading 8Y,
For a fixed Ge mole fraction at the top of the channel, changing the amount of grad-

ing &Yy, has little bearing on Vy and Vrs.

VLSI Research Group University of Toronto



Page 212 VLSI Compatible Si/SiGelSi p-MOSFET's

-1.0 —
3
2 -ast
4] = 0.
< Y =0.4
?: Xox =10nm
g X oy =5Snm
E 2.0 r XSiGe =10nm ]
x =10nm
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E xs =0nm
= a5} -
= — aNALyYTICAL RECTANGULAR
@ 1D SIMULATION
-3.0 - s a
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SILICON CAP THICKNESS (nm)

Figure 2.5 Numerically and analytically computed threshold voltages in a Si/SiGe

MOS capacitor as functions of the silicon cap thickness Xe,.

c) Silicon cap thickness x.,

The thickness of the silicon cap layer determines the values of both threshold vol-
tages. It changes Vry linearly and Vs exponentially, via ¢y.

d) Dose of the 8-doped layer Ngxg

The &-doped layer dose can be employed to independently control the SiGe channel
threshold V1y without affecting the value of the surface channel threshold Vrs. Fora
wide range of values, Vry is linearly dependent on the dose. However, there is a crit-
ical dose beyond which control over Vry is lost, because the depletion region fails to
extend below the d-doped layer. In this case, inversion occurs first in the low mobil-

ity, 8-doped layer, which is undesirable for MOSFET's.
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Figure 2.6 Numerically and analytically computed threshold voltages in a SilSiGe

MOS capacitor as functions of the 8-doped layer dose Nsxs.

Likewise, because the assumption that the 3-doped layer is fully depleted of holes
breaks down, the analytical model fails to accurately predict the buried channel thres-

hold voltage for large values of the dose.
e) Oxide thickness Xqx

Both Vry and Vs depend linearly on xox. When xo4 decreases (as required by the

constant field scaling law) the gate voltage window between Vs and Vy is reduced.
/) Substrate doping Np

The magnitudes of both Vry and Vrs increase with Ng. When Ng is increased (as
required by the constant field scaling law), the degradation of the gate voltage win-

dow between Vs and Vyy is not as severe as in the case of Xox.
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Figure 2.7 Numerically and analytically computed threshold voltages in a Si/SiGe

MOS capacizor as functions of the gate oxide thickness Xox.
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Figure 2.8 Numerically and analytically computed threshold voltages in a Si/SiGe

MOS capacitor as function: of the substrate doping Npg.
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2.2.2. Capacitance-Voltage Characteristics

Numerically simulated Cpg(V) characteristics are compared in Fig.2.9 for Si
and Si/SiGe MOS capacitors. The depletion and accumulation regions of the C r—Vg
characteristics are nearly identical to those of Si MOS capacitors, allowing for the
simple extraction of the flat-band voltage. The differences become apparent only in

the inversion regime of the Cir—Vg characteristics and are discussed below.

2
OSi
inversion ¢ SiGe
1.6} accumulation

Ve
25007
T St

nSi
n Si substra
) SR N —
04— 133
GATE VOLTAGE (V)

Figure 2.9 Typical CLg—Vg characteristics of Si and SilSiGe MOS capacitors indi-
cating threshold voltages, Cplaieay and Crin. The layer structure is shown in the
inset. The Ge mole fraction Y is graded from 0 to 0.5 over 15 nm, Ng =5x10' cnsd,

Xca = 10nm and xox = 20nm.
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(@) The minimum capacitance Cp;,

1 _xox+xca+xSiGe+xbu+x8+xdmn
Cnin  %x &i  EsiGe Esi

is larger for the heterostructure capacitor and increases with the Ge mole frac-

2.17)

tion. This is caused by the smaller depletion depth in the heterostructure than in

the silicon MOS capacitor.

(ii) Due to the change in threshold volwage, the inversion region of the Cig-Vg
characteristics of the heterostructure capacitor is shifted towards more positive

gate voltages.

(iii) The C r—V characteristics of the heterostructure capacitor show a plateau of
slow-varying capacitance. There is no capacitance plateau in the case of the Si

structure.

The value of the plateau capacitance depends on the thickness of the silicon cap
layer x.,. Its width is denoted as the gate voltage window AVy = Vy — V1s. The
latter is determined by the valence band offset AEyy at the top Si/SiGe interface, by
the thickness of the silicon cap layer x.,, and by the dose of the &-doped layer.

Ideally, the plateau capacitance should be equal to

€oxEsi Cox
= = (2.18)
Couens = o e 1+ )

where a. = 3x°‘ . In reality, in the plateau region, the capacitance varies slowly. As

X
shown in Appendix A, in strong inversion, the dependence of the semiconductor

capacitance Cg on the surface potential is approximated by
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2
206 — 05 O — O
TN Es; —
Cs = '\/q SITB e v 4 L o & (2.19)
207 EsiGe,, 1+ Fyi
Feo

The second term is absent in the case of a St MOS capacitor.

In fact, the Cyp—V characteristics cannot directly provide very accurate values
for Vg, Vs and X, because the transitions between the various regions of the
inversion regime tend to be smoothed out at room temperature. To precisely identify
Vry and Vs, the low frequency apparent doping characteristics N p—V must be

examined.

Since the response of the inversion charge is very slow, the high frequency
Cur—Vg characteristics of Si/SiGe capacitors are identical in shape to those of their

silicon counterparts. The part corresponding to the inversion regime is flat and equal

to Crin-

2.3. The Si/SiGe MOS Capacitor as a Process and Device

Characterization Vehicle

The detailed structure and composition of the Si/SiGe layers is well controlled
during the MBE or CVD growth, and can be verified by destructive characterization
techniques such as Auger Electron Spectroscopy (AES). It is, however, extremely
important for process control and device modeling, that the cap layer thickness and
the Ge mole fraction be extracted by non-destructive electrical probing on the actual
fabricated devices. Such a reverse engineering technique, based on high frequency

and low frequency capacitance-voltage measurements, is proposed next [8].
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The similarities between the C-V characteristics of heterostructure and silicon
MOS capacitors, discussed in the previous section, make it apparent that the oxide
thickness x,,, substrate doping N, maximum depletion depth x4y, = X4 + XsiGe +
Xpu + X§ + Xgmax, and the flat-band voltage Vgg, can be extracted directly from the
experimental high frequency Cyp—Vg curves according to techniques established for

silicon MOS capacitors.

In addition to the data provided by conventional MOS capacitor measurements,
the features of the Cyp—Vg characteristics of the heterostructure capacitor can be
used to extract accurate material-related information for the heterostructure, most

importantly, the valence band offset AEyy.

To achieve the latter goal, one needs to a) determine the cap layer thickness and
the threshold voltages and b) to quantify the relation between AEvyy on one side and

V1H, V15 and x.,, on the other.

To avoid complications caused by the extraction of additional structural parameters,
the MOS capacitor investigated in the remainder of this chapter has a rectangular Ge

profile and no 3-doped layer.

2.3.1. Apparent Doping Profiles and Extraction of the Silicon Cap

Thickness

From the calculated Cyp—V characteristics, the depletion depth x4 5,

1] (2.20)

-— . 1
x4LF(VG) —851[ Ce (Vo) CoxJ
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and the apparent doping NgpoLF,

a[ 1
1 _ G&si CEe(Va)
NappLr(VG) 2 dVg

(2.21)

are obtained as functions of the applied gate voltage. The term "apparent doping”
refers to the contributions of both fixed and mobile charges. Further, the computed
CLe—Vg and Ny r—Vg profiles are correlated with the voltage dependence of the

peak hole concentrations at the top heterojunction py and at the Si/SiO, interface ps.

1020

10!

108
| NappLF |

-3
(cm )1017

inversion accumulation

NB = 5x1015cm"3

5 T 0 1 % 3
GATE VOLTAGE (V)

Figure 2.10 LF apparent doping vs. gate voltage characteristics of a SilSiGe MOS

capacitor determined from the simulated CL g~V characteristics of Fig2.9.
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If the high frequency capacitance voltage characteristics are employed in egns.
(2.20) and (2.21), then the corresponding high frequency depletion depth and
apparent doping, xqur and NgHF, respectively, are obtained.

Appezrent doping characteristics for the structure in Fig. 2.9 are plotted in abso-
lute values in Fig. 2.10. They exhibit two regions in which the apparent doping is
high and dominated by the mobile charge; one for large positive bias corresponding
to accumulation of electrons and another, for large negative bias, associated with
strong inversion. Between them lie the regions of interest to the characterization
method; namely a plateau corresponding to the depletion regime whose value gives
the substrate doping, (Ng =Np —Nj,) and sharp transitions with local maxima
related to the thresholds. The onset of strong inversion at the top heterojunction is
marked by a change of sign and an abrupt transition on the N,po r—Vg characteris-
tics. Inversion at the Si/SiO, interface is signaled by a local maximum of the
apparent doping. This local maximum is the distinctive footprint of SiGe structures

and gives the value of Vrs.

The thickness of the cap layer can be extracted from the apparent doping versus
depth profile NyppLr—X4LF, as shown in Fig. 2.13. This curve is obtained by combin-
ing the x4 r—Vg and Nyir—Vg characteristics from eqns. (2.20) and (2.21),
respectively. There are two apparent doping values, of opposite sign, for each posi-
tion x4 F, one corresponding to the inversion- and one to the accumulation/depletion
regime of the C; p—Vg characteristics. The apparent doping obtained from the inver-

sion region exhibits three peaks, corresponding (from the left to right) to a) the accu-
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mulation of mobile holes at the Si/SiO,, b) accumulation of holes at the top Si/SiGe
heterojunction and c) to the maximum depletion depth, where the change of sign in
the apparent doping occurs. The thickness of the silicon cap layer can be directly

extracted from the position of the second peak.

1 020

10!

ly nm Si cap

Np=5x1015¢cm™3

1018_
|NappLF|

-3
(cm )1017.

1016

inversion Xdm

y | ]
10 30 80 120

Distance from Si/Dioxide Interface z (nm)

Figure 2.11 LF apparent doping vs. depth profiles ina Si/SiGe MOS capacitor deter-

mined from the simulated CLg—Vg characteristics of F ig2.9.

2.3.2. Calculation of the Valence Band Offset

By subtracting eqn. (2.15) from eqn. (2.14) (neglecting the d-doped region dose
and the built-in field) and rearranging, a system of two nonlinear equations (2.22) and

(2.23), with AEyy and ¢y as unknowns, is obtained
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Xea Cox(AVT+AEyy)|?
1+Cox —+ -1
[ e Esi qNBXdmax ]
AEvy =0y — 20F + ¢7ln o J (222)
esilon —208)| *
o — o GNB XdmaxXcs | ] 223
ox =0t — ¢rin o J (223)
where
2G€siGe. N
hfo = QEsiGe, NBOT

2
One can calculate the valence band offset by iterating eqns. (2.22) and (2.23)
until a solution is found. The valence band offset determined in this manner refers to
the properties of the SiGe region in the vicinity of the top Si/SiGe interface. If the
SiGe layer is graded, the measured band offset reflects the Ge content at the interface

and not to the average Ge content in the channel [7].

2.3.3. Sources of Error Affecting the Valence Band Offset

Errors in the determination of the valence band offset may be attributed to a)
equipment limitations, b) interface and/or bulk traps and ¢) model limitations.
a) Equipment limitatiors

The sensitivity of the measured valence band offset to inaccuracies in the values
of the structural parameters was simulated. It was found that errors in Cox, Xcay Xdmax
and Ny affect AEyy linearly. Of these, x., requires corrections to account for quan-

tum effects. Simulations using two-dimensional (2D) hole gas statistics indicate that

the hole charge centroid is located about 2 nm away from the top Si/SiGe heteroin-
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terface. This offset has to be subtracted from the experimentally extracted value of
Xca-

It should ulso be underlined that xgm., cannot be extracted directly, but
indirectly from the measured values of x4, and x.,. This is not an additional source
of errors because the combined taickness of the SiGe, buffer and 8-doped layers,
XsiGe + Xpy + X5, remains unchanged during device processing and it is usually pre-
cisely known from the initial growth. At least a part of the initial silicon cap thick-
ness is consumed during subsequent processing steps. It is thus important that the
final cap layer thickness be determined from measurements performed at the end of

the fabrication process.
b) Interface and bulk trups

According to eqns. (2.14) and (2.15), both V4 and Vs depend on the flat-band
voltage Vgg. However, because the effect of Vgg cancels out in AV, the fixed sur-
face charge Qy and the metal-semiconductor work function difference ¢ps, do not
affect the value of the measured valence band offset. The uncertainty associated with

the value of ¢ps is thus eliminated.

Even a small interface trapped charge concentration, Dy, (of the order of
10" cm2ev!) changes the shape of the low frequency apparent doping profile
NeppLF—XdLF, in the depletion regime, raising its value and reducing the maximum
depletion depth. In order to eliminate any inaccuracies in AEyy caused by incorrect
maximum depletion depth and substrate doping values, both x4, and Ng must be

determined from the high frequency apparent doping profile NappHF—XdHF» Since traps
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do not respond to high frequency signals.

In strong inversion, the impact of the interface traps on the Nypo1 F—xgLF profile
is eliminated by the large concentration of holes piling up at the Si/SiO, and Si/SiGe
interfaces. The cap layer thickness, given by the position of the hole charge centroid

should therefore be insensitive even to a relatively high trap density.

The interface trapped charge distribution, D; (E), located between the positions
of the Fermi level at the Si/SiO, interface corresponding to Vry and Vg, respec-
tively, also alters the measured gaite voltage window AVr. Simulation results indicate
that a uniformly distributed interface trap density of 2x10'' cm™2eV~! causes errors
of 25 mV in the gate voltage window AVt and of 0.5 nm in the cap layer thickness.
It may be safely concluded that, by simultaneously using experimental low frequency
and high frequency apparent doping profiles, the error caused by the interface trapped

charge density on the extracted valence band offset can be minimized.

Errors in AEyy can also be caused by bulk traps in SiGe [9] if the trap concen-
tration is larger than one fifth of the active doping. Their presence is signaled by a
kink in the depletion region of the C;g—V¢ characteristics which in turn causes an

easily identifiable local peak on the Nypor —xaLF profile.
c) Model limitations

Due to the lack of reliable experimental data for the valence band density of
states in SiGe, the densities of states in Si and SiGe were tacitly assumed to be ident-
ical in the derivation presented in the preceding section. Therefore, the analytical

model actually gives an "apparent” valence band offset
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Nysi

(2.24)
NvsiGe

AEy o, = AEvy—kT ln[

By neglecting the contribution of the second term in egn. (2.24) the error will not be

larger than +/- 25 meV at room temperature.

For Ge mole fractions smaller than 30%, the hole charge at the top Si/SiGe
heterojunction is screened by the charge at the Si/SiO,, interface and neither the cap
layer thickness nor the surface conduction threshold Vrs can be precisely identified
at room temperature. To overcome this problem the sample must be cooled. At 77 K,
even samples with 15% Ge clearly exhibit the hole charge accumulation at the top

Si/SiGe interface.

Finally, but importantly, eqns. (2.14) and (2.15) are based on Boltzmann statis-
tics. AV, through Vs, may be therefore underestimated by up to 50 mV. The error

can be eliminated by using Fermi-Dirac statistics.

2.3.4. Proposed Characterization Technique

Based on the discussion above, the following steps can be used to characterize

the Si/SiGe layers

a) The oxide capacitance, flatband voltage. maximum depletion depth and the
cffective substrate doping are extracted from experimental the Cyr—V¢ charac-
teristics and the Ny oqp—xanF profiles, respectively, as for a Si MOS capacitor.
Interface trapped charge density and bulk traps, which do not respond to the

high frequency signal, will thus not influence the extracted values of the sub-
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b)

)

d)

strate doping and maximum depletion depth.

Eqgns. (2.20) and (2.21) are then applied to the experimental Cyg—V¢; charac-
teristics to determine the Ny r—Vg characteristics and the Ny p—Xair
profile. From the inspection of the latter, accurate values of the threshold vol-
tages Vry, Vrs and of the cap layer thickness x.,, are obtained in the manner
outlined in the preceding section.

The data obtained in steps a) and b) are fed into eqns. (2.22) and (2.23)

determine the valence band offset.

D;, is estimated from the difference between the experimental Cig—V(; and
Cur—V characteristics [10] and by matching the simulated and measured low

frequency apparent doping profiles.

Qs is extracted from the difference between the measured and calculated
flatband voltage, after the contribution of the interface trapped charge on the

flatband voltage has been removed.

As in the case of Si MOS capacitors, the accuracy of the interface trapped charge

density determined in step d) is limited to the midgap region.

