Chapter 1

Introduction

1.1 Overview of Transistors for RF Applications

Currently, the communication systems transmit, @ss¢c and receive great
amounts of data in very short time intervals andrate in the GHz range. Microwave
transistors are the backbone of these modern wgelemmunication systems, and
the widespread use of mobile phones in recent y@aeded the real mass market for
microwave transistors. Microwave transistors amduis a large number of different
circuits such as low-noise amplifiers, power angig, mixers, frequency converters
and multipliers, attenuators; and phase shifterkhofigh the requirements on
transistor performance differ fromiapplication fgplcation, microwave transistors in
principle can be distinguished into-two._groups emlssignal low-noise transistors
and power transistors. For microwave electroniosthe other hand, a large variety of
different semiconductor materials have been emplogach as Si, SiGe, GaAs, InP,
further 11I-V compounds, and wide bandgap mateliaid]

In recent years, silicon-based microwave tisdoss (such as SiGe HBTs and
CMOS) have attracted much attention due to theimopation work for cost and
performance. Unlike compound semiconductor techlgwloa silicon-based
technology derives its advantage by its abilityittegrate various functions on a

single chip (system-on-a-chip; SOC), thereby reayicost.

1.2 Issues on SiGe Hetero-junction Bipolar Transistrs



SiGe BICMOS technologies provide cost-effectiveuiohs that can meet
power-performance requirements set by various mtedd he value proposition of a
SiGe BICMOS is that the CMOS devices are compatible foundry offering to
enable the reuse of logic libraries and layoutsceikt the heart of the market success
of SiGe BICMOS is the ease of integration of higitfprmance SiGe HBTs with the

state-of-the-art CMOS and passive elements.

1.2.1 Basic Concept of Hetero-junction Bipolar Biator

The SiGe Hetero-junction Bipolar:Transistor (HB%)ai bipolar transistor with a
basic structure similar to thatof a Si BJT, asvahan Fig. 1.1, and with an additional
material of SiGe in the base layer. Like the Bifas three terminals, namely emitter,
base, and collector, and consists of either anamppnp layer sequence. The main
difference between the two devices is that in HBfis,emitter and the base are made
of different materials, with the bandgap in the #@nibeing larger than that in the
base. Thus, the emitter-base junction of HBTs istélp-junction”. As mentioned
above, the basic structure of HBTs is similar tat thf BJTs. While the BJT consists
of only one semiconductor material (Si), the HBTfasmed of layers of different
semiconductor materials. HBTs can be either sihgtero-junction bipolar transistors
(SHBTSs) or double hetero-junction bipolar transisttbHBTS). To the topic here, for
SiGe HBTSs, not only the base and the emitter ardenad different materials but also
the base and the collector, thereby SiGe HBT i®odtionally belonging to a double
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HBTs can be further classified into the spikeTHBhich has a spike conduction
band at the emitter-base hetero-interface, andsii@oth HBT, which has a smooth
band at the emitter-base hetero-interface. In gén8iGe HBT is of the second kind.
Most HBTs are formed with materials having the sadattice constant, and the
hetero-junctions are lattice-matched. In SiGe HBfewever, the SiGe base is a
strained layer because the lattice constant of &darger than that of Si. Finally, an
HBT can either be a npn or pnp transistor. Becahs®st all HBTs are of the npn
type, the remaining discussions in the followingtems will be focused on npn

HBTs.[5]

1.2.2 Physical Improvements of HBTs

The hetero-structure effect.exploited.in HBTs careRplained based on Fig. 1.2.
The key part of an HBT is the emitter-base hetarwiion with the bandgap of the
emitter being larger than that of‘the base: Becadisbe different bandgaps and the
resulting bandgap differenad_, electrons moving from the emitter to the base
encounter a smaller energy barrier to be surmouthizal holes traveling from base to
emitter. Thus hole’s injection from the base inbte emitter is strongly suppressed,
and higher current gains compared to those in hmction BJTs can be obtained.
The emitter injection efficiency of an HBT describes the ratio of the desired etettr
injection to the undesired hole-injection at thatmbase junction. It is connected to

the current gain and obeys the relation (for a gmbetero-junction):
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,where N, and N,; are the emitter and base doping concentratidgs,s the
Boltzmann constant, and is the absolute temperature in the device. In eguat
(1-1), it is clear that the potential barrier fdectrons is smaller than that for holes
by AE. . Thus, the undesired hole-injection from the basthe emitter is effectively
suppressed and an acceptable current gain canté@eaxh even if the base doping is
equal to or higher than the emitter doping. Thitersf the device engineer a new
degree of freedom in transistor design. Large emittiection efficiency
automatically leads to a large common-emitter eurgaing,, and HBTs with current
gains of several thousands can be easily realized.

However, a very large current gain is typicailyt the primary design goal for
microwave transistors. Instead, a more importasudsis that an acceptable current
gain is achievable witN,. << N5, and the base doping concentration can be made
very high. A high doping density. in the base layerdesirable for microwave
transistor operation. First, it allows for-a-vehmtbase without running the risk of
having base punch-through. A narrow_base, ‘in tiearls to a small base transit time
and thus to a high cutoff frequency. Second, tiy@ klioping density in the base layer
leads to a small intrinsic base resistalRge which gives rise to a high maximum
frequency of oscillation and an improved high-freqay noise performance. A low
emitter doping density is also beneficial for hggeed operation. It leads to a smaller
emitter-base space-charge region capacitance amdfahe a smaller emitter-base
delay timer_;. To take the above-mentioned advantages, HBTsidmty employ a
base doping density exceeding the emitter dopingsile The material composition
in the base may be either homogeneous or gradegtaded material composition
results in a graded bandgap in the base. If theldamis larger at the emitter-base
junction and decreases toward the collector-basetipn, a built-in field arises in the

base which enhances the electrons transport attredsase. Consequently, the base
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transit time is reduced and the cutoff frequencfursher increased. Like in the Fig.
1.3, the profile of the SiGe base is frequentiydgwith a small Ge content near the
emitter-base junction and an increasing Ge contevaird the base-collector junction.
Therefore, the bandgap in the base decreases tawardollector junction and a
built-in field exists. The built-in field acts asnaadditional driving force for
accelerating the electrons passing across the-geasial base toward the collector.
So, the graded-profile of the SiGe HBT is indeedimprovement for the operating

performance. [6-8]

1.3 Introduction to RF CMOS

Another silicon-based RF technology is the advar@gDS technology. Thanks
to the advanced exploitation-of logic CMOS techg@s, the scaling technique lets
SI-FETs approach to a higher RF performance draalftiin recent years. RF
CMOS technologies will be the optimal choice where SiGe HBT performance is
not fully required and cost is paramount.

In recent years, steady improvement in the RF pexddoce of CMOS is linked
to improvement in digital performance via scalinglannovation [9]-[13]. However,
unlike SiGe HBTs where most analog/RF parametengrane with scaling, the
CMOS transistor scaling presents challenges fotogfaF designs. In this section,
we will review some electrical parameters of inserem MOSFETs and how they
evolve as digital CMOS shrinks.

Firstly, transconductance g which is benefited from the advanced scaling
technology is the main factor of CMOS. In satunataperation, it can be shown that
Om is inversely proportional to the gate length(d and effective gate dielectric

thickness @). In addition g, is also influenced by the source drain seriestasce
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(Rag). For short channel FETs in the velocity saturatgime, drain current &) per
unit device width can be approximated Ias: = Cox Vsa VgsVi), Where Gy is the

effective gate capacitance aN@y is the carrier velocity. As a resul,g; stated as

Vea ¢ has been strongly increasing with scaling but dlchallenged as the gate

dielectric thickness scaling slows down due to depk considerations. For RF
designers, the relatively lower self-gain/@y9 in scaled CMOS technology presents
a challenge. For short channel devicg, ig related to drain induced barrier lowing
(DIBL) which results from electric field at the soe side of the FET under
conditions of high drain bias. Basicallys@s proportional to ¥s/Lgate @and is slightly
increasing with scaling, sincgdeis reducing faster than VDD. Howevegsdepends
on the geometry design for RF CMOS, especiallynenfinger numbers and its single
finger width. In advanced CMOS technologies; gatkhge restricts the scaling of
oxide thickness so thatgde and tx can not reduce proportionally. This results in a
precipitous drop in the self-gain. ‘Of course, mdthto overcome such issues were
developed in many literatures and by foundry ergiie¢l14]-[18].

Finally, as to RF main figures-of-merit (FOM), amgpie indicator of
performance gains with scaling is the increasd+rirwhich can be shown to be
proportional to the inverse of gate length£d in velocity saturation limit. A more
comprehensive indicator of usable power gain oftthesistor is it$uax. RF NnFETs

can deliver unilateral gain comparable to the SHEIs [19]-[21] with less power

consumed in the device.

1.4 Motivation

Recently, SiGe HBTs have attracted much attentwnRF power applications



because of their excellent microwave power perfagaeaand thermal conductivity.
By optimizing the device process, the microwave @oapplications of SiGe-based
HBT under development have move from L-, S-, anda@d operations to X-band
operation. However, due to the high electric fiatdhe base-emitter junction caused
by high doping levels of SiGe HBTSs, the hot-carieiC) reliability has become a
major concern for such advanced devices used im@yoial products [22]-[24]. So,
it is worth investigating the effects of hot-carran the high-frequency and especially
on the RF power performances of SiGe HBTs. Mostdiures on HC effects deal
mainly with the dc characteristics and/or the loagliency noise behavior. In this
thesis, we investigate hot-carrier effects on tlegrddations of high-frequency
application and for “the first time” on “RF powecharacteristics of SiGe HBTs with
different bias conditions.

As well as the RF reliability.of SiGe HBTs, RF CM@&hnologies also suffer
from the reliability issues for their—products.- Withe scaling MOS transistor
technology, the hot-carrier reliability. becomesimportant concern while keeping a
relatively high drain voltage for both the digi@hd analog applications. Hot carrier
generation and its effects on the characteristidd©@S transistors have been known
for a long time. Research workers have been dismis®liability issues on RF
behaviors of MOS transistors, especially on the raldgtion of S-parameters
(scattering parameters), and the RF FOM like chtidquency and maximum
oscillation frequency. However, RF performancesadvanced MOS transistors are
concerned to the power delivery from the input seup the output load, and it might
be interesting and should be considered as webulnthesis, we also addressed the
reliability issues including the hot-carrier andteggaxide dielectric breakdown on
MOS transistors from DC to AC behaviors, especi@kended to the RF power

performance.



1.5 Thesis Organization

The content in this thesis includes the follegvparts.

Chapter 1 introduces the silicon-based transidmrdkF applications. We also
review the performances of SiGe HBT and MOS traosisndividually. Then is the
motivation of our thesis.

In Chapter 2, we introduce the concepts of maingssn the electric parameters
of silicon-based transistors. Basic concepts ofratgfion mechanisms for RF
reliability of SiGe HBT and MOS transistor are atsdressed in this chapter.

Chapter 3 presents the electrical stress effectshenhigh-frequency and RF
power performances of SiGe HBTs. The hot-carrieesst is applied by a so-called
OC stress (reversed emitter-base junction,. and oplector). We discuss the
hot-carrier effects on RF characteristics-of SIGBTEl especially the RF power
behaviors.

