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DESIGN AND RELIABILITY OF ANALOG CIRCUITS IN
LOW-VOLTAGE CMOS PROCESSES

Student: Jung-Sheng Chen Advisor: Dr. Ming-Dou Ker

Department of Electronics Engineering and Institute of Electronics

National Chiao Tung University

ABSTRACT

Due to the growing popularity of electronic technology, the electronic products are
continuously asked to reduce its weight, thickness, and volume. So, the reliability of analog
integrated circuit is more and more-impottant:-Moteover, with the device dimensions of the
integrated circuits scaling down, the operation voltage and gate-oxide thickness of device had
also been reduced. However, the extra non-ideal effects of devices have great impact on
analog integrated circuit to increase design difficulty, such as the lower operation voltage and
thin gate oxide. So the new design technique in low-voltage analog integrated circuit and the
impact of gate-oxide reliability on performances of analog circuits can be developed. The
thinner gate oxide of device will cause the reliability problem in nanoscale analog integrated
circuit. In this dissertation, a new sub-1-V CMOS bandgap reference and
curvature-compensation technique for CMOS bandgap reference circuit with sub-1-V
operation, the impact of gate-oxide reliability on CMOS analog amplifier, the impact of gate
tunneling current on performances of phase locked loop, and the new gate bias voltage
generating technique with threshold-voltage compensation for on-glass analog circuits in
LTPS process are presented. There are seven chapters included in this dissertation.

The new sub-1-V CMOS bandgap reference and curvature-compensation technique for
CMOS bandgap reference circuit with sub-1-V operation are presented in Chapter 2. The new

proposed CMOS bandgap reference without using low-threshold-voltage device can be



operated with minimum supply voltage of 0.85 V and the temperature coefficient is 58.1
ppm/°C from -10 °C to 120 °C without laser trimming. The new sub-1-V
curvature-compensated CMOS bandgap reference, which utilizes the temperature-dependent
currents generated from the parasitic NPN and PNP BJT devices in CMOS process, is
presented. The new proposed curvature-compensation technique for CMOS bandgap
reference circuit with sub-1-V operation has with has been temperature coefficient of 19.5
ppm/°C from 0 °C to 100 °C under minimum supply voltage of 0.9 V without laser trimming.

In general, the VLSI productions have lifetime of 10 years, but the thin gate-oxide
thickness of the MOS transistor has many problems, such as gate-oxide breakdown, tunneling
current, and hot carrier effect that will degrade the lifetime of the MOS transistor. Therefore,
to improve the gate-oxide reliability of MOS transistor and to investigate the effect of
gate-oxide breakdown on CMOS circuit performances will become more important in the
nanometer CMOS technology. In Chapter 3, the influences of gate-oxide reliability on CMOS
analog amplifier are investigated with CMOS common-source amplifiers with
diode-connected active load, two-stages’and folded-cascade operational amplifiers in a
130-nm low-voltage CMOS process..The test conditions of this work include the dc stress, ac
stress with dc offset, and large-signal transition sttess under different frequencies and signals.
After overstresses, the small-signal parameters; such as small-signal gain, unity-gain
frequency, phase margin, and output‘de voltage levels; are measured. The impact of soft and
hard gate-oxide breakdowns on CMOS analog amplifiers has been analyzed and discussed.
The hard breakdown has more serious impact to the CMOS analog amplifiers.

The MOS switch with bootstrapped technique is widely used in low-voltage
switched-capacitor circuit. The switched-capacitor circuit with the bootstrapped technique
could be a dangerous design approach in the nano-scale CMOS process due to the gate-oxide
transient overstress. In Chapter 4, the impact of gate-oxide transient overstress on MOS
switch in switched-capacitor circuit is investigated with the sample-and-hold amplifier in a
130-nm CMOS process. After overstress on the MOS switch of SHA with open-loop
configuration, the circuit performances in time domain and frequency domain are measured
to verify the impact of gate-oxide reliability on circuit performances. The oxide breakdown
on switch device will degrade the performance of bootstrapped switch technique.