2.3.5. Experimental Results

For experimental confirmation, Si/SiGe wafers were grown by MBE with the

following layer structure n* substrate doped 2x10%cm™3, n-type silicon epitaxial

layer doped 2x10!7cm™ and 0.3 um thick, n-type silicon buffer doped 5%10'®c¢m™

and 200 nm thick, undoped SiGe layer 15 nm thick and undoped silicon cap layer 10
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nm thick. The Ge mole fraction was graded from 0% (bottom) to 50% (top). A low
thermal-budget process was employed to create the gate oxide 1 min. RTO at
850 °C, follow.d by a 3 min. LPCVD ( 139 mTor, 12% Oz, 6.7% SiH, ) at 410 °C
and followed by a 1 min. RTO 2t 850 °C. Capacitors with areas varying from
6.25%1075 to 1.52x10~2 cm? were defined by Al deposition and wet-etch patterning.
Al was also sputtered on the back side to provide a large-area ohmic contact. A post-
metallization anneal was performed in forming gas at 420 °C for a duration of 20

minutes.

The doping profile was independently confirmed by spreading resistance meas-
urements. Auger electron spectroscopy was used to verify the Ge profile. The depth
resolution was 5 nm, sufficient to confirm the thickness of the SiGe film and its
graded profile (approximately 20 nm), but not accurate enough to determine the
thickness of the cap la:er and the precise Ge concentration at the top Si/SiGe inter-
face. The Ge protiie linearly increases from 0% Ge for about 12 nm, saturates at just
above 40% Ge and then drops steeply back to 0%. If one extrapolates the slope of Ge
grading in the linear region, a value close to 50% Ge is found at the top Si/SiGe inter-
face.

The Cpg~Vg and Cyp—Vg characteristics were measured using Hewlett
Packard’s 4280A 1MH. C Meter and the 4140B pA Meter and are plotted in Fig.
2.12. Corrections were made for parasitic capacitances and leakage currents, but no
attempt was made to smooth out the experimental data by interpolation. First, the

oxide thickness, xox = 22.3 nm, was determined from the Cyp—Vg characteristics
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presented in Fig. 2.12 and the substrate doping Np = 5x10cm™> was obtained
from the associated N ppHr—XqanF profile, shown in Fig. 2.13. Then, from the inver-
sion region of the experimental C p—Vg characteristics, plotted in Fig. 2.14, the

NappLr—V6 and Ny p—xarF profiles were calculated and are presented in Figs. 2.15

and 2.16, respectively.

2

1} ‘inversion accumulation

0.5}
oLF
OHF
O s—— 5613 3
GATE VOLTAGE (V)

Figure 2.12 Typical experimental CLg~Vg and Cyr—Vg characteristics of triangu-
lar (0-47% Ge) Si/SiGe MOS capacitors. The capacitor layer structure is similar to

that shown in the inset of Fig.2.9.
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Figure 2.13 Experimental apparent doping vs. depth profiles in Si/SiGe MOS capaci-

tors obtained from the measured Cyr—Vg characteristics of Fig2.12.
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Figure 2.14 Comparison of measured and simulated CLr—Vg characteristics of

Si/SiGe MOS capacitors based on the extracted structural and material data.
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The two thresholds, Vry =-1.65 V and Vg =-2.8 V, were identified from the exper-
imental trace in Fig. 2.15 and the cap layer thickness, t,, = 10.6 nm, was deduced
from the apparent doping versus depth profile, as shown in Fig. 2.16. Even though it
is not evident from the experimental characteristics in Fig. 2.15, Vqy can be easily

identified because it corresponds to a change of sign in the apparent doping.

1020

1019 |= sign change

1018 L.
lNappLFl

(cm3 10 7 g

— theory 0-47 % graded SiGe

eexp
1016 L Np=5x10'6cm™3 V Vru
Q=2.8x10!lcm~2
D;=7x10%¢m—2eV-1
1015 . . s
-5 4 -3 -2
GATE VOLTAGE (V)

Figure 2.15 Comparison of measured and simulated low-frequency apparent doping
vs. gate voltage characteristics of SilSiGe MOS capacitors as determined from the

CLr—Vg characteristics shown in Fig.2.12.
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Using these data, the valence band offset AEvy = 347 meV was extracted by

solving eqns. (2.22) and (2.23). This corresponds to a Ge mole fraction of 47%.
The average interface trap density Dy =7x10%m2eV~! was estimated from

the difference between the experimental low frequency and high frequency C-v
curves. As explained earlier, this value is low enough not to significantly affect the

accuracy of the measur=2 valence band offset.

1029

10!

08
| NappLF}

(cm3)

100
Distance from the Si/SiO, Interface xgpr (nm)

Figure 2.16 Comparison of measured and simulated low-frequency apparent doping
versus depth profiles of SilSiGe MOS capacitors as determined from the C g—Vg
characteristics (inversion region only) shown in Fig2.14. The size-quantization-
induced offset between the top Si/SiGe heterojunction and the position of the hole

charge centroid, is also illustrated.
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To validate the characterization technique, the extracted structural and material
parameters, were used as input datz into the heterostructure MOS capacitor simula-
tor. A uniformly distributed interface trap density of 7x10'°cm™2eV~! was included
in the simulation and a fixed charge density, Q¢ = 2.8x10!! cm™2, was determined by
superimposing the calculated and experimental Cy (V) characteristics, as shown in
Fig. 2.14. The simulated and experimentally derived Nappoir—Vg and Nygp g-XaLF
characteristics, are plotted in Figs. 2.15 and 2.16, respectively. They all show good

agreement between theory and experiment.

2.4. Conclusions

A theory of the heterostructure MOS capacitor was developed. Ge profile grad-
ing and the presence of the 3-doped layer are accounted for. The main features in the
operation of the Si/SiGe MOS capacitor, and the similarities and differences as com-
pared to conventional Si devices, were discussed and explained based on this analyti-
cal model and on numerical simulation results. The impact of the structural parame-
ters on device characterisristics and on the design of the corresponding Si/SiGe
MOGFET was also investigated. Finally, starting from the interpretation of the low
frequency and high frequency C-V characteristics, a technique was developed for the
extraction of the layer structure and of valence band offset at the top Si/SiGe hetero-
junction from experimental C-V data. Experimental support for this characterization

technique was provided.
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CHAPTER 3

THE Si/SiGelSi p-MOSFET

3.1. Introduction

The aim of this chapter is to a) propose a triangular SiGe channel concept as
leading to the best performance in deep submicrometer Type I p-channel MOSFET
devices, b) develop a physically based compact model to explain the dc and high fre-
quency characteristics of Si/SiGe/Si MOSFETs, ¢) discuss design guidelines for
Si/SiGe/Si p-MOSFET’s, and d) estimate the scaling limits of Si/SiGe/Si MOSFET’s.

The chapter is organized as follows. First, in Section 3.2, existing Si/SiGe/Si
FET concepts are analyzed and an optimized structure, with a triangular SiGe chan-
nel, is proposed. Section 3.3 discusses the dc and high frequency performance of
Si/SiGe/Si p-MOSFET’s. This discussion is supported by analytical and two-
dimensional simulation results. The influence of Ge compositional grading on hot
carrier injection is assessed based on energy balance simulations. Design issues are
addressed in Section 3.4 and a design methodology is proposed. In Section 3.5, the
potential of scaled Si/SiGe/Si MOSFET’s with triangular Ge profiles is predicted
based on the analytical model and is verified by numerical simulations for channel
lengths as small as 0.06 pm. Finally, in Section 3.6, conclusions are drawn regarding

the prospect of Si/SiGe/Si MOSFET’s for low-voltage, high-speed digital and analog
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applications.

As in the treatment of the Si/SiGe MOS capacitor, the detailed derivation of the
analytical model is left to Appendix C. The two-dimensional (2D) simulations,
required to realistically predict MOSFET behavior, were performed using the com-
mercial heterostructure device simulator ATLASI/BLAZE.T Both the drift diffusion
(DD) and the energy balance (EB) formalisms have been employed. For a detailed
account of the simulation techniques, and of the models employed to describe the
material properties of SiGe, Appendix D should be consulted. Finally, Appendix E
describes techniques for the extraction of the dc and high frequency model parame-
ters which are specific to Si/SiGe/Si MOSFET’s. These are the mobility vs. gate vol-

tage characteristics and the elements of the small signal equivalent circuit.

3.2. Basic Concept and Proposed Structure

The layer structure of a typical Si/SiGe/Si p-MOSFET ([1-4] is shown in
Fig.3.1. It features a thin (10-.5 nm), buried channel of undoped SiGe, acting as a
2-Dimensional Hole Gas (2DHG). The SiGe film is separated from te gate oxide by
an undoped Si cap. Because the bandgap difference between Si and SiGe is almost
entirely accommodated in the valence band, the thin SiGe film forms a rectangular
quantum well for holes. A 5 - 10 nm thick, p-type 5-doped region is inserted below
the channel, in the Si substrate, to adjust the threshold voltage [3,4]. It also helps to

maximize the number of carriers in the channel over a wide range of gate voltages

t ATLASII-BLAZE is a trademark of Silvaco International, Santa Clara, CA.
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[5]f. Separation between the channel and the §-doped layer is provided by an
undoped Si buffer, 5 - 10 nm thick. Both undoped 3i layers are intended to alleviate

mobility degradation caused by interface and impurity scattering, respectively.

[y
.i .
3

SiGe channel

S-doped p-type Silayer
n-type Si substrate

Figure 3.1 Layer structure of the Si/SiGelSi p-MOSFET. The Ge profile in the chan-

nel can be rectangular, trapezoidal or, as proposed here, triangular.

Besides the ubiquitous gate length reduction, maximizing the transconductance
of a FET requires that the gate to channel spacing be minimized, and that the effec-
tive velocity of the mobile carriers in the channel be maximized. The reduction of
the gate to channel spacing is also instrumental in suppressing short channel effects.
In order to improve the cutoff frequency, the effective carrier velocity must also be
maximized.

+ As shown recently [6], one can also control the charge distribution by inserting an insulating
layer (such as SIMOX) immediately below the channel.
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The gate to channel spacing has three components (i) the gate oxide thickness
Xox» (ii) the thickness of the silicon cap layer X, and (iii) the gate-voltage-
dependent distance between the channel/cap interface and the position of the charge
centroid in the channel Ax(Vgs). Minimum practical limits of x,x and x., are around
3 nm [7], and 5 nm, respectively. Both figures are comparable to the value of
Ax(Vgs), which, under normal operating conditions, varies between 1 and 8 nm,

depending on the energy bands profiles in the channel.

The effective hole velocity in the Si/SiGe/Si p-MOSFET is determined by the
transport properties of the semicondqctor material along the channel, and by the
quantum distribution of mobile charge along the direction perpendicular to the chan-
nel. The transport properties of holes in the SiGe channel can be improved by
employing a large Ge mole fraction Y. The benefit is two-fold. First, there is now
compelling experimental evidence to show that hole mobility increases with Y [8,9].
Second, the large Ge mole fraction near the top of the channel provides a large bar-
rier in the path of the high energy holes, precluding their transfer from the SiGe film
to the Si cap layer, and increasing the number of carriers in the high mobility SiGe

film.

The placement of the 8-doped film below the channel has a negative impact on
Ax(Vgs) because carriers will be accumulated at the bottom of the channel. In deep
submicrometer devices, this leads to transconductance degradation, and to a large

subthreshold slope.
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An alternative solution is proposed here, whereby the 8-doped region is main-
tained to control the threshold voltage, but its negative impact on transconductance is
overcome by engineering the Ge mole fraction in the channel so that Ax(Vgs) is
minimized over the entire bias range. As suggested earlier [5], full compositional
grading can be employed to simultaneously maximize the velocity of holes in the
channel and reduce the gate to 2DHG spacing. This is possible if the Ge mole frac-
tion is linearly ramped up towards the gate, from 0% to 50%, in a triangular shape.
As a result of the composition gradient, an electric field Fy; is induced in the channel.
This field is directed from the substrate towards the gate and pushes the holes closer

to the gate, where the Ge mole fraction and mobility are the largest.

The expected outcome of this grading scheme is performance leverage over a
wide range of gate voltages as compared to Si, or rectangular Ge profile devices, as
well as suppressed hot carrier injection. Large Ge mole fractions are typically accom-
panied by larger lattice mismatch and more dislocations. However, a device with tri-
angular Ge channel profile alleviates this problem by maintaining a relatively small
integrated Ge dose, while offering enhanced carrier confinement and faster transport

along the channel.

The energy bands diagrams of the rectangular and of the proposed triangular
SiGe channel are shown in Figs.3.2.a an” b, respectively. In both cases the average
Ge mole fraction is 25%, bnt it reaches a maxir um value of 50% in the triangular
channel device. The spacing between the top Si/SiGe interface and the actual location

of the hole charge centroid in the channel Ax is also illustrated in Fig. 3.2. Axis con-
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siderably reduced in the device with triangular Ge profile.
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Figure 3.2 Energy bands (a) of the rectangular (uniform) profile device, and (b) of

the proposed triangular (graded) profile Si/SiGe/Si p-MOSFET.

The Type I Si/SiGe/Si p-channel MOSFET structures investigated in this
chapt~r are designed for 0.25 um nominal gate lengths, and consist of (from substrate
to the top gate oxide): an n-type Si substrate doped 6x10'7cm™, an 8 nm thick p-
type Si layer d-doped - 10"%cm™3, an undoped 5 nm thick Si buffer, an undoped 15
nm thick SiGe channel, an undoped 5 nm thick Si cap layer and a 5 nm gate oxide.

The Ge mole fraction in the channel is either constant at 25%, or graded from

0%, at the bottom of the channel, to 50% over 12 nm and then back to 0%, over 3 nm,

VLSI Research Group University of Toronto



Chapter 3 - The SilSiGelSi p-MOSFET Page 3.7

at the top of the chaanel, as shown in Fig.3.2.b. The "abrupt" heterojunctions are in
fact graded over 3 nm in order to avoid mobility degradation caused by interface
scattering. The total Ge dose is identical for the two profiles and is within the
Matthews-Blakeslee critical layer thickness [10]. For other gate lengths, unless other-
wise stated, the substrate doping and the gate oxide thickness are scaled according to
the rules presented in Section 3.5. The rest of the structural parameters are left

unchanged.

3.3. Si/SiGe/Si p-MOSFET Model

Even though charge control models have been developed [1 1,12}, there is as yet
no compact, physically based model tc predict the circuit behavior of Si/SiGe/Si
MOSFET'’s. Ideally, the special features @ssociated with the charge dynamics of the
buried and surface channels should be seamlessly grafted onto any of the standard Si
MOSFET models [13]. Such a twin-channel, Si/SiGe/Si p-MOSFET model is pro-
posed and discussed here. The complete derivation is presented in Appendix C. The
model can be used as a tool in the interpretation of the simulated dc and ac charac-

teristics of the device.

3.2.1. Threshold Voltage and Body Effect

The threshold voltage Vr, expressed as a function of the substrate bias Vgs, is

Ve =Vro -1 \Was ~ 6 + 8 — V=0 o) R

where
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Vro=Ves +r— 1 V=0mr + 8 ~ &)
and 7 is the body factor defined as

(1+ a)\Jqus;NB
L—cn

¢, and ¢; are constants which depend on the doping profile (Appendix C) and o was
defined in Chapter 2. Eqn. (3.1) predicts that the body effect is (1 + o) times larger
than in an equivalent Si p-MOSFET. Indeed, the model is validated by simulation, as
shown in Fig. 3.3. The plots can be fitted by a straight line, indicating that, as in the

case of a Si MOSFET, ¥ can be extracted from experimental data using a simple line

fitting algorithm.

08
A 0-50% Ge Triangular
[025% Ge Rectangular

0.6} a

A
Vr—Vo
04}
)
02¢
L W W S V7 B VR ¥ R

Wes—om+6 (V2

Figure 3.3 Numerically (A, O) and analytically (solid line) computed body effect in

Si/SiGelSi p-MOSFET's. Vgs varies from 0 to 2 V.
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3.3.2. Threshold Voltage Roll-Offf

Threshold voltage roll-off is a short channel effect, whereby, for small gate
lengths, the threshold voltage becomes a function of the gate length. This effect,
which occurs in both Si and Si/SiGe/Si p-MOSFET’s [14], is caused by the lowering
of the potential barrier between the source and the drain, as a result of the drain to
source lateral field. The voltage-doping transformation developed for Si MOSFETs
[15] can be applied to model threshold voltage roll-off. This approach offers very
good modeling accuracy, is physically based, and does not involve iterative computa-
tion [16].

According to the voltage-doping transformation, the relation for the long chan-
nel threshold voltage can still be used for the short channel device if the real doping
concentration Np is replaced by an effective doping concentration NB'. The latter is

both bias and channel length dependent {15] and is given by

ZGSiVDS‘
N '_—N —
B B qlz

(3.2)

vihere Vps® is the effective drain to source voltage and, in the absence of substrate

bias, is expressed as [15]

Vos® = Vps = 2(Vei + &) — 2V(Vpi + O1e)(Vei + ¢ — Vs) (3.3)
where %'-; is the built-in voltage of the drain-substrate p-n junction.

In the limiting case of very small Vpg, eqn. (3.3) can be simplified as

t This part is adapicd from [14]
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Vps~ =—4(Vy;i + 011) (3.9)

and substituted into egn (3.2) to obtain the effective doping concentration Ng’. Sub-
sequently the latter is plugged into eqn. (3.1) to calculate the threshold voltage roll-

off.

