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Abstract

In recent years, with the improvement of living standard, the development of wireless
communication has become the most important technology, not only in academic circles but
also in the industries. Microwave_transistors- are, the backbone of these modern wireless
communication systems. Since' the - Si-based MOSFETs (metal-oxide-semiconductor
field-effect transistors) have become the mainstream of RF transistors in recent years, the
reliability of RF MOSFETSs is more and more important.

The purpose of this thesis is to investigate the characteristics of RF MOSFETSs under hot
carrier stress and oxide breakdown. In addition, we proposed a small-signal model
individually after hot carrier (HC) stress and oxide breakdown (OBD) and discuss the
variations of each small-signal parameter.

Firstly, we found that the degradations of cut-off frequency, noise and power
characteristics are very obvious after HC stress. It can be explained by the decrease of the
transconductance. In addition, the degradation of linearity can be softened by biasing the
transistor at constant drain currents. This experimental observation can be explained by the
change of threshold voltage, transconductance, subthreshold swing, and mobility under HC
stress.



Secondly, since a new leakage path is generated in the gate oxide after oxide breakdown,
the input impedance and optimized input reflection coefficient suffer degradations. It is
worthwhile to notice that the minimum noise figure increases dramatically after hard oxide
breakdown (HBD). It can be explained by the additional shot noise source in gate oxide after
HBD.

Finally, from the small-signal model, the transconductance (gmo), drain-to-source
resistance (Rgs), and gate-to-source capacitance (Cgys) suffer more degradation after HC stress
and oxide breakdown. We also confirm that the main leakage path locates at the gate and

source/channel overlap region.



U

R ERIATAREY o FARREHA N ERREL P RKE R
AT FTRT D ARG T DAt B B AP E I D

p e AT REHY G a AR EHME P L2 RS LR

B pmtcd o RHMET I RELATRTT R DB UE RS
F AR EASE L AR L
M ARBORY 25 0o R NDL 3AE AR LA EE L H B

AR PRI AR AR R S N FREAHEFEEE - F SRR
EPREEELE I ARELE o MBET o v AF Y AR DK

P B S A A L WRES ok g2 > B e b f

B REHRA S E R F R s BT L AR Tt



Contents

Abstract (Chinese)
Abstract (English)
Acknowledgement
Contents

Table Captions
Figure Captions

Chapter 1
Introduction
1.1 RF Transistors
1.2 Basic Concept of RF MOSFETs
1.3 RF MOSFET Reliability Issues
1.3.1 Hot Carrier Reliability of RF MOSFETs
1.3.2 Effects of Oxide Breakdownion RF MOSFET
1.4 Organization of the Thesis

Table.1.1
Fig.1.1

Chapter 2
Basic Theory and Experiments
2.1 Hot Carriers Mechanism
2.2 Oxide Breakdown Mechanism
2.3 Device under Test and Measurement Techniques
2.3.1 Device under Test
2.3.2 I-V Measurement
2.3.3 High Frequency Characteristics Measurement
2.3.4 RF Noise Measurement

2.3.5 Output Power Measurement
Fig.2.1-2.4

Chapter 3

Characteristics of RF MOSFETs under Hot Carriers Stress
3.1 HC stress Experiments
3.2 Effect of HC Stress on DC Characteristics

Vi

vi
viii

AW wWwwnN

o O1

10
10
11
11
12
14

18
18



3.3 HC Effects on S-parameters

3.4 Effects of HC Stress on Cut-off Frequency and Maximum

Oscillation Frequency
3.5 HC Effects on Power Performance
3.6 HC Effects on Linearity
3.7 HC Effects on Noise Characteristics

Fig.3.1-3.17

Chapter 4
Characteristics of RF MOSFETs after Oxide Breakdown

4.1 Effects of Oxide Breakdown on DC Characteristics

4.2 Effects of Oxide Breakdown on Cut-off frequency
and Maximum Oscillation Frequency
4.3 Effects of Oxide Breakdown on S-Parameters
4.4 Effects of Oxide Breakdown on Power Performance
and Linearity
4.5 Effects of Oxide Breakdown on Noise Performance
Table.4.1
Fig.4.1-4.15

Chapter 5

Modeling of RF MOSFETs under HC stress and Oxide Breakdown

5.1 Extraction Method of Small-Signal Model Parameters
5.2 Modeling of RF MOSFETSs under HC Stress
5.3 Modeling of RF MOSFET after Oxide Breakdown

Table 5.1-5.3
Fig.5.1-5.11

Chapter 6

Conclusion and Future Work
6.1 Conclusion
6.2 Future Work

References

Vita (Chinese)

Vi

19

20
21
22
24

26

38

39
40

41
42
45
46

58
60
61

63
66

77
78

79



TABLE CAPTIONS

CHAPTER 1

Table 1-1  Performance of CMOS technology in several generations.

CHAPTER 4

Table 4-1  The variations of DC, high-frequency, noise and power characteristics of a
MOSFET after HBD and HC stress.

CHAPTER 5

Table 5-1  Extracted parameters before and after HC at (a) Vs=1.2V, Vp=1.2V, (b)
V=0.8V, Vp=1.2V, and (c) Vs=0.65V, Vp=1.2V.

Table 5-2  Extracted parameters beforesand after HBD and SBD at (a) Vs=0.8V,
Vp=1.2V,and (b) V=0.65V, Vp=1.2V.

Table 5-3  Extracted parameters before and after HBD and SBD at (a) V=0.8V, Vp=1.2V,
and (b) Vs=0.65V, Vp=1.2V.

viii



FIGURE CAPTIONS

CHAPTER 1

Fig.1-1

Schematic of a typical bulk MOSFET structure.

CHAPTER 2

Fig.2-1

The mechanism of (a) Channel hot electrons (b) Drain avalanche hot carriers (c)
Substrate hot electrons.

Fig.2-2 (@) Schematic illustrating the trapping of tunneling electrons. (b) Schematic
illustrating the generation of an electron-hole pair in the anode by a tunneling
electron. (c) Schematic illustrating the trapping of holes in the oxide layer.

Fig.2-3 The schematic and block diagram of the RF noise measurement system.

Fig.2-4 (a) Block diagram of the load-pull measurement system.

(b) Power contours on a Smith chart.

CHPATER 3

Fig.3-1 (a) DC characteristics.of-a MOSEET before and after CHE stress.
(b) DC characteristics of aMOSFET before and after DAHC stress.

Fig.3-2 S-parameter degradations with increasing stress time at different bias conditions

Fig.3-3 Output impedance versus stress time.

Fig.3-4 Threshold voltage versus stress time.

Fig.3-5 (a) Cut-off frequency before and after HC stress.

(b) Maximum oscillation frequency before and after HC stress.

Fig.3-6 Relation between fr and fy.x degradations and g, degradation.

Fig.3-7 Output power and 3“-order intermodulation (IM3) power versus input power
before and after HC stress.

Fig.3-8 Power gain versus gate bias voltage for a MOSFET before and after stress
measured at a fixed Vps= 1.2V.

Fig.3-9 VIP3 versus Vgs -Vt for a MOSFET before and after stress. Inset is the

effective channel mobility before and after stress.



Fig.3-10 Measured OIP3 and I11P3 versus drain current for a MOSFET before and after
HC stress.

Fig.3-11 Simulation results of VIP3 with different subthreshold swings and mobility
degradation coefficients.

Fig.3-12 (@) Equivalent circuit model of a MOSFET with thermal noise sources, where
Sip and Sig are drain current and induced gate noise, respectively. (b) Noise free
MOSFET circuit model with input referred noise voltage and current.

Fig.3-13 Optimized input reflection coefficient (/o) before and after stress.

Fig.3-14 Minimum noise figure (NFnin) versus frequency before and after HC stress.

Fig.3-15 Minimum Noise figure versus drain current before and after HC Stress.

Fig.3-16 Noise resistance (R,) versus frequency before and after stress at fixed bias.

Fig.3-17 Noise resistance versus gate voltage before and after stress.

CHAPTER 4

Fig.4-1 (a) Time evolution of gate current before and after soft breakdown.

(b) Time evolution:of gate current before.and after hard breakdown.

Fig.4-2 Gate current versus-gate voltage before and after oxide breakdown.