Chapter 4 presents a new electrical stressteften SiGe HBTs. Simultaneously
applying a high collector current density and ahhapllector-base voltage on SiGe
HBTSs, the hot carrier will be induced to degrade tlevice performance. This stress
condition is like the DC bias conditions of a cumtreource RF power amplifier, and is
termed as a “mixed-mode” stressing.

In Chapter 5, we discuss the reliability issues the high-frequency
characteristics of advanced RF CMOS. The hot-cagafiects and oxide breakdown
on the RF figures-of-merit, and RF noise perforneaaie addressed in this chapter. A
modified small-signal model was also constructedeiplain the mechanism of
reliability issues.

In Chapter 6, we examine the power charactesisift MOS transistors under the
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hot carrier stressing and critical gate-oxide bdean. In addition, the influence of
stress on the device linearity is also addresséaisrchapter.

Finally, the conclusions of this thesis are giue Chapter 7.
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Fig. 1.1 Cross-section of a typical Si/SiGe HBT.
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Fig. 1.2 The bandgap diagram of emitter and basetipn in SiGe HBTs
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Fig. 1.3 The bandgap in the base decreases totlardollector junction and a

built-in field exists.
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Chapter 2
Reliability Degradation Mechanisms in Si-Based

Transistors

2.1 Introduction

Clearly, any device technology (Si-based or othseyvibeing sold in the
commercial market must be proven to be “reliablEhat it is, under typical circuit
operating conditions, the circuits, and importarthe systems constructed from those
circuits, must not wear out or degrade to,a levellach they fail in the field over the
functional life of the system. In integrated citcwircles, reliability of a given
technology begins with assurance not only of theéeulying building block devices;
the active transistors certainly, but also-passigenents like inductors or capacitors,
and interconnects linking the various elements. Ibr@vity, in this chapter we will
focus on the main issues of the silicon-based istors: SiGe HBT reliability and

CMOS reliability.

2.2 Reliability Issues on Si/SiGe Bipolar Transistors

From a transistor perspective, one ensures adegel@hility by subjecting the
devices to extreme operating conditions for a gilemgth of time, which, for a
“bipolar” technology, historically encompasses tdifferent operating scenarios: (1)
hot-carrier (hot electron or hot holes or bothlessing associated with “reversed

biasing of the emitter-base (EB) junction, and f#&h forward collector current
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density (c) stressing. Both reliability “modes” will genenalbe conducted under
“accelerated” conditions or so-called “overstresshsisting of higher emitter-base
voltage Ves) andJc than the device would normally encounter duringpital use”
circuit conditions, and will likely be performed adither elevated or reduced
temperatures to invoke worst-case stress conditi®Recently, a new reliability
damage mechanism in SiGe HBTs was reported, whahtermed as “mixed-mode”
degradation, since it results from the simultaneapglication of highJc and high
collector-base voltageVEg), and which differs fundamentally from conventibna
bipolar device reliabilty damage mechanism assediawith either reverse

emitter-base stress, or high forward current derssiess.

2.2.1 Reverse Emitter-Base Junction Stressing (OC Stress)

Hot-carrier degradation under emitter-basensasbias stress is one of the major
reliability concerns in bipolar transistors. Emittese reverse-bias stress with an
open-collector is often used in determining theetito-failure (TTF) of a transistor.
TTF is defined as the time it takes after accederastress to decrease the
common-emitter current gaifi, by 10% at a certain base-emitter voltage (e.§.\W.
An accurate and rapid TTF methodology is desiratale monitor new device
technologies and designs during development. Theverdional accelerated stress
scheme which is called the voltage-acceleratedsstog open-collector stress (OC
stress) uses a stress voltage much higher thamaihmeal operating voltages [25],
[26].

Under OC stress, the emitter reverse curretbmsinated by the tunneling of the
valance band electrons in the p-base into unocdupieduction band states in the n

emitter [27]. The tunneling occurs mainly at thealpelectric field location in the
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device at the emitter edge, because the tunnedditegis a strong function of the local
electric field. It indicates the peak electric di@ccurs close to the emitter edge in the
emitter-base space charge region. The tunnelirgjrefeleaves behind a hole and this
hole is then accelerated by the applied emittee-lbagerse-bias/es-sress 8S Shown in
Fig. 2.1. Figure 2.1 shows the schematic band dragyf an npn transistor under OC
stress (emitter-base junction reverse bias ancaoll left open). The high-energy
holes move in parallel with and adjacent to the f&0interface toward the p-base
boundary of the emitter-base space charge regiansimg device performance
degradation by generating interface traps at thdeesilicon interface. Thus, under
OC stress, the performance degradation in a devio®inly owing to hot holes. The
kinetic energy of those hot holes @/g.swess Since the holes are accelerated by

VEB-stress{26] .

2.2.2 Forward Collector-Base Junction-Stressing (FC Stress)

Another accelerating stress method is the faiveallector stressing (FC)
achieved at low reverse EB voltage and high forn@andent density. Fig. 2.2 shows a
schematic band of an npn transistor with emittesebpunction reverse biased and
collector-base junction forward biased (FC streswn through the peak electric
field at the device periphery [26], [28]. Forwar@ding the collector-base junction
injects electrons into the base thus making thedmattron current dominate over
tunnel-injected and space charge region (SCR) aated hot hole current. The
injected electrons get accelerated toward the adimuband of the emitter by a
voltage equal tOVegswesst Ves-bi. The kinetic energy of the hot electrons is thus
approximatelyg(Ves-swresst Ves-bi). The FC stress methodology makes a fundamental

assumption that hot electrons and hot holes withsdme kinetic energy dependence
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generate the same number of traps. This assumgdiosed as the original basis for
using FC stress to mimic OC stress. In [29]-[3Bne literatures have examined the
validity of this assumption in UHV/CVD SiGe HBT'yyltomparing the degradation
in dc current gain and low-frequency noise by Hetteons and hot holes. Although
the FC stress method can mimic OC stress for aet®la, the mechanisms of
degradation by hot electrons and hot holes in F@ @ stresses are different
[25]-[29]. In addition, as to the SiGe HBTs whick improved in a higher
performance than typical Si BJT by adding the Geteat, literatures also addressed
that either the shape or the position of the Gdilprm the base of a SiGe HBT, it has
no significant impact on reliability [33]. The silai degradation in base current seen
in both Si and SiGe devices indicates that trapegdion processes are the same in

both the devices.

2.2.3 Mixed-Mode Stressing (MM Stress)

A new reliability damage mechanism in SiGe HBas recently reported [34],
[35], which was termed as “mixed-mode” degradatBwy.simultaneously applying a
high Jc and highVcg, the mixed-mode stressing is like the actual bigglication for
real products. To carefully control the total it charge during mixed-mode
stressing, a robust time-dependent stress methgylolas used which operates the
transistor in common-base mode under variable fbteeand Vg conditions. The
band diagram under mixed-mode stressing is showiign 2.3. The mixed-mode
stressing produces interface traps at both the temiiase spacer, and the
shallow-trench edge and subsequent generationemadnbination (G/R) base leakage
current. The base current leakages were obserwed the forward and reverse

gummel-plots in [34], [35]. For both the emittersbaspacer and shallow-trench
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damage regions, it was found that injection curr@ansity is clearly present and

dominated by hot electrons (hot holes exit butnmaler numbers).

2.3 Reliability Issues on MOS Transistors

2.3.1 Hot Carrier Mechanism

Hot Carriers are a result of the high electricd®einside the MOSFETs when
high biasing voltages are applied to a short-chalemgth device. Electrons in the
inversion layer can get high energies in the higgcteac field. It is possible that
carriers with high energy (i.e. hot carriers) haudficient energy to overcome the
potential barrier between the silicon and silicdoxidle and penetrate into the gate
oxide. Some of them may get stuck inside the gaigeoat the defect sites or traps,
denoted by M. Hot carriers also can-break-the atomic bond$eatiterface of the
silicon substrate and the gate oxide and genemtetraps which are called interface
traps, denoted byiNThe difference between these two types of trapkat interface
traps can be in charge exchange with channel whdteaoxide traps cannot be in
direct charge exchange with charges in the charriedse two types of traps will
degrade the quality of gate oxide and affect thacaeelectric parameters.

As shown in Fig. 2.4(a), when the MOSFET is opetatethe saturation region,
the channel electrons will gain high energy onrtheay from source to drain and
penetrate into gate oxide. The hot carriers adled@¢&hannel hot electrons (CHE). The
event of a carrier gaining energy and entering ¢fade oxide is a statistical
phenomenon. The maximum numbers of hot carrierslwpenetrate into gate oxide
occur whel, =V, [36].

Another effect that can be caused by energetidetarin the channel is that
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carriers on the way toward drain collide with lz¢tiatoms and generate new
electron-hole pairs. These electron-hole pairsatam gain high energy in the electric
field and produce new electron-hole pairs, simitaavalanche process in a reversed
biased p-n junction. This process is called dramlanche hot-carriers (DAHC),
which is shown in Fig. 2.4(b). During the same psx; the energetic carriers can
impinge on the atomic bonds at the interface ofsihiestrate and gate oxide or inside
the oxide, and break them. Therefore new electrstates N are created at the
interface. In an NMOSFET, the extra electrons gatieel in avalanche process are
absorbed by drain, and the extra holes are absdnpsdbstrate terminal which form
the substrate current componehiy. It is known that generation of electron-hole
pairs in an avalanche process is proportional th btrength of electric field and the
number of primary carriers initially flowing in.thehannel. For low values of gate
voltage Vc) above the threshold, the transistor is in ded¢praton and a pinch-off
region is formed near the drain which-results isirang lateral electric field in that
region. Also at low values df;the drain. current is low. A¥; increases, the drain
current (g) increases, but transistor comes out of saturatgion gradually. This

causes that a maximum value fgf, appears at some particular valueVef It is
reported that atv, ;%VD the maximunms,pis generated in MOSFETS [37].

The third mechanism of hot carriers is called salbet hot electrons (SHE).
Unlike the cases of CHE and DAHC, which were causetiteral electric field in the
channel, SHE is caused by the vertical electrild fietween gate and the substrate.
As shown in Fig 2.4(c), the electrons which arerrttadly generated in the region
below the gate, drift toward the silicon-siliconoxide interface and gain kinetic
energy in the electric field below the gate. Somdéhese electrons penetrate into

oxide and cause a uniform distribution of trappbhdrge in the oxide. SHE is not a
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major problem in short channel devices as mosthefdlectrons are absorbed into
source and drain region and a smaller fractionhefrt reaches the device surface,

compared to the long channel devices.

2.3.2 Critical Gate-Oxide Breakdown Mechanism

Generally, in advanced MOS devices, there are tvemKaown mechanisms
observed in gate dielectric materials. One is daiBD (Hard-Breakdown) and has a
permanently distortion in gate oxide dielectricrdsults in a dramatic increase of the
output currents due to the increasing gate leal@geent. The other breakdown
mechanism is called SBD (Soft-Breakdown), and theakdown process shows
smoothly and slightly. The physical mechanism imedl in, and leading to, the
dielectric breakdown process-are' very complex.-Tiheglve impact ionization in the
oxide layer, injection of holes fromthe-anode,atian of electron-hole pairs in the
oxide, electron and holes trapping,. creation offamgr state at the oxide-silicon
interface, and the interaction of many or all afdé processes.