Fig.3.4 presents the numerically simulated threshoid roll-off for devices with

rectangular and triangular Ge channel profiles. They are qualitatively similar to those

of an equivalent Si MOSFET.
.0.6 i \
0.7}
Vr
(V).o‘s i G\S\D;
= £]
09}
0025%Ge Vps = 005V
A 0-50%Ge Vps=-0.05V
-1 0.5 i L5 2

Channel Length L (1um)

Figure 3.4 Numerically computed threshold voltage roll-off in Si/SiGelSi MOSFET s
with triangular (A) and rectangular (Q) Ge profiles. The doping and Ge profiles

correspond to the 0.25 pm design.

The simulation results are easily understood if the threshold roll-off effect is
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interpreted as a reduction in the substrate doping. According to the analysis presented
in Chapter 2, this causes a "roll-of.™ in the magnitude of the buried channel threshold,
and an increase in the surface channel threshold. Egn. (3.2) indicates that, in order to
suppress the threshold voltage roll-off, the following condition must hold

2e5; | Vps' |

5 (3.5)

NB>

3.3.3. I-V Characteristics

A. Subthreshold Region

As in a Si MOSFET, the subthreshold current is determined by the diffusion of
carriers from the source to the drain. Since only the buried layer charge is important
in weak inversion, the subthreshold current has an exponential dependence on the

gate voltage, similar to that of Si MOSFET's

\Y ] Vps
| [1 oL

From eqn. (3.6) the subthreshold slope S, too, can be described by a Si MOSEET for-

mula [7]
_ Ipsin(10) _ Cs
S= 3ns —[l-i- .. ¢rin(10) 3.7
oVgs
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where Cs is the semiconductor capacitance in weak inversion.

The impact of the Ge mole fraction grading 8Yp, on the subthreshold slope is
contained in the Cg term. The subthreshold slope is smaller for devices with a tri-
angular Ge channel profile, as compared to those with a rectangular profile, but is

still larger than in a Si MOSFET, as shown in Fig.3.5.

100
O Simulation: rectangular 25%Ge
A Simulation: triangular 0-50%Ge
— Analytical model
95t
1
S
90}
(mV/decade
A
85;
80 01T 02 03 04 05

Mole Fraction Grading 8Yy,

Figure 3.5 Analytically and numerically computed subthreshold slope S in SilSiGelSi
MOSFET's, as a function of Ge mole fraction grading 8Yp,. O and A indicate simu-
lation results for desices with 25%Ge rectangular and 0-50% Ge triangular profiles,
respectively. Between these extreme cases, the analytical subthreshold slope

corresponds to trapezoidal Ge profiles.
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Similarly, the subthreshold transconductance is comparable to that of the Si dev-
ice
I I
g = —In(10) = —>

S or |, S5
Cox

(3.8)

indicating a steeper turn-on for the triangular profile as compared to rectangular ones.

B. Strong Inversion

The inclusion of the twin-channel charge dynamics in the theoretical I-V charac-
teristics of the Si/SiGe/Si p-MOSFET amounts to replacing Cox with an effective
gate capacitance Cesr, and W, with an effective channel mobility Mg, in the Si p-
MOSFET equations. In order to ensure the continuity of the drain current and of its
first order derivatives with respect to the terminal voltages, the gate voltage depen-

dence of Cgr and plegr must be modeled.
The effective gate capacitance is described by the following function

C
Cefr = °"a (3.9)

+ S ——————
g(Vgs, VTs)

where
Vrs = Vgs =V
8(VGs, V1s) = \/ 1 +exp| 00 o0 (3.10)
n19r )
dVgs Cs(9s = 2¢r) 1
n = =1+ =1+—
! a¢S Cox
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NvsiGe

Vo2 = I
on2 nlq)l’n[ NB

g(Vgs,V1s) models the transition from the plateau capacitance Cg,/(1 + @),
corresponding to the accumulation of holes only at the top Si/SiGe heterojunction, to
Cox, Which describes the situation when the parasitic surface channel is fully open for

conduction.

According to Appendix C, the effective mobility can be expressed as

iG
c, Hpsiu(Vas, VTs) + L;p_s‘:(; h(Vc;s,VTs%
X
= — 3.11)
Bt = Cett 1+6(Vt — Vgs)

where

In[g(Vgs, VTs)]
V1 -Vgs

h(Vgs,V1s)=1-2n,6r

In[g(Ves, Vrs)]

u(Vgs, Vrs) =2n1 47 Vo —Vas

and mobility degradation, caused by the vertical electric field, is described by ©.

Bv considering a realistic velocity-field relationship (Appendix C), the impact of
the longitudinal electric field on carrier mobility (velocity saturation) can be
accourted for. The drain current expressions that follow become accurate for both

long and short channel devices. In the nonsaturation region (Vps 2 Vpsar)

W HertCoerr Vps
Ips = — Vt —Vgs + —| Vps (3.12)
DS™L _ Hert VDs [ TTI6 T ]
Vpsa L
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while in saturation ( Vps < VDsaT)

2
W ueffCGeff[VT - Vcs]

I =— (3.13)
DSAT L [ 2l (VT — VGs) :
I+4f1+
VpsuL
where

Vipeat L (VT — V.
Vpsar = 22 [1—\ﬁ+ Hen(Vr ~ Vos) (3.14)

Hest Vpsal

Vosatl
In the limit case of a long channel device (V1 — Vgs) € —ﬁf—-, the drain current
ff

and the saturation voltage expressions revert to the usual ones.

Bsice

Bsi

of the performance leverage expected from the SiGe channel. Because of the smaller

The ratio of the gain parameters , plotted in Fig.3.6, is the best indicator

effective gate capacitance of the Si/SiGe/Si FET (1.5 times in this particular case),

HpsiGe

the gain parameter ratio is everywhere lower than . As an artifact of the velo-
i

city saturation effect, the ratio increases steadily when the surface channel threshold
is approached and drops when the magnitude of the gate to source voltage becomes
larger than Vys. Also as a result of velocity saturation effects, the gain parameter

ratio decreases as the channel length is reduced.
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Figure 3.6 Analytically computed gain parameter ratios, in the linear region, as a
Jfunction of the gate voltage. The channel length, L, is a variable parameter. The ratio
of the effective hole mobilities is plotted as reference. The hole mobility values in Si

and SiGe are based on experimental data to be presented in Chapte: 4.

Eqns. (3.6), (3.12), and (3.13) can be used to interpret the simulated transfer
characteristics, plotted in Fig. 3.7 for the triangular and rectangular SiGe channel p-
MOSFET’s with 0.25 pum gate length. Because of the larger gain parameter, the drain
current of the triangular profile MOSFET is everywhere larger than that of the rec-
tangular Ge channel one. The higher valence band offset in the device with a triangu-
lar Ge profile and the built-in electric field induced by Ge mole fraction grading are

responsible for the difference in threshold voltages.
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Figure 3.7 Simulated transfer and subthreshold characteristics for 0% -50%Ge tri-
angular (solid line) and 25%Ge rectangular (dotted line) channel p-MOSFET's

obtained with the drift diffusion model.

3.3.4. Hot Carrier Effects

Energy Balance simulations were performed in order to analyze the impact of
non-local transport effects and carrier heating on the DC characteristics of 0.25 um
Si/SiGe/Si p-MOSFET’s. As shown in Fig.3.8, in the subthreshold region, where
small currents and gate voltages are involved, Drift-Diffusion (DD) and Energy Bal-
ance (EB) results are in close agreement. This situation is mairtained at moderate
current levels, slightly above threshold. Tt is only for large gate voltages that, because

velocity overshoot is neglected, the DD model underestimates the drain current.
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It was found that, for Vpg =-2.5 V and Vgg =-2.5 V, the temperature of the hot
holes at the drain end of the channel was similar in triangular and rectangular chan-
nel FET’s . However, the temperature of holes residing in the Si cap layer was 2500
K in the device with triangular Ge profile, and 4000 K in the rectangular one. This
confirms that the higher valence band energy barrier between the triangular channel

and the Si cap limits hot carrier injection in the cap layer and in the oxide.

103
.........
10
1000
- DRIFT DIFFUSION
w0} SENERGY BALANCE
Ids 1t b ., Vage-23¥
(mA/ meS "
1073
-OLS - 13 R R
CATE BIAS Yoy V)
10-5 \ x-

2.5 -2 -1 -1 4.5
GATE BIAS Vg (V)

Figure 3.8 A comparison of simulated subthreshold and transfer (inset) characteris-
tics for the triangular profile Si/SiGelSi p-MOSFET obtained using the Drift-

Diffusion (solid line) and the Energy Balance models (bullets).

Additional evidence to support the suppressed hot carrier injection in p-MOSFET’s

with triangular Ge profiles is provided by the ratio of the substrate and drain currents.
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Fig.3.9 shows this ratio as a function of the drain to source voltage. A factor of two
improvement is obtained for the triangular device at high drain bias. The shape of the

characteristics is similar to that experimentally observed in Si MOSFET's [17].

w0 o
| RECTANGULAR
|
105 L
Isub/lds
107 b
'\
167 - \
TRIANGULAR \
3 35 3 33 S —

DRAIN BIAS Vys (V)

Figure 3.9 The ratio of the substrate and drain currents in triangular and rectangu-

lar profile p-MOSFET s with 0.25 ym gate lengths.

In general, a comparison between DD and EB simulation results .uggests that
the impact of hot carrier transport on the DC and high frequency characteristics of
Si/SiGe/Si MOSFET’s is more significant than in Si/SiGe/Si HBT's (18] and cannot
be overlooked for linewidths smaller than 0.25 um. To conclude the discussion on the
I-V characteristics, it should be noted that, in spite of quantitative differences, their

shape is similar to that of Si MOSFET’s. The distinctive features of Si/SiGe/Si p-
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MOSFET’s become apparent in the ac pwrameters, tG be discussed next.

3.3.5. Small Signal Equivalent Circuit

The small signal circuit model of a Si/SiGe/Si p-MOSFET can be derived by
applying a transmission line analysis [19]. Such an .. Jach, applicable to all types
of FET’s [20], is analytically feasible only in the ncnsaturation regime, when the
channel can be approximated by a uniform, active transmission line, as illustrated in
Fig.3.10. This approximation breaks down in the saturation regime. Instead, the
parameters that model the intrinsic part of the lumped small .ignal circuit can be
accurately obtained from two-dimensional numerical simulation results using fre-

quency domain perturbation analysis {21].

Figure 3.10 Schematic representation of a Si/SiGe/Si MOSFET as an active
transmission line. Boih the buried and the surface channels are shown. The device is

assumned to be operating in velocity saturatios; regime.

The most relevant of these parameters - the transconductance g, the output

conductance gy, the gate to source capacitance Cgs, the gate to drain capacitance Cgq
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and the drain to source capacitance Cy - can be directly obtained from the low fre-
quency values of the simulated Y parameters. Others, important only at high fre-
quency, such as the resistance of the nonsaturated part of the channel R;, the gate-
drain access resistance R4 and the transconductance delay 7, can be extracted
indirectly, from the frequency dependence of the simulated Y parameters, according

to the technique described in Appendix E.

The second group of model parameters, R;, Rge 2nd 7, are not usually con-
sidered in the Si MOSFET modcl. It is important to note that, for small values of the
drain to source voltage Vps, R; and Rgg become equal [19]. In deep saturation
though, only R; has a nonzero value. The transconductance delay T represents the
transit time of carriers traversing tae pinched-off (or saturated velocity) part of the
channel, located at the drain end. In the non-saturation regime T becomes vanishingly

small.

The complete small signal model, including parasitics, is shown in Fig.3.11. As
in GaAs MESFET's and HEMT’s [20], the gate inductance L is gate voltage depen-

dent

p- -

o

Xx | 1 + ———— W
HoXox I g(VGSsVTS)_
Lg - =y (3.15)

where Ji, is the permeability of free space, X is the thickness of the gate oxide and
m is the number of gate fingers. a and g(Vgs,VTs) have already been defined. The

gate voltage dependence of the gate inductance can be explained as follows. The gate
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electrode and the channel act as conductive layers, separated by a nonuniform "insu-
lator” consisting of the gate oxide and of the Si cap layer. However, as the gate vol-
tage changes, so does the thickness of the "insulator” because carriers start to travel
through the cap iayer. The channel electrode effeciively moves closer to the gaie
eiectrode. As a result, the gate acts like a microstrip line with a bias dependent
characteristic impedance. Its lumped circuit 2pproximation therefore consists of a

bias dependent capacitance C,; aiid a bias dependent inductance L [20].

Figure 3.11 Small signal lumped circuit model employed in th. small signal analysis

of SilSiGelSi MOSFET's. (The source and substrate terminals are shorted).

The gate resistance R; and the source/drain series resistances R and Ry are
comparable to those of a Si MOSFET. The source/drain inductances L, and Ly are

associated with the metal interconnect from the pad to the actual device.
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To underline the benefits of using a triangular profile in the channel, simulation
results are discussed next. Numerically simulated transconductance versus gate vol-
tage characteristics are plotted in Fig.3.12. To assess the impact of velocity saturation
on transconductance, structures with 0.25 pm, 0.5 pum, 1 pm and 2 pum gate lengths
were investigated. Devices with triangular channel profiles exhibit a sharper tumn-on,
immediately above threshold, and higher transconductance. This steep increase in
transconductance, predicted by eqn. (3.8), is due to the higher mobility at the top of

the triangular channel and to the built-in field.

400

025 um TRIANGULAR

300} Vps=-25V
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Figure 3.12 Simulated transconductance characteristics for 0%-50% Ge triangular,
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and 25% Ge rectangular profile p-MOSFET's.

VLSI Research Group

University of Toronto



Page 3.24 VLSI Compatible SUSiGe/Si p-MOSFET s

For MOSFET’s with 0.5 pum linewidths, the advantage of the triangular Ge
profile is maintained throughout the investigated gate voitage range. The speed and
gain improvements dimiaish as the device dimensions shrink. In the case of the 0.25
pum MOSFET’s, the superiority of the triangular channel is lost at gate voltages
beyond -1.75 V when, regardless of the compositional profile in the channel, tran-
sconductance saturates at 350 mS/mm. As suggested by eqn. (3.13), at a gate length

of 0.25 um, saturation velocity, rather than mobility, .:mits peak gp,.

Because of the better confinement of carriers in the channel, triangular profiles
were also found to reduce the output conductance in the saturation region. As a
consequence, the intrinsic voltage gain gn/g, of the 0.5 um device increased from
23 in the rectangular Ge channel, to 32 in the triangular Ge channel. For large gate
voltages, the voltage gain of the 0.25 pum MOSFET’s reduces to 25, regardless of the
Ge profile in the channel. The reason is that, in this bias range, most of the conduc-

tion takes place in the cap layer, which is identical in the two structures.

The bias dependence of some of the elements of the small signal equivalent cir-
cuit is presented in Appendix E. Except for 7, all small signal circuit clements scale

with respect to the gate width W
Bn=€mW, Zdas=8gusW, Cgs = C’gsw’ ng = C’gdw’ Cys =C'gsW

R’, R’; R’y
W REw Remy

Rg = R,gwr’ Lg = Lg’wv R, = W’

As discussed next, the dependence on W is important in optimizing the high fre-

quency and noise performance of Si/SiGe/Si MOSFET’s.
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3.3.6. High Frequency Performance

The frequency dependence of the current gain hy; and of the unilateral power
gain GUp,,, were calculated from the simulated S parameters. From the hy; (f) and
GU pnax(f) characteristics, the unity gain cutoff frequency fr and the maximum fre-
quency of oscillation fn,x were determined according to their definition, without

extrapolation

I |
le= g le=t,,

Analytical expressions, based on the single-pole, low-frequency extrapolation, were
also employed to gain insight into the impact of the various equivalent circuit param-

eters on the cutoff frequency and on the maximum frequency of oscillation.

The cutoff frequency fr can be estimated using

Em

fr= (3.16
T~ 21(Cys + Cya) )
In the limit of small Vpg, eqn. (3.16) can be expressed as
Hefr Vps
fr=om L, ol @.17)
Cesr

and can be used to extract the gate voltage dependence of the effective mobility, as
explained in Appendix E. To avoid errors associated with the overlap capacitance,
Cov =2CoxLov W, the test structure must be a long and wide device (FATFET) with

2CoxLov

L>»
Ceff
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If velocity saturation occurs, egn. (3.17) must be replaced by the equation

3
fr= 1"“" 1 (.18)
T 2V1V, 3CoxLov
L1+ 5| +
[V1 + Vz] C"ﬁ'

where V; and V, depend on the terminal voltages Vgs and Vgp (Appendix C).

According to eqns. (3.17) and (3.18), the cutoff frequency is independent of the
gate width and switches from a L2 dependence in the linear region, to an L™ depen-
dence in the velocity saturation regime. Fig. 3.13 presents the simulated gate voltage
dependence of the cutoff frequency in saturation for devices with rectangular and tri-

angular Ge profiles in the channel.