In nanoscale CMOS technology, the thin gate oxide causes the large gate tunneling
leakage. In Chapter 5, the influence of MOS capacitor, as loop filter, with gate tunneling

leakage on the circuit performances of phase locked loop (PLL) in nanoscale CMOS
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technology has been investigated and analyzed. The basic PLL with second-order loop filter
is used to simulate the impact of gate tunneling leakage on performance degradation of PLL
in a standard 90-nm CMOS process. The MOS capacitors with different oxide thicknesses are
used to investigate this impact to PLL. The locked time, static phase error, and jitter of
second-order PLL are degraded by the gate tunneling leakage of MOS capacitor in loop filter.
Overview on the prior designs of gate tunneling leakage compensation technique to reduce
the gate tunneling leakage on MOS capacitor as loop filter in PLL is provided in this work.

Low-temperature poly-Si LTPS thin-film transistors (TFTs) have attracted a lot of
attentions in the applications with the integrated on-panel peripheral circuits for active-matrix
liquid crystal display (AMLCD) and active-matrix light emitting diodes (AMOLEDs).
Recently, LTPS AMLCDs integrated with driving and control circuits on glass substrate have
been realized in some portable systems, such as mobile phone, digital camera, notebook, etc.
In the near future, the AMLCD fabricated in LTPS process is promising toward
System-on-Panel (SoP) or System-on-Glass (SoG) applications, especially for achieving a
compact, low-cost, and low-power display:system. However, the poly-Si TFT device suffers
from significant variation in its threshold voltage;;owing to the nature of poly silicon crystal
growth in LTPS process. In Chapter-6,.a new proposed gate bias voltage generating technique
with threshold-voltage compensation. | for™ analog/ -circuits in the low-temperature
polycrystalline silicon LTPS thin-film_transistors (TETS) is proposed. The new proposed gate
bias voltage generating circuit with threshold-voltage compensation has been successfully
verified in a 8-um LTPS process. The experimental results have shown that the impact of
TFT threshold-voltage variation on the biasing circuit can be reduced from 30% to 5% under
biasing voltage of 3 V. The new proposed gate bias voltage generating technique with
threshold-voltage compensation enables the analog circuits to be integrated and implemented
by LTPS process on glass substrate for active matrix LCD (AMLCD) panel.

In summary, several design and reliability of analog circuits in low-voltage CMOS
processes are presented in this dissertation. The proposed circuits have been implemented and
verified in silicon chips. The proposed CMOS bandgap reference circuits, the impact of
gate-oxide reliability on CMOS analog amplifiers, and the proposed gate bias voltage
generating technique are very useful for the advanced nanoscale CMOS technology and SoP

application, respectively.
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CHAPTER 1

Introduction

In this chapter, the background of this dissertation is discussed. First, the scaling trend of
the CMOS technology is introduced. The device dielectric reliability issue about the
gate-oxide breakdown, hot-carrier injection, and negative bias temperature instability in the
advanced technology are also discussed. Then, the design and reliability issues of the analog
circuits realized in low-voltage CMOS processes are discussed. Finally, the rest of this

dissertation is organized.

1.1. CMOS Scaling

The goals of CMOS scaling areto increase’the 'speed and density of the transistors in
integrated circuits. Table 1.1 summarizes. the key features of the semiconductor scaling trend,
which are predicted by the Semiconductor Industry Association (SIA) [1]. The increase of
speed requires the higher current density of the'transistor due to the load capacitance per unit
transistor width has historically remained constant. The drain current (Ip) of the NMOS

transistor in the saturation region can be expressed as

w
]D:/Jn'c .f'(VGS_VTH)z.(l_ﬂ"VDS)9 (1.1)

ox

C, =2ex, (1.2)