The mechanism of tunneling into an electron traplwa explained by Fig. 2.5(a).
As electrons tunnel into an oxide layer, some ef ¢fectrons can get trapped. The
trapped electrons modify the oxide field so thatfibld near the cathode is decreased,
while the filed near the anode is increased. Heheetunneling current will reach a
stable value in Soft Breakdown.

As electrons travels in the conduction band of aide layer, it gains energy
from the oxide filed. If the voltage drop acrose thxide layer is larger than the
band-gap energy of silicon dioxide, the electron g&t enough energy to cause
impact ionization. As shown in Fig. 2.5(b), wheuaneling electron arrives to the

anode, it could cause impact ionization in the anoéar oxide-anode interface.
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Depending on the energy of the tunneling electtbea,hole thus generated could be
from deep down in the valence band, and thus cbaldhot”, a hot hole in the
silicon—oxide interface can have a high probabiifybeen injected into oxide layer.
On the other hand the injected hole can be trappdte oxide layer as it travels
towards the cathode.

The trapped holes in the oxide layer caused areaser in the oxide field near the
cathode and a decrease in the oxide field neaanbde. This could be illustrated in
Fig. 2.5(c) which is according to the F-N tunnelidgsmall increase in the oxide field
near the cathode can cause a large increase intutieeling current. Thus,
hole-trapping in the oxide near the cathode provigesitive feedback leading to the
electron tunneling process. Dielectric hard breakumccurs when the positive
feedback leads to a run away.of the electron timmedurrent at some local weak
spots of the oxide [38]. It appears as a-currenpimgrence in current-versus-time

plots.

2.4 Summary

In this chapter, we introduce the reliability dedpgion mechanisms in SiGe
HBTs and MOS transistors. Firstly, in addition t@otgeneral hot-carrier stressing
methods in SiGe HBTs (OC stress and FC stresshlseeaddress a “mixed-mode”
stressing method, where the stress conditions apprto the real bias conditions of
products. Moreover, critical gate dielectric break is an important reliability issue
on advanced MOS transistors. We also examine tb& Ipdnysical mechanisms of
gate oxide breakdown. Those effects on the RF ctexistics of transistors will be

discussed in the following chapters.
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Fig. 2.1. The band diagram of an npn-Si/SiGe HBdear OC stress
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Chapter 3
Electrical Stress Effects on SiGe HBTs for
High-Frequency Applications

3.1 Introduction

With recent technology advancements that push tcirefuency and maximum
oscillation frequency over 200GHz [39], [40], S@&& heterojunction bipolar
transistors (HBTs) have become viable candidatemist microwave applications. It
is known that SiGe HBTs are suited.ideally for &kgplume manufacturing of RF
transceiver systems at and .beyond:2:4GHz, at wtheh silicon homojunction
technologies lack performance and where SiGe HBDwige higher integration
levels than 1lI-V component technalogies.-Recer8lifze HBTs have attracted much
attention for RF power applications: because ofrtlesicellent microwave power
performance and thermal conductivity.

Due to the high electric field at the base-&mnijunction caused by the high
doping levels of SiGe HBTSs, the hot-carrier (HC)iaglity has become a major
concern for such advanced devices used in comnhgn@ducts [41]-[43]. So it is
worth investigating the effects of hot-carrier de thigh-frequency and RF power
performances of SiGe HBTs. However, the most litees on HC effects deal mainly
with the dc characteristics and/or the low-freqyenoise behavior [44]-[46], and
seldom addressed the RF characteristics [47], [#8B]this chapter, by a using a
small-signal model under classical OC stress (smgeremitter-base junction, and

open collector), we systematically investigate tarder effects on the degradations
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of high-frequency and RF power characteristics i8eSHBTs with different bias

conditions.

3.2 Hot-Carrier Effects on High-Frequency Performarce

Firstly, the test-chips we used in this work areltifinger Si/SiGe HBTs
fabricated with a typical 0.24um high-voltage SiGe HBT process. The devices
feature an emitter-width of Im and emitter-length of 32m with 4 strip-fingers. DC
current gain is up to 181 and the &Y is 5.3V. The cutoff frequencyf+{) and
maximum oscillation frequencyyax) are about 23GHz and 40 GHz, respectively. In
order to discuss the electrical stress effectshtitecarrier stress was carried out by
applying a reverse-biased base-emitter voltage)(df 3.5V up to 1000 seconds at
room temperature, and with the.collector left opEms so-called open-collector (OC)
stress is conventionally used-for time-to-failurediction under reverse emitter-base
stress. The band diagram of an‘npn-Si/SiGe HBT ruadeh OC stress is shown in
Fig. 3.1. Under OC stress, the emitter reversesatiis dominated by tunneling of the
valance-band electrons in the p-base region intexaupied conduction band states in
the i emitter. As a result for the electrical performanthe Gummel plot of a typical
SiGe HBT measured before and after hot-carrierssti® shown in Fig. 3.2(a). The
main effect of HC stress on the dc characterissian increase of the non-ideal base
current and leaving the collector current unafféctaus resulting in a degradation in
the current gain of the transistor. In the inseFigf 3.2(a), the emitter-base junction
reversed bias is approaching to the junction breakdvoltage in order to enhance
the hot-carrier occurrence. Hot-carrier degradatioder emitter-base reverse-bias
stress is one of the major reliability concerndipolar transistors. Reverse-biasing

the emitter-base junction develops a very hightatedeld across the emitter-base
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junction, thus accelerating electrons and holesvéoy high velocities. These
high-energy or “hot” carriers generate interfa@p$rat the sidewall-spacer oxide and
silicon interface leading to an increase in theonglsination component of the base
leakage-current [49]. Therefore, the dc current gaidecreased after the hot-carrier
stressing as shown in Fig. 3.2(b).

Since the current gain is reduced after HC stitbgshigh frequency and power
characteristics of the transistor should be afftas well. In addition, due to the
different responses of base and collector currentier stress as shown in Fig. 3.2,
the comparison of microwave properties under HEsstiwill be taken by constant
base-current and constant collector-current measimts.

Figure 3.3 shows the HC stress effects on the &npeters of a transistor with
different bias measurements. The frequency rang®is 0.1 GHz to 20 GHz. The
S-parameters are the most important parametershvaine widely used for discussing
the properties of microwave transistors-[50]: 1g.FR3.3(a), we observe that S11 has a
deviation under stress at low frequencies; it' iaths the input impedance has been
changed with HC stress. At 2.4 GHz, S11 has ontyirsor change as the collector
current was kept constant, while S11 still has lawiaus deviation as the base current
was kept constant due to the reduction of the tamductance (g, which is resulted
from the reduction of collector current. This phewmon is different from that
observation mentioned in ref [47], which showed $id has no changes under stress
regardless of whether the base or the collectorenurwas kept constant. When
applying a simple equivalent hybridmodel in our work, we can directly extract the
intrinsic element values (see Table I) from the HBparameters after de-embedding
the extrinsic parasitic. Additionally, from the &rpmeters of HBT, we can translate
those matrixes to y-parameters for convenient etitna We now evaluate the

y-parameters using this simplified small-signal igglent circuit shown in Fig. 3.4.
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For simplicity, we assume thatis negligibly small compared to the input impedanc
of the intrinsic transistor, which holds for RF dteencies of interest. The

y-parameters are rapidly obtained by examiningsthall-signal-V relation,

Y, =4 jw(C, +C,) (3.1)
B

Y,, = —jwC, (3.2)

Yo1 % O 3B

Y2, = IWC, (3.4)

.where g= Ic/gkT. Here,C, consists of the 'EB depletion capacitance, andEiBe
diffusion capacitance. Qs the-total CB junction.capacitance.

After HC stress, the dynamic-base-resistancg referred to the SiGe HBT
increases from 42 to 832 and reduces. to 49 with the constant base-current and
constant collector-current measurements respeytiVéle HC stress in base-emitter
junction induces an increasing base current, atdces the slope of the base current
versus base-emitter voltage. Thus it increasesdhe ofr, for constant base-current
measurement. On the other hand, as to a constkedttoo-current measurement, the
r. is reduced due to the increasing base-currentduhition, after HC stress, the
base-emitter capacitanceC,J shows a slightly change with the constant
collector-current measurement, but a large vamatioth the constant base-current
measurement. This is resulted from the reductionthef base-emitter diffusion
capacitance under a constant base-current measutebhe changes of thig andC,
under stress are consistent with the variationldf S

Since S22 is a function of output bias, the S22adfansistor with constant
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base-current measurement shows a large deviatienstfess due to the reduction of
collector current, while that with constant coleeturrent measurement is changed
slightly, as shown in Fig. 3.3(b). Furthermore, hwin constant base-current
measurement, the increased output resistange ¢f the transistor can also validate
this observation (see Table ). In Fig. 3.3(c), tB@1, which represents the

transformed gain of RF input signal, also exhihitdeviation after HC stress. Under a
constant base-current measurement, the S21 devigidarger than that under

constant collector-current measurement due todtget change of transconductance
(Om)-

To validate the HC effects on the cut-off frequerfty of the transistor, we
calculated the small-signal current gam;) from the S-parameters. Fig. 5 shows the
effects of HC stress on tlin; versus frequeney..When the transistor was measired
a fixed collector current of 52 mA, it can be s¢leat the magnitude df,; decreases
after stress at low frequency regime,-while. remaissentially unchanged fér> 1
GHz. The small-signal current”gahs; related to frequencya) in an equivalent

hybrid-t model can be expressed as [44]

g.,.r
h — m-
When W—>0 ‘th‘ =0nl, == |%3 (3.6)
W — o0 ‘hzl‘ = gm (3.7)
’ oC '

T

,and then
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fr = O 3.8
27(C_+C,) (38)

At low frequency regimeh,il approaches to the dc current gdin=(Qm r.) expressed
as (3.6), which will decrease under stress. Theatamh of hy; at low frequency is
consistent with the degradation of the dc curreaih.gHowever, at high frequency
regime, ’C,r.>>>1, and the magnitude &f; approaches tg./«C, in (3.7), so it
shows unchanged after HC stress. On the other Handa constant base-current
measurement as shown in Fig.3.5 (i}l derivation occurs after stress over the entire
frequency range. This is due to the reduction déctor current after HC stress.
Finally, the HC effects on the cutoff frequendy) (versus collector and base
currents are shown in Fig. 3.6.1t is shown thaemwlthefr is measured at constant
collector currents, its values femain unchangddvatand medium currents, and only
reduce slightly at high currents after-stress. fSge3.6(a)). On the other hand, when
the fr is measured at constant ‘base.currents, the stichssed degradation df is
significant at low and medium currents, as showRig3.6 (b), due to the reduction
of collector current as mentioned previously. Ighcurrent regime, where the Kirk
effect might be occurred, because the device aftess has lower collector current at
constant base-current measurement, it needs hlgdsr current to enter the Kirk
effect region. As a result, the measufedfter stress is higher than that before stress.
Since the normal device operation usually wouldb®biased in high current region,
we can conclude that the constant collector curneeatbetter bias condition than the

constant base current to reduce the HC effect @hitth-frequency performance.