40:
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%3 3 13 P QX
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Figure 3.13 Simulated cutoff frequency vs. gate voltage characteristics for 0%-50%

Ge triangular, and 25% Ge rectangular profile p-MOSFET's.
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The behavior is very similar to that of the transconductance characteristics and the
same interpretation applies. The triangular profile offers superior cutoff frequency in
comparison to the rectangular one. As a result of velocity saturation, the advaziage of
the triangular profile diminishes in deep submicron devices if large gate and drain
voltages are applied. Operation in the velocity saturation regime must, therefore, be
avoided.f

The maximum frequency of oscillation fyax depemd$ o% Woth intrinsic and
extrinsic circuit elements. It can be approximated by eqn. (3.13) [20]

fr
f o= —_— (3.19)
™ T 2[(Rg +R; + R)gas + 2Ry —gafr]?

In order to improve fyax, fr must be increased and the drain to source conductance,
g4s» must be reduced. At the same time, the total input resistance, Ry + R + R;, espe-
cially Ry, needs to be minimized. Fig.3.1% demonstrates that, primarily as a result of
the larger cutoff fre;luency and lower output conductance, the superiority of the tri-
angular profile is extended to include frax.

Fig. 3.14 also shows that, unlike the cutoff frequency, because of the non-zero

gate resistance, frqy is a strong function of the device gate width, W

fr
2(W2R'g(ggs + 21frC'ya) + (R's + R')g a1

fmax (W) (3.20)

There is a maximum vaiue of W below which the gate width dependence becomes

There is litle experimental evidence to indicate that the saturation velocity of holes in SiGe is
larger tnan in Si.
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negligible

W _ (R’i +R'5)g'as ] 2
MO | Rig(glas + 2nfrC gd)_l

(3.21)

It is recommended that, in order to avoid f,,x degradation, the gate width be kept
smaller than W,y osc- An interdigitated layout should be employed if wide devices

are required.

——- 0-50%Ge TRIANGULAR
--------- 25%Ge RECTANGULAR

Vps=-15V
Ves=-15V

300+

200}

100}

5 10 is 20
GATE WIDTH W (um)

Figure 3.14 Maximum frequency of oscillation vs. gate width for triang:lar and rec-
tangular Ge channel profile p-MOSFET's with 0.25 wm gate lengths. Ry is the sheet

resistance per square of the gate poly and is considered as a variable parameter.
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3.3.7. Noise Performance

The noise circuit model can be derived in conjunction with the small signal cir-
cuit model [19]. As for other FET’s, the noise of the Si/SiGe/Si p-MOSFET is
represented by two internal noise currents

k¢ gm2

o= TP + e WL
eff

(3.22)

— C2
2pg(f) = 4kTR? =2 (3.23)

m

Their correlation is modeled by an imaginary coefficient

jC= el nd (3.24)

i2pgXi%ng

P, R and C are intrinsic noise parameters that describe the medium and high fre-
quency noise added by the device. They depend on the local temperature of the car-
riers in the channel [19]. k¢ and af are intrinsic noise parameters that account for the

1/f noise of the device, which is important at low frequencies.

As shown in Appendix C, the minimum noise figure Frn, is well modeled at

moderate and high frequencies by the following equation

f
Foin = 142k, -f;\f(Rs +Ry)gm + ka[1 + (OR;Cys)?] (3.25)

where k; and k; can be expressed in terms of the intrinsic noise parameters (Appen-

dix C).
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The non-zero gate resistance Ry causes Fp,, just like fay, to become depen-

dent on the gate width W. To emphasize it, eqn. (3.25) is rewritten as

Fnin = 142V, —t%-\/f{’sg'm + k[l + (@R;Cge )] + RigW2 (3.26)

A maximum gate width, below which the gate width dependence of F,;, becomes
negligible, can also be defined. The maximum gate width Wya4 noise is frequency

dependent, but this effect is important only at frequencies higher than fr.

ko[1+ (WR;Cys)?] + g'mRs’
Rg’

(3.27)

wmax_noise =

Fig. 3.15 shows that, as a result of the larger transconductance and cutoff fre-
quency, the noise figure of the triangular channel MOSFET is smaller than that of the
rectangular channel device. In the noise figure calculations, P, R, and C were deter-
mined according to the formulae given in [19], using the hole temperature values
obtained from Energy Balance simulations. At the low-noise bias of Vgg = -1.5V
and Vpg = -1.5V, the temperature of holes were 600 K and 750 K, in the triangular
and rectangular channels, respectively. The noise figure was then calculated from
eqn. (3.25), plugging in numerically simulated values of the small signal model

parameters.
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Figure 3.15 Minimum noise figure vs. frequency for triangular and rectangular Ge
channel profile p-MOSFET's. The gate width is a variable parameter. The gate

length is 025 um. Rq is the sheet resistance per square of the gate poly.

3.4. Si/SiGe/Si p-MOSFET Design Methodology

There are five device parameters that impact significantly circuit performance.
These are: transconductance g, output conductance ggs, unity gain cutoff fre-

quency fr, maximum frequency of oscillation f;,;x and minimum noise figure Fpyn.

Thz transconductance, output conductance and the unity gain cutoff frequency
characterize the intrinsic device and are important in both analog and digital applica-

tions. Their design is a 2D problem whereby the optimization of the vertical struc-
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ture and the reduction of the length of the conduction path between source and drain
are pursued.

fnax and Fpy, depend on the architecture of the whole device, including parasi-
tics, and are relevant for analog applications. Any improvement in transconductance
and cutoff frequency directly reflects on fpax and Fp,. Additional leverage is
cbtained by minimizing the source and gate resistances, R; and Ry, respectively.

The design for optimized f,, and Fpy;, is a 3D problem. Design guidelines are dis-

cussed next.

3.4.1. Guidelines for Vertical Layer Structure Design

The most critical aspect of Si/SiGe/Si p-MOSFET design involves the vertical
layer structure. Based on the analytical equations and on the simulation results

presented in Section 3.3, the following guidelines should be considercd.

a) Select the appropriate oxide thickness xox for the desired supply voltage and

gate length, as for a conventional Si MOSFET.

b) In order to avoid scattering with the Si/SiO, interface and to maximize the gate
voltage window AV, the Si cap layer thickness Xc,, should be chosen in the 5

nm to § nm range.

c) Maximize the Ge mole fraction at the top of the channel Yy, while keeping the
total Ge dose below the critical limit. As illustrated in Fig.3.16 -- where the gate
voltage window is plotted as function of the Ge mole fraction grding Yo --

this implies using a triangular profile in conjunction with a SiGe channel thick-

VLSI Research Group University of Toronto




Chapter 3 - The SiiSiGelSi p-MOSFET Page 333

ness of 10 to 15 nm. In order to reduce interface scattering, the top Si/SiGe

heterojunction must be graded over 3 nm.

v

Ng =10"cm3 S-dose=1.2x102cm 2
Average Ge mole fraction Y,, = 25%

Xox = ICam  x ., = 15nm
sl x Xgige
Xea = 30M  xp, = I0nm
AVy [rectangular 25% Ge triangular 0-50% Ge
1t
\))
0.5}
Gate Voltage Window AVy = Vo — V1s
Vi = buried channel threshold
0 Vs = surface channel threshold

-0 10 20 30 40 50
Mole Fraction Grading Across the Channel &Yy, (%)

Figure 3.16: Numerically computed gate voltage window AVT, in a Si/SiGelSi MOS-

FET, as function of the Ge mole fraction grading 8Ypq.

d) For the given supply voltage and gate length, select the substrate doping, Ng,

from eqn. (3.5), that satisfies the condition for DIBL effect suppression.

e) Choose a suitable 3-doped layer dose to meet the threshold voltage
specification. In order to minimize short channel effects, the thickness of the &
doped layer must be 5 to 8 nm. For the same reason, and to avoid mobility

degradation due to impurity scattering, Xp, =5 nmto 10 nm.

f)  Junction depths and lengths should be identical to those of the corresponding Si
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p-MOSFET. LDD profiles are not necessary since hot carrier effects are reduced

as compared to Si devices.

3.4.2. Guidelines for Layout Geometry Design

Since in non-LDD structures R, is more of a problem than Ry, layout design
must focus on the minimization of the parasitic gate resistance, the main culprit in the
degradation of fpa, and Frn. Two layout geometries can be considered: a) a = shape
gate in which the effective gate width that determines the gate resistance is one quar-

ter of the total physical gate width, W

RaW
R, = ——
4L

b) an interdigitated structure with m unit devices connected in parallel, whereby the

gate resistance is reduced to Ry, = ——.
. m2L

Ry is the sheet resistance of the polysilicon gate. Practical values for m lie between 2
and 8. As an example, if Rg =10 Q/0, W =300pum,L=2umand m=6, thenR; =
375 Q for the n-shaped gate, and R; = 42 2 for the interdigitated one. It is important

to note that R, is identical for the two layout geometries.

3.5. Si/SiGe/Si p-MOSFET Scaling

The model equations presented in Section 3.3. can be employed to derive
constant-field scaling rules for the Si/SiGe/Si p-MOSFET, in a similar way they were

developed to predict conventional Si MOSFET scaling.
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3.5.1. Scaling Rules

Table 3.1 summarizes constant field scaling rules as applied to Si/SiGe/Si p-
MOSFET’s. The rules by which the structural parameters anc the bias voltage are
scaled are postulated in the upper part of Table 3.1. From them, scaling rules for the
device parameters that are relevant for circuit performance were derived, based on
the model equations developed in Section 3.3. This second set of scaling rules are
listed in the bottom part of the table. While many similarities exist with the Si MOS-

FET, some of the differences are worthy of close scrutiny.

(*) The "<" sign in Table 3.1 indicates that, for devices with very short gate lengths,
the scaling factor begins to depart from the Si MCSFET value. The culprit is the
thickness of the Si cap layer x.,, which cannot be scaled. The minimum practical
limit for x¢, is about 5 nm, leading to a minimum gate length L, that is approxi-

mately 1.33%33 times larger than that of Si MOSFET’s [22]
2 ¥
Lmin = A[ijox(l + a)(xgs + X4p) ] (3.28)

A, measured in V™7 is a constant. x4s and xgp are the thicknesses of the depletion
regions at the source/substrate and drain/substrate junctions, respectively. X; Is the

Jjunction depth of the source and drain contact regions.

(ii) Low-field mobility does not degrade in scaled-down devices because the doping
level (or rather lack of intentional doping) in the channel remains unchanged. On the
contrary, as a result of the reduced effective mass of holes in SiGe, velocity

overshoot is expected to improve device speed at a higher rate than that predicted by
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this scaling scheme.

TABLE 3.1

Constant Field Scaling Rules for SUSIGe and Si p-MOSFET s

Device Parameter SiGe MOSFET Scaling Factor | St MOSFET Scaling Factor
L, W, x ™ M
Junction length, Ly, and depth, x; ™ ™M
Xeas X51Ger Xous X3 1 -
Nes» NsiGer Now 1 -
Ni, Ng M M
Ves ™ ™
A=Wi;+x)) vm? ™M
xgt U™ U™
Vou - Vya — 01H VM U™
Vrs — Vin — 24y v™M -
AVy ™ -
a M .
BCep/(1 + @) M M
Tos oB(Ves — ¥1)? SIM m
S 21 1
2 —B(Ves ~ V1) <1 1
Ras—AIps 1 1
Cyss Cga »WLCoa/ (1402 sUM ™
Ce0rC ™ ™M
Ri, Rya, Lg UM ™
t M ™
23 M M
Av = n/Bis sl 1
R, 1 1
L, UM ™
R, Re M M
foas (3t Rg = 0) V™M U™
Fam—1(Mf=ct. & Rg=0) viM M

t Assuming Vpgs is constant in V. Otherwise, Xq scales as 1/M.
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3.5.2. Scaling Rules Verification by Simulation

The scaling scheme which was developed based on the simple analytical model.
is verified next by 2D numencal simulation. As pointed out recentiy [23], the thres-
hold voltage Vt and the subthreshold slope S are critical parameters in estimating the
scaling limits of field effect transistors. Urlike predicting the cutoff frequency, which
becomes problematic below 0.25 pum gate lengths due to lack of reliable models for
the energy dependence of the transport parameters in SiGe, V1 and S can be accu-
rately determined from both DD and EB simulations. Therefore, it is justifiable to
investigate the threshold voltage and the subthreshold slope of devices scaled down

below 0.25 um.

Fig.3.17 presents the gate length dependence of the subthreshold slope in a
Si/SiGe/Si p-MOSFET structure which was optimized for a feature size of 0.125 um
(i.e. the gate oxide thickness was reduced to 3 nm and ihe substrate doping was
increased to 1.2x10'® cm™). The actual channel lengths of the 0.1 pm and 0.125 pum
devices are 0.C8 um and 0.061 pum, respectively. These channel lengths are close to
the envisioned limits of conventional Si MOSFET’s [31]. The calculated threshold
voltage difference of 230 mV between the rectangular and the triangular channel
devices is partly due to the different peak Ge composition (185 mV), and pardy
caused by the build-in field F,; Ge profile grading has a significant impact on the
subthreshold siope. S increases from 100 mV/decade for devices with triangular Ge
profiles and 0.125 um noiainal gate lengths, to 120 mV/decade for the corresponding

rectangular channel p-MUSFET. The grading induced built-in field delays short
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channel effects by pushing carriers closer to the gate. It can be concluded that, by
ramping up the Ge composition in the channel, short channel effects are reduced and

the channel length of Si/SiGe/Si MOSFET’s can be shrunk below 0.1 pm.

1503
{128%Ge RECTANGULAR
\ A 0-50%Ge TRIANGULAR
125}
Vps =005V
S
(mV/decade

100} \RQ\Q__,;__G

75 . .
0.1 02 0.5 1

GATE LENGTH (um)

Figure 3.17: Subthreshold slope dependence on the feature size for triangular and
rectangular Ge channel profile p-MOSFET’s. The vertical structure was optimized

for 0.125 um gate length.

The gate voltage window scaling predicted in Table 3.1 is confirmed by the
simulation results plotted in Fig.3.18 for devices with 0-50% Ge triangular channel
profiles. The thickness of the SiGe channel is 15 nm. The results indicate that 100%
hole confinement in the SiGe film is achievable for devices with 0.25 um gate lengths

if a threshold voltage of 0.5 V and a bias supply of 1.5 V are considered. Maintaining
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the threshold voltage, similar confinement is expected of 0.125 pm devices with a
bias supply of 1.2V. An even larger gate voltage winrdow may be obtained if a 10nm

thick, 0-70%Ge triangular channel, technologicaliy feasible, is employed.

5
4 Triangular 0-50%Ge
3L
AVy
V) 5!
1t
0 0.5 i 15 2
GATE LENGTH (um)

Figure 3.18: Simulated gate voltage window scaling for p-MOSFET s with triangu-

lar Ge channel profiles.

Fig.3.19 summarizes data referring to the dependence of the cutoff frequency
of triangular channel MOSFET s on the gate length. The predicted cutoff frequency
of the triangular SiGe channel p-MGOSFET is only slightly below that of a type II n-
MODFET [24] of identical linewidth (38 GHz as opposed to 42 GHz). This casts a
favorable light on the prospect of CMOS technology in which the n and p channel

devices have matched dc and ac characteristics.
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A Simulation Results for 0-50%Ge p—MOSFET
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Figure 3.19: Cutoff frequency scaling for triangular Ge channel p-MOSFET's. The
simulation results are in agreement with the linear dependence of fr on L!

predicted in Table 3.1.

Finally, the scaling of the maximum frequency of oscillation was investigated. I
the contribution of the gate resistance is neglected, fn,.x is about one order of magri-
tude larger than f7 and scales according to the L2 law predicted in Table 3.1. How-
ever, when a realistic gate resistance Ry is considered, the maximum frequency of
oscillation is severely degraded, as illustrated in Fig.3.20. The degradation is exacer-
bated as the device dimensions shrink. As a result, for gate lengths below 0.1 um,

fnax is €xpected to become smaller than fr.t The reduction of Ry poses a major

t fr is not affected by the gate resistance Rg.
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probiem in deep submicrome.er CMOS technology. Metal, or metal-rcinforced
polysilicon gates [25] have to be used in conjunction with muiltiple-finger layout

geometries in order to attenuate its impact on fi,, .

300} /

A Simulation Results 0—-50%Ge p—-MOSFET
1 2 3 4
L2 (um-172)

Figure 3.20: Maximum frequency of oscillation scaling for triangular Ge channel p-
MOSFET s with the gate resistance as variable parameter. The sheet resistance of
the gate poly/metal R is considered as a parameter. The linear dependence on L2

is verified by simulation results in the ideal case (Rg = 0).