where x4, 1s the mobility of the NMOS transistor, C,, is the gate capacitance per unit area of
the NMOS transistor, ' and L are the channel width and channel length of the NMOS
transistor, Vrzy is the threshold voltage of the NMOS transistor, A is the channel-length
modulation parameter, &,, is a dielectric constant of gate oxide, and ¢,, is the oxide thickness.
As shown in Table 1.1, the reduction in channel length (L) and the gate oxide thickness (Z,y)

of MOS transistor increase the current density, and more functional MOS transistors can be



fabricated on the same silicon area in advanced CMOS technology. In order to decrease the
leakage current and second-order effect of MOS transistor, the operation voltage must be
scaled. There three major current leakage phenomenons in short channel MOS device:
drain-induced barrier lowering (DIBL), punch-through, and gate-induced drain leakage
(GIDL) in advanced CMOS technology. Furthermore, the operation voltage and threshold
voltage of MOS transistor are decreased simultaneously for keeping the characteristic and
reliability of MOS transistor. In order to decrease the leakage current of MOS transistor, the
operation voltage must be scaled. These advances in CMOS circuit performance have been

enabled by the miniaturization of MOS device in advanced CMOS technology.

Although the CMOS scaling is toward to increase the speed and the density of MOS
transistor, the reliability issue becomes more responsible in the future technologies. The gate
oxide thickness and the channel length of MOS transistor are become thinner and shorter,
respectively, in future technologies. These result in the gate-oxide breakdown (BD) [2]-[5],
hot-carrier injection (HCI) [6], [7], and negative bias temperature instability (NBTI) [8]-[11]
issues become more important. Besides, thesthinner gate-oxide thickness of MOS transistor
also causes extra gate tunneling leakage current.-It provides motivation for why design and

reliability of integrated circuit is anamportantissue. for future.

1.1.1. Device Dielectric Reliability

The dielectric reliability of MOS transistor includes the ate-oxide breakdown (BD)
[2]-[5], hot-carrier injection (HCI) [6], [7], and negative bias temperature instability (NBTI)
[8]-[11] issues in advanced CMOS technology. The predominant failure modes of HCI and
NBTI are a shift of threshold voltage, device current, and transconductance of MOS transistor
over time. The gate-oxide breakdown of MOS transistor causes the dielectric leakage current

increases with time under constant voltage stress.
1.1.1.1. Gate-Oxide Breakdown
The gate oxide thickness (#,,) of CMOS transistor can be became thinner in order to

scale CMOS technology. Since electric fields in the gate oxide are expected to rise with

scaling, the long-term reliability of thin gate oxides becomes an important issue in advance



CMOS processes. Gate-oxide breakdown is defined as the time when a cluster of connected
bonds, beginning from a “seed” at one interface of the gate-oxide reaches the opposite

interface [12]. The gate-oxide breakdown mechanism of MOS transistor in CMOS

technology includes the soft gate oxide breakdown and hard gate oxide breakdown.

Gate-oxide breakdown begins when traps form in the gate oxide of MOS transistor. At
first the traps are non-overlapping and thus do not conduct as shown in Fig. 1.1, but as more
and more traps are created in the gate oxide, traps start to overlap creating a conduction path
[13]. Once these traps form a conduction path from the gate to the channel, oxide breakdown
occurs [13], as shown in Fig. 1.2. This breakdown mode is called soft gate oxide breakdown
(SBD). Once there is conduction, new traps are created by thermal damage, which in turn
allows for increased conductance as shown in Fig. 1.3 [13]. The cycle of conduction leading
to increased heat to increased conduction leads to thermal runaway [14] and finally to a
lateral propagation of the breakdown spot [15], as shown in Fig. 1.4. The silicon within the
breakdown spot starts to melt, and oxygen’is released, and a silicon filament is formed in the
breakdown spot [14]. This breakdowi mode’is/called hard gate oxide breakdown (HBD).The

lift time of MOS transistor under voltage stress can berexpressed as [16]