3.3 Hot-Carrier Effects on RF Power Behavior
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3.3.1. RF Power Characteristics

As well as the high-frequency characteristics, theicrowave power
characteristics are also affected by the HC stfegs.3.7 (a) shows the effects of HC
stress on the output power and power gain of aigstor measured at a fixed collector
current of 52mA. The optimized matched source aadl impedances are essentially
unchanged after HC stress. After HC stress, theubytower and power gain decrease
slightly in the small input power regime, but shaw noticeable change in the high
power regime. For Class A operation, the linear @ogainGp, and power added

efficiency (PAE) can be expressed as [51]

N S
P 8aC, (I, + Lptiafel,) 2

)y (3.9)

ne- B o1
where re is the emitter resistancd,. is ‘the emitter lead inductanc€y. is the
base-collector capacitance, a@nd the operating frequency. In addition, in Eq1(03,
the B¢ shows the dc-consumption power, ang: Rnd R, present the input and
output powers of the two port terminals respecyiverom Eg. (3.9), we know the
linear power gain is proportional te approximately. Therefore, the minor reduction
of linear power gain after stress is due to theamghange ofr as shown in Fig. 3.5
(a). After gain compression, because the collectiorent is kept at a constant value,
the output power and power gain even show no redtieechange under stress.

When the measurements were carried out by keepownstant base current as
shown in Fig. 3.7 (b), the output power and powanghow significant degradations

after stress. It is due to the large deviatiofirffter stress, as shown in Fig. 3.5 (b). It
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is worth noting that the optimized matched condgitnave been changed after stress
due to the change of the collector current. If iwed the source and load impedances,
the degradation of power performance after stresddvoe worse. Since the collector
current is reduced after stress, it will limit theaximum magnitude of the output
waveform to lower values, and thus the comprespmint will shift to lower output
power. Hence the degradation in power gain and uugower will be more
pronounced in the high power regime. Although tbe/@r gain is reduced after stress,
the power-added efficiency (PAE) changes only shgffrom 44% to 43%), due to
the concomitant reduction of dc output power dissSgn.

Figure 3.8 shows the linear power gain versus cilecurrent and base current
before and after stress. Comparing the measuredtsed Fig. 3.5 and Fig. 3.7, we
know thefr and power gain have similar trend.with HC stressall bias conditions,
hence thdy is indeed a dominant factor.in Eq.+(3.8) whicheef§ the power gain
under stress. As shown in Fig. 3.8.(a),-a littleiagon of power gain can be observed
under stress when the measurements were carrigaydgeping a constant collector
current due to the minor change of cutoff frequerdplike the Fig. 3.8 (a), the
effects of the HC stress on power gain will be mseeious with the base driving
currents, especially in the low and medium baseetiregimes. As shown in Fig. 3.8
(b), the power gain degrades dramatically aftersstiat low and medium currents, due
to thefr degradation. In high base current regime, the p@ae shows it just slightly
increases under the HC stress. From Fig. 3.8,ggests that the power gain has
higher immunity for hot-carrier effect when the pavamplifier is biased at constant

collector current.

3.3.2 RF Linearity

In practical, SiGe HBTs have a good linearity perfance due to the almost
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complete cancellation between the output nonlinearrents generated by the
emitter-base and base-collector current sourcgds To2study the HC stress effects on
the linearity of a microwave system, the two-toaad-pull measurement was also
carried out [53]. As shown in Fig. 3.9, the thirdder intercept point, at which the
output power and third-order intermodulation (IM&e equal, is commonly used to
characterize the linearity. For low distortion og#n, the third-order intercept point
should be as high as possible. While the befoesstwvalue of input third-order
intercept point I{P3) is about 6.8dBm, the after-strd#83 reduces to 3.33dBm and
-2.46dBm for constant collector-current and corstbase-current measurements,
respectively.

The major nonlinear elements in a bipolar transiate the collector currentcf,
base current i), base-emitter.chargeqs), @and base-collector chargeyd) as

expressed in Eq (3.11-13) [54]:

ie = OnVoe + OmaVhe  OraVie (3.11)
ib = OpeVbe T gbezvse + gbeavg,e (312)
(3.13)

HE 2 3
qbe ~ 2-FIC =T gmvbe + T gmzvbe + T gmsvbe

.where the g, and g3 are the two-order and the third-order derivativas
transconductance, respectively. The.@nd gez are the two-order and the third-order
derivatives of base-emitter conductance, respdgtive

Since the HC stress does not affect the base-twmilgnction, we only need to
consider the distortion from the non-linear expdrariunctions of collector current,
base current and base-emitter charge. Moreovas, liielieved that in low current
region, the distortion is dominated by the nonlmeeontributions from

transconductance [55]. As the current is increageaonlinearities are decreased due
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to the increase ofn and the feedback effect of emitter and base esgiss. When
measured at the same collector current, the tradsotance is changed slightly and it
still has a high value before and after stress.eléeless, the ideality factor of base
current (p) has changed drastically from 1.005 to 1.52 aftezss, while the ideality
factor of collector current is still about 1. Itdicates that partial IM3 cancellation,
which has been attributed to the interactiom,@ndi., ori. anddgye, has been reduced
[54]. So the reduction diP3 after stress is mainly due to the reduced caatoat
effect. As to the constant base-current measuremenbnlyn,increases to 1.67, but
the related collector current also reduces to aetowalue after HC stress. Those
changes of the ideality factors, transconductanwk IlP3 mentioned above were
highlighted and summarized in Table. Il. Conseqlyetihe degradation of linearity
measured at constant base current is much worse tha measured at constant

collector current.

3.4 Summary

In this work, we have investigated in detail thet-barrier effects on the
high-frequency and RF power characteristics ofiGéSHBTS. Due to the increase of
non-ideal base current after stress, the curreint\yiél be decreased. Consequently,
we find that the cutoff frequency, output powernweo gain and linearity are suffered
by the HC stress. By comparing stress effects mbws bias conditions, we observe
that the performance degradation is much smalleleurconstant collector-current
measurement, compared to constant base-currentureea@nt. Because of the
increased ideality factor of the base current drereduced collector current after
stress, the high-frequency and power charactesissicow larger stress-induced

degradations for constant base-current measuremigriteerefore suggests that the
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Si/SiGe amplifier performance can be made moresotauHC effects by biasing the

HBT at constant collector current.
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Table 3-1

and after stress.¢ = 3V.

Equivalent hybriet- model elements for a typical SiGe transistor befor

In(AV) | 1(Q) (@) | Ci(PF) | Cu(pF)
Before stress 201 72 155 19.2 0.23
(Ic=52mA, [5=0.34mA)
After stress 1.16 83 368 9.55 0.2
(1g=0.34mA)
After stress 1.82 49 160 18.96 0.22

(Ic=52mA)
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Table 3-I  Summary of changes for the idealitytdas, transconductance and RF

linearity (IP3) for the base-current and collector-current before after stress.

P3 g,
(dBm) ¢ | (AIV)

Before stress 6.8 1.005 1 2.01

After stress -4.7 1.67 | 1.01| 1.16
(13=0.34mA)

After stress 3.5 1.52 1 1.82
(1.=52mA)
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Fig. 3.1. The band diagram of an npn-Si/SiGe HBd@ar OC stress.
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Fig. 3.2(a). Gummel plot of a typical SiGe tratmisbefore and after stress. For
power characterization, the collector curreqitahd base curreng lare 52 mA and
0.34 mA, respectively, before stress. After strgsshanges to 0.7 mA under constant
collector current measurement, whiledhanges to 24 mA for constant base current
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—— after stress S11(const. Ic)

after stress S11(const. Ib)

Freq=2.4 GHz

Fig. 3.3 (&) The measured S11 before and aftesstat constant base-current and

constant collector-current measurements.
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Fig. 3.3 (b) The measured S22 before and aftesstat constant base-current and

constant collector-current measurements.
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Fig. 3.3 (¢) The measured S21 before and aftesstat constant base-current and

constant collector-current measurements.
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Chapter 4
“Mixed-mode” Stress Effects on SiGe HBTs for
High-Frequency and RF Power Applications

4.1 Introduction

Traditionally, bipolar reliability for electricaltsessing includes two different
techniques [56]-[59]: high forward collector curtemnensity (c) stress, and
emitter-base reverse-bias stress. For high forwasltector current stress, it is
normally conducted under a lardge near peak cut-off frequency and is usually at
elevated temperatures. This kind of stress'degadat generally associated with the
electromigration induced changes in the emittettacin For emitter-base reverse-bias
stress, the device degradation is due to‘the hoecs injecting into the emitter-base
spacer oxide, which induce G/R"center-traps, amdl [® excess non-ideal base
currents.

In real products application, a new reliability dadation mechanism was
reported [60]-[62], and termed as a “mixed-modeés$ degradation. It occurs when
high collector current densityl) and high collector-base (CB) voltage are imposed
simultaneously on the device. It is very interegtio us, because this stress condition
is approaching to a real bipolar-power amplifierexgtions; especially, for the
topologies Class A, B, AB and C, in which the aetiglevices are worked as a
controlled current source.

In this chapter, we investigate the “mixed-modegctdical stress effects on the

dc, high-frequency and RF power characteristicSide HBTs with different bias
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conditions. In addition, by applying a commerciaBIZ large-signhal model, the
high-frequency behavior, RF power performance andafity are also described

completely.

4.2 Mixed-mode Stress Effects on High-Frequency Prmance

Multi-finger Si/SiGe HBTs were fabricated with a ghivoltage 0.18m
BICMOS process. The nominal emitter width of théingrer-stripe device was im,
and the length was 32m. The Ge content features a triangle profile m base layer
to speed up the transport of electrons acrossdtiea Those transistors exhibit a dc
current gain up to 181 and the B4 is 5.3V. The typical cut-off frequencyr] and
maximum oscillation frequencyiyax) are about 26 GHz and 37 GHz, respectively.
The electrical stress was carried out' by applyinbigh collector current density
Je=2mA/um? and a high collector-base-voltageg¥#3.7V simultaneously with a final
stressing time up to 1500 ‘seconds.at® room temperatihe S-parameter
measurements were performed by using an HP8510onketanalyzer. The output
power, power gain, and linearity were measuredgu$ie load-pull system, which
consisted of HP85122A and ATN LP1 (power parametéraction software), while
the source and load impedances were tuned for nuemirautput power. For the
load-pull measurements, the operating frequencychasen at 2.4GHz, a frequency
commonly used in wireless communication.