3.6. Conclusions

The performance of submicrometer Si/SiGe/Si MOSFET’s was investigated
using a newly developed analytical model and 2D numerical simulation. It was found

that, irrespective of the Ge profile, Si/SiGe/Si p-MOSFET’s, offer a number of
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advantages over their Si-only counterparts: a) higher effective carrier mobility and
velocity, b) reduced hot carrier effects, and c) easier scaling of the threshold voltage
for devices which empley n* polysilicon gates. On the other hand, some of the prob-
lems associated with deep submicron Si MOSFET’s a) subthreshold slope, b) body

effect, and ¢) minimum gate length, become more severe in Si/SiGe/Si p—MOSFET’s.-

It was proposed that Ge profile engineering could be employed to maximize
the benefits and to attenuate the problems associated with heterostructure Si/SiGe/St
MOSFET’s. It was demonstrated that, by using a triangular Ge prefile in the channel,
the channel lengths of heterostructure MOSFET’s can be shrunk below 0.1 pm,
without degradation from short channel effects. The triangular SiGe channel was
also found to improve the subthreshold slope, transconductance, voltage gain, cutoff
frequency, maximum frequency of oscillation and the noise figure, as compared to
devices with rectangular Ge profiles in the channel. This improvement is particularly
significant at small effective gate voltages. Energy balance simulations revealed that
hot carrier injection at the Si’SiO, interface was at least 50% lower in triangular than

in rectangular Ge channel profile devices.

Finally, as illustrated in Fig.3.21, it may be concluded that Si/SiGe/Si p-
MOSFET's, if integrated with Si n-MOSFET’s in a Si/SiGe CMOS technology, can
provide up to 50% improvement in the speed of the basic CMOS inverter with the
additional advantage of a reduced size p-FET. This is significant in low-voltage digi-
tal and analog applications where device performance is not degraded by velocity

saturation effects.
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Figure 3.21: 025 pm Si/SiGe vs. Si CMOS inverter delay obtained by 2D mixed-

mode device circuit simulation.
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CHAPTER 4

Si/SiGelSi p-MOSFET FABRICATION AND CHARAC-
TERIZATION

4.1. Introduction

The purpose of this chapter is to provide experimental support for the concept
of a Si/SiGe/Si p-MOSFET with triangular Ge channel profile, which was proposed
in Chapter 3. To that end, a VLSI compatible fabrication process was developed
whereby Si and Si/SiGe/Si p-MOSFET’s are fabricated side by side, in separate dev-
ice wells. The process features a self-aligned n* polysilicon gate, LOCOS isolation
between devices, boron and phosphorus implants for source/drain and substrate con-
tacts, respectively.

Section 4.2 provides a full description of the process flow and elaborates on its
critical steps. The test chip and process characterization results are documented in
Section 4.3, and Section 4.4, respectively. Experimental dc, low frequency and high
frequency device characteristics are presented in Section 4.5. Comparisons between
Si and Si/SiGe/Si p-MOSFET’s, as well as between devices with rectangular and tri-
angular Ge channel profiles are provided. Experimental characteristics of MBE and
CVD grown Si/SiGe/Si p-MOSFET’s are discussed. Finally, Section 4.6. summarizes

the conclusions regarding the experimental results.

-4.1-
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4.2. MBE and CVD Process Description

One of the most attractive aspects of SiGe devices is their potential for seamless
integration in conventional silicon VLSI technology [1,2]. Both MBEt and CVD}
Si/SiGe/Si wafers were used in the implementation of self-aligned, n* polysilicon

gate, p-channel MOSFET’s compatible with conventional CMOS technology.

4.2.1. MBE Wafers

The main features of the process flow are shown in Fig4.1. It starts with
LOCOS isolation (mask #1) on 3’ n/n* Si epitaxial wafers. The epitaxial layer is 3
pm thick and n-doped to a level of 3x10'® cm™. In order to accommodate Si p-
MOSFET’s on the same wafer with SiGe devices, the Si device wells were masked
with a thermally grown, 50 nm thick SiO, layer (mask #2). The Si/SiGe/Si layer
sandwich was then grown by MBE, all over the LOCOS patterned wafer, in the fol-
lowing sequence: 2x10%¥cm™3 d-doped (boron) p-layer, 8 nm thick; undoped 10 nm
thick Si spacer; 15 nm undoped SiGe layer and 15 nm undoped silicon cap layer.
Two wafers with triangular Ge profiles and one with rectangular Ge profiles, were
processed. In the case of triangular Ge profiles, the Ge mole fraction was graded over
12.5 nm, with a positive gradient, from 0% at the bottom, to 40% or 50%, respec-
tively, at the top. In order to minimize interface scattering caused by the very abrupt
Si/SiGe heterojunction, the Ge profile at the top heterojunction was retrograded over

2.5 nm from the peak value of 40% or 50% Ge to 0% Ge.

+ From the National Research Council of Canada, Ottawa.
1 From the Hewlett Packard Laboratories, Palo Alto, CA.
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Figure 4.1 MBE-grown Si/SiGe/Si p-MOSFET process flow. Si p-MOSFET’s were

fabricated side by side with the Si/SiGelSi devices.

In the case of the rectangular Ge profiles, both the bottom and the top heterojunctions

were graded over 2.5 nm, while the central region of the SiGe channel, 10 nm thick,
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has a flat 25% Ge concentration.

The Si/SiGe/Si film was subsequently removed from above the oxide-protected
Si p-MOSFET wells. The Si/SiGe/Si layers are crystalline in the device wells and
polycrystalline on top of the oxide. The Si/SiGe/Si layers were delineated by using a
photoresist mask (mask #3). This approach avoids degradation of the Si cap surface,
and the same mask can be used to remove the protective SiO; layer from the Si dev-

ice wells.

The 16 nm gate oxide was formed in a three step, low-thermal-budget sequence.
First, an ultra thin (1-2 nm) oxide layer was grown by RTO at 850 °C for 15 s. This
was immediately followed by an LPCVD step, carried out at 415 °C for 3 min. The
deposition rate was 4 nm/min and the uniformity was better than 10%. Finally, a
second RTO at 850 °C for 15 s was used to anneal the gate oxide. This combination
of RTO and LPCVD growth was found to result in an interface trapped charge den-
sity lower than 10!! cm™2eV™! [3]. Repeated experiments have indicated that the first
RTO was responsible for a 50% reduction in both the fixed and the interface trapped
charge. About 7 nm of the silicon cap layer thickness were consumed during oxida-
tion and during the two RCA cleans prior to gate oxide formation.

The remainder of the process closely follows a typical, self-aligned n*-poly
gate MOS process. The gate poly was deposited by LPCVD, at 625 °C, in two steps.
An undoped, 80 nm thick, polysilicon film - employed as a buffer to stop the diffu-
sion of impurities into the gate oxide - was followed by the deposition of an in situ

doped, 440 nm thick, n-type polysilicon layer. The polysilicon layer was implanted

VLSI Research Group University of Toronto
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with phosphorus ( 5x10'%cm?, 40 keV) to further reduce the sheet resistivity and to
prevent the subsequent source/drain boron implant from changing the sign of the net
dopant concentration in the gate. The gates were then patterned (mask #4) by dry-
etching.

Next, the source and drain contact regions were implanted with boron
(5x10'cm?, 100 keV) to obtain a 0.45 pum deep junction. The substrate contact win-
dows were covered with photoresist (mask #5) during the boron implantation. A
second phosphorus implant (5x10'*cm?, 80 keV) was performed in order to dope the
substrate contact region (and the Si r-MOSFET source/drain regions if required). A
single 15 s anneal at 800°C was used to activate the n* poly gates, boron
(source/drain) and phosphorus (substrate) implants. Finally, Al-Si contacts were

deposited, patterned and annealed at 425 °C for 20 min in forming gas.

4.2.2. CVD Wafers

Si/SiGe/Si p-MOSFET’s were also fabricated on blanket CVD-grown wafers
[4]. Germanium and boron profiles were similar to those in the MBE-grown wafers.
In this case, the final silicon cap layer thickness was reduced to about 2 nm from an
initial value of 8 nm. Isolation between devices was provided by an 800 nm thick
RTO/LPCVD/RTO field oxide. After growing the gate oxide to a thickness of 10 nm,
the CVD and MBE wafers were processed together. No Si devices were fabricated

on the blanket CVD wafers.
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4.23. Critical Processing Steps

The critical steps in the fabrication process are a) the selective growth/removal
of the Si/SiGe/Si layers in the p-channel device wells [4]; b) the precise control of the
silicon cap layer thickness during the processing steps preceding the polysilicon gate
deposition [5]; ¢) the growth of a thin, high quality gate oxide within a strict thermal
budget [6,7]; d) preventing the outdiffusion of boron from the 3-doped layer into the
SiGe channel during the two thermal steps, i.e. gate oxide growth and implant anneal
(51

It is now generally accepted that boron outdiffusion poses a more stringent con-
straint on the overall thermal budget of the process than strain relaxation in the SiGe
film [5]. The last two of the difficulties mentioned above are no longer confined to

SiGe processing. In fact they are now typical for state of the art Si VLSI processes.

4.3. Test Chip Description

The test chip was laid out using 3 um layout rules and contains process test
inserts as well as MOSFET’s. The process test inserts include on-wafer standards for
de-embedding of the transistor S parameters, one heterostructure MOS capacitor for
material, process and device characterization, transmission line patterns for sheet
resistivity measurements of the boron and phosphorus implanted regions, and a cross
pattern for assessing the resistance of the polysilicon gate [8]. The following is a

description of the transistors included in the test chip.

(i) Four interdigitated gate 3x290 um Si/SiGe/Si p-MOSFET’s for dc and high fre-
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quency (S-parameter) measurements and one Si p-MOSFET of identical layout.
These devices have 110x110 pm input and output pads laid-out for S parameter

probing using the signal-ground (SG) probes, as shown in Fig.4.2.

Figure 4.2 Photomic. )graph of a fabricated 3x290um Si/SiGelSi p-MOSFET with

interdigitated gate (six gate fingers, each 48 wm long).

(ii) One n-shaped gate 3x180 um Si/SiGe/Si p-MOSFET for dc and high frequency
(S-parameter) measurements and an identical Si p-MOSFET, located side by
side on the layout. These devices have 50x50 pm input and output pads laid-out
for S parameter prebing using the ground-signal-ground (GSG) coplanar probes.

(iii) Four n-shaped gate, 180 um wide Si/SiGe/Si p-MOSFET’s with 2 um, 4 um, 8
pm and 16 um gate lengths. These devices have 110x110 um input and output
pads laid-out for S parameter probing using the ground-signal-ground (GSG)

coplanar probes. However, they are primarily intended for the extraction of the
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effective gate length from dc measurements.

(iv) One long and wide (FATFET) 100x100 um Si/SiGe/Si p-MCSFET, with

110x110 pum input and output pads, intended for C-V and mobility profiling.

4.4. Process Characterization

Five wafers (three MBE and two CVD) were used in the fabrication process.
The process parameters such as the gate oxide thickness, Si cap layer thickness and
substrate doping were measured using the C-V technique discussed in Chapter 2.
The sheet resistivity of the n* implant, p* implant and n-poly gate were characterized

using transmission line measurements [8]. Table 4.1. summarizes the process parame-

ters for the five wafers in question.

TABLE 4.1: PROCESS CHARACTERIZATION DATA
Wafer #21 MBE | #23MBE | 24 MBE | #892CVD | #90-2 SVD
Parameter
Ge Profile 0040% | O25% | A050% | ao0-S0% w2s%
Gate Oxide Thickness (am) 16 16 16 10 10
Si Cap Thickness (nm) 8 s s 2 2
Substrate Doping (cm-?) 3x1016 3x1016 3x1016 8x1016 8x1016
Luasx (jum) 3 3 3 3 3
Lepy (um) 13 17 18 18 18
S/D Junction Depth (um) 052 0s2 052 052 0.52
B Implant Sheet Resistance (/1) 30 320 330 340 360
S/D Contact Resistance (Q*um) 1150 1100 1050 1100 3400
P Implant Sheet Resistance (21T) 2 2 2 2 2
Gate Poly Sheet Resistance (Q/T) 0 780 780 ™ ™

1 Caused by contact window alignment problems, as a result of the wafer being broken during

transportation to and from the implant center in California.
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The low resistivity of the n* substrate contact implant is an indication that the
single implant anneal is sufficient for activation. The relatively large sheet resis-
tance in the source/drain regions is the result of using a single deep boron implant,
rather than the more common dual implant, involving both a deep boron implant and
a surface BF", implant. Even so, because of the high temperature at which the Al
contacts have been sintered, the contact resistance is low (1050 Qum). This figure

compares favorably with those reported for state of the art Si p-MOSFETs.

The gate poly resistance is also larger than expected, but, except for the max-
imum frequency of oscillation and the noise figure, it has a minor impact on device
characteristics. The gate resistance can be reduced by more than one order of magni-
tude if the gate is protected with a thicker oxide during the source/drain boron
implant and if the undoped polysilicon layer in the vicinity of the gate oxide is in situ
doped.

Finally, Ge profiles in the fabricated MOSFET channels were verified using
Auger Electron Spectroscopy (AES). The experimental AES profiles are shown in
Figs.4.3 and 4.4 for MBE and CVD wafers, rerspectively. These results confirm that
the peak Ge mole fraction is approximately two times larger in the wafers with tri-
angular Ge profiles as compared to those with rectangular profiles. The Ge profile is
graded both at the top and at the bottom heterojunction, thereby reducing interface

scattering.
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Figure 4.3 Experimental MBE grown Ge profiles obtained by Auger Electron Spec-

troscopy (AES) with a depth resolution of 0.5 nm.
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Figure 4.3 Experimenial CVD grown Ge profiles obtained by Auger Electron Spec-

troscopy (AES) with a depth resolution of 0.5 nm.
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4.5. Device Characterization

In order to confirm the performance leverage expected for devices with triangu-
lar Ge channel profiles, the dc, low frequency and high frequency characteristics of

both long (100x100pm) and short (3x100um) channel transistors were measured.

4.5.1. C-V Characteristics and Mobility Profiling

C-V characteristics are illustrated in Fig. 4.5 for MBE MOSFET’s with three
different Ge profiles in the channel. Note that there is no "plateau” region in the case
of the device with a rectangular Ge channel profile. Instead, a change of slope can be
observed. Similar characteristics have been reported recently by IBM for a device
with a trapezoidal profile and a peak Ge concentration of 25% [S]. In the case of the
present, triangular 0-40% Ge profile devices, a narrow "shoulder” region. correspond-
ing to the gate voltage window, becomes apparent on the C-V characteristics. The
gate voltage window widens to about 2.5 V for the device with triangular 0-50% Ge
profile. These results provide solid experimental support for the theoretical prediction
that the gate voltage window and, hence, carrier confinement, depend on the Ge con-

centration at the top of the channel and not on the total Ge dose.
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9.5

EXPERIMENT
device size: 100pmx100pm

Vps=-005V

6.5}
Cas
(pF)
5l
A 0-50% Ge #24
0025% Ge #23
0 0-40% Ge #21
3.5t
23 3 3 1 ) i
Vgs (V)

Figure 4.5 Comparison of the gate to source capacitance characteristics for different

Ge profiles as measured on the FATFET in the linear region Vps = -0.05 V.

The C-V measurements were combined with the linear region transconductance
measurements, carried out on the FATFET and shown in Fig. 4.6, to obtain the effec-
tive mobility versus gate voltage characteristics. The latter are compared in Fig.4.7
for two MBE grown Ge profiles. The measured hole mobility increases from 250
cm?/Vs in a rectangular 25%Ge MOSFET, to 400 cm?/Vs for a device with triangu-

lar 0-50% Ge profiles.
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EXPERIMENT
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025% Ge #23
A
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Figure 4.6 Comparison of the transconductance characteristics for different Ge

profiles as measured on the FATFET, in the linear region at Vps =005V.
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Figure 4.7 Comparison of the mobility versus gate voltage characteristics for dif-

ferent Ge profiles as measured on the FATFET, in the linear region at Vps=-0.05 V.
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The large Ge mole fraction and the grading of the top Si/SiGe interface over 2.5 nm
(thereby reducing interface scattering), are responsible for the large hole mobility.
This is the first experimental proof that the mobility of holes in type I Si/SiGe/Si
channels improves as the Ge concentration is increased. The 400 cm2/Vs figure is a
record for this heterostructure alignment, and indicates a factor of 2.6 improvement

over the room temperature hole mobility in Si p-MOSFET’s, typically 150 cm=/Vs.

It should be emphasized that, with the mobility measurement technique used.
variations of the oxide thickness from wafer to wafer are cancelled out. Also. as a
result of the large gate length (100 um), wafer to wafer variations in the effective
chanrel length are negligible. In addition, urlike the split C-V method [5| which
relies on dc [-V measurements and on the integral of the C-V characteristics to deter-
mine the mobility, the technique employed in this work is not prone to errors intro-
duced by interface traps. The immunity to errors caused by interface traps stems from
the ac nature of the measurements and from the fact that the presence of interface
traps leads to identical shifts in the C-V and g,,-V characteristics. These shifts are
cancelled out when the hole mobility is extracted from the ratio of transconductance

and capacitance.

Dwelling further on the linear transconductance and mobility characteristics. it
is important to note the steeper slope of the transconductance characteristics. immedi-
ately above threshold, for the device with triangular Ge profile. As explained in
Chapter 3, the built-in grading field is primarily responsible for this behavior. At the

same time, the slow increase in transconductance in the case of the rectangular Ge
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profile is also the result of the poorer separation between the carriers in the channel

and the impurities located in the 3-doped layer.