Fig.4-3 DC characteristics of a MOSFET before and after oxide breakdown.

Fig.4-4 (@) Cut-off frequency and+(b) maximum oscillation frequency versus gate
voltage before and after oxide breakdown.

Fig.4-5 S-parameters before and after oxide breakdown.

Fig.4-6 Small signal model for the measurement of S-parameters.

Fig.4-7 Power gain versus gate bias voltage for a MOSFET before and after oxide
breakdown at a fixed Vps=1.2V.

Fig.4-8 Output power, power gain and PAE versus input power before and after oxide
breakdown and HC stress.

Fig.4-9 (a) Output power and 3"-order intermodulation (IM3) power versus input power
before and after soft breakdown. (b) Output power and 3" -order
intermodulation (IM3) power versus input power before and after hard
breakdown.

Fig.4-10 Measured OIP3 and I1P3 versus drain current for a MOSFET before and after
oxide breakdown

Fig.4-11 Noise resistance (R,) versus frequency before and after oxide breakdown at a

fixed gate bias.



Fig.4-12 The variation of R, versus different Vg after HBD and SBD.

Fig.4-13 Minimum noise figure (NFmin) versus frequency before and after stress.

Fig.4-14 Minimum Noise figure versus drain current before and after oxide breakdown.

Fig.4-15 (a) Magnitude of optimized input reflection coefficient before and after oxide
breakdown. (b) Phase of optimized input reflection coefficient before and after
oxide breakdown.

CHAPTER 5

Fig.5-1 (a) Conventional small-signal model of a MOSFET. (b) Equivalent circuit after
de-embedding parasitic components. (c) Small-signal model for the intrinsic
part of a MOSFET.

Fig.5-2 Small-signal model of the MOSFET at the zero bias condition.

Fig.5-3 Extracted values of Rs, Rq and Rq versus frequency.

Fig.5-4 (@) Extracted capacitance versus frequency. (b) Extracted gme and 7 versus
frequency. (c) Extracted Rqgand:Ryk versus frequency.

Fig.5-5 Measured and modeled S-parameters-of a MOSFET before stress at V¢=0.8V,
Vp=1.2V.

Fig.5-6 Measured and Simulated S-parameters of a MOSFET after 7000s HC stress at
Vs=0.8V, Vp=1.2V.

Fig.5-7 (a) Extracted Cgys with-increasing stress time. (b) Extracted Cyq with increasing
stress time.

Fig.5-8 (a) Variations of Extracted gmo with increasing HC stress time.
(b) Extracted Rgys with increasing HC stress time.

Fig.5-9 Small-signal model of a MOSFET after HBD.

Fig.5-10 Measured and modeled S parameters after SBD at Vs=0.8V, Vp=1.2V.

Fig.5-11 Measured and modeled S parameters after HBD at V¢=0.8V, Vp=1.2V.

Xi



Chapter 1

Introduction

1.1 RF Transistors

Currently RF electronics is one of the fast growing parts of semiconductor industry. This
is due to explosive growth in the wireless communication market in the past 10 years.
However about twenty years ago, this situation was much different. During that time, RF
electronics was somewhat mysterious and their applications had been mainly military (e.g.
secure communication, electronic warfare system). In the 1990s, the situation changed
dramatically. The new global political 'situation has led to considerable cuts in military
budgets. Furthermore, a shift to consumer-applications took place, and consumer applications
clearly became dominated. Therefore, the design philosophy for many microwave systems
changed from “performance at any price” to “sufficient performance at lowest cost”.

Microwave transistors are used in a large number of different circuits such as low-noise
amplifiers, power amplifiers, mixers, frequency converters and multipliers, attenuators, and
phase shifters. Although the requirements on transistor performance differ from application to
application, microwave transistors in principle can be distinguished into two groups as
small-signal low-noise transistors and power transistors. For microwave electronics, on the
other hand, a large variety of different semiconductor materials have been employed, such as
Si, SiGe, GaAs, InP, further 111-V compounds, and wide bandgap materials [1-3]. In the few
years, the silicon-base MOSFETs (Metal-Oxide-Semiconductor Field-Effect Transistors) have

become the mainstream of RF transistors.



1.2 Basic Concepts of RF MOSFETs

In the past 20 years, the silicon base MOSFETs have widely been used in VLSI (Vary
Large Scale Integration) applications. However, most RF circuits and systems have been
implemented either compound semiconductor transistors. It is due to that the microwave
properties of silicon base MOSFETs were inferior to other high-frequency transistors. In
recent years, with the fast growth in the wireless communications market, the demand for
high performance and low cost RF solutions is rising. Fortunately, the continuous
down-scaling CMOS technology has resulted in a strong improvement in the RF performance
of MOS device [4]. The basic structure of MOSFETS, shown in Fig. 1-1, consisting of a single
gate, a semiconductor substrate and a heavily doped source and drain region, has not changed
in the past twenty years. Only the dimensions and other features have been scaled down
continuously to meet the demands of higher-speed. and increased compactness. There are
several criterions to determine RE MOSFETs performance such as cut-off frequency,
maximum oscillation frequency, power gain;linearity, and noise figure. Table 1-1 shows the
cut-off frequency, maximum oscillation‘frequency and minimum noise figure versus the gate
length of n-channel MOSFETSs. For today 50- to 100-nm gate length the cut-off frequency can
achieve almost 200GHz and maximum oscillation frequency can achieve 70 GHz. The NFpi,
for 70nm gate length RF MOSFET can be reduced to 0.13 dB. In addition, very high power
gain (>25dB) is possible at realistic current for the most advanced technologies [5]. The VIP3
of 70nm gate length can be lower than 0.81 V [6]. Therefore RF MOSFETs have been serious
alternatively to the traditional microwave transistors. Moreover, MOSFETSs offer very large
scale integration and high reliability. As a result, to realize systems-on-chip, the RF operation

must use RF MOSFETSs to conform to the integration.



1.3 RF MOSFET Reliability Issues

1.3.1 Hot Carrier Reliability of RF MOSFETs

With the scaling MOS transistor technology, the hot-carrier (HC) reliability becomes a
challenging concern while keeping a relatively high drain voltage for both the digital and
analog applications. Hot carrier generation and their effects in the characteristics of
MOSFETs have been known for a long time [7-9]. It is a result of the high electric fields
present inside the MOSFET which naturally appear when high biasing voltages are applied to
a short-channel device. The general damages from the hot-carriers on a MOS transistor
include the shift of the threshold voltage, the drain current degradation and the decreasing
transconductance. Because the RF circuits are sensitive to the parameters of their components

[10], HC effects are also important inyRF circuit design.

1.3.2 Effects of Oxide Breakdown-on-RF MOSFETSs

Due to the scaling of the SiO,-based gate dielectric in MOSFET, the time to the first
oxide breakdown reduces hugely. The chip reliability margin shrinks significantly. Therefore,
ultra thin gate-oxide reliability is an urgent issue in deep-submicron silicon CMOS integrated
circuit technology. Traditionally, the occurrence of a first gate-oxide breakdown event is
considered as a failure for MOSFETSs. However, when the gate-oxide is ultra thin, the first
breakdown event is most likely to be a soft breakdown. As long as the inversion layer is
formed in the channel, the device will still work functionally. In fact, even when hard
breakdown happens, MOSFETs may not fail. However, those post-breakdown will generate
many defects near oxide-semiconductor interface. Moreover, there will be a small spot of
breakdown path through the gate oxide after hard breakdown. These phenomenon cause

device parameters shift and change the oxide conduction.



1.4 Organization of the Thesis

In Chapter 2, we will explain the physical mechanism of hot carriers and oxide
breakdown. Then we will introduce different measurement methods that are use to measure
s-parameters, noise characteristics and power characteristics of RF MOSFETS. In Chapter 3,
we will discuss HC effects on the RF behaviors of MOS transistors. Then we will discuss the
effects of oxide breakdown on FOM of RF MOSFETs in Chapter 4. In Chapter 5, we will
establish the small-signal models of MOSFETs under HC stress and oxide breakdown and
discuss the degradations of each model parameters. For the device model after hard
breakdown, some external components will be added into the conventional model to discuss
the shift of model parameters of RF MOSFETs after oxide breakdown. Finally, some

conclusions will be given in Chapter 6.