1 Isp by et
j ( Dx(t)jdt s (1.3)

where 7pand G are two constants, X,y is the effective thickness of the gate oxide due to the
defeats, and V,(?) is the time-dependent voltage across the gate oxide, #zp is the

time-to-breakdown, and ¢,, is the oxide thickness. The equation 1.3 can be re-written by

— -exp[ GV'tox j (1.4)
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under the DC stress and the defeat-free gate oxide. In equations 1.3 and 1.4, the ¢, and V,
are two key factors under oxide breakdown. Therefore, the gate-oxide reliability is as very
important issue in advanced CMOS technology.

1.1.1.2. Hot-Carrier Injection

When the CMOS technology is scaled, the channel length of MOS transistor becomes



thinner and thinner. The short-channel MOS transistor may experience high lateral electric
field to cause the hot-carrier injection, if drain-to-source voltage is large. The hot-carrier
injection of NMOS transistor is illustrated in Fig. 1.5 [17]. When the channel of NMOS
transistor is formed (Vg>Vtn) and a large drain-to-source voltage (Vps) is applied, 1.
electrons are accelerated by the large lateral electric field. 2. These electrons arrive to the
drain depletion region and create electron-hole pairs through impact ionization. 3. If the
generated electron has more than approximately 1.5 eV, they can tunnel into the oxide region.
The trapped charge in oxide region of MOS transistor will decrease the saturation current Ips,
cause the threshold voltage drift, decrease the linear region transconductance, and degrade the
sub-threshold slop. 4. The generated holed will be collected by source and substrate. This will
result in that the snapback breakdown or latch-up occurs in MOS transistor to cause the large
current into the substrate. Lightly doped drain (LDD) structure can be used in the advanced
processes to allow the higher drain-source voltage without the hot-carrier degradation
[17]-[20]. However, the LDD structure increases the series drain resistance, which degrades

the speed performance.

1.1.1.3. Negative Bias Temperature Instability

Negative bias temperature instability*(NBTI) oceurs in PMOS transistor stressed with
negative gate bias at elevated temperatures. NBTI'degradation in MOSFETs is explained by
the reaction-diffusion (RD) model mentioned in [21]—-[24]. The hydrogen gas diffuses into the
gate-oxide and yields passivated Si bonds, as shown in Fig. 1.6 [24]. The hydrogen-annealing
technique has provided a viable solution to the interface-trap instabilities for decades;
however, recent scaling trends and processing modifications have brought NBTI into
attention. According to the standard reaction—diffusion model for NBTI, for a negatively
biased PMOS transistor, the holes in the inversion layer react with the Si-H bonds at the
Si/Si0; interface. This leads to the dissociation of the Si-H bonds and results in Si- dangling
bonds at the interface. The generated hydrogen species diffuse away from the interface
toward the polysilicon gate. In the absence of holes near the interface, a reverse reaction takes
place in which hydrogen species diffuse back to the Si/SiO, interface and react with Si-bonds
to anneal the generated interface states [21]-[24]. Specifically, negative bias temperature
instability causes systematic reduction in transistor parameters, such as drain current,
transconductance, threshold voltage, capacitance, when a PMOSFET is biased in inversion

(VSZVDZVB:VDD and VGZO).



Advances in technology have raised many new issues related to both circuit performance
and reliability. Since electric fields in the gate oxide are expected to rise with scaling, the
long-term reliability of thin oxides becomes an important concern in advanced CMOS
processes. As described in sections 1.1.1, 1.1.2, and 1.1.3, the CMOS scaling causes many
reliability issues in advanced CMOS technology, such as gate-oxide breakdown, hot carrier

injection, and negative bias temperature instability.