The typical Gummel plot of a SiGe HBT measured undixed-mode stress with
different stressing times is shown in Fig. 4.1. VMadue of base currentg(l leakage
rises significantly with the stressing time in fam Gummel plot. In addition, unlike
the conventional emitter-base reverse-bias stradsish does not create anyleakage

in the reverse-mode operation of SiGe HBT, the ohirede stress creates an excess
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Ig leakage current component in reverse Gummel ploindicated in Fig. 4.2. These
results show that the mixed-mode stress induces trat only in the emitter-base (EB)
space-charge region, but also in the collector-p@&) space-charge region [60], [61].
It is clear that the base leakage current shifts taigher value while the collector
current is nearly unchanged after mixed-mode stfEss results in a degradation of
the dc current gain as shown in Fig. 4.3. Thereftere will be some interesting
different device electric performance under “mixedde stressing” compared to
traditional OC stressing. The comparison of physinachanism between OC stress
and “mixed-mode” stress are summarized in Table 4-1

Since the dc performance of a SiGe HBT degrades #ie electrical stress, it
will certainly influence the figures-of-merit (FOM)f RF characteristics. The cutoff
frequency {r) and the maximum oscillation frequencfs{), which indicates the
limitations of high-frequency-current gain.and. peweain, respectively, are the most

common RF FOM of RF transistors-and-those can pecsged as:

1L

(4.1)

E

/ f
f ~ |————— 4.2
MAX 87 x Ry x Cye (4.2)

.where Gg and Gg are emitter and collector capacitances, respdgtiV: is the

fr = KT
27 % (ql (CEB + CCB) + RCCCB + Tg + TC]

collector resistance. (KT/gl(CestCcg) is the charging relation of diffusion
capacitancerg is the base transit time, anglis the collector space-charge transit time.
Fig. 4.3 shows the cutoff frequency as a functibrallector current before and after
electrical stress. As expressed in eq. (4.1), theficfrequency is just associated with
the transit times and emitter currents. It is obgidhat the mixed-mode stress has

slight effects on the cutoff frequency. For the lbws region in Fig. 4.3, the cutoff
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frequency seems to be unchanged after electricedsihg. This can be ascribed to the
nearly unchanged collector current after streshighier biases (-50mA), the cutoff
frequency increases after stress. This is duedaldtreasing emitter resistance)(R
that has been known in bipolar transistors opegatin high & The decrease of
emitter series resistance is relating to hydrogenatf electronic traps [62],[63].
Additionally, in our case, this effect maybe owitngthe native oxide in the interface
of poly-emitter and epi-layer of SiGe-base is punetl by stressing under such a
higher current density. These observations areraifft from that under emitter-base
reverse-bias stress (in Chapter 3), where the fcfrefuency was also unchanged at
low currents but only slightly decreased at highrents after stress. It may be due to
the emitter resistance was unchanged under eriise-reverse-bias stress.

Figure 4.4 shows the maximum oscillation frequersy a function collector
current. The maximum oscillation frequency is a-powain index for RF transistors,
and is relating to the output resistance,-basesteagie, and isolation capacitance
between base and collector junction.of Si/SiGe HBi$ig. 4.4, thdy.x decreases in
low and medium bias regions not only due to theeasing base leakage currents, but
also due to the increasing base resistangg éRer electrical stress. In addition, the
result of stress-induced change in base resistarather caused in the extrinsic base
region, or in the base contact. On the other hath@ mixed-mode stress
simultaneously imposes high collector current aigth heversed ¥ bias, it will lead
to an accumulation of charges located in base-ciolferegions [65]. But, the change
of the base-collector capacitanceg{Cis negligible in our measurement after the

electrical stress.

4.3 Mixed-mode Stress Effects on Power Performance
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As well as the high-frequency characteristics, th@crowave power
characteristics are also affected by the electritedss. In order to reach a higher
output power under a limitation of breakdown vo#agnd reasonable power
consumption, the voltage drop of output terminad #me output current should be as
high as possible. Thus, in normal operation of wgroamplifier, there exists the risk
of hot-carrier induced degradations on the RF pqyegformance.

The influence of the electrical stress on RF popenformance is shown in Fig.
4.5. Different measurement conditions are compé&edstant ¢ and constantg), the
compared currents are chosen for the maximum céreduency and approaching to
maximum current gain before stress. The mixed-meldetrical stress condition is
like the actual operation of SiGe HBT's power arfipis. As shown in Fig. 4.5(a),
when the collector current was kept to a constahterof 34mA, we observed a slight
change on output power and-power gain..Howeverptveer-added-efficiency (PAE)
which terms as 100%P..rPn)/Ppc increases, after electrical stress due to the
reducing emitter resistance fRafter stress."\When the measurement was carried ou
by keeping a constant base-current £l 40 uA), the power performances degrade
after electrical stress (see Fig. 4.5(b)). Thedasing base leakage current after stress
leads a voltage drop ofg¥ to a less value to keep a constant base-curref® pA.
However, it results in a decreased value of cadlectirrent than that before electrical
stress. The change of linear power gain is dubdalecreasing collector current after
electrical stress with a constant base-current oreazent. Owing to the decreasing
collector current after stress, the PAE shows aresssing trend. Besides, it is noted
that the power gain increases gradually with insiregainput power level before gain
compression for device after stress. The gain esipartakes place as device operates
near cutoff region [72]. Because the negative aygle of output I-V waveform will

suffer cutoff clipping effect after compression mithe average output current
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increases with the increasing input large-signalgro For device after stress, the base
voltage was biased at lower value with constant lwasrent (see Fig. 4.1), hence the
average output current increases more rapidly thanbefore stress. As a result, the
PAE decreases after compression point.

Actually, SiGe HBTs have a good linearity perforrmandue to the almost
complete cancellation between the output nonlinearrents generated by the
emitter-base and base-collector current sourcep [BY study the electrical stress
effect on the linearity of SiGe HBTSs, the two-tolead-pull measurement was also
carried out [68]. Fig. 4.6 presents the RF lingaof a SiGe HBT before and after
electrical stress. The third-order intercept poiat, which the output power and
third-order inter-modulation power (IM3) are equalcommonly used to characterize
the RF linearity, as shown in Fig. 4.6(a). For Idistortion operation, the third-order
point should be as high as pessible. From:Fig.ad;&(e observed that the third-order
inter-modulation power (IM3) of a-SiGe HBT under netant base-current
measurement increases after stress and then resdéégradations of input and output
third-order intercept points (11P3 and OIP3).

The major nonlinear elements in bipolar transstare collector current, base
current, base-emitter charge, and base-collectargeh[69]. These elements are
affected by the “mixed-mode” electrical stress. iAdicated in Fig. 4.1, the ideality
factor of base currentnf) has changed drastically after electrical stredsie the
ideality factor of collector current is still aboat It indicates that the partial IM3
cancellation, which has been attributed to therauon of collector current and base
current, or collector current and base-emitter gharhas been reduced [69]. In
addition, for constant base-current measuremest,rétated collector current also
reduces to a lower value after stress. Consequetiitdy linearity measured at a

constant base current will be degraded after stiégs constant collector-current

60



measurement, the nonlinearity of collector curientnchanged, so the measured IM3

only changes slightly, as shown in Fig. 4.6(b).

4.4 Device Modeling after Mixed-mode Stress

To examine the stress effects on the high-frequearay power behavior of a
SiGe HBT, a large-signal model was built in thisrluoA commercial VBIC model
was used to extract the main parameters which #eeted more seriously by
mixed-mode electrical stress. VBIC model is typica four terminals model with a
substrate network. Compare to the traditional Guie®n model, VBIC model
includes some advantages describing device belaji®|. In Fig. 4.7 (a), and (b),
those show the simulated gummel-plots result.withrheasured data before and after
electrical stress. In Fig. 4.8, ,it'shows .the .D€renr gain with measured and
simulated data before and after istress.—From thamdc ac characteristics, we can
extract the model parameters before and afterredlacstress. In addition, by using
the matrix of co-relation function, we can compthre effects of DC degradation and

RF figures-of-merit as the function of (4.3).

of, o O ok ag. T
— _ agm aCbe aCbc m
Ay | O g e O o O AGry
Afmax agm aR’JUt aCbe aCbc aRb o ARDUt
AG, |=| G, , G, &G, &G, G, |ac, (4.3)
AVyy | | 9m Ry G G, R AC,,
IR Nps Vs 0 0 0.... AR,
agm agms .......

By using a topology of class-A power amplifier stiuwre as shown in Fig. 4.9(a),
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the simulated and measured power characteristiosioéstablished model are shown
in Fig. 4.9(b). The simulated results agree with teasured results. Consequently, in
Fig. 4.10 we used this large-signhal model and theseA topology to simulate the
power characteristics of SiGe HBTs after electristitessing with a constant
base-current measurement. The main parametershvene affected by electrical
stress more seriously, are listed in Table The ideality factor of base current
increases apparently from 1.01 to 1.74 after mimexle stress. In addition, from the
reverse Gummel-plot, the ideality factor of reversbase leakage current also
increases after mixed-mode stress due to the fagaded in the collector region.
Since the ideality factors are changed after ataitstress, RF linearity will also be
affected after stress, as discussed in sectiom g emitter resistance gRreduces
from 1.4Q to 1.2Q, and thus slightly increased the collector curr@nhigher \4e
after mixed-mode stress. In addition, the basest@ste (B=Rsx+Rs)), which
includes the extrinsic and intrinsic. parts;-showssmg value from 21.7) to 48.2Q)
after electrical stress. As shownin Fig. 4.11, ¢hess-section of a typical SiGe HBT
simply features the locations of the hot-carriemédges. The stress-induced damage is
particularly located at the extrinsic base surfatmse to the emitter, even if some
degree of damage is also induced in the intrinsicezof the base-emitter junction.
This effect can be explained and clarified throtiggn measurement of low frequency
noise like that of X/noise [70]-[73]. In addition, on the basis of sotteratures,
some effects like the observed increase in thessomsistance is suggested owing to
the passivation of base dopant impurities afterrdgdn atoms releasing during the
electrical stress [73]-[75]. The reason is posstbly previously pointed out increase
of Rg after the mixed-mode stressing. The variation adebresistancegRwill also
affect the maximum oscillation frequency and RF powerformance. From Table II,

finally, we know that the stress does not influetie capacitance parameters.
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4.5 Summary

We have investigated the hot-carrier effects, whaie induced from the
mixed-mode stress, on the high-frequency and RFepaRmaracteristics of Si/SiGe
HBTs. Simultaneously applying a high collector emtr density and a high
collector-base voltage on the device, the hot eamiill be induced to degrade the
device performance. From the extracted paramefeV8tC model, we know that the
degradations of high-frequency and power charatiesi are also affected by the
change of base resistance, emitter resistancejdaadity factor of base current. By
comparing the stress effects at various bias comdit we observe that the
stress-induced degradation under constant basentumeasurement is much larger
than that under constant cellector-current measentmdue to the reduction of
collector current. It then suggests-that-SiGe HIBdam be operated more robust to

electrical stress by biasing devices under.a canstallector current.
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Table 4-I.

VCE=3V.

Some VBIC model parameters for a Sikaadistor before and after stress.

Electrical Stress:

OC stress

Mixed-mode stress

Stress conditions:

* Reversed emitter-baseyy
stress, and open collector.

* Change temperatures to
accelerate.

* High collector current densit)
Jo, and high reversedyy stress

* At room temperature.

Physic mechanism:

Inject hot electrons (or holes)
into EB spacer oxide,
introducing G/R"ceiiter traps.

Inject traps not only in EB
spacer oxide, but also in STI
near BC junction.

General resultgForward

Increasing obvious'G/Ribase

Increasing obvious G/R base

gummel-plot) leakage eurrent: leakage current.
General result§Reverse | Slightly variation or non- G/R base leakage current.
gummel-plot) changed;

Geometry effects:

Jo~PIA

J~AIP
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Table 4-II.

stress. (e=3V.