4.5.2. Current Voltage Characteristics

Typical transfer characteristics from Si and Si/SiGe/Si devices with rectangular
and triangular channel profiles are shown in Fig. 4.8. The effective channel length for
these MOSFET’s is 1.8 um, as determined from saturation current measurements on

devices with different gate lengths and identical gate widths.

A EXPERIMENT

AAAAA device size: 1.8umx290um

A Vps=-3V
N A0-50% Ge #24

il By 025% Ge #23
Ips AA
s, ~ O0-40% Ce#21
(mA) 7y o
20t
10} ",

Figure 4.8 Comparison between the transfer characteristics of Si, triangular and

rectangular Ge channel profile Si/SiGelSi p-MOSFET's with 1.8 um channel lengths.

A threshold voltage shift of about 2 V, is easily distinguishable between the Si

p-MOSFET and all the Si/SiGe/Si p-MOSFET’s. The most important contribution to
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the threshold shift is due to the 3-doped layer, while up to 0.35 V is caused by the
valence band offset at the top Si/SiGe heterojunction. Because of the larger hole
mobility and better carrier confinement in the SiGe channel, the MOSFET with tri-

angular 0-50% Ge channel profile exhibits the largest current driving capability and

gain factor.

Despite its higher peak Ge concentration, the I-V characteristics of the triangu-
lar 0-40% Ge MOSFET are comparable to those of the device with rectangular 25%
Ge channel profile. The lower total Ge dose and a smaller 5-doped region dose (that
can be inferred from the threshold voltage) are responsible for this behavior. Even so,

the gain factor B is slightly larger than that of the rectangular Ge channel MOSFET.

The output characteristics of Si and Si/SiGe/Si p-MOSFET’s are presented in
Figs.4.9 and 4.10, respectively. As expected, the drain current of the Si/SiGe/Si p-
MOSEFET is larger than that of the Si one. Drain breakdown voltage occurs at around
9 V, for both devices, and it is caused by the breakdown of the gate oxide, rather
than by drain/substrate junction breakdown. The smaller bandgap of the SiGe channel
has little bearing on the breakdown voltage. This is in line with simulation results
which indicate that the highest electric field inside the semiconductor part of the dev-

ice is located primarily in the silicon region.
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Figure 4.9 Output characteristics of a Si p-MOSFET fabricated on the MBE wafers.
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Figure 4.10 Owput characteristics of a Si/SiGe/Si p-MOSFET's with triangular 0-

40% Ge profile fabricated side by side with the Si device presented in Fig.4.9.
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4.5.3. Transconductance and Output Conductance

For Si/SiGe/Si MOSFET s with 1.8 um channel lengths, typical. peak transcon-
ductance values, measured in the saturation region at Vgs = - 2.5 V and Vps =- 2.5
V, vary between 30 and 40 mS/mm. The largest figure was obtained for devices with
triangular 0-50% Ge channel profiles. Fig.4.11. illustrates that the peak transconduc-
tance increases by 20% when switching from a rectangular to a triangular Ge profile.
However, the improvement is as high as 100% if the device is biased at an effective
gate voltage (Vgs - V1) of up to 1.5 V. Such bias conditions are common in low-

voltage/low-power applications.

12.5

- 75t device size: 1.8umx290um ‘{3, “-\A
\Y VA
Vps=-3V N
(mS) oS % } B
[@] ay ‘
St EXPERIMENT: =Y
A
A 0-50% Ge #24 o, ‘-.‘A
o
2 .5 X D 25% GC #23 ‘A
SIMULATION: -- '\
0 3 3 32 a 0
Vgs (V)

Figure 4.11 Comparison of the measured and simulated transconductance for tri-

angular and rectangular Ge profile Si/SiGe/Si p-MOSFET’s.
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A comparison of the transconductance characteristics of Si and Si/SiGe/Si dev-
ices is shown in Fig.4.12. Si MOSFET’s systematically revealed a 50% lower tran-
sconductance of around 20 mS/mm. As a reference, the transconductance of Si p-
MOSFET’s in a state of the art, 0.8 pm BiCMOS process is 40 mS/mm. These results
dispel any doubts that may have lingered about the prospects of delivering excellent

Si/SiGe/Si p-MOSFET’s, without degrading the performance of the Si MOSFET’s

fabricated on the same chip.
12
EXPERIMENT
009°°0°%°%%%%, . device size: 1.3umx290um
10} o° %o0
D‘,o °°°
%, Vos=3V
5| $40% Ge SUSIGerS p-MOSFET ©_
| %
(-]
-]
(ms) ............' °°
5t .o. )
*s o
Si p-MOSFET . o
* 0
i 00-40% Ge #21 "."
eSi#21 .
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[ ]
’ 3 3 ) 1
Vs - Vr (V)

Figure 4.12 Comparison of the transconductance of Si and triangular 040% Ge

profile Si/SiGelSi p-MOSFET s fabricated side by side, on the same wafer.

Fig. 4.13. shows the output conductance of a CVD grown Si/SiGe/Si p-MOSFET
with triangular Ge profile. Because of the larger substrate doping ( 8x10'6, as

opposed to 3x10'6 cm™) and because of the thinner gate oxide (10 nm, as opposed to
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16 nm), the CVD device has a smaller output conductance in the saturation region
thar the equivalent MBE MOSFET. The small signal, intrinsic voltage gain Em/Bas IN

deep saturation is 30.

EXPERIMENT
device size: 2. 8umx180um

Vsg = 0-5V by 1V

0-50% Ge CVD
10

(mS)

0

0.1

Vsp (V)

Figure 4.13 Outpur conductance of a CVD grown SilSiGelSi p-MOSFET with tri-

angular 0-50% Ge profiles.

4.5.4. High Frequency Characteristics

On-wafer S parameter measurements were carried out in order to assess the high
frequency performance. The effect of the parallel and series parasitics, associated
with the pads, was climinated by employing a three-step de-embedding algorithm
[9]. On-wafer input and output shorts, through, and dummy open devices have been

measured and included in the de-embedding procedure. Typical, de-embedded
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current gain versus frequency characteristics are shown in Fig.4.14 for Si/SiGe/Si and
Si MOSFET’s with 1.8um channel lengths. The cutoff frequency of the 0-40% Ge

MOSFET is 1.1 GHz, while that of the Si device is 0.8 GHz.

30
EXPERIMENT
25¢ .
device size: 1.8um>290um
20t Vos—Vr=-25V,Vpg=-3V
H21 o
15 0O 0-40% Ge #21
o oSi#21
(dB) * °
10} * °
* o
- °
. -]
5 [ ¢ o
L . °°
* . °°o
o 1 1 L %9 004-.
108 Frequency (Hz) 109 2x10°

Figure 4.14 Comparison of the current gain vs. frequency characteristics of Si and

Si/SiGel/Si p-MOSFET’s.

These experimental results were obtained for both interdigitated and n-shaped gate
devices with gate widths of 290 um and 180 pm, respectively. They are in good
agreement with numerical simulations, which predict a cutoff frequency of 1.2 GHz
for the Si/SiGe/Si MOSFET. As a result of the parasitic capacitance associated with
the relatively large (0.75 um) gate overlap of the source/drain regions, the improve-
ment in the cutoff frequency from the Si to the Si/SiGe/Si MOSFET’s is not as

impressive as that seen in transconductance. This can be remedied if more
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sophisticzted photolithography and dry-etching techniques are employed.

Finally, Fig. 4.15 presents a comparison between the cutoff frequency charac-

teristics of Si/SiGe/Si p-MOSFET’s with triangular and rectangular Ge channel

profiles.
08 EXPERIMENT
device size: 2.8,1mx180 pm
- "-
06} A A
. L S
fr XY e .\
041 "_." ’,," \.'
(GHz) &~ .- - Vpos=-3V .
&
02} .
A 0-50% Ge CVD#89-2
B 25% Ge CVD#90-2
0 3 3 3 1
Vgs (V)

Figure 4.15 Comparison of cutoff frequency of CVD grown Si/SiGelSi p-MOSFET's

with rectangular and triangular Ge profiles.

The peak cutoff frequency is at least 20% larger for devices with triangular profiles,
irrespective of the growth technique. This is in confirmation of the results obtained
from mobility profiling measurements. Cutoff frequency, which depends on hole

mobility, is larger in devices with triangular Ge profiles in the channel.
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4.6. Conclusion

A VLSI compatible Si/SiGe/Si p-MOSFET process was developed to implement
the first MBE and CVD-grown Si/SiGe/Si p-MOSFET’s with triangular Ge profiles in
the channel. The measured dc, ac and high frequency characteristics of these devices
demonstrate the largest reported improvement in the room temperature performance
of type I Si/SiGe/Si p-MOSFET’s over Si p-MOSFET’s fabricated on the same
wafer. It has also been shown that, by employing a triangular Ge profile in the chan-
nel, peak Ge mole fractions as high as 50% become experimentally feasible. leading
to increased carrier confinement, mobility, transconductance and cutoff frequency, as
compared to MOSFET’s with rectangular Ge channel profiles. These experiments
prove that Si/SiGe/Si p-MOSFET’s can be seamlessly integrated into a Si CMOS

process.
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CHAPTER S

CONCLUSIONS

5.1. Thesis Summary

The focus of this thesis has been the theoretical and experimental study of
Si/SiGe/Si p-channel MOSFET’s. Its goal was to find a practical solution, within the
bounds of conventional silicon VLSI technology, that allowed for a sizable increase
in the mobility of holes in the SiGe channel and thereby enhancing the performance
of the p-MOSFET to match that of the corresponding n-channel device. As a prere-
quisite in the understanding of the operation of the Si/SiGe/Si p-MOSFET, the study
and modeling of the heterostructure MOS capacitor was undertaken in Chapter 2. The
outcome of the capacitor investigation was the development of a technique to charac-
terize the parameters of the Si/SiGe layer sandwich based on C-V measurements. A
triangular Ge channel profile was proposed in Chapter 3 as the optimal solution to the
thesis objectives. The performance of the triangular Ge channel profile Si/SiGe/Si p-
MOSFET was then thoroughly investigated based on analytical models and
comprehensive two-dimensional numerical simulations. Finally, in Chapter 4, the
concept was experimentally verified through dc, low frequency and high frequency
measurements on Si and Si/SiGe/Si p-MOSFET’s with both triangular and rectangu-
lar Ge channel profiles, fabricated in-house, using a VLSI compatible process, which

allowed for the integration of Si and Si/SiGe/Si transistors on the same chip. Highest
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reported hole mobilities and a factor of two improvement in transconductance were

obtained as compared to conventional Si p-MOSFET’s, making the proposed struc-

ture a poteriial solution to the implementation of a high performance Si/SiGe

CMOS/BiCMOS process.

5.2. Thesis Contributions

A series of original, theoretical and experimental contributions were made,

including:

(@)

(i1)

(ii1)

@iv)

v)

(vi)

the design and fabrication of a VLSI compatible Si/SiGe/Si p-MOSFET with a

triangular Ge profile in the channel:

the development of a model to describe the characteristics of the heterostructure
MOS capacitor and of an experimental technique for the characterization of

Si/SiGe layers based on C-V measurements;
the development of an experimental technique for profiling the hole mobility in
SiGe channels;

a complete theoretical treatment, including scaling, of Si/SiGe/Si p-MOSFET’s

using both analytical models and 2D numerical simulations;

demonstration of a sizable increase in the mobility of holes in type I Si/SiGe/Si
p-MOSFET’s through the use of triangular (420 cm?/Vs), as opposed to rec-

tangular (250 cm?/Vs), Ge profiles;

a factor of two ircrease in the transconductance of Si/SiGe/Si p-MOSFET’s

with respect to equivalent Si p-MOSFET’s.
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5.3. Suggestions for Future Work

Further theoretical work is necessary in order to elucidate a number of issues
which have not been treated in this thesis. First, the topic of velocity overshoot
effects in deep submicron SiGe channels and the energy dependence of the transport
properties of SiGe need additional investigation. Even though good device design can
be relied upon to make the most of the higher hole mobility typical of SiGe channels,
performance in the deep submicron regime is ultimately limited by velocity satura-
tion effects. Therefore, the way in which SiGe material properties and device dimen-
sions interplay in the sub-tenth micrometer realm will undoubtedly influence the long
term prospects of Si/SiGe/Si as a viable, "industrial” quality device.

Second, a complete, compact, SPICE model that would augment the model
equations of Section 3.3 with analytical expressions to describe the small signal
model parameters, is urgently required in order to facilitate the design of large cir-
cuits and systems in this technology. A large body of circuit performance data is

necessary before the true benefits of Si/SiGe/Si p-MOSFET’s can be appreciated.

In terms of experimental investigations, several problems should be pursued.
First, a simple and useful endeavor would be the fabrication of a Si/SiGe/Si p-
MOSFET with a 0-70%Ge triangular channel. Such a device is technologically feasi-
ble if the channel is 10 nm thick and should provide even larger hole confinement

and hole mobility than the devices reported in this thesis.

Second, with one addition (a p-well) to the experiments performed in this thesis,

a Si/SiGe CMOS fabrication process can be implemented, whereby the Si/SiGe/Si p-
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MOSFET is integrated with a conventional Si n-MOSFET to obtain symmetrical n
and p-channel characteristics. As a result of iis significant area savings and improved

speed, such a process would be extremely useful for digital applications.

Third, a reliability study of Si/SiGe MOSFET’s and HBT's should be under-
taken in order to more realistically assess the long term impact of Si/SiGe device
integration into large circuits and systems.

Last and most challenging, as an ultimate goal of Si and SiGe device integra-
tion, a Si/SiGe BiCMOS process could be conceived that would feature Si/SiGe/Si
npn HBT’s, Si/SiGe/Si p-MOSFET’s and Si n-MOSFET’s. This would require two
selective epitaxial Si/SiGe layer growths, the first for the channel of the p-MOSFET
and the second for the base of the HBT. This, too, appears technologically feasible
with state of the art technology. Such a Si/SiGe BiCMOS process would be useful for

analog and RF appiications, where the p-channel device limits circuit performance.
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Appendix A

Analytical Solution to Poisson’s Equation

This appendix presents a complete analytical derivation of the semiconductor charge,

threshold voltages and semiconductor capacitance for a Si/SiGe MOS capacitor.

A.1 Derivation of the semiconductor charge Qr

To calculate the semiconductor charge, the approach used for conventional
MOS capacitors is taken but the position-dependent semiconductor material composi-

tion is accounted for. The hole and electron concentrations are expressed as

[ 2 — qo( Nysi
p(x) = Npexp| —2E* AEE,I(.X) W0 1 [ __]Nv‘s,'sc ] (A1)
n(x) = Ngexp %r)-(l] (A2)

Poisson’s equation can be cast in the following form

%P + &
d do(x) N(x) % [ "fr_ N(x)
- = = - ~ A3
m [e(x)%x—] —qNp Ny e’ +e e Np (A3)
By multiplying both sides of Poisson’s equation with 2 s-q%x(-’-‘)—, one obtains
AEy
2 + ——
2 S 9 | _9¢

4 dox)| _ do(x) | N(x) ‘or o o _N®I| (a4
™ [S(X) dx 2qNg€e(x) ix —ﬁ-B-——e +e e Ng (Ad)

Since in most of the SiGe layer the potential ¢ is a linear function of x, the position-
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dependent valence band offset and the permittivity in the SiGe layer can be

described by linear functions of the potential ¢

F .
AEv($) = AEyy — ;:—4» (AS)

€()) = EsiGe,, — €19 (A6)

where F, is the electric field at the bottom of the SiGe film (to be derived later), and

L _428Ys,
1= Fbo
o] >
The LHS, and RHS of eqn. (A4) can be integrated with respect to | £(x) 32‘) , and

¢, respectively. After applying the Neumann boundary conditions in the bulk of the

semiconductor

d
E€si ds:‘)}x=“=0, ¢| =0

the total semiconductor charge at the Si/SiO, is obtained

o))

2 _ | e
Ql' = [881 dx

|
|  =2qes;Nporf(ds) (A7)
I x=0
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where

o —w ~ou e 20t - Sra—ra
Reg-De® —e ¥ +—2 ¢ % _Ryo-1e® +¢ * - e
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=3 31__ s the ratio of semiconductor permittivities in silicon, and at the top of
SiGey

the SiGe film, respectively. Repo =

" is the ratio of semiconductor permittivi-
SiGch

ties in silicon, and at the bottom of the SiGe film, respectively.

dres = 205 + 0 mln[ A ] (A9)
q NvsiGe
and
Nve:
dTvo = 20F + AFvs —q>r1n[ ALl ] (A10)
Nvsice

are the threshold potentials at the top, and at the bottom Si/SiGe heterojunction,
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respectively. The expression for f(¢s) can be simplified for each of the regimes of
operation of the capacitor

In strong inversion: ¢y < O1H

€
o0 Rey— :p“ O = On
fos)=e +——1-:i—e o (All)
bi
1+Fbo

0 N -y R, 1o — P
fhg) == 2o — (P ~ ) + — e T e ¥ (A12)
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Esi 14 Fbx 14 Fbl lLFbtJ lLFbl
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In accumulation: ¢y >0
.
fios)=e® (A13)

A.2 Derivation of the threshold voltage

To derive the expressions of the internal potentials ¢y, 5, and ¢y as functions

of ¢s, and to derive the threshold voltages Vi and Vs, Poisson’s equation has to be
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integrated twice. An analytical solution can be obtained by taking intc account the
fixed charge in the depletion layer Qg, and the hole charge in the SiGe layer Qy. The
hole charge in the silicon cap is neglected since, for a properly designed structure,
Vtu>VTs, indicating that strong inversion occurs first at the top Si/SiGe heterointer-

face.