Year  |1995| 1997 | 1999 | 2001 | 2003 | 2005 | 2007 | 2009
L(nm) | 250 | 180 | 140 | 120 | 100 | 70 | 50 | 35
fr(GHz) | 33 | 49 | 70 | 84 | 112 | 145 | 205 | 420
foax(GHz) | 41 | 47 | 51 | 52 | 60 | 62 | 68 | 85
NFnin(dB) | 05 | 035 | 023 | 02 | 015 | 0.13 | 0.1 | 0.08

Table 1-1: Performance of CMQS technology in several generations.




inversion channel

p-type substrate

Fig. 1-1: Schematic of é't}l{p‘icélﬁbdik MOSFET structure.




Chapter 2

Basic Theory and Experiments

2.1 Hot Carriers Mechanism

Hot Carriers are a result of the high electric fields inside the MOSFETs when high
biasing voltages are applied to a short-channel length device. Electrons in the inversion layer
can get high energies in the high electric field. It is possible that carriers with high energy (i.e.
hot carriers) have sufficient energy to overcome the potential barrier between the silicon and
silicon dioxide and penetrate into the gate'oxide. Some of them may get stuck inside the gate
oxide at the defect sites or traps, denoted by Nox. ‘Hot carriers also can break the atomic bonds
at the interface of the silicon substrate and the gate oxide and generate new traps which are
called interface traps, denoted by Nii.. The difference between these two types of traps is that
interface traps can be in charge exchange with channel whereas the oxide traps cannot be in
direct charge exchange with charges in the channel. These two types of traps will degrade the
quality of gate oxide and affect the device electric parameters.

As shown in Fig. 2-1(a), when the MOSFET is operated in the saturation region, the
channel electrons will gain high energy on their way from source to drain and penetrate into
gate oxide. The hot carriers are called channel hot electrons (CHE). The event of a carrier
gaining energy and entering the gate oxide is a statistical phenomenon. The maximum
numbers of hot carriers which penetrate into gate oxide occur whenV, =V, [11].

Another effect that can be caused by energetic carriers in the channel is that carriers on
the way toward drain collide with lattice atoms and generate new electron-hole pairs. These

electron-hole pairs can also gain high energy in the electric field and produce new



electron-hole pairs, similar to avalanche process in a reversed biased p-n junction. This
process is called drain avalanche hot-carriers (DAHC), which is shown in Fig. 2-1(b). During
the same process, the energetic carriers can impinge on the atomic bonds at the interface of
the substrate and gate oxide or inside the oxide, and break them. Therefore new electronic
states Nj; are created at the interface. In an NMOSFET, the extra electrons generated in
avalanche process are absorbed by drain, and the extra holes are absorbed by substrate
terminal which form the substrate current component lg. It is known that generation of
electron-hole pairs in an avalanche process is proportional to both strength of electric field
and the number of primary carriers initially flowing in the channel. For low values of Vg
above the threshold, the transistor is in deep saturation and a pinch-off region is formed near
the drain which results in a strong lateral electric field in that region. Also at low values of Vg
the drain current is low. As V¢ increases, Id increases, but transistor comes out of saturation

region gradually. This causes that a_ maximum.value for Iy, appears at some particular value

of V. Itis reported that at V ;%VD thesmaximum I, is generated in MOSFETSs [12].

The third mechanism of hot carriersiis called substrate hot electrons (SHE). Unlike the
cases of CHE and DAHC, which were caused by lateral electric field in the channel, SHE is
caused by the vertical electric field between gate and the substrate. As shown in Fig 2-2(c),
the electrons which are thermally generated in the region below the gate, drift toward the
silicon-silicon dioxide interface and gain kinetic energy in the electric field below the gate.
Some of these electrons penetrate into oxide and cause a uniform distribution of trapped
charge in the oxide. SHE is not a major problem in short channel devices as most of the
electrons are absorbed into source and drain region and a smaller fraction of them reaches the

device surface, compared to the long channel devices.



2.2 Oxide Breakdown Mechanism

Generally, in advanced MOS devices, there are two breakdown mechanisms observed in
dielectric materials. One is called HBD (Hard-Breakdown) and has a permanently distortion
in gate oxide dielectric. It results in a dramatic increase of the output currents due to the
increasing gate leakage current. The other breakdown mechanism is called SBD
(Soft-Breakdown), and the breakdown process shows smoothly and slightly. The physical
mechanism involved in, and leading to, the dielectric breakdown process are very complex.
They involve impact ionization in the oxide layer, injection of holes from the anode, creation
of electron-hole pairs in the oxide, electron and hole trapping, creation of surface state at the
oxide-silicon interface, and the interaction of many or all of these process.

The mechanism of tunneling into an electron trap can be explained by Fig. 2-2(a). As
electrons tunnel into an oxide layer, some-of.the electrons can get trapped. The trapped
electrons modify the oxide field so that the field near the cathode is decreased, while the filed
near the anode is increased. Hence the tunneling current will reach a stable value in Soft
Breakdown.

As electrons travels in the conduction band of an oxide layer, it gains energy from the
oxide filed. If the voltage drop across the oxide layer is larger than the band-gap energy of
silicon dioxide, the electron can get enough energy to cause impact ionization. As shown in
Fig. 2-2(b), when a tunneling electron arrives to the anode, it could cause impact ionization in
the anode near oxide-anode interface. Depending on the energy of the tunneling electron, the
hole thus generated could be from deep down in the valence band, and thus could be “hot”, a
hot hole in the silicon—oxide interface can have a high probability of been injected into oxide
layer. On the other hand the injected hole can be trapped in the oxide layer as it travels
towards the cathode.

The trapped holes in the oxide layer cause an increase in the oxide field near the cathode



and a decrease in the oxide field near the anode. This could be illustrated in Fig. 2-2(c).

According to the F-N tunneling equations:

— q?’on2 exp(_4\'2m* o><3/2
™ 16274, 3hQE,,

) (2-1)

A small increase in the oxide field near the cathode can cause a large increase in the
tunneling current. Thus, hole-trapping in the oxide near the cathode provides positive
feedback leading to the electron tunneling process. Dielectric hard breakdown occurs when
the positive feedback leads to a run away of the electron tunneling current at some local weak

spots of the oxide [13]. It appears as a current prominence in current-versus-time plots.

2.3 Device under Test and Measurement Techniques

2.3.1 Device under Test

The MOSFETSs are n type MOSFETSs in P-well. Multi-finger MOS transistors used in this

work were fabricated using a 0.13 um baseline technology with channel L=0.12 um and two

different sizes of channel width W=3.6 z mx22(number of fingers)x2(multiplier) and 3.6 ¢ mx

4(number of fingers)x8(multiplier) . The gate oxide thickness is 20 A.

2.3.2 I-V Measurement

The DC characterizations and stress experiments of RF MOSFETSs were performed using
Agilent 4156B precision semiconductor parameter analyzer. From the Ip-Vg curve, we extract

the threshold voltage (V1u), and transconductance (gm=dlp/dVg).
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2.3.3 High Frequency Characteristics Measurement

For microwave devices, the high frequency characteristics are generally obtained by the
measurement of the s-parameters. In this work, on-wafer s-parameters measurement was
carried out from 0.1 to 50.0 GHz using microwave coplanar probes and HP 8510C Network
Analyzer. On-wafer dummy structures were used to de-embed the pad parasitics. Then, the
de-embedded parameters were transformed to the H, Z or Y parameters to extract the desired

parameters.

2.3.4 RF Noise Measurement

The ATN NP5 system was used for high frequency noise measurement in this study. It
includes the instruments of dc measurement system, small-signal s-parameter system and
noise power measurement system. The schematic and block diagram is shown as Fig. 2-3.
The NP5 system consists of a ‘mainframe controller-and two remote modules suitable for
mounting on a wafer probe station. The port 1 (input) module, the Mismatch Noise Source
(MNS), contains the solid state electronic tuner with a built-in bias tee and switching circuitry.
The port 2 (output) module, the Remote Receiver Module (RRM), contains a bias tee,
switching circuitry, and a low noise amplifier.