Some VBIC

model parameters for a SikEmnsistor before and after

Main model Cae GCoe | G| Rex | Ry Ray Ry, R: NF NEI [ NEN | NR | NCI | NCN
Parameter | ®P) | ®F) | (F) | (@) |(MQ)| (Q) | () | ()

Before stress | 1.13 | 016 | 95 | 203 | 127 | 46 | 171| 14| 099 | 1.01 | 192 | 098 | 0.98 | 1.356
After stress 1.16 | 0.16 | 98 | 6.03 9 402 | 442 12| 1.03( 174 091 | 1.1 | 1.18 | 1.245
AC Before | After

Parameter stress stress

TF (psec) 3.02 3.3

ITF (A) 0.9 0.796

VTF (V) 1.31 1.554

QTF (u) 6.9 8.63

XTF 113.6 225.4

TD (psec) 3 1.2

TR (psec) 350 370
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Fig. 4.1 Typical Gummel plot of a SiGe transistorder mixed-mode stress with

different stressing times.
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Chapter 5
Characterization and Modeling of RF
MOSFETs under Hot Carrier Stress and Oxide

Breakdown

5.1 Introduction of HCS and OBD on RF MOSFETs

CMOS technologies appear to be particularly sugtdbl short range, wireless
system and low gigahertz applications [76], [74Qr Font-end RF applications, some
topologies of amplifiers can be operated’in a @gh drain voltage and suffer hot
carrier stress (HCS) significantly. Hot-carrier geation and its effects on the
characteristics of MOS transistors have been kntorra long time. It is a result of
high electric fields present inside the MOS. traass which naturally appear when
biasing voltages are applied to a short-channeicdeWhe general damages from the
hot-carriers on a MOS transistor include the stifthe threshold voltageAV ), the
drain current degradation\lp), and the decreasing transconductamag,). Moreover,
scaling of the Si@based gate dielectric in advanced MOS transistauses a huge
reduction of time to the first oxide breakdown (OBDConsequently, the chip
reliability margin shrinks dramatically [78]. In getice, some dielectric breakdown
events can be tolerated by devices without causiagircuit failure. However, those
post-breakdown events still degrade the RF perfoomaf devices like noise figure,
maximum oscillation frequency and linearity [79j. this chapter, we dealt with both
HCS and OBD effects on RF characteristics of MGfagistors, and in the final, we

constructed a small-signal model to examine thdfsets on high-frequency and RF
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noise performances.

5.2 HCS and OBD Experiments

The devices under test were fabricated using aumlBF CMOS technology
with channel length L= 0.122m and total width W= 158.4um. The gate oxide
thickness was 2.2 nm. For the hot-carrier strégsgate and drain were biased at 1.2
V and 2.4 V, respectively. This HC stress mechangauses drain-avalanche hot
carriers near the drain junction. The final HC ssréme in our experiment was about
7000 seconds. For gate oxide stress, the gatengiwias subjected to a constant
voltage stress under 3.9 V with source, drain amif bkerminals shorted to ground.

The oxide breakdown was defined using a threshoddtess current of 1maA.

5.3 Results and Discussion

Fig 5.1(a) shows the effects of HCS and OBD on [i¢ characteristics of
output drain current ) and transconductancepfgof MOSFETSs. After HCS, due to
the generation of interface states and oxide tregrges, the drain currentydl and
transconductance (j decrease and the threshold voltage)($hifts to higher values
[80]-[82]. The degradation of saturation drain eumtrin our experiments is about 17%,
and the threshold voltage is shifted from 0.42 0162 V (see Fig. 5.1 (b)). In Fig
5.1(a), the transconductance,(geduces significantly, and the maximum value gf g
shifts to higher gate voltage after HC stress. We &und that g and drain current
reduction are more serious in low gate bias regiod this phenomenon is possibly
due to the interface state generation and the axajecharge. After OBD, the drain

current and transconductance also degraded duketdess control-ability of gate
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electrode. In addition, it was observed that th#” “ourrent increases dramatically
after OBD. It is because of the contribution of tiete leakage currents, and it will
increase the static power consumption of a MOSsts#&or in operation. As to the
output characteristics, Fig 5.2 (a) shows the laotier effects on the device dc output
performance. It shows an increased output condoetgpn (reduced Ry after hot

carrier stress. Output conductance is determinexn frthe slope of ds-Vps

characteristics, and it also indicates that theuiugain (g/das) is degraded under the
hot carrier stressing. Fig 5.2 (b) shows the dediceoutput performance before and
after oxide breakdown. We find that the drain corse after OBD decreased
consistently with various gate biases, it is pdgsdwing to the constant leakage
paths after oxide breakdown. Since the HCS and @Bé&xt the dc characteristics of

a MOS transistor, those willalso result ©in a degteon of high-frequency

performance.

5.3-1. HCS Effects on the High-Frequency Performance of RF MOSFETs

As shown in Fig.5.3, the reduction of transcondocta Ag.w/0m) and the
increase of output conductanakgfd/gqs) with hot-carrier stressing time will result in
a degradation of the output performance. The Srpeters measured for high
frequency characteristics also indicate those &ffeks shown in Fig. 5.4, the values
of S11 andS;; are almost unchanged with increasing HC stredsing. It implies that
the input reflection coefficient and isolation bbtRF MOSFETs are affected slightly
by HC stress. On the other harf§, and $; changed more obviously under HC
stressing. The degradations ob &nd $; can be explained and highlighted again by
the decrease of transconductance,) (@nd the increase of the output drain

conductance (g). It also implies that the output reflection coa#nt and the voltage
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gain of the RF MOSFET are affected seriously aff stress. Moreover, it is
worthwhile to pay attention to the degradation of $he low frequency value of,5
strongly depends on the output impedance. Afterdtt€ss, there are a lot of defects
generated by impact ionization near the drain megimd those defects provide
acceptor states in NMOSFETSs [83]-[85]. Therefole electric field near the drain
region will increase and the drain current is mooatrolled by \4 by the shielding
effect on \& from those acceptor states. As a result, the outppedance decreases,
especially while biasing at highdéhown in Fig. 5.5. However; while biasing at low
Vg, owing to the reduction of the depth of depleti@gion, the output impedance
decrease more slightly initially. After a long petiof stressing time, the increase of
oxide trapped charge raises the threshold voltagmatically (see Fig. 5.1(b)), so the
output impedance becomes to increase.

As to the high-frequency. figures-of-merit of MOSansistors, the cutoff
frequency fr) and the maximum escillation, frequendy,{) can be expressed as a
function of g, input intrinsic capacitances ‘and output condusaas the following

equations [86]:

f=—dm
T 2iC, (5-1)
f = fx
max nggd (5_2)
\/gdsx (R+Ry +R)+ 2w =0

,where gs means the channel conductance from the sourdeetdrain junctions, g
iS gate to source capacitancgg (S gate to drain capacitance, angd i€ the input total
capacitance. The maximum oscillation frequeniyy, is a characteristic of the

extrinsic device (which includes series sourceingiiaput, and gate resistance, Ry,

82



R, and R; see typical AC MOS-transistor model of Fig. 5.8% a consequent, the
degradations of dc parameters will affect the higbquency performances of
transistors.

In addition to the change ofsgand g, after HC stress, the intrinsic input
capacitances have also been changed, as showg.f7FiGq is less affected by HCS
effects; however, the non-uniform negative traprgla result in an increase ofsC
after HCS. For a fresh device, there are few negatiap charges near the drain
junction, hence the electric small-signal passegoumly from source to drain
terminal. However, due to the appearing negatia@ ttharges under HCS, thgsC
increases dramatically with the increasing electiole pairs [87], [88]. Those
changes after HCS will result in a more seriougaégtion of the RF performance.

Fig.5.8 shows the degradationsfpindfnaxas a function of g degradation. The
degradation ofy is almost preportional to,gdegradation after HCS, indicating that
the fr degradation is mainly contributed-from, gegradation. Form eq.(5-Z)pax IS

related to g%, gusand the ratio of @fCqq.

5.3-2. A Constructed Small-Signal Model of RF MOS transistors under OBD

Due to the generation of the interface states ardleotraps after oxide
breakdown (OBD), the “on” drain current and tranmsbactance all decrease. After
oxide hard breakdown, the degradation of saturaticain current is about 9% and
threshold voltage is shifted from 0.42V to 0.48¥€d-ig. 5.1 and Fig.5.2). Moreover,
it is obvious that the “off” current increases detiwally after hard breakdown due to
the contribution of the gate leakage current. It increase static power consumption
of a MOSFET in digital operation. To examine the $1&nd OBD effects on the RF

characteristics, we re-constructed a small-sigradehas shown in Fig.5.9, where the
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Om=0gmoeXp(4wr) is varied with the frequency response. After déedding the pad
parasitic parameters, the cold-FET method was adoijot this model to extract the
parasitic resistancesyRRy and R[89]. Then, the substrate associated parametegs lik
Rok and Gk can be extracted by using a curve-fitting meth@@l.[ The main intrinsic
network parameters of this model can be directlyraexed by the transformed Y

parameters as the following equations [91]:

Cor =2 MY 1+ (5-3)
Coo = IM(Y,) (5-4)
Cop = IMOY 2 45 (5-5)
R &(\14,22) (>-0)
Umo = MagnitidgY, ,, +Y,,,) (5-7)
7= —é PhasgY, ,,-Y,,,) (5-8)

Due to the gate leakage induced after OBD, we sznrae that there are two
leakage paths generated from gate to source aed@alrain regions. Therefore, we
added a gate-to-source resistancgy)(Bnd a gate-to-drain resistanceydRnto the
modified small-signal model after OBD. The extracfmrameters of the constructed
model were listed in Table 5-1. Under the HCS, rtlen affected parameters are the
transconductance () and gate-to-source capacitancg)(d-or device after OBD, R
and R are not infinite, so the eq.(5-1) and eq.(5-2)udthdbe modified. Based on the

modified model, the cutoff frequency can be apprated as:
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t o Ru R (5-9)

As shown in Fig.5.10, not only thie is deceased by the OBD; sintgy is
directly proportional to the power gain of the M@8nsistor, the new leakage paths
in the gate oxide result in the power loss and dbgradation off,.x Moreover,
compare the effects of HCS and OBD on the MOS istorss high-frequency
performance in Fig. 5.11, the cutoff frequendy) (and maximum oscillation
frequency {nay reduce significantly after oxide breakdown th&attafter the hot
carrier stress at the same dg)(degradation: It is clearly owing to the existerde

5.3-3. HCS and OBD Effectson RF Noise Figure

Noise is one of the major concerns of RF devicesd, iaiis sensitive to ,gand
resistance parts of a MOS transistor. Fig. 5.12vshitie minimum noise figure (Nkr)
measured before and after hot carrier stress ande odreakdown. The N
increased after HCS mainly due the reduction afdranductance {. However, it
can be observed that NF increased more significantly after OBD than thera
HCS. This is because not only the decreasingaurred after oxide breakdown, but
also the resistant paths of gate leakage currgpisaaed. The impact of so-called gate
shot noise (2@l) is associated with the gate leakage current irSM@nsistors. Gate
shot noise is usually neglected in MOS transistditse gate leakage currents in

typical MOS transistors are always controlled wédl state-of-the-art CMOS
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products. However, in this case of RF MOSFET &@BD, the gate shot noise would
play a non-disregarded role in determining the higgguency noise in a MOS
transistor [92], [93]. In order to analyze the maiends of RF noise figure related
HCS and OBD on MOS transistors, we adopt a lumpeahent common-source
equivalent circuit and limit our attention to th@rinsic MOSFET as shown in Fig.
5.13. It indicates that the resistant noise genesainclude the drain noise current,
induced-gate noise current and gate shot noisemuas shown in Fig. 5.13(a). The
equivalent input noise generators of Fig. 5.13() &he correlation admittancecY

(5-10) are evaluated first; then the analytical regpions for the two-port

common-source noise parameters (noise resistapc®@@Mmum admittance e,

minimum noise factor f,) are determined.