1.1.2. Gate Tunneling Leakage Current

According to the SIA roadmap [1], CMOS with gate length below 70 nm will need an
oxide thickness of less than 1.5 nm, which corresponds to two to three layers of silicon
dioxide atoms.With such a thin gate oxide, direct tunneling occurs resulting in an exponential
increase of gate leakage current [25]-[31]. The resulting gate leakage current will increase the
power dissipation and will deteriorate the device performance and circuit stability for VLSI
circuits. Control of off-state drain leakage (Ios) and, on-state gate leakage (Ig) is one of the
most important issues for scaling MOSEETs toward the 0.10 um regime [25]-[31]. For deep
submicron technology, as effective gate length-decreases, the leakage increases because of
the following scaling trends: 1) subthreshold-leakage (Iyp)increases exponentially due to
threshold voltage reduction [29]; “2). gate edge-direct-tunneling leakage (Igpr) and
gate-induced drain-leakage (Igipr) increase exponentially due to reduced gate oxide thickness
[30], [31]; 3) bulk band-to-band-tunneling leakage (Iz.srgr) increases exponentially due to
increased lightly doped-drain (LDD) or pocket-doping concentrations [29]. The cross section
of the NMOSFET structure and drain leakage components are schematically shown in Fig.
1.7 [28]. The off-state drain leakage (I,#) and on-state gate leakage (Ig) of MOSFET will
increase the power consumption and degrade the performances of integrated circuit in
advanced CMOS technology. The high-K gate dielectrics of MOSFET can be used to avoid
the gate leakage effect in advanced CMOS technology [32]-[34].

1.2. Issues of Analog Circuit Design and Reliability in
Low-Voltage CMOS Technology

The desire for portability of electronic equipment generated a need for low power



systems in battery-operated products, such as cell phones, PDAs and notebooks. The device
dimension of transistor has been scaled toward the nanometer region and the power supply
voltage of chips in the nanoscale CMOS technology has been also decreased due to the
reliability and power consumption issues [1]. Voltage reductions guarantee the reliability
devices to low the electrical fields inside oxide layers of MOSFET. As shown in Table. 1.1,
the power supply voltage is decreased and the oxide thickness is thinner when the process is
scaled down. Because of noise and offset voltage constraints, the minimum size transistors
cannot be used in analog circuit. However, scaling results in better performance in digital
circuit. When analog circuit operates in low voltage, the main constraints are the device noise
level and the threshold voltage (Vry). The reduction of threshold voltage is dependent on the
device technology. High threshold voltage gives better noise immunity and lower threshold
voltage reduces the noise margin to result in poor signal-to-noise ratio (SNR) [35]. In order to
get the better performance of analog circuit in low-voltage CMOS technology, a possible
solution to get higher DC voltage on-chip is multiplication. However, this technique is noisy
and not compatible with sensitive analogiicireuit. Another problem of this technique is
gate-oxide reliability. Many design. technique..of “analog circuit in low-voltage CMOS
technology have been proposed, sueh as MOSFET operated in sub-threshold region [35]-[37],
bulk driven transistors [35], [36]s [38], [39], self-cascode structures [35], floating gate
approach [35], [40]-[44], and level shifter techniques[35], [45]-[47].

In general, the VLSI productions have lifetime of 10 years, but the thin gate-oxide
thickness of the MOS transistor has many problems, such as gate-oxide breakdown, tunneling
current, and hot carrier effect that will degrade the lifetime of the MOS transistor. Another
important problem in low-voltage CMOS technology is the gate-oxide reliability. In modern
CMOS very large scale integrated circuits (VLSIs) including digital signal processor and
embedded analog circuitry, the digital logic or digital logic circuits are generally
implemented using thin-oxide devices. However, analog circuitry needs to be operated at a
higher supply voltage than the nominal supply voltage of thin-oxide devices to achieve a
wide dynamic range performance or meet the compatibility requirement with standardized
protocols or with ICs from previous generations [48]. High-voltage tolerance of analog
circuit design technique in nanoscale CMOS technology has been proposed [48]. Therefore,
to improve the gate-oxide reliability of MOS transistor and to investigate the effect of
gate-oxide breakdown on CMOS circuit performances will become more important in the