Noise figure is often a simplified model of the actual noise in a system, where a single,
theoretical noise element is assumed in each stage. Designing low-noise microwave circuits
and systems involves trade-offs between the available gain of a stage and its corresponding
noise figure. Making design decisions requires knowledge of how an active device's gain and
noise figure change as a function of the source reflection coefficient. In general, noise
parameters and gain are independent, requiring separate device characterization. Gain can be
determined from S-parameters. A noise parameter characterization must vary the source

reflection coefficient presented to the device by using a special tuner.

11



The dependence of noise factor on source impendence is shown as the following

equations.

r

opt

—FS‘Z
(L)

4R,

(2-2)
Z, ‘1+F

F=F.+

min

opt

F = Noise factor of the DUT

F

min

= Minimum noise factor of the DUT that occurs at I, =T

R = Noise resistance (the sensitivity of noise figure to source admittance changes)

n

I' = Source reflection coefficient that results in the noise factor F

[, = Optimum source reflection coefficient for minimum noise factor

The associated gain provided by a:-device when it is driven by a specific source
impedance and can be calculated from the S-parameters of the device and the source

reflection coefficient. The associated gain as a function of source impedance is:

(1_|FS|2)|821|2

S50l
1-§, I

(2-3)

2

|1_811Fs|2 - )

S, +

2.3.5 Output Power Measurement

We used the load-pull system (ATN LP1 measurement system) to measure and discuss
power characteristics and linearity in our study. The functions of this load-pull system
perform power discussions on output power, power gain, power added efficiency (PAE), and

inter-modulation distortion. The configuration of a load-pull system is shown in Fig. 2-4(a).

12



By load-pull test, the output power is measured and plotted as a function of the complex
load seen by the transistor. Since a complex load requires two axes, the plot actually appears
as constant power contours on a complex impedance plane, for example, a Smith chart. A
variable, precisely calibrated tuner operates as a matching network, presenting various
complex impedances to the transistor according to a control input. With the aid of an
automated system, the real and imaginary parts of Z; are gradually varied such that the power
meter maintains a constant reading. The result is the contour corresponding to that power
level shown in Fig. 2-4(b). When Z; arise so does Zj,, necessitating the use of the tuner
between the signal generator and the transistor to ensure that the impedance seen by the
generator remains constant.

If the power delivered to the input is constant, the output power increases as Z;
approaches its optimum value, Zq This trend israccompanied by a narrower range for Z;,
resulting in the tighter contours-and.eventually a single impedance value, Zy, as the output
reaches its maximum level, Pmax. Iniother words, the load-pull test systematically narrows
downs the values of Z; so as to obtain.both the maximum output power and corresponding
load impedance. The load pull system can also calculate intermodulation distortion using

two-tone frequency test.

13
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Fig. 2-2: (a) Schematic illustrating the trapping of tunneling electrons.
(b) Schematic illustrating the generation of an electron-hole pair in
the anode by a tunneling electron.
(c) Schematic illustrating the trapping of holes in the oxide. layer.
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Fig. 2-3: The schematic and block diagram of the RF noise measurement system.
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Fig. 2-4: (a) Block diagram of the load-pull measurement system.
(b) Power contours on a Smith chart.
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Chapter 3

Characteristics of RF MOSFETs under Hot Carriers Stress

In this chapter, the effects of HC stress on DC characteristics of RF MOSFETs will be
discussed in the beginning. In general, the degradations are quite different by using different
stress method and in our experiments we found that the degradations are more serious under
drain avalanche hot carrier (DAHC) stress. After then we discuss HC effects on the
S-parameters, we found that the values of S,; and S,; are degraded seriously. It implies that
the output impedance and voltage gain are .influenced after stress. Finally, we focus on the
changes of the main figures of merit (FOM)-of RF*MOSFETSs after HC stress. It shows that

the degradations of noise and power characteristics are:obvious due to the HC stress effect.

3.1 HC Stress Experiments

In our experiments, the channel length and total width of MOSFETs are 0.12 um and
158.4 um, respectively. For DAHC stress, the gate and drain of the test transistors were biased
at 1.2V and 2.4V, respectively. For channel hot electron (CHE) stress, the gate and drain of
the test transistors were both biased at 2.4V. The DC characteristics and S-parameters were
measured by every 1000 seconds during the stress process. The final stress time is terminated

at 7000 second.

3.2 Effect of HC Stress on DC Characteristics
The general effects of the HC stress on the dc characteristics of a MOSFET are shown in

18



Fig. 3-1. It shows no noticeable variations for device under CHE stress as illustrated in Fig.
3-1(a). Therefore the channel hot electrons just slightly influence the DC characteristics of
MOSFETs. On the contrary, it shows a large degradation for device measured after DAHC
stress shown in Fig. 3-1(b). Hence the degradations caused by drain avalanche hot carriers are
much larger compared to channel hot electrons. Therefore in the following discussion we will
focus on the degradations of MOSFET caused by DAHC stress. After DAHC stress, the
degradation of saturation drain current in our experiments is about 17%, and the threshold
voltage is shifted from 0.45 V to 0.52 V. In Fig 3-1(b), the transconductance (gm) reduces
significantly, and the maximum value shifts to higher gate voltages after HC stress. We also
found that gm and drain current reduction is more serious in low gate bias region and this
phenomenon is possibly due to the interface state generation and the oxide trap charge

[14][15].

3.3 HC Effects on S-parameters

As shown in Fig. 3-2, the values of S3; and Sy, are almost unchanged with increasing HC
stress time. It implies that the input reflection coefficient and isolation of the RF MOSFETs
are affected slightly by HC stress. On the other hand, S,; and S;; changed more obviously
after HC stress. The degradations of Sy, and S;; can be explained by the decrease of
transconductance and the increase of the output drain conductance. It also implies that the
output reflection coefficient and the voltage gain of the RF MOSFET are affected seriously
after HC stress. It is worthwhile to pay attention to the degradation of Sy, when biasing at
lower gate voltages. With increasing stress time, the degradations of low frequency value of
Sz2 have different trends. The low frequency value of Sy, strongly depends on the output
impedance. After HC stress, there are a lot of defects generated by impact ionization near the

drain region and those defects provide acceptor states in NMOSFETs [16]. Therefore the
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electric field near the drain region will increase and the drain current is more controlled by Vp.
Therefore the output impedance decreases while biasing at high Vg shown in Fig. 3-3.
However while biasing at low Vg, due to the reduction of the depth of depletion region, the
output impedance decrease more slightly initially. After a long period of stress time, the
increase of oxide trapped charge raise the threshold voltage dramatically shown in Fig. 3-4, so
the output impedance becomes to increase shown in Fig. 3-3. Therefore the degradations of
low frequency value of S;, have different trends with increasing stress time at low Vg bias

condition.

3.4 Effects of HC Stress on Cut-off Frequency and Maximum

Oscillation Frequency

The cut-off frequency is defined as the-transition frequency at which the small-signal
current gain of a transistor with common-seurceconfiguration and short-circuit load drops to
unity. As shown in Fig. 3-5(a), the cut-off frequency drops off conspicuously after HC stress.
By using the small-signal equivalent-circuit model, the cut-off frequency (fr) can be

approximated as:

g
f e 9m 3-1
T 27(Cy +Cyy) S

From above equation, fr is related with g, and gate-to-source capacitance (Cgs). After
HC stress, there are many interface states generated near the oxide and semiconductor
interface. Therefore Cys increased after stress. In addition, from discussions in Section 3-2, gm
reduced significantly after HC stress. Due to the increase of Cys and the decrease of gm, fr

reduced dramatically after HC stress. By the observation of Fig. 3-5(a), it also suggested that
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the degradation of cut-off frequency is more robust to HC stress when biasing at higher gate
voltages which is similar to the degradation of gn.

As shown in Fig. 3-5(b), maximum oscillation frequency (fmax) also decreases after HC
stress. The maximum oscillation frequency is defined as the transition frequency at which the
unilateral gain of a transistor with common source configuration drops to unity. It can be

approximated as:

~ fT
- 2,27fC,R, +G4R,)

(3-2)

max

Because the maximum oscillation frequency is approximately proportional to the cut-off
frequency, the degradations are correlated to the cut-off frequency. Therefore, fnax decreased
after HC stress and the degradation.is more serious While biasing at low Vg which is similar
to the degradation of fy.