Y, = 'n% =G_+ jB. (5-10)

Yorr = Gopr + [Bopr (5-11)
\7 Sd 2 Sg
=—7l—=R + + 5-12
R AKTAf % 4KTg? % 4KT ( )
Then,
i2 So?2(1-c2)  g.x(2qly)

Gopr = | 14— By =WC 6/ y ImP e 5-13

oPT 4 opr = W gs\/ 5, + AKTH( WZCQZS) ( )
Foin = 14 2R Gopr (5-14)

, wherea=gm/gqo, With gy being the drain conductance fop#0V. v, 6 and ¢ are

parameters for the models for drain noise and iedugate noise. Notice that, i&
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dominated by the drain thermal noise current angedds on the value of device
transconductance @ In addition, Gpr presents contributions from induced-gate
noise current and from the gate shot noise curidmrefore; two limit cases of RF

noise before and after HCS and OBD in our experimean be recognized.

1) Inthe case of typical MOS transistor before andrdfiCS, the gate leakage)is
relatively small; then, the &t and R, are dominated by the drain and induced
gate thermal noise. So, (5-14) simplifies to (5;1&hd is increasing with

frequency, and can be lessoned by device cutajtigecy {r).

_ 2
P > 14 2(1) 28 (5.15)
f; 5

2) On the other hand, itIW is large enough; gate shot noise becomes dominant

the expression for &1, and (5-14)leads to (5-16).

~1+ M

Tag, (5-16)

min

In Fig. 5.14(a), it shows the equivalent noise stasice (R before and after
HCS and OBD. We found the,creased more dramatically under HCS than OBD
due to the much decreased, gfter HCS. Moreover, Fig. 5.14(b) presents the
optimum input reflection coefficient. The magnitudeGeopr shows a value of 0.68
after OBD, which is much less than the value o#i(b@fore stress. This is owing to
the appearance of leakage current path of resstRagage Which we departed into
Rgs and Rg. In addition, Gper also shows no dependence of frequencies afteeoxid

breakdown.
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5.4 Summary

In this chapter, we examined the effects of hotiearstress (HCS) and oxide
breakdown (OBD) on the RF characteristics of MO&nsistors. By using a
constructed small-signal model, we can clarify #ffects of hot carrier and oxide
breakdown. In addition, a gate-to-source resistamcka gate-to-drain resistance were
added to the constructed small-signal model testilate the effects of gate leakage
currents after oxide breakdown. From the experialeabservations in Table 5-2,
HCS and OBD induced degradations on RF performasieauld be taken into

consideration in the design of RF CMOS:integrateclids.
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Table 5-1 Small-signal model parameters beforeadiedt HCS and OBD.

Ré] Rd Rs Rds Rbk ng Cgs Cds C]d Cbk gmo Rd]s Rd]d
(Q) | (Q) (Q) (Q) (Q) (9] (pF) (oF) (B (fF) (mS) (Q) (Q)
Fresh | 17 | 771 | 351 75 1400 0.0574 0.215 0.38 | 0.358 3 270 - -
After

HCS 1.7 | 789 | 352 | 76.2 | 1400 0.0578 0.239 0.38 0.358 3 240 - --
After

OBD 184 | 776 | 351 | 68.7 | 1400 0.0578 0.221 0.38 0.358 3 253 6540 | 33k
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Table 5-2 Comparison of DC and RF parameters befod after HCS and OBD.

(1) DC parameter deviation:

Id Om Vth Yas Cgs ng
HCS -17% -11% 0.1V 9.2% 12% 0.7%
OBD -9% -6% 0.06V 2% 2.7% -
(2) RF figures-of-merit deviation:
fT fmax I\”:min (dB) Rn (Q)
Initial - - 0.18 18.6
HCS O7%| -4.2% 0.43 27
OBD -76%| -3% 0.66 21
(3) Co-relation between DC parameters and RF FoM.
- of, of of L
0 0 T u 0....
) | o, Gt oC AQn,
AfT afmax 0 afmax afmax afmax afmax Ang
Afmax agm agds ans and aRg Agds
ANF, ONF,_;, 0 oNF,., ONF. ~ONF., ONF_ ACgs
A\/ips agm agds ans and aRg . Ang
; || Dos Pos Mg 0 0.. |AR
agm agm3 agds
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Chapter 6
Impact of Reliability issues on Power

Characteristics of RF MOS transistors

6.1 Introduction

In this chapter, we investigate reliability issuincluding the HCS and OBD on
the RF power and linearity characteristics of a M&hsistor by using load-pull
measurement. With the scaling technologies of ack&rMOS transistors in recent
years, some of the electrical parameters like t@mductance (g, output
conductance (g, input resistance @R and ‘AC capacitances (gate-to-source,
gate-to-drain, and gate-to-bulkgfCqyq, and Gp) are getting much more sensitive to
high-frequency characteristics, especially-to. tightirequency power performance
[94]-[96]. RF performances of an‘advanced MOS ist0s are concerned to the
power delivery from the input source to the outipaid, which is really concerned for
an analog/RF circuit designer. It is worth to besidered, while the output current,
threshold voltage, transconductance and output wxiadce are degraded by the
reliability issues. In this chapter, we examined tef the main reliability issues,
hot-carrier stress and critical gate-oxide breakaosn the RF power characteristics

of advanced MOS transistors [97], [98].

6.2 Experiments of HCS and OBD

Multi-finger MOS transistors used in this work wdadricated using a 0.13m
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baseline technology with channeL=0.12 pum and the channel width
W=7.2um)x16(finger). The oxide thicknesty is 20 A. The devices depict RF

characteristics with the cutoff frequendy)(and the maximum oscillation frequency
(fmaxy) Up to 110 GHz and 90 GHz, respectively. During hlot carrier stress, the gate
and drain of the test transistors were biased 4¥ &nd 2.4V, respectively, with a
stressing time 15000 seconds. The critical gatéeogiress is under a constant voltage
stress (\y=3.9V) with other terminals are subjected to grauflde oxide breakdown
was defined using a threshold on-stress curretitrdA. The dc device characteristics
were tested by an Agilent 4156B precision semicotatuparameter analyzer, while
the output power and RF linearity were measuredgusn ATN load-pull system with
two-tone mode. The measurement_frequency and toaeng were 2.4 GHz and 1

MHz, respectively.

6.3 Results and Discussion

6.3.1 Hot Carrier Effects on Power Performance

The general effect of HC stress on the dc perfoomast MOS transistors is
shown in Fig. 6.1. After HC stress the degradatbsaturation drain current in our
experiment is 25%, and the threshold voltage iftexhfrom 0.39 V to 0.42 V. In Fig.
6.2, it shows thay, degradation after HC stress. We found thatgheeduction is
more serious in low gate bias regions. The degadatf dc parameters could be
suggested possibly to the interface state generati@ the oxide trapped charges
[101], [105]. Furthermore, due to the non-uniformstdbution of defects after HC

stress, the output drain conductance increasegiaipen higher gate voltage biases
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[106]. Those all influence the behavior of RF perfance and power characteristics
of MOS transistors. The effect of HC stress ondhgout power of a MOS transistor
is shown in Fig. 6.3. It was measured at gate geltd;s=0.8 V and drain voltage
Vbs=1.2 V, where thay, is the maximum value in device saturation regi@ms the
frequency was operated at 2.4 GHz. The sourcecadlimpedances are matched for
maximum output power before stress. Because thdafuental output power of a
MOS transistor is basically correlatedg@'gqs, the HC-induced degradation of the dc
parameters will lead to a reduction of output powed gain. After HC stress the
output conductance has changed, the load impedaiticeviate from the maximum
output power condition, making the further reductid output power [99]-[101].

In Fig. 6.4, it shows the power gain as a functidrgate voltage biases. The
power gain reduces after HC stress. However, agdhe voltage bias increases to a
higher value, the power gain-which was degradethéyHC effect shows a consistent
value with the fresh one. As the source. and loadedances are matched for

maximum output power, the available. power gain lmaexpressed as eq.(6-1)

2
Ga,max=— fr (6-1)
4f°(2z- . -R;-Cy + Gy - R,)

,.where fr is the cut-off frequency, arf®, Cyq are the gate resistance and gate-to-drain
capacitance of the MOS transistor, respectivelpnfreq.(6-1), we can find the
maximum available power gain is proportionaftohus is correlated tg.. Therefore,
after HC stress the power performance in Fig. BaWws a consistent curve with the
transconductance in Fig. 6.2. It also suggestedhiaging at a higher gate voltage is
more robust to HC stress. However, in order to cedstatic power consumption in

analog/RF applications, they are going to be biagedhuch lowei/ss than digital
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devices thus are more vulnerable to HC stress.

6.3.2 Hot Carrier Effectson Linearity

To characterize the linearity, the third-order imgpt point (P3), at which the
output power and third-order intermodulation (IM®wer are equal, is commonly
used. For low distortion operation, the third-oroeercept point should be as high as
possible. As shown in Fig. 6.3, by the two-tond,tdse outputiP3 (OIP3) reduces
from 21 dBm to 15.8 dBm after HC stress, while itigut referredP3 (IIP3) reduces
from -3.6 dBm to -6 dBm. Hence, the RF linearitgaees under HC stress when the
MOSFET operates at a fixed gate bias. RF linearfitgevices doesn’'t change much
with frequency related to the much linear voltagpehdence of gate capacitance, so
it can be well analyzed from-the dc and ac charsties of devices. The third-order
point of gate voltage amplitude, where the fundatalesmd IM3 output amplitude of

drain current are equal, can be given as [103]

VIP3= [49n 6-2)

gm3

,wheregns is the third-order Taylor expansion coefficientdoin current versus gate
voltage. It gives a good indication of device lingaeven at high frequency [103].
The parametersym and gms, can be directly extracted from the dc charadiesis

Actually, the equation (6-2) is obtained withoutnsmlering the non-linearity of
output conductance. Because the amount of outputumbance non-linearity is much

smaller than that of transconductance when dewdpesate in saturation region, it can

10€



be negligible for low load impedance condition [LJ203].

Fig. 6.5 shows th¥IP3 measured witVss-Vry (Vry is the threshold voltage) of
a MOSFET before and after stress. With a fixég — iy bias condition, we can
ignore the shift of the threshold voltage, and olesehat theVIP3 shows a slightly
change after stress with a typical analog bias itond, i.e. 0.1V<Vgs— Vi < 0.6V.