nanometer CMOS technology. The impact of gate-oxide reliability on CMOS digital and RF
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circuit has been investigated [49]-[52]. Reference [49] has reported that the oxide breakdown
do not affect the digital circuit operation. Only the power consumption of digital circuit will
be increased due to the gate-oxide breakdown. Reference [50] has reported the performances
of dynamic digital circuit are degraded by gate-oxide breakdown. In [51], [52], the
performances of RF and SRAM circuits are also degraded by gate-oxide breakdown.
However, the impact of gate-oxide breakdown on CMOS analog circuits did not have

particular report.

Therefore, in this dissertation, several sub-1-V bandgap reference circuits and the impact
of gate-oxide reliability on analog circuits in low-voltage CMOS technology are investigated

and presented.

1.3. Organization of This Dissertation

In Chapter 2, a new sub-1-V..CMOS bandgap voltage reference without using
low-threshold-voltage device is presented in/this paper. The new proposed sub-1-V bandgap
reference with startup circuit has been successfully verified in a standard 0.25-pm CMOS
process, where the occupied silicon areaisonly 177 um x 106 um. The experimental results
have shown that, with the minimum supply veltage of 0.85 V, the output reference voltage is
238.2 mV at room temperature, and the temperature coefficient is 58.1 ppm/°C from -10 °C
to 120 °C without laser trimming. Under the supply voltage of 0.85 V, the average power
supply rejection ratio (PSRR) is -33.2 dB at 10 kHz The new sub-1-V
curvature-compensated CMOS bandgap reference, which utilizes the temperature-dependent
currents generated from the parasitic NPN and PNP BJT devices in CMOS process, is
presented. The new proposed sub-1-V curvature-compensated CMOS bandgap reference has
been successfully verified in a standard 0.25-um CMOS process. The experimental results
have confirmed that, with the minimum supply voltage of 0.9 V, the output reference voltage
at 536 mV has a temperature coefficient of 19.5 ppm/°C from 0 °C to 100 °C. With 0.9-V

supply voltage, the measured power noise rejection ratio is -25.5 dB at 10 kHz.

In Chapter 3, the influence of gate-oxide reliability on common-source amplifiers with
diode-connected active load is investigated with the non-stacked and stacked structures under

analog application in a 130-nm low-voltage CMOS process. The test conditions of this work
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include the DC stress, AC stress with DC offset, and large-signal transition stress under
different frequencies and signals. After overstresses, the small-signal parameters, such as
small-signal gain, unity-gain frequency, phase margin, and output DC voltage levels, are
measured to verify the impact of gate-oxide reliability on circuit performances of the
common-source amplifiers with diode-connected active load. The small-signal parameters of
the common-source amplifier with the non-stacked diode-connected active load structure are
stronger degraded than that with non-stacked diode-connected active load structure due to
gate-oxide breakdown under analog and digital applications. The common-source amplifiers
with diode-connected active load are not functional operation under digital application due to
gate-oxide breakdown. The impact of soft and hard gate-oxide breakdowns on
common-source amplifiers with non-stacked and stacked diode-connected active load
structures has been analyzed and discussed. The hard breakdown has more serious impact to
the common-source amplifiers with diode-connected active load. The effect of the MOSFET
gate-oxide reliability on operational amplifier is investigated with the two-stage and
folded-cascode structures in a 130-nm low-voltage CMOS process. The test operation
conditions include unity-gain buffer (close-loop) and comparator (open-loop) configurations
under the DC stress, AC stress with DC offset, and large-signal transition stress. After
overstress, the small-signal parameters, such as small-signal gain, unity-gain frequency, and
phase margin, are measured to verify the impact of gate-oxide reliability on circuit
performances of the operational amplifier. The gate-oxide reliability in the operational
amplifier can be improved by the stacked configuration under small-signal input and output
application. A simple equivalent device model of gate-oxide reliability for CMOS devices in

analog circuits is investigated and simulated.