From Fig. 3-5, we compared the RE performance degradation with the DC performance
degradation. The degradations of frand fy.x are proportional to the g, degradation which can
be explained by equation (3-1) and (3-2). Comparing the slopes of these two lines in Fig 3-6,
the degradation of fr is much larger than of finax. Since frax is proportional to g, it is less

sensitive to HC stress.

3.5 HC Effects on Power Performance

The effect of HC stress on the output power of a MOS transistor is shown in Fig 3-7. It
was measured at gate voltage Ves=0.8 V and drain voltage Vps=1.2 V, where gn is the
maximum value in device saturation regions, and the frequency was operated at 2.4 GHz. The

source and load impedances are matched for maximum output power before stress. Because

21



the fundamental output power of a MOS transistor is basically correlated to gm/Qgs, the
HC-induced degradation of the dc parameters will lead to a reduction of output power and
gain. After HC stress the output conductance has changed, the load impedance will deviate
from the maximum output power condition, making the further reduction of output power. In
Fig. 3-8, it shows the power gain as a function of gate voltage biases. The power gain reduces
after HC stress. However, as the gate voltage bias increases to a higher value, the power gain
which was degraded by the HC effect shows a consistent value with the fresh one. As the
source and load impedances are matched for maximum output power, the available output

power gain can be expressed as:

f.?

Gamax: 2
™ 48227 f, -R, -Cyy +Gg R,)

(3-3)

We can find the maximum available power gain-is proportional to fr which is correlated
to gm. Therefore after HC stress, the power performance in Fig. 3-8 shows a consistent curve
with the transconductance in Fig. 3-1. It also suggested that biasing at a higher gate voltage is
more robust to HC stress. However, in order to reduce static power consumption in analog/RF
applications, they are going to be biased at much lower Vgsthan digital devices thus are more

vulnerable to HC stress.

3.6 HC Effects on Linearity

To characterize the linearity, the third-order intercept point (IP3), at which the output
power and third-order intermodulation (IM3) power are equal, is commonly used. For low
distortion operation, the third-order intercept point should be as high as possible. As shown in
Fig. 3-7, by the two tone test, the output IP3 (OIP3) reduces from 21 dBm to 19.22 dBm after
HC stress, while the input referred 1P3 (11P3) reduces from -2.27 dBm to -3.55 dBm. Hence,
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the RF linearity degrades under HC stress when the MOSFET operates at a fixed gate bias.
The third-order point of gate voltage amplitude (VIP3), where the fundamental and IM3
output amplitude of drain current are equal, is a good indication of device linearity even at
high frequency [17] and a large VIP3 is required for high linearity. In addition, it is easily
obtained from the DC characteristics [17]. Therefore we use this parameter to explain the
impact of HC stress on linearity of RF MOSFET. The definition of VIP3 can be given as:

VIP3= [29n (3-5)
3gm3

where gns is the third-order Taylor expansion coefficient of drain current versus gate voltage.
The parameters, gm and gms, can be directly extracted from the dc characteristics. Actually, the
equation (3-5) is obtained without considering the non-linearity of output conductance.
Because the amount of output conductance non-linearity is much smaller than that of
transconductance when devices operate-in-saturation region, it can be negligible for low load
impedance condition [17], [18]. Fig. 349 .shows.the VIP3 measured with Vgs -V (V1H IS the
threshold voltage) of a MOSFET before and after stress. With a fixed Vgs — Vru bias
condition, we can ignore the shift of the threshold voltage, and observe that the VIP3 shows a
slightly change after stress with a typical analog bias conditions, i.e. 0.1V< Vgs — V1 < 0.6V.
It indicates that the degradation of linearity after stress at a constant gate bias condition is
mostly due to the shift of threshold voltage. The observation in Fig. 3-9 is interesting and
indicates that although the hot carrier stress affects the transconductance and threshold
voltage of the device, its effects on linearity of the transistor can be alleviated as Vgs— Vn is
kept at a constant. That is to say, RF linearity is less affected by HC stress if biasing the
MOSFET at constant drain currents as shown in Fig 3-10. We find that OIP3 and 11P3 only
show a slightly change after stress for the device measured at a fixed output drain current. It is
noted that OIP3 decreases slightly on middle drain currents due to decrease of the power gain

after stress.
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From Fig 3-9, we observe the VIP3 increases after HC stress at low bias condition,
which can be explained by the increase of linearity at lower drain currents. Because the HC
stress will affect the threshold voltage, channel mobility, subthreshold swing, and
source/drain resistance, their effects on VIP3 have to be studied. In general, the effective

channel mobility in strong inversion region can be expressed as:

Ho
Heit = (3-6)
"o+ O(Ves —Vry)

where Lo is the low field mobility and & is the mobility degradation coefficient due to high
electric field. From the simulated results of an 1-V model [19], we found that the most
important parameters affecting VIP3 at fixed Vgs — Vy are subthreshold swing (S.S.) and @,
as shown in Fig 3-11. With increasing S.SzVIP3 will increase in weak inversion region. With
reducing &, VIP3 will increasezat 0.05 V < Vgs = V15:<0.2 V, and decrease at Vgs — V1 >0.2
V. It should be noted that po has no effects.on:VIP3. This is because o contributes equally to
Om and gms, SO its effects are cancelled‘out in gm/gms. The observation in Fig. 3-11 can also be
predicted by Volterra series calculation as reported in [20]. For the transistor in our work,
after HC stress, S.S. increases from 82.6 to 92.6 mV/decade, and & decreases from 1.54 to
0.68 V! (see the inset of Fig. 3-9), so VIP3 increases in the low bias region, as shown in Fig.

3-9.

3.7 HC Effects on Noise Characteristics

To characterize the noise characteristics, three noise parameters have been analyzed. If
the noise contribution of source resistance of the MOSFET was neglected, we can use the

compact model shown in Fig. 3-12 to approximate these parameters as [21]:
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R, =R +WCO>< Het xi (3_7)
’ 2 gm2 LC
NF,, ~1+ 2[(i)z WCoy s (\/gs _\/lh)Rg + (i) WC oy Ao (\/gs _\/lh)Rg ] (3_8)
2 2L, a 2L,
Zoy 2Ry + Xy = @x L sr7e (3-9)

ags

From above equations, the noise parameters strongly depend on the gate-to-source
capacitance and transconductance. Due to the little change of input impedance (see the Sy; in
Fig. 3-2), the optimized input reflection coefficient almost didn’t change after HC stress, as
shown in Fig. 3-13. From equation (3-9), we found that the minimum noise figure has a
strong dependence on Cg and gm. Due to the degradation of gm, minimum noise figure
increases drastically after stress shown in Fig 3-14. The increase of minimum noise figure is
about 88% of initial value. Therefore, HC effect'is a very critical concern as designing a LNA.
As shown in Fig 3-15, the locations.of the valley are not the same. The degradation is also
less serious in higher gate voltage region. It is possibly due to the shift of the threshold
voltage and the gm degradation shown in Fig. 3-1. Fig 3-16 shows the noise resistance
increases after HC stress. It can be explained by equation (3-7) and the g, degradations.
According to equation (3-7), the noise resistance is independent of frequency. However, the
noise resistance is indeed correlated with the frequency shown in Fig. 3-16. This relation may
be contributed by the parasitic parts of RF MOSFETSs. Fig. 3-17 shows the degradations of R,
versus different gate voltages. It is obvious that degradations are almost consistent when the

MOSFET turns on.
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Fig. 3-1: (a) DC characteristics of a MOSFET before and after CHE stress.
(b) DC characteristics of a MOSFET before and after DAHC stress.
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Chapter 4

Characteristics of RF MOSFETs after Oxide Breakdown

In this chapter, we discuss the degradations of RF MOSFETSs after soft breakdown (SBD)
and hard breakdown (HBD). The channel length and total width of the devices under test are
0.12 um and 158.4 um respectively in our experiments. The gate oxide stress was subjected to
a constant voltage stress under 3.9 V with the source, drain and bulk terminals shorted to
ground. As shown in Fig. 4-1(a), the time to soft breakdown is defined as a time at which the
gate current increases by 10 % from its_initial value. From Fig. 4-1(b), the oxide hard
breakdown was defined using a threshold en=stress current of 1 mA. Then we study the effects

of oxide breakdown on DC, high=frequency, and power characteristics of a MOSFET.