Under these assumptions, the one-dimensional Poisson’s equation can be written

for each region of the structure as follows
—2 =—(qNB , XcatXsiGe+XputX§< X XKegHXsiGe+HXpu+X5+Xg

_Q =qNs , XcatXsiGetXbu< X <Xca+XsiGe+HXbutXs

d
's‘saaj:L =0, Xca+XsiGe< X KeatXsiGeHXbu

—-i =—qp(X)R¢ , Xca<X <XcatXsiGe

d2
ESi?}=0 , 0<X <Xcq (Al4)
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where x;, is the thickness of the silicon buffer, xg;c. is the thickness of the SiGe

film, x, is the thickness of the silicon cap layer.

The set of the equations (A14) can be solved using the following boundary con-

ditions for the potential

o| =0

. X=X oy +X 81006+ Xpy TX3+Xg

N _o!

I X=Xy +Xgi0e+Xbu +X3 I X=Xcea tXgiGaHXpu+X5 "

ol _o!

| X=X eaHX81GeH Xivg B I X=Kea+XsiGo+Xte

=0u (A15)

From Gauss’s law the additional boundary conditions are
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do| o
dx Ixﬂo+Xsn+xh+Xa+xd
d¢ | -90]

dx |x=xotxgotxmtxs  AX | x=x+xoo+xotxs”
d¢ | - do|

dx |x=x,+xm,+x.,,‘ dx | x=xo+xsice +xe”
do | g 40|

dx 'x=x,+xm,‘ €0 4x | x=x o +xsice”

dé | do |

R 40 = —

eH dx |x=x,' dx |x=x,’

(A16)

Using the boundary conditions, and carrying out a first integration of Poisson’s equa-

tion the following relations are obtained

d
85&7‘% = qNB(XcatXsiGe PXbutX5+Xd~X) , XcatXsiGetXbutXs< X <Xca+XsiGeHXou+Xs+Xd
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d
Esi ﬁ = qNpXq — N§(XcatXsiGeHXpu+Xs—X) » XcatXsiGeHXbu< X Kea+XsiGe +XputXs

d
de _ qQNBXg —qN5X5 » XcatXsiGe< X KcatXsiGetXbu

Esi dx
d ———————
esig = (QNBxg — qNsx5)Re V1 + H() , Xca< X XcatXsiGe
d
esq;‘t = (qQNpxa — Nsxs) VI + H@p) , 0<X <Xey (A17)

where ¢y is the potential at the top SiGe/Si heterointerface as defined in egn. (A15).

H(¢) represents the contribution of holes to the electric field in the SiGe film and is

given by
[
1 N - iGe, - = H
H(p) = s B?r xp[ q)r:" ¢] - ?G = xp| T2 ¢(’;—Tx°‘+xs “)] A18)
Q32 (1 + _.bl.) SiGey
Fio
where

Qg =qNpxq — qN5x5
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is the fixed charge in the depletion region, and

is the electric field at the bottom Si/SiGe heterojunction.

To obtain the potential distribution, a second integration of Poisson’s equation is
required. In order to make possible an analytical solution, the contribution of holes
(the H(®) term ) to the potential drop in the SiGe film is neglected. This approxima-

tion introduces a small error, as verified by comparison to numerical results.

Using this approximation, the potential at the top heterointerface ¢y and the

potential at the surface ¢s are obtained respectively as

! Ngx4
on=0l == 2+ + Rexsice]) (A19)
Ixery, 25
qNsxs
5 [xs + 2(Xpy + RexSiGei
Esi
and
| X
ds=0¢] =o¢y—(QNpxq-— qNaxs)ﬁVl + H(0H) (A20)
x=0 !

The H(¢y) term in eqn. (A20) represents the contribution of free holes in the SiGe
layer to the potential drop across the silicon cap. It is obtained from (A18) by drop-

ping the last exponential term, which is negligible, and can be expressed as
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(A21)

"~ N -
Hiow) = 2Q€siGe, NBOT cxp[m ¢H]

QBZ '1 N eSiGc.,,Fbi ot J
Qs

By taking into account all potential drops across the structure, the expression for

the gate voltage Vg can be written as

Vg =dms - X +¢H"(qNBxd"qN8x8)[%:f’+%:‘] V1 +H(én) (A22)

Cox

The maximum depletion depth X4max can be derived from eqn. (A19)

Xdmax = — X§ — Xbu — ReXsiGe +

N5X3 |
[Xs + Z(Xbu + RsxSiG,T(AB)
B

~
\/qEN?;-(—(bm) + (X5 + Xpu + ReXsige)? +

For the depletion regimes and for most of the inversion regime, the internal poten-

tials 9y, ®bo» Pbu» and 5 can be expressed as functions of the surface potential, ¢s

¢n=¢s+QBZ°‘T T+ HEon) (A24)
Bvo = Op +Qp— (A25)
€SiGe
Xbu
Oru = 00 + Qo (A26)

. qNBxgxs qNsxs?
Esi 2€s;

05 = dvu (A27)
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A3 Derivation of the semiconductor capacitance Cg

Eqns. (A24) - (A27) and the derivative of f (¢s) are required in the calculation

of the semiconductor capacitance

i) = e Ra Tt Rgy o=
re——=e® —1-e® (e T - —F ¢ & LT . & (A%
s L 1428
Fo Foo

In strong inversion: ¢y < ¢y

12
[ 29p — 05 R O —%u
e -
cs=\/qi— LT L S (A29)
2¢T 1+E.
Fuo
In depletion and weak inversion: ¢y < ¢y <0
12
- 10 = $vo
esiN ] R
Cs = g€siiNB 1+__£l-_l__e or _ Reboc or (A30)
2 — g — 505 ~90) ]J 1 P 1o Foi
5 NB Fbo l?bo

In accumulation: ¢y > 0

I
_ . | 9&si B, 2r

s = 207 (A3D)

In egns. (A29) - (A31), the contribution of the term describing the position depen-
dence of the permittivity has been neglected (i.e. € =0). Note that eqn. (A28) -

(A31) reduce to those corresponding to a Si MOS capacitor.
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1D Self-Consistent Schridinger
and Poisson Equations Solver

This appendix describes an one-dimensional numerical simulation program which
was developed in order to investigate the electrostatics of the SiO,/Si/SiGe/Si

heterostructure system.

Numerical simulations have been carried cut to investigate the quantitative link
between the internal layer structure and the C g~V characteristics of Si/SiGe MOS
capacitors. A classical approach using Fermi-Dirac statistics does not explain the
size-quantization induced offset between the heterojunction and the position of the
centroid of the accumulated charge. Because this quantum effect has to be accounted
for in the C-V characterization, a numerical simulator was developed that selfcon-

sistently solves Poisson’s equation

V(eV¢) =—q[Np — Nz —n+p] (B1)
and Schrbdinger’s equation
_E_v —L—V\y- +(-E)y; =0 (B2)
3 m, i i

in one dimension to obtain the potential ¢, hole wavefunctions y;, corresponding to

each eigenenergy E;, and the concentration of holes p throughout the structure [1]:

mpkT = 2 E; - Eg
= — jw;1“Inj 1 + ex (B3)
P xth? :Zl ¥ p[ kT l

-B.I-
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Since only the inversion region of the Cy g—Vg characteristics is of interest, the clec-
tron concentration is assumed to obey Boltzmann statistics and is included as such in
Poisson’s equation:

Ep—Ec

kT (B4)

n= Ncexp[

The analysis also accounts for interface trapped charge Dy, fixed interface charge Q¢
and for the contribution of deep level Npr, Nat, and shallow level traps Np, Na,
located either in the Si or in the SiGe flm. The ionized fixed charge densities Np

and N3 are calculated as functions of the trap energies: Epr, Ep, Ear, Ea, accord-

ing to the formulae [2]:
N N
Np = 2 + o - (BS)
1 + 2exp Er-Ep 1+ 2exp Ef - Epr
kT kT
N N
Nz = 2 + AT (B6)
1+4exp| EA—Er|  1+4exp| Ear —Er
kT kT

The simulator calculates the potential ¢y and the peak hole concentration py at
the top Si/SiGe heterojunction, and at the Si/SiO, interface ¢s, ps., respectively, the

overall charge
0
Qr(Ve) = [aINH(x,V6) — Na(x,Vg) - n(x, Vo) + p(x,Vg)ldx  (B7)

and the hole charge centroid location

VLSI Research Group University of Toronto
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0
jx p(x,Vg)dx
X (Vg) = S5——— (B8)
fpx,VG)dx

all as functions of the gate voltage V. Next, the low frequency capacitance, which

is a measurable terminal function, is calculated:

dQr(Vg)

(B
Vo B9)

Cir(Vg) =
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APPENDIX C
Analytical Model for Si/SiGe/Si p-MOSFET’s

In this Appendix, the elements of an analytical mogdel to describe the operation

of the Si/SiGe/Si p-MOSFET are developed.

C.1 Threshold Voltage and Body Effect

V10, Obtained from eqns. (2.14), is the buried channel threshold voltage with no

substrate bias applied
V1o = VB +¢rH-Y[V—¢rH+¢o-\’4ij CnH

where

Y= V2qesiNp Tea p ox
€si  Eox
is the "body factor", and

QNB (X5 + Xpu + ReXsice)?  qNsxs[xs + 2(xpy + ReXsige)]
9 = + -
2gg; 2e5;

qNp

Ns 2
Xs [1 + ?‘I—B-] + Xpy + RexSiGe]

2¢5;

¢ =

The threshold voltage of the Si/SiGe/Si p-MOSFET, VT, can be expressed as a func-

tion of the substrate bias, Vps

VT=VT0-Y[‘/VBS—¢1’H+¢0—\/-%H+%J (C2)

-C.lI-
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2 I-V Characteristics

Subthreshold Region

As for Si MOSFET’s, the subthreshold current is a diffusion current. Only the
buried layer charge is significant in weak inversion, and therefore, the following

expression holds

d
Ips =—WD;siGe —%221 = %p‘pSiGe% [QH L)- QH(Og (C3)

The total and the depletion semiconductor charges are obtained from eqn. (2.8)

Qr = V2qes;Np o f(¢s) (C4)

Qp = V2qes;Ng¢rfp(9s) (CS)

where, by neglecting the term due to the permittivity gradient in egn. (All)

Oom—Ou
fhs)=—me & - ir—“ - _;:_5_(% = G (C6)
I sér
Fg
N
fp(9s) = — zr—s - NB; (05 = bba) (o1)

In weak inversion, Os, {0y, and ¢, are linear functions of ¢y ( eqns. (A23), (A25),

and (A26) ).
q€ qE R nl
SiNB SiNB eH o
= —— | fi —fp( = e C8
Qu \/ zf;@f)i [<¢s) D,qasﬂ \/ ZfD@s‘)i — (C8)
Fp
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At the source end of the channel

= R Smu
gEs; eH
QH(0)=\/ L e ™ (©9)
2fp(9s) 1 Foi
Fg
At the drain end
G R r—du + Vs
SilNB eH or
L= € (C10)
WO=N 2605 Fn
1+—
Fp
As a result, the subthreshold current can be written as
. Smcu o Vos
w 2 q€s; N eH or or
Ips = —MHs; € e -1 (C11)
DS = 7 HpsiGedT '\/ 201f5(0s) 1_,_5‘1"_ [ ]

Fg

As shown in Fig.C.1, in weak inversion, the potential at the top heterojunction ¢y is a
linear function of the gate voltage. As a consequence, the following relationship

holds

_ aVGs =1+ Cs by = 1.5¢¢ - AEVH/q)

= C12
flo a‘bH Cox ( )

and the subthreshold current can be expressed as a function of the gate and drain vol-
tages

vm—vOS
Cox e n,Or

W 2
Ips = L HpsiGedT T+ a

c_&r - l} (C13)

where the following approximation was considered valid
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85 : :
p —% :
Lt
i
bu» bs ol i g
)] : ]
T
ol s
i Vil

WSy——53 3 15 a1 45 0

GATE VOLTAGE Vgs (V)

Figure C.1 Simulated gate voltage dependence of the heterostructure potential ¢y
and of the surface potential ¢s in a typical Si/SiGelSi p-MOSFET structure. The

linear region of the ¢y — Vgs characteristics is also shown.

Effective gate capacitance

In strong inversion ( ¢y < ¢ty ), from eqn. (A29)

1”2
_ ,QESiNB Ren ] OTH— 1 —AE w1/
Cs = 2071 o Fo J exP[ 207 ] '\ﬂ-t-DgexP[ s re AL q} (C19)

Fpo

Fig.C.2 illustrates that, in the bias range corresponding to strong inversion in the
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Page CS

buried channel alone, Vs < Vgs < VT, ¢y — s is a linear function of Vgs. At the

same time, ¢y is pinned close to ¢1y.

0.4

03}

0.1

0

4 35 3 25 2

GATE VOLTAGE Vg5 (V)

Figure C.2 Simulated gate voltage dependence of the difference between the heteros-

tructure potential ¢y and of the surface potential ds in a typical SilSiGelSi p-

MOSFET structure. The linear portion of the characzeristics is emphasized.

As aresult, in strong inversion, the semiconducior capacitance can be modeled by

Esi

Cs =—g(Vgs, Y1s)

a
and the effective gate capacitance becomes

COX

Coett =

a

1+ —2
g(Vgs,VYTs)

VLSI Research Group
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(C16)
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where
8(VGs. V1s) = \ﬂ +D, exp| SIS YOS ~ Vorz (C17)
& n ¢t J
aV, C =2
n = GS _ 14 s(9s ¢F)=1+_1_ ©18)
dds Cox a
Foi
1+T:'—' Nuc:
Dy = ——"— Vonz=n1¢>r1n[ L (C19)
€H NB
Effective mobility

In order to retain the same form for the drain current expression as in the case of

the Si MOSFET, the effective mobility is defined as

1 1
Hetr = 1+6(Vr — Vgs) Qiny

[u-pSiQS + l»lpsmeQH] (C20)
where Qs, shown in Fig.C.3, is the areal hole charge in the surface channel and is
described by

Qs = 2Coxn1 O7in(g(Vgs, Vrs)] (C21)

Qu, the areal hole charge in the buried SiGe channel, can be expressed as a function

of the gate voltage

Cox

1+

Qi = 72| Vru = Vs - 2n,¢rinlg(Vas, V1s)] (C22)

and Qjy is the total inversion hole charge
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Qv =Qu +Qs (23

Se+12

de+12}
3e+12}

QH: QS
)
2e+12}
le+12}
0, 3 3 2 T
GATE VOLTAGE Vgg (V)

Figure C.3 Modeled gate voliage dependence of the buried charge Qi and surface
channel charge Qs in a typical SilSiGelSi p-MOSFET structure. Smooth transition
between the strong inversion regime in the buried channel and the strong inversion

regime in the surface channel is built into the model.

As a result, the effective mobility becomes a function of the gate to source voltage

Vas
Hpsim(Vgs, Vrs) + psice h(Vgs, Vs
Cox l1+a C24)
Hett = Cgetr 1+0(Vt - Vgs)
where
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In[g(Vgs,VTs)]
h(Vas, Vos) = 1 = 20y by — o (C25)
V1 — Ves
In[g(Vgs, VTs)]
m(Vas, V1s) =2mér ———v; (C26)
T— VGS
For Vgs > Vs
Cox HpSiGe
Coett =77 g *f = T o(Vr - Vas)
and for Vgs < VTs
Hpsi
= C , =
Coett = Coxs  Mett = 777 8(Vr — Vas)
Drain Current Expression in Strong Inversion
By assuming a realistic velocity-field characteristics
F
v(F) = ___"_".Eff_F_ (C27)
14+ 8
Vpsat

one can derive the expression of the drain current to account for mobility degradation

caused by the longitudinal field F

d
WCGeffl-lcff'd—i'

g0
dx

Vpsat

Ipsdx = (Ve - Ves +g dx 28)

Hefr

1+

Eqn. (C28) can be rearranged
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Ipsdx +

Hefr
—Ipsdo = Wl»lefcherr[VT —Vgs + @ do
Vpsat

After integrating with respect to x and ¢, from 0 to L, and from O to Vg, respectively

Vps

Heff
IpsVps = WllefrCcefr[VT —Vgs + "—] Vps (C29)

psat

IpsL -

2

Finally, the drain current equation in the nonsaturation region is cast as

W MerrCoerr Vps
Ipg = — V1 —-Vgs + —1 Vps (C30)
DS Ll_ucrrVDs[T as 2]
Vpsaa L

Assuming velocity saturation is the mechanism responsible for the saturation of the
drain current, the drain to source saturation voltage and the saturaiion current are

obtained from the current continuity condition

|
IDS | == vasat Qinv (L) (C3 1 )

Vbs = Vpsar

as
LVpsat \/ Tier (VT = Vas) |
A" = 1—-all+ (C32)
DSAT lort [ LV J
and
Cout| ¥ Ve
HeffCGeit| YT — YGS
IpsaT =— 2W 7 (C33)
L [ _\/ ZHer (VT — VGS)
1+ 1+
Lvpsa
respectively.
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Channel Length Modulation
The equations which apply for Si MOSFET’s [1] are modified to reflect the case

of the buried SiGe channel

SURFACE CHANNEL

Figure C.4 lllustration of channel length modulation in Si/SiGelSi MOSFET's. a)

Pinched-off device. b) Velocity saturated device.