In Chapter 4, the MOS switch with bootstrapped technique is widely used in low-voltage
switched-capacitor circuit. The switched-capacitor circuit with the bootstrapped technique
could be a dangerous design approach in the nano-scale CMOS process due to the gate-oxide
transient overstress. The impact of gate-oxide transient overstress on MOS switch in
switched-capacitor circuit is investigated with the sample-and-hold amplifier in a 130-nm
CMOS process. After overstress on the MOS switch of SHA with open-loop configuration,
the circuit performances in time domain and frequency domain are measured to verify the
impact of gate-oxide reliability on circuit performances. The oxide breakdown on switch

device will degrade the performance of bootstrapped switch technique.



In Chapter 5, the thin gate oxide causes the large gate tunneling leakage innanoscale
CMOS technology. In this work, the influence of MOS capacitor, as loop filter, with gate
tunneling leakage on the circuit performances of phase locked loop (PLL) in nanoscale
CMOS technology has been investigated and analyzed. The basic PLL with second-order
loop filter is used to simulate the impact of gate tunneling leakage on performance
degradation of PLL in a standard 90-nm CMOS process. The MOS capacitors with different
oxide thicknesses are used to investigate this impact to PLL. The locked time, static phase
error, and jitter of second-order PLL are degraded by the gate tunneling leakage of MOS
capacitor in loop filter. Overview on the prior designs of gate tunneling leakage
compensation technique to reduce the gate tunneling leakage on MOS capacitor as loop filter

in PLL is provided in this work.

Chapter 6 presents a new proposed gate bias voltage generating technique with
threshold-voltage compensation for analog circuits in the low-temperature polycrystalline
silicon LTPS thin-film transistors (TFTs). The new proposed gate bias voltage generating
circuit with threshold-voltage compensation has been successfully verified in a 8-um LTPS
process. The experimental results have shown that the impact of TFT threshold-voltage
variation on the biasing circuit can be reduced from 30%:to 5% under biasing voltage of 3 V.
The new proposed gate bias voltage  generating ' technique with threshold-voltage
compensation enables the analog circuits to be integrated and implemented by LTPS process

on glass substrate for active matrix LCD (AMLCD) panel.

Chapter 7 summarizes the main results of this dissertation. Then, some suggestions for

the future works are also addressed in this chapter.



Table 1.1

Key Features of the Semiconductor Scaling Trend

(High-Performance Logic Technology) [1]

Year/Process 2007 | 2008 | 2009 | 2010 | 2011 2012 | 2013 J 90 nm | 65 nm
Gate Length, L (nm) 25 22 20 18 16 14 13 100 60
Oxide Tl(‘}f)k“ess’ | g1 | 10 9 | 65 | s 5 233 | 20

Power Supply Voltage,
1.1 1 1 1 1 0.9 0.9 1 1
VDD (V)
Threshold Voltage, | 4o | j64 | 237 | 151 | 146 | 148 228 | 300
Viu (mV)
NMOS Drain
Current (uA/um) 1200 1210 1180 | 2050 | 2490 | 2300
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Fig. 1.1. Formation of traps in the gate oxide of MOS transistor.
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Fig. 1.2. Creation of conduction path through traps in the gate oxide of MOS transistor.
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Fig. 1.4. Cross section of the gate oxide of MOS transistor after hard gate oxide breakdown.
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Fig. 1.5. Hot carrier injection in CMOS technology [17].
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Fig. 1.6. Schematic of the Si/oxide interface of a MOSFET. The dangling Si bonds are
present due to the mismatch between the ordered channel and amorphous oxide. These act as
interface traps unless they are passivated by hydrogen annealing. NBTI induces the
dissociation of the Si—H bonds causing hydrogen to diffuse away from the interface [24].
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Fig. 1.7. The cross section of the NMOSFET structure and drain leakage components [28].
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CHAPTER 2