4.1 Effects of Oxide Breakdown on DC Characteristics

In Fig. 4-2, it shows the Is-V characteristics of the device before and after stress. The
gate current is extremely low before HBD. After HBD, the gate current increases dramatically.
It implies that a consistent leakage path in the gate oxide is formed. From the insert figure of
Fig. 4-2, the resistance of this leakage path is about 7k 2.

Fig. 4-3 shows the Ip-Vg characteristics of the MOSFET before and after oxide
breakdown. Due to the generation of the interface states and oxide traps after oxide
breakdown, the “on” drain current and transconductance all decrease. After soft breakdown,
the degradation of saturation drain current in our experiments is about 3%, and the threshold
voltage is shifted from 0.45 V to 0.46 V. On the other hand, the degradation of saturation drain

current is about 9% and threshold voltage is shifted from 0.45V to 0.48V after hard
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breakdown. It is obvious that the “off” current increases dramatically after hard breakdown
due to the contribution of the gate leakage current. It will increase static power consumption

of a MOSFET in digital operation.

4.2 Effects of Oxide Breakdown on Cut-off frequency and

Maximum Oscillation Frequency

Because a new leakage path will be generated after oxide breakdown, we add
gate-to-drain and gate-to-source resistors to the small signal model of MOSFETSs to derive the

equation of cut-off frequency. The cut-off frequency can be approximated as:

2 1
"R, R,

f = o o (4-1)
277(Cy +Cyy)

where Rgyq IS the gate-to-drain resistance and Ry is the gate-to-source resistance. From
the above discussions, the new leakage path was not formed after soft breakdown. Therefore
the degradation of ft is very slight, as shown in Fig. 4-4(a). However it is clear that the cut-off
frequency reduces significantly after oxide hard breakdown. It is due to the g degradation
and the existence of Ryq and Rgs. The fr degradation is less significant at high gate voltage. It
suggested that biasing at higher gate voltage is more robust to hard breakdown.

As shown in Fig. 4-4(b), the maximum oscillation frequency (fmax) is affected by SBD
and HBD. From equations 3-2, the fmax IS proportional to fr, so fn.x reduced after oxide
breakdown. In addition, it is obvious that the degradation is more serious after HBD. Since
fmax IS directly proportional to the power gain of the MOSFET. Due to the new leakage path in
the gate oxide, the power loss of the MOSFET will increase after oxide breakdown. Therefore

fmax suffers degradations after oxide breakdown.
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4.3 Effects of Oxide Breakdown on S-Parameters

The S-parameters of a MOSFET before and after oxide breakdown are shown in Fig. 4-5.
We observed that the S;, and Si; are almost not affected by SBD. It implies that the input
impedance and isolation of the MOSFET may not change. However, for devices after HBD, a
gate-to-source leakage path is created. This leakage path would change the input impedance
of MOSFETs and thus S;; changes obviously. We also found that the degradation of S;; is
very slight. Therefore we can infer that the main leakage path doesn’t locate at the
gate-to-drain overlap region.
As shown in Fig. 4-5, the magnitude of S;; both decreased after SBD and HBD.
However the degradations are not obvious at high frequencies. By using the small signal

model shown in Fig. 4-6, the S,; of a MOSEET: can be approximated as:

Z . -sC
Sp=-2: - o ) EH0.RIZ, ‘ %o (4-2)
Z,+R,+Z,; 1+09,Re 8L Cy+1t0, R, Z,+R,
2
Z,, = (1+9,R,) +(1+ ngS)ZL]|| (1+9,R,) (4-3)
S(1+ ngL)(1+ ngs)ng 1+ ngL SCgs
At low frequency, Sy; can be approximated by:
S,,=-29.R Zo (4-4)
. "t @+g,R)(Z, +R,)

The Sy; is strongly proportional to g,,. Hence the magnitude of Sy; reduces significantly at low
frequency after oxide breakdown. Since the correlation between gmand Sy; is smaller at high
frequencies, Sy is less degraded by oxide breakdown. There are almost no degradations above

12 GHpg. Finally, the degradations of low frequency value of S,;, are due to the degradations of
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Om and output conductance

4.4 Effects of Oxide Breakdown on Power Performance and

Linearity

The gate oxide breakdown is an important reliability issue for the design of power
amplifiers. Fig. 4-7 shows the linear power gain measured with different gate voltages after
SBD and HBD. It was found that the degradation is more significant after HBD. Moreover, it
shows a slight deviation in higher gate bias regions. The degradation of power gain is
corresponded to the gn degradation in Fig. 4-3. From Fig. 4-7, it suggested that the device
biasing at high gate voltages is more robust to oxide breakdown.

The degradations of output pewer, power. gain and power-added efficiency (PAE) are

shown in Fig. 4-8. The PAE can be expressed by:

PP
PAE = u=Fu g 1 (4-5)

DC DC G

At low input power, the PAE is less changed under stress, due to the output power and
drain current, and thus power dissipation, reduce simultaneously. When input power is larger
than 1dB compression point, the degradations of PAE become serious. Because a part of the
ac signal of drain current will be cut off as the input power is large enough. For this reason,
the average drain current will increase with increasing input power. Since the bias current of
the device after oxide breakdown and HC stress is lower than that of the fresh one, the
negative duty cycle of output waveform would enter the cut off region earlier. As a result, the
power dissipation of stressed device is higher than that of fresh one, leading to lower PAE.

Since the DC degradation is more serious after HC stress, the degradations of PAE is more
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serious after HC stress. As a result, hot carriers effect is a more critical concern as designing
power amplifiers from above discussions.

Since the dc behaviors are changed, the linearity would be affected by the oxide
breakdown. As shown in Fig. 4-9, the linearity suffers obvious degradation at a fixed voltage
bias after HBD. It is due to the g degradations shown in Fig. 4-3. Because the gm degradation
after oxide breakdown is less serious for device biasing at constant currents, RF linearity
suffers less degradation. As shown in Fig. 4-10, oxide breakdown degrades the RF linearity

slightly if biasing the MOSFET at constant drain currents.

4.5 Effects of Oxide Breakdown on Noise Performance

The impact of gate shot noise is‘associated with the gate leakage current in MOSFETS.
After oxide breakdown, the gate-leakage current:increases dramatically. Therefore gate shot
noise plays a dominant role in determining the high-frequency noise in the MOSFET after
oxide breakdown. The drastic change of noise characteristics due to oxide breakdown could
be qualitatively explained using established analytical expressions considering the increased

contribution from gate shot noise [22]:

2
Rn :V—n:L (4'6)
AKTAf  ag,

5(1_CG2)052 + 20159,
5y (4kT}/a)2Cgsz)

(4-7)

min —

F.o=l+ 2Rangs\/

wherea =g, /9,,, With gg being the drain conductance for Vps=0V, 7, and Cgare

parameters of the models for drain noise and induced gate noise. From above equations, noise

resistance is mainly dominated by the drain (channel) thermal noise and g.. Hence R, reduces
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significantly after oxide breakdown as shown in Fig. 4-11. From Fig. 4-12, we found that the
R, degradations are almost consistent when the MOSFET turns on.
From (4-7), the minimum noise figure is not only determined by R, but also induce gate

S(1-C.%)a’

noise [term of ] under the square root of in (4-7) and gate shot noise [term

ZqIGgma

——6=m~_ Tunder the square root of in (4-7). When the gate leakage is low or frequenc
(4kT7w2Cg52)] q (4-7) g g q y

is high enough, NFpi, is dominated by the induce gate noise, and (4-7) simplifies as:

NF min =1+ 2w/ o, [y5(1-C.?)/5 (4-8)

It is proportional to the frequency. On the other hand, when the gate leakage become

larger or the frequency is low enough, the NF i, can be approximated as:

NF,, =1+/20lgy (KT 2g,7) (4-9)

min =

It is independent of frequency. Due to gn degradation, NFny, increases after oxide
breakdown shown in Fig. 4-13(a). The degradation is more serious after hard breakdown due
to the additional shot noise source. Since lg increases dramatically for device after hard
breakdown, the frequency independent region is much larger than that of the fresh one. Fig.
4-13(b) compares the NFni, degradations after HBD and HC stress. The NFyn suffers less
degradation after HC stress. It is quite different from the degradations of the other electric
performances. As shown in Table 4-1, the DC characteristics, power performance and noise
resistance are degraded more significantly for devices under HC stress. From above
discussions, those characteristics depend on transconductance strongly. Since gm suffers larger

degradations after HC stress, those characteristics are degraded more dramatically. However,
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the NFnin is degraded more significantly for device after HBD than that after HC stress due to
the additional shot noise source occurred in the gate region. Fig. 4-14 shows the NFn, as a
function of drain current before and after oxide breakdown. The locations of the NFy;, valley
shift after hard breakdown. It may due to the shift of threshold voltage. Finally, Fig. 4-15
shows the degradations of optimized input reflection coefficient. For devices after oxide
breakdown, an additional resistance in leakage path will be introduced between gate and
source, leading to the reduction of input impedance. As a result, the magnitude of the

optimized input reflection coefficient will be reduced after oxide breakdown.
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Agm| Alp | ANIP3 | APower [ ANFmin | ARy | Afr | Afpa
(%) | () | (%) [Gain(%) [ (%) | (%) | (%) | (%)

After

-6 -10.3 -4.1 -4.2 2321 28 -8.3 -1.5
HBD
After
HC -15.3 | -22.8 -8.1 -8.3 88.3 114 -17.1 -6.9
Stress

Table 4-1: The variations of..DC, high-frequency, noise and power
characteristics of a MOSFET after HBD and-HC stress at V¢=0.8V Vp=1.2V.
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Fig. 4-1: (a) Time evolution of gate current before and after soft breakdown.
(b) Time evolution of gate current before and after hard breakdown.
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Fig. 4-2: Gate current versus gate voltage before and after oxide breakdown.
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Fig. 4-3: DC characteristics of a MOSFET before and after oxide breakdown.
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gate voltage before and after oxide breakdown.
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Fig. 4-5: S-parameters before and after oxide breakdown.

49



Fig. 4-6: Small signal model*for the measurement of S-parameters.
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Fig. 4-9: (a) Output power and 3"-order intermodulation (IM3) power
versus input power before and after soft breakdown.
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versus input power before and after hard breakdown.
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Fig. 4-10: Measured OIP3 and I1P3 versus drain current for a MOSFET before
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Fig. 4-12: The variations of R, versus different Vs after HBD and SBD.
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Fig. 4-13: Minimum noise figure (NFi,) versus frequency before and after

stress.
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Chapter 5

Modeling of RF MOSFETs under HC stress and Oxide

Breakdown

In this chapter, we establish a small-signal model of the RF MOSFET which is valid up
to 18 GHz. The cold-FET method [24] was used in our model to extract the parasitic
resistances. An extraction approach, which was proposed by S. Lee [25], was adopted to
determine the intrinsic circuit parameters, For. modeling devices under HC stress, we compare
the variations of each parameter after stress:To. model the oxide breakdown effects, we add
gate-to-source and gate-to-drain:resistances to the device model after oxide breakdown. The
main leakage path located at the"gate-and.source overlap region. It is quite important while

considering the input network matching

5.1 Extraction Method of Small-Signal Model Parameters

The small-signal model shown in Fig. 5-1(a) can be partitioned into three parts. The first
part includes the parasitic series resistors Ry, Rq and Rs, and the second part refers to as the
substrate network. The third part is the intrinsic model. We extract the parasitic resistors by
using the zero-bias small-signal equivalent circuit as shown in Fig. 5-2. If the frequency is not
high enough, we can ignore the substrate network. Conversion of the measured zero bias
S-parameters into real components of an equivalent z-parameters network yields the parasitic
resistance values. Equations for the parasitic resistances of the model shown in Fig. 5-2 are

given by:
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Re(Z,,) =R, +R, (5-1)

Re(Z,,) =R, +R, (5-2)

Re(le) = Re(ZZl) = Rs (5'3)

Fig. 5-3 illustrates the values of Ry, Rsand Rq extracted by this technique.

After de-embedding the parasitic parameters, we use the curve-fitting method [26] to
extract the parameters associated with the substrate parasitic. After d-embedding Ry, Rs, and
Rg, the resulting network would become that shown in Fig. 5-1(b) and it will produce

following equations:

R:eﬁ =Real(Y,,* +Y,°) = Rids i 1?‘2;2 (5-4)
c, =%|m0{22° +Y,5) =Cyg+C,y (%) (5-5)
Ry = i—i[l—rr:—i]z (5-6)
C, = % (5-7)

where k1, k2, m1, m2 can be considered as constants. From above equations, the
parameters which are associated with substrate network can be obtained by using curve-fitting
method. Finally the parameters of the intrinsic network shown in Fig. 5-1(c) can be directly

extracted by following equations [26]:

1
ng =T Im(Yi,lZ) (5'8)
w
1
Cgs = Z Im(Yi,lZ +Yi,ll) (5'9)
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Cds = % Im(Yi,lz "'Y',zz) (5'10)

1
R, = 5-11
“ Re(Y,,,) 1D
Omo = Mag (Yi,21 +Yi,12) (5-12)
1
T=— Phase(Yi,Zl _Yi,lz) (5-13)
(0]

Fig. 5-4 shows the extracted values of each parameter versus frequency. The extracted
parameters remained somewhat constant with frequency. Finally we show the measured and

modeled S-parameters in Fig. 5-5 to verify the accuracy of this model.

5.2 Modeling of RF MOSEETs under HC Stress

From the observations of S-parameters after HC stress, we assume that there are no new
components added to the equivalent:Circuit-shown-in Fig. 5-1.Therefore we directly use
conventional small-signal model to establish-the device model under HC stress. As shown in
Fig. 5-6, this model is accurate under HC stress. Table 5-1 shows the extracted parameters
before and after HC stress at different bias conditions. We found that only Cgs, gmo, Rds and Ryq
suffer degradations after HC stress.

First of all, we plot the extracted Cqs and Cgyq With increasing stress time, as shown in Fig.
5-7. It is obvious that Cysand Cgyq increase with increasing HC stress time. The variations of
Cqu are very slight compared with that of Cg We use the definition of small-signal

gate-to-source capacitance to explain this observation [27]:

0Q, WC, ¢
=T [y (x)dx 5-14
VA AL (5-14)

s sig x
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in which L and W are the length and width of the MOSFET, respectively, vy is the small
signal potential along the channel, vy is the small signal voltage applied to the source in
order to measure Cgys, and Cox is the gate oxide capacitance per unit area. For fresh device,
there are no negative trap charges near drain. Hence v, changes uniformly from source to
drain terminal. After HC stress, due to the presence of negative trap charges near drain, vy
near drain increases. Therefore the value of equation (5-14) increases and Cgys increases
dramatically after HC stress. It implies that input matching has been changed at high
frequency. It should be pointed out that depending on bias point, C4q changes slightly, as
confirmed by the data in [28]. As a result, the variation of Cyq is too small to have any
significant effects on the RF performance of the MOSFET compared to that of Cggs.

Fig. 5-8 shows the degradations of gmo and Rgs with increasing stress time. The
degradations of gmo are more serious when biasing at lower gate voltages. Rys decreases
initially and then increases with-increasing stress. time. They are all in agreement with the
discussions in Chapter 3, Section '3-2: We_also_found that drain resistance increases slightly

which is due to the generation of negative trap.charges near drain terminal after HC stress.

5.3 Modeling of RF MOSFET after Oxide Breakdown

From Fig. 4-2, the gate leakage current almost didn’t change after SBD. Therefore we
still use the equivalent circuit shown in Fig. 5-1 to establish the small-signal model of a
MOSFET under SBD. On the other hand, due to the dramatic increase of gate leakage current
after HBD shown in Fig. 4-2, we assume that there are two leakage paths generated in
gate-to-source and gate-to-drain overlap regions. Therefore we add gate-to-source resistance
(Rgs) and gate-to-drain resistance (Rgq) into the equivalent circuit shown in Fig. 5-1 to
establish HBD model shown in Fig. 5-9. Ry can be determined by fitting the low frequency
value of Si; and Ryq can be determined by fitting the magnitude of Si». Fig. 5-10 and Fig. 5-11
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show the measured and modeled S-parameters to verify the accuracy of SBD and HBD
models. The values of extracted parameters are shown in Table 5-2. It is obvious that the
degradations of HBD are much more serious than that of SBD.