AL = —k— [ V(FcL)? - 2A(Vps — Vpsat) — ch (C34)

VLSI Research Group University of Toronto



Appendix C - Analytical Model for SilSiGe/Si p-MOSFET s Page C.11

where

_NL? | Cox(Vos = Vi + Vosar)|
2eg; (1 + a)qNpxg, J

(C35)

Fc is the critical field at which velocity saturation occurs. X is the thickness of the

XSiGe

inversion layer at L - AL, and can be approximated by 3

. Note that at L - AL the

surface channel is depleted, only the buried channel is on. Therefore,

C.3 Smali Signal Equivalent Circuit

The elements of the small signal equivalent circuit can be derived by differntiat-
ing the DC characteristics. Several approximations, neglecting the gate voltage

dependence of g and Cgesr, are provided below.

transconductance (nonsaturation)

W HerCaeft
= — \"4 (C36)
=T [ Mot Vps >®

Vpsat L

transconductance (saturation and long channel)
W
Em = 7 Her Cerr(VT = VGs) (C37)

output conductance (nonsaturation)

%ueffcceff(v T — Vgs + Vps) (C38)
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outprit conductance (saturation)

g = [ L ] 2 Ipsat
L- ALJ V(FcL)? = 2A(Vps — VpsaT)

gate-source capacitance

2WL \f)
Cgs= 3 CGcff[l—[vl+V2 1] + WLovCox

gate-drain capacitance

Cea = ——Coett

2WL
1-
3 [

M +WL,,C
VI +v2 OV “~0X

Vi=V1(Vsg)—Vss, V2=V1(Vps)— VoD

where [2]

Cov = WL Cox

drain-source(substrate} capacitance

CjAD + stwPD

Cas =Cqp = . )
(1-Vsp/d™  (1- Vsp/$))™

(C39)

(C40)

(Ca1)

(C42)

(C43)

(C44)

where C; is the 0-bias capacitance per unit area, Cjy is the O-bias side-wall capaci-

tance per unit length, Ap is the area of the drain implant region, Pp is the perimeter

of the drain implant region, ¢, is the built-in voltage of the drain/substrate junction.

m; and mj,, are the substrate-junction and the perimeter capacitance grading

coefficients, respectively.
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C.4 Noise Performance

The noise of the Si/SiGe/Si p-MOSFET is represented by two internal noise currents

a kfgm2
I"nd(ﬂ = 4kTPgm + m (C45)
eff
3 Cis
24 (6) = 4kTR@? - (C46)
m
d Red
1r l\/\(
Cgs
-j {149 .
3 e -
\ Ri fm
/ B4s
S’

Figure C.5 Noise equivalent circuit of the intrinsic Si/SiGe/Si MOSFET.

Their correlation is modeled by an imaginary coefficient

. o
IngX1 nd

iC= L (Ca7)
JizndXizng

P, R and C are intrinsic noise parameters that describe the medium and high fre-
quency noise added by the device. k¢ and af are intrinsic noise parameters that

describe 1/f noise [3].
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The two-port noise parameters of the MOSFET in the noise impedance formalism are

given by
1 + (WR;Cys)?
, Ri+k ¢ - iCas)
1 + (wR;Cys) gm ’
ra =R, + Ry +k; = +RW  (C48)
Em w
12 ., [ ¢)?
gn=Kigm P =Kig€'m f w (C49)
T T
Rls + k3R'i ,
rcor‘-‘Rs+Rg+k3Ri=—w—'_+ng (C50)
ks ks 1
= = - 1
eor J(’)Cgs ,]mcgs w s
Tn 5
Rgop = g_ +Tcors Xsop = Xecar (C52)
n
Frin = 1 + 280 (feor + Rsop) (C53)
where
—? —-C\P
k, =P +R - 2CVPR,, kFMk—‘?—’ =TT (CS4)
1 1

- r . - .
Since r2,, < -Z_, the term r.,, can be neglected. The simplified expression for the

n

minimum noise figure becomes

o =1+ 2VEm, = 142E -Ff-\f(Rs ¥ Ry)gm + Kzl + (@R;Cg)?]  (C55)
T
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APPENDIX D
2D Numerical Modeling of Si/SiGe/Si p-MOSFET’s

The purpose of this appendix is to describe the features of the commercial program
used for the two-dimensional numerical simulation of Si/SiGe/Si p-MOSFET’s.
Some additions to this program were inade in order to calculate the S parameters and
to study the impact of the series parasitics on the high frequency performance. These

addiions are now part of the latest commercial release of the program.

D.1 General Features

The ATLAS/BLAZE 2D heterostructure device simulator [1] is used to analyze
type I and type II heterostructures. Both the conventional Drift-Diffusion (DD) and
the more sophisticated Energy Balance (EB) model, which accounts for non-local
transport effects, are employed for simulations of the DC characteristics. Frequency
domain performance is simulated using the DD model. The EB model for semicon-
ductor devices with nonuniform bandgap [2,3] is obtained by combining the
approach proposed by Stratton for Si devices [4], with the DD heterojunction model
as developed in [5,6]. The system of five independent semiconductor equations is
solved with potential ¢, electron concentration n, hole concentration p, eiectron tem-

perature T, and hole temperature Tp, as variables.

D.2 Mobility and Impact Ionization Models

In the case of DD simwlations, a fiedd dependent mobility model is employed

-D.1-
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for SiGe
Hen
@)= T = @)
1+ —2 [umF 2
Vsp 1+
Ven

where F is the electric field parallel to the heterointerface, ve, and vy, are the satura-

tion velocities of electrons and holes.

In EB simulations carrier mobilities are expressed as functions of the local car-

rier temperatures
Ho Hon
p(Tp) = ———F——  pa(Tp) = (D2)
1+0,(T,—T,)
V14, 2(T,—T, )
where
O.p—é' kBlJop =_3_ kgHon
2 qvZ,Tmp 2 qvZtma

and Tmp = tmp = 0.4 ps in both Si and SiGe.

The low-field mobility values in undoped SiGe are derived from experimental
data [7-9] and a silicon-like doping dependence, based on the Arora model [10], is
assumed. This dependence was confirmed by hole mobility ricasurements in the
base of Si/SiGe/Si HBT’s [11]. The low-field hole mobility in undoped SigsGeg s is
assumed to be 40% higher than in Sig75Geg 25. The saturation velocities in SiGe are
set equal to those in Si, in accordance with experimental [12,13] and Monte Carlo

simulation results [14,15].

The temperature dependent impact ionization is calculated based on the model
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proposed in [16]

where

and Tip = Tjp = 0.4 ps in both Si and SiGe.

D3)

Cnacr Si and SiGe material parameters were taken from the literature [17,18].

Experimental transconductance characteristics for a submicrometer 20%Ge p-

MOSFET [8] and DD simulation results are shown in Fig.3.3. They confirm the

accuracy ~f the material models employed, and the validity of the DD model at these

channel lengths (0.25 pm).
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APPENDIX E
Parameter Extraction for Si/SiGe p-MOSFET’s

This appendix presents two parameter extraction techniques developed for the char-
acterization and modeling of Si/SiGe/Si p-MOSFET’s. The first is a low-frequency
extraction technique which provides the specific mobility-gate voltage charxteristics
in a Si/SiGe/Si p-MOSFET. The second is a high frequency extraction technique
whereby the elements of the small signal equivalent circuit are obtained from S

parameter measurements.

E.1 Mobility Profiling in Long and Wide (FAT) Si/SiGe/Si p-MOSFET’s
By definition, the cutoff frequency in the triode (linear) region is expressed as

d

= p(x)p(x)dx
€m Vps dVgs j" PO
frL(Ves) = = (E1)
anGSalc 215142 d J' Lad p(x)dx
dVgs ‘0

in which the contributions of the ionized and free electron charge in inversion were
considered negligible. Equation (E1) shows that the cutoff frequency is a function of

the device length and of the effective free carrier mobility and can be expressed as

Vps

fr(Vgs) = 2
TL(VGS) = Hetr(VGs) L2 (E2)
where
L [~ peop(xdx
dVgs 0
Het(Vgs) = 1 1E3)
. Jy pexdx

-E.I-
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As shown in Fig. E.1, the gate voltage dependence of the effective mobility can be

extracted from the linear region transconductance and gate to source capacitance

measurements, using eqns. (E2), (E3) and (E4) [1]

gmL2

Uer(Vgs) =

2VpsCs

(E4)

The simulation results indicate that the extracted mobility closely reproduces the

actual hole mobility used in the simulation model, which was assumed independent

of the vertical field. The experiments confirm the simulated gate voltage window, but

also reflect the impact of the vertical field on mobility, both in the Si cap and in the

SiGe channel.

Hp
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S00 4 EXP. (0-50% Ge #23)
-- SIM. (}l‘,s;(;¢=400¢:m2/v S, p.ps;=15A0 em?/Vs)
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200} A2 ':
4 ':
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100} ‘;
A
‘a
device size: 100umx100pum \ A, AA
03 3 3 1 0 1
Vgs (V)

Figure E.1 Effective mobility vs. gate voltage characteristics for triangular Ge chan-

nel profile p-MOSFET's, as extracted from experimental (A) and simulated (--) tran-

sconductance and capacitance characteristics.
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E.2 Extraction of the Small Signal Equivalent Circuit from S-parameter Meas-

urements.

Motivation

e Allows for capacitance extraction. Capacitances are very difficult to measure

directly in small devices where the capacitance is of the order of a few fF.

e Allows for extraction of circuit elements which cannot be determined other-

wise, like R;, Rgd orT.
e Allows for extraction of parasitic inductances Lg, Ls, and Ly which can be
done only in the high frequency range.

This direct extraction technique has several important features, as described below.

e The intrinsic FET equivalent circuit is such that a y-parameter analysis of the
equivalient circuit results in relatively simple expressions that can be equated to

the measured y-parameter data [2, 3].

o The intrinsic equivalent circuit parameters are obtained by line fitting on a res-

tricted frequency range, thus measurement errors can be easily eliminated.

o This technique assumes that the series parasitic resistances Ry, Ry, and Ry are

known from other measurements (usually dc).

e No assumptions about the parasitic inductances are made. The method pro-

vides the bias dependence of the parasitic inductances (Lg, L5, La).

o If values for R, R, and Ry are not known, the extraction can be combined

with optimization to obtain the parasitic resistances. The results will be more

VLSI Research Group University of Toronto
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reliable than those obtained from straight optimization.

Q

% u» Sm em em e = W™

Figure E.2 Small signal equivalent circuit of a SilSiGelSi p-MOSFET in common
source configuration. Both the intrinsic (boxed region) and the extrinsic elements of

the lumped equivalent circuit are shown.

Physical Interpretation of the Equivalent Cizcuit Elements

e Cg and Cyy represent the major components of the gate capacitance. Cys
represents the coupling between drain and source through the bulk and the drain

to substrate junction capucitance.

e R, in series with Cy, represents the access channel resistance from the source

side. Rgq, in series with Cyq, represents the access resistance from the drain side

VLSI Research Group University of Toronto
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and in the limit of very small drain voltage is equal to R;.
® g4 models output conductance.

e  Transconductance g, includes the delay t of the drain current with respect to

the gate voltage.
e  Parasitic resistances are represented by R, Rg and Ry.

e  Parasitic inductances are represented by L, Ly, and L;. They become impor-

tant at very high frequencies. In addition, L; is bias dependent.
The extraction procedure consists of 7 steps.

1. Conversion from the measured [S],,, parameters to the measured [z];, parame-

ters

2. Subtraction of the parasitic series resistances from the [z],, matrix

3. Conversion from the intrinsic [z],, parameters to the [y],, matrix

4. De-embedding 8 intrinsic equivalent circuit parameters using the [y],, matrix
5. Calculation of the extracted intrinsic [y]. parameters

6. Conversion of the calculated [y]. parameters to the [z]. matrix

7. Determination of the parasitic inductances Ly, Ly, and Ly by subtracting the

[z]. matrix from the [z],;, matrix

Each of these extraction steps are detailed and illustrated next.
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1) Convert measured [S];, parameters to [z];, parameters.

S;1 Syz ;1 %12

Si1 S22
221  zZ9y
p N
(S 1, [z]lm

Figure E.3 Conversion from the measured [Slm matrix to the normalized extrinsic

[z]; matrix.

e [z],, represents the matrix of normalized z parameters of the extrinsic device

Zyy Ip
Z Ip
(2 ]n (r lger

[zl

Figure E.4 Subtraction of the parasitic series resistances from the normalized extrin-

sic [z}, matrix.

VLSI Research Group University of Toronto



Appendix E - Parameter Extraction for Si!SiGe p-MOSFET s Page E.7

2) Subtract the effect of the parasitic series resistances from the extrinsic [z]y, matrix.

¢ The values of Ry, R;, and Ry should be known at this stage from previous (dc)

measurements.
o The impact of the series parasitic inductances is, for ~ moment, neglected.

3) Convert the intrinsic [z]; parameter matrix to the intrinsic [y]; parameter matrix

[Z]i [yli

Figure E.S Convertion from the normalized intrinsic [z); matrix to the normalized

intrinsic [y}; matrix.

4) De-embed the 8 (eight) intrinsic equivalent circuit parameters from the measured

intrinsic y parameters, [y];, based on tie equations:

R, (0C,q)? + jCpq
Yi2 = Zo g g 2 g (ES)
1+ (ngngd)
R;(0C,;)? + jooC
Y =Zo———= E vz (E6)

1+ ((DRgd ng)z
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_ Zogme "
ya =7 T jOR;Cor +Y12 ED
y22 = Zy(ggs + j0Cqs) — Y12 (E8)

r---------—-r‘-.vr-

R
d gd

N

gn‘ (] -j @t V) :
Bds

Cgs

Figure E.6 8-element intrinsic lumped equivalent circuit of the Si/SiGelSi p-

MOSFET.

® Cyq is extracted from eqn. (ES) as the slope of the line

1

Im| 22

Y12

_=0)ng

Only the lower frequency range of the measured Y parameters is used.

o R, is extracted from eqn. (E5) as the average value of

Zo

Real
Y2

T
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Only the lower frequency range of the measured Y parameters is used.
e C,s is extracted from eqn. (E6), as the slope of the line

1 -

2o |
Yu + Y1z

Only the lower frequency range of the measured Y parameters is used.

o R; is extracted from eqn. (E6) as the average vaiue of

Real 20 =R
Yty

Only the lower frequency range of the measured Y parameters is used.
o Cy; is extracted from eqn. (E8), as the slope of the line

Im(y2; + y12) = 0Cys
Only the lower frequency range of the measured Y parameters is used.
® g4 is extracted from eqn. (EB), as the average value of

Real(yz; +y12) = 8us
Only the lower frequency range of the measured Y parameters is used.
® g, is extracted from eqn. (E7), as the average of

Real(y2; - ¥12) = gm
Only the lower frequency range of the measured Y parameters is used.

e T is extracted from eqn. (E7), as the average value of
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atan(gmr/gny’) _
1)

where

_ Realyz1-yn)  Im(y2z1—y11)
gmr Zo ZowR; Cgs

._ Realyz1-yn)  Im(yz1—y11)
ZOO)R;CSS Zo

Chnly the higher frequency range of the measured Y parameters is used.
5) Calculate the extracted intrinsic Y parameters [y]. using eqns. (ES) - (ES).

6) Convert [y]. to [z],

7) Determine the series inductances L, L, and Ly by subtracting [z], from [z], and
fitting to straight lines using only the high frequency range of the data.

As an illustration, Figs. E.8.a and b show the bias dependence of R; and «,
respectively, as extracted from numerical simulation results, fer a 0.25umx30um

Si/SiGe/Si p-MOSFET.
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Zyy ZIpy Iy I
mazasured — extracted +
 Ip z‘“"

2 Zpn

[z]e

[ X Iser

Figure E.7 Extraction of the parasitic series inductances.
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Figure €.8 Bias dependence of the extracted channel access resistance R; (a) and of

the transconductance delay T (b) for a 0.25umx30um Si/SiGe/Si p-MOSFET. Nuner-

ically simulated S parameters were used in the extraction.
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