It indicates that the degradation of linearity afséress at a constant gate bias
condition is mostly due to the shift of threshotzitage. The observation in Fig. 6.5 is
interesting and indicates that although the hotrierar stress affects the
transconductance and threshold voltage of the devis effects on linearity of the
transistor can be alleviated &gs — Vn is kept at a constant. That is to say, RF
linearity is less affected by HC stress if biasiing MOSFET at constant drain
currents as shown in Fig. 6.6.. We found-tldP3 andIIP3 only show a slightly
change after stress for the device measured aed Gutput drain current. It is noted
that OIP3 decreases slightly on middle drain currents dubeadecreased power gain
after stress.

From Fig. 6.5, we observe thélP3 increases after HC stress at low bias
condition, which can be explained by the incredsknearity at lower drain currents.
Because the HC stress will affect the thresholdtags, channel mobility,
subthreshold swing, and source/drain resistanaay #ffects onVIP3 have to be
studied. In general, the effective channel mobiiitystrong inversion region can be

expressed as [107]

) 1+ 9(\/(35 _VTH ) (63)



, Wherey is the low field mobility and? is the mobility degradation coefficient due
to high electric field. From the simulated reswifsn I-V model [104], we found that
the most important parameters affectvMiP3 at fixed Ves — Vru are subthreshold
swing (S.S.) and), as shown in Fig. 6.7. With increasing S\ER3 will increase in
weak inversion region. With reduciryy VIP3 will increase at 0.05 V¥/gs— V14 <0.2

V, and decrease &ss— V4 >0.2 V. It should be noted thaghas no effects oWIP3.
This is becausg, contributes equally tgm andgms, so its effects are cancelled out in
On/Om3 The observation in Fig. 6.7 can also be predibtedolterra series calculation
as reported in [104]. For the transistor in our kyaafter HC stress, S.S. increases
from 82.6 to 92.6 mV/decade, afitdecreases from 1.54 to 0.68" {see the inset of

Fig. 6.5), sovVIP3 increases in the low bias region, as shown in &5

6.3.3 Effects of oxide breakdown on RF Power Performance

The critical gate-oxide breakdown is an importatiability issue for the design
of power amplifiers, especially for the large-sigagplications. Fig. 6.8 shows the
linear power gain measured with the gate voltagdsrb and after OBD. It shows a
slight deviation in higher gate bias regions. Tlegrddation of linear power gain is
also corresponded to the, glegradation (see Fig. 5.1). It also suggested tthat
device biasing at higher gate voltage is more robosOBD. However, it is not
usually the bias point for an analog/RF designéig wsually biases the active device
before or under the,gax for high gain and high speed applications.

The degradations of output power, power gain angdep@dded efficiency (PAE)

are shown in Fig. 6.9. The PAE can be expressed by:
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P, P
PAE= 2 —Fou (g 1y (6-4)
. P. G

DC

At low input power, the PAE is less changed undesss due to the output power and
drain current, and thus the power dissipation redsicultaneously. When input
power is larger than 1-dB compression poinifPthe degradations of PAE become
serious. Because a part of the AC-signals on thedE@ current will be cut off as
the input power becomes large enough. For thioredhe average drain current will
increase with the increasing input power. Since litzes current of the device after
oxide breakdown and HC stress is lower than thaheffresh one, the negative duty
cycle of output waveform would enter the cut officen earlier. As a result, the power
dissipation of stressed device is higher.than ¢thahe fresh one, leading to a lower
PAE. Owing to the DC degradation isimore seriotsrdfiC stress, the degradations
of PAE under HCS is more serious in our-case.

Since the dc behaviors are changed;-the lineatyldvbe affected by the oxide
breakdown. In Fig. 6.10, we found'that RF lineafithy°3 and OIP3) suffers less
degradation. This is because not only theslgows degradation after oxide breakdown,
the gns also decreases simultaneously after OBD (see@id). Then the ratio of
Om/gms Was not changed dramatically under OBD. Compathk fig. 6.10, in which
the power terms oilP3 andOIP3 present less affected by OBD with the increasing
output currents; the voltage term ™MP3 in Fig. 6.12 also proves the same
phenomenon with the fixeddéVry. That is to say, RF linearity is less affected by
OBD if biasing the MOS transistors at constant @us even under the subthreshold

regions or saturation regions.
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6.4 Summary

In this paper, we have examined the effects of H€ss and OBD on RF power
and linearity of MOS transistors. HC effects redubhe transconductance, output
drain current and enlarge the threshold voltaghefNMOSFET. Consequently, the
RF output power will degrade after HC stress. Hamvewe found that the RF power
performance is more robust to HC effects by biasieggate voltage to higher values.
Thus, it results in a trade-off between the vulbéity to HC stress and the static dc
power consumption. Moreover, we compare the HCcefen RF linearity with
various bias conditions. At fixed gate bias, theedirity is degraded after HC stress
due to the shift of threshold voltage, howevegrity change slightly at fixeWgs —
V. That is to say, RF linearity.'is less affected H§ stress if biasing the MOS
transistor at constant drain currents. \When.theststor operates at a fix&&s — Vrn,
only the subthreshold swing and mobility degradatemefficient will impact the
linearity. Therefore the linearity for circuit dgsi is robust to the HC effects by
biasing the MOS transistors under constant draireats. In addition, the RF power
performance under OBD also presented degradatiaasta the decreased,@nd
increased @ But, it showed less affected on RF linearity maf@BD, due to the
simultaneously decreased, gnd g.s. Moreover; in subthreshold regions, after OBD
the linearity performs differently with that unddC stressing, since the subthreshold

swing of a MOS transistor is not affected after OBD
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Chapter 7

Conclusion and Suggestion for Future Work

7.1 Conclusion

Silicon-based devices have had acceptable devicaracteristics for
high-frequency transceiver design for frequencresnfl to 10 GHz since the early
1990s. The combination of low cost and superioegrated functions will make
silicon CMOS and BiCMOS technologies of choice R¥ circuits, if RF and system
design goals can be realized. Until recently, nededOS transistors have lagged
research SiGe HBTs in performance, but ‘now theye haer taken research SiGe
HBTs with a transit cutoff frequenc¥s§ at unit gain above 400 GHz [108]. However,
this record offr in MOS transistors.requires.a feature size (gatgth L) of 10 nm.
Comparable results in a SiGe' HBI can be accomplishe a feature size of
approximately 100 nm, which can be manufacturedyodlvhile the IllI-V HEMT
[109], [110], has a highefr, both MOS transistors and SiGe HBTs are easily
integrated with VLSI digital functions. Of coursggst has been and will continue to
be the motivating factor in utilizihg CMOS techngjo for RF. At the lowest
performance, MOS transistors are less expensipeoiduction. SiGe BICMOS is able
to achieve comparable performance at twice thermim geometry of CMOS.

With silicon-based transistors of CMOS and BiCMQ@$hnologies capable of
meeting technical requirements, time to market anwérall system cost and
performance will govern technology selection for Rfarket. In addition, the
reliability issues are getting more and more imgoatt especially in the varied

operations of RF systems, in which the spec. dem#ra noise, linearity, power gain
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and so on... Those specs are sensitive, and easilpetoaltered when the
characteristics of device are changed by somergaicissues. With the advanced
scaling technologies, the introduction of SiGe HBEs opened new perspectives
with respect to high-speed applications. In addjtilOS transistors are capable and
suitable for future high-frequency system applmasi However, owing to the high
electric field at the base-emitter junction causgdthe high doping levels of SiGe
HBTSs, the hot-carrier (HC) reliability has becomenajor concern for SiGe HBTs
used in commercial products. Moreover, device sgaih combination with higher
electrical field and current densities has consegee for the reliability issues under
real product operations. As a result, the religbissues of silicon-based transistors
must be considered when they are operated in héguéncy and high-speed analog
applications as well as in DCflogic operations. this thesis, we discussed the
reliability issues on the silicon-based transist@&e HBTs and MOS transistors;
especially, on their high-frequency characteristies noise performance, linearity
and RF power applications. For brevity, we sepalr#he thesis into two main topics
of SiGe HBTs and MOS transistors.

In chapter 3, we have addressed the classical @Sss{reversed emitter-base
junction, and open collector) effects on SiGe HBsusing a small-signal model,
and we systematically investigated hot-carrier cdffeon the degradations of
high-frequency and RF power characteristics of SKH&Ts with different bias
conditions. In chapter 4, an approaching stresfioaetiogy to real product operation
was discussed for their reliability issues on SHRs. It occurs when high collector
current densityJc) and high collector-base (CB) voltage are impcsietultaneously
on the device. In addition, by applying a commdr¥BIC large-signal model, the
high-frequency behavior, RF power performance andatity are also described

completely in this chapter. By comparing the streféscts at various bias conditions,
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we observe that the stress-induced degradation rumdastant base-current
measurement is much larger than that under constdletctor-current measurement,
due to the reduction of collector current. It theuggests that SiGe HBTs can be
operated more robust to electrical stress by bjpdevices under a constant collector
current.

As to the MOS transistors, in chapter 5, we exathitie effects of hot carrier
stress (HCS) and oxide breakdown (OBD) on the REBradteristics of MOS
transistors. By using a constructed small-signatiehowe can clarify the effects of
hot carrier and oxide breakdown. In addition, aegatsource resistance and a
gate-to-drain resistance were added to the conettignall-signal model to illustrate
the effects of gate leakage currents after oxieakatown. Moreover, in chapter 6, we
described the RF power characteristics for MOSsishars under HCS and OBD. The
RF power, power gain, power added efficiency anddrity were addressed in detall
before and after HCS and OBD. From,the-experimestiaérvations, HCS and OBD
induced degradations on high-frequency-and RF pedoce should be taken into

consideration in the design of RF CMOS integrateclids.

7.2 Suggestion for Future Work

Since the silicon-based transistors are gettingureain commercial foundry
work. The high-frequency and high-speed RF/analoguits are embedded with
baseband/logic circuits in SOC. The reliabilityuss of high frequency applications
are relatively less addressed in real productsieimns. Moreover, there is not any
high-frequency model associated with reliabilitysuss till now. So, we suggest
somebody who is interested in RF reliability topics investigate the sensitive
electrical parameters associated with reliabiltgues, and furthermore, to build the

RF model either in small-signal or in large sigapplications. The procedure can be
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suggested to be followed by (1) Analysis of DC delgtion, physical and electrical
field model in VBIC/BSIM; (2) Construct an exterrRF parasitic model co-related to
this DC model. (3) Aging model parameters shouldnbelved in the RF-DC model.
(4) Circuits simulation and applications.

In addition, silicon-base technology is well-knovior their lack in RF power
performance, especially in CMOS structures. In thiement, we also suggest
somebody to do some research on the topic of Rk-Vodfage power transistors to
reach to the goal of embedding RF power amplifisrSOC. Even you can use the
process design, layout design like in Fig. 7.1,clvhwe have proposed in 2007 IMS.
The HV-MOS transistors can be designed by altettiegdoping profile and structures
of the output drain terminals. By different RF paowagplications, you can also use the
circuit design to get higher power efficiency. Blyetway, of course, the cost

efficiently design for RF power transistors.is mpmpoular for mankind’s anxiety.
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