From Table 5-2, the decrease of Rgs is due to the non-uniform distribution of defects and
channel length modulation. Since the surface mobility are degraded by interface state, gmo
decreased after oxide breakdown. We also found that Cy and Ry increase after oxide
breakdown which is due to the generation of interface state and oxide trap charge.

The extracted value of Ry is equal to 654002 which is roughly agreement with the
measured results in Chapter 4, Section 4-2 and Ry is equal to 33k(2. Therefore the main
leakage path is formed in gate and source/channel overlap region after HBD. It also implies
that the input impedance has been changed after HBD which is roughly in agreement with the
discussions in Section 4-3.

Finally, we compare the degradations of extracted model parameters after HBD and HC
stress listed in Table 5-3. It is clear that'the degradations of HC stress are more serious than
that of HBD. It is possibly because‘that.the amounts of interface state and oxide trap charge

are larger after HC stress as compared to that after HBD.
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Ry | Ra | Rs | Ras | Rok | Cga | Cgs | Cas | Cig | Cok | 9mo T
Q@@ ] Q) | )| 0GB | ©F) | ©F | ) | (mS) | (psec)
Before
1.7 7.71 |1 351 ] 28.8 1400 | 0.057 | 0.210 0.38 0.358 3 288 2.8
Stress
After
1.7 7.89 | 3.52 28 1400 | 0.058 | 0.231 0.38 0.358 3 282 2.8
HCS
(@)
Ry | Rai | Rs | Ras | Rok | Cya | Cgs | Cas | Cig | Cok| Imo T
Q1@ @ ] 6B | 0B | ©F) | ©F | ) | (mS) | (psec)
Before
1.7 7.71 ] 351 | 45.2 1400 | 0.057 | 0.212 0.38 0.358 3 310 2.8
Stress
After
1.7 7.89 | 3.52 41 1400.4} 0.058: | 0.237 0.38 0.358 3 278 2.8
HCS
(b)
Ry | Rai | Rs | Rasy Rokf-Cqat Cgss| Cas | Cig | Cok | Imo T
(Q) 1 () | () | () 14D B |L.GF) | GF | ©F | {F) | (mS) | (psec)
Before
1.7 1 7.71 3.51 75 1400 | 0.0574 | 0.215 0.38 0.358 3 270 2.8
Stress
After
1.7 | 7.89 | 352 | 76.2 | 1400 | 0.0578 | 0.239 0.38 0.358 3 209 2.8
HCS
()

Table 5-1: Extracted parameters before and after HC stress at (a) Vg=1.2V,

Vp=1.2V, (b)Vs=0.8V, Vp=1.2V, and (C)V=0.65V Vp=1.2V.
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Rg Rd Rs Rds Rbk ng Cgs Cds de Cbk Omo T Rgs Rgd

() 1EQ) L)) () | ©F) | GF) | 0F) | ®F) | {F) | (mS) | (psec) | (2) | (2)
Before

1.7 | 771 | 351 | 45.2 | 1400 | 0.0574 | 0.212 ] 0.38 | 0.358 | 3 310 2.8
Stress
After

1.7317.71]351]43.4 11400 | 0.0574]0.212]0.38]0.358| 3 303 2.8
SBD
After

18417761351 40 | 1400 ] 0.058 | 0.219]0.3810.358 | 3 290 2.8 | 6540 | 33k
HBD

(a)

Rg Rd Rs Rds Rbk ng Cgs Cds de Cbk Omo T Rgs Rgd

(Q) 1 () | Q)| () | (o F) | (). | 0F) | ®F) | (F) | (mS) | (psec) | (©2) | (©2)
Before

1.7 | 771|351 ]| 75 | 400 | 0.0574:] 0.215 ] 0.38 | 0.358 ] 3 270 2.8
Stress
After

1731 7.71)351| 73.1 | 1400 |-0.0574-}-0.215:1.0.38 | 0.358 | 3 262 2.8
SBD
After

1.84 776 351 68.7 ] 1400 | 0.0578 | 0.221 ] 0.38 ] 0.358 | 3 240 2.8 6540 | 33k
HBD

(b)

Table 5-2: Extracted parameters before and after HBD and SBD at (a) Vs=0.8V,

Vp=1.2V, and (b) Vs=0.65V, Vp=1.2V.
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Rg Rd Rs Rds Rbk ng Cgs Cds de Cbk Omo T Rgs Rgd

(D)) ()] ®F) | ©F) | ©F) | ®F) | (F) | (mS) | (psec) | () | (©2)
Before

1.7 | 771 | 351 | 45.2 | 1400 | 0.0574 | 0.212 | 0.38 | 0.358 3 310 2.8
Stress
After

17 | 789352 41 | 1400 | 0.0578 | 0.237 1 0.38] 0.358 | 3 278 2.8
HCS
After

1841776351 | 40 | 1400 | 0.058 | 0.21910.38]10.358 | 3 290 2.8 | 6540 | 33k
HBD

(a)

Rg Rd Rs Rds Rbk ng Cgs Cds de Cbk Omo T Rgs Rgd

(D) ED)EQ Q) ()] ®F) | ©F) | ©F) | ®F) | (F) | (mS) | (psec) | () | ()
Before

17 | 7701351 75 | 1400 ] 0.0574.}, 0.215% 0.38 ] 0.358 | 3 270 2.8
Stress
After

1.7 1789352 76.2 | 14001 0.05781 0.239 |/ 0:38 | 0.358 | 3 209 2.8
HCS
After

184 | 7.76 | 3.51 | 68.7 | 1400.} 6.0578 | 0:221' | 0.38 | 0.358 3 240 2.8 6540 | 33k
HBD

(b)

Table 5-3: Extracted parameters before and after HC stress and HBD at (a)

Vs=0.8V, Vp=1.2V, and (b) Vs=0.65V, Vp=1.2V.
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Fig. 5-1: (a) Conventional small-signal model of a MOSFET. (b) Equivalent
circuit after de-embedding parasitic components. (c) Small-signal model for the
intrinsic part of a MOSFET.
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Fig. 5-5: Measured and modeled S-parameters of a MOSFET before stress at
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Fig. 5-10: Measured and modeled S parameters after SBD at V=0.8V, Vp=1.2V.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

MOSFET are getting more and more important in current commercial market especially
for the RF applications. In this thesis, we have examined the effect of HC stress and oxide
breakdown on RF MOSFETSs. We also have established a conventional small-signal model for
the MOSFETSs under HC stress and oxide breakdown.

HCS and OBD all reduce the,itransconductance, output drain current and enlarge
threshold voltage of the MOSFET. Consequently, the high frequency and power
characteristics will suffer degradation hy those effects; In the first instance, we found that the
cut-off frequency and maximum oscillation frequency all decreased after stress. Then the RF
output power will suffer degradation after HCS and OBD and we find that the RF power and
gain are more robust to HC effects by biasing the gate voltage to higher values. On the other
hand, the linearity suffers slight degradation after HCS and OBD if biasing the MOSFET at
constant drain current. Thirdly, we found that HCS and OBD influence the noise
characteristics of MOSFETs more seriously. Therefore the MOSFET reliability must be a
critical concern while designing a low noise amplifier. In addition, unlike degradations of
other electric parameters, the minimum noise figure suffered more degradation after HBD
than that after HCS and it is due to the additional shot noise source in gate oxide after HBD.

Finally, from observing the small-signal model in chapter 5, we found that the
transconductance, drain-to-source resistance, gate-to-source capacitance degrade significantly

after HC stress and oxide breakdown. We also confirm that the main leakage path locate at the
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gate and source/channel overlap region.
From above discussions, HC stress and oxide breakdown induced degradations on power
and noise performances should be taken into consideration in the design of the RF CMOS

integrated circuits.

6.2 Future Work

Because the degradations of noise characteristics are serious, we should use the
small-signal model to establish the noise model of MOSFETs under HCS and OBD. On the
hand, an accurate large-signal model is necessary for the analog and RF IC designer. We
should establish a complete large-signal model considering HCS and OBD effect. It may help

us to explain the degradations of DC @nd power characteristics more clearly.
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