CMOS Bandgap Reference Circuit With
Sub-1-V Operation

In this chapter, two sub-1-V CMOS bandgap voltage references without using
low-threshold-voltage device are presented. First, the new proposed sub-1-V bandgap
reference with startup circuit has been successfully verified in a standard 0.25-um
CMOS process, where the occupied silicon area is only 177 um x 106 um. The
experimental results have shown that, with the minimum supply voltage of 0.85 V, the
output reference voltage is 238.2 mV at room temperature, and the temperature
coefficient is 58.1 ppm/°C from -10.°C to 120.°C without laser trimming. Under the
supply voltage of 0.85 V, the average power supply tejection ratio (PSRR) is -33.2 dB
at 10 kHz. Second, a new sub-1-V'curvature-compensated CMOS bandgap reference,
which utilizes the temperature-dependent-eurrents generated from the parasitic NPN
and PNP BJT devices in CMOS“process, is presented. The new proposed sub-1-V
curvature-compensated CMOS bandgap reference has been successfully verified in a
standard 0.25-um CMOS process. The experimental results have confirmed that, with
the minimum supply voltage of 0.9 V, the output reference voltage at 536 mV has a
temperature coefficient of 19.5 ppm/°C from 0 °C to 100 °C. With 0.9-V supply

voltage, the measured power noise rejection ratio is -25.5 dB at 10 kHz.

2.1.CMOS Bandgap Reference Circuit for Sub-1-V
Operation Without Extra Low-Threshold-Voltage

Device

2.1.1. Background
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Low voltage and low power are two important design criteria in both analog and
digital systems. It has been expected that the whole electronic system will be operated
down to a single 1-V supply in near future. The bandgap reference (BGR) generators
which can be operated under 1-V supply have been widely used in DRAM, flash
memories, and analog-to-digital converter (ADC). So far, many techniques have been
proposed to develop voltage or current references, which can be almost independent
to temperature and power-supply voltage. The bandgap reference is the major design
to provide a precision voltage reference with low sensitivity to the temperature and

the supply voltage.

When CMOS technologies enter the nano-scale eras, the demand for
battery-operated portable equipments will increase. The supply voltage has been
scaled down from 1.8 V (in 0.18-um technology) to 1.2 V (in 0.13-pum technology),
and will drop to only 0.9 V in the next generation technology [53]. In CMOS
technology, the parasitic vertical bipolatijutiction transistor (BJT) had been commonly
used to implement P-N junction of the bandgap reference. But, the traditional CMOS
bandgap reference circuits did not-work in sub-1-V supply voltage. The reason, that
the minimum supply voltage can not,be-lower than 1'V, is constrained by two factors.
One is the bandgap voltage of around 1.25 V 1n silicon [54]-[63], which exceeds 1 V
supply. The other factor is that the low-voltage design of the proportional to absolute
temperature current generation loop is limited by the input common-mode voltage of
the amplifier [54], [57]. These two limitations can be solved by using the resistive
subdivision methods [55], [59], low-threshold voltage (or native) device [58]-[60],
BiCMOS process [57], or DTMOST device [61]. However, those approaches often
require specialized processes and characterization, which increase fabrication cost and

process steps.

In this work, a new bandgap reference is proposed, which can be successfully
operated with sub-1-V supply in a standard 0.25-um CMOS process without special
process technology [64]. Without laser trimming, the new proposed bandgap voltage
reference has been proven in the silicon chip with a stable output voltage Vggr of
238.2 mV at room temperature and a temperature coefficient of 58.1 ppm/°C under

VDD power supply of 0.85 V.
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2.1.2. Traditional Bandgap Reference Circuit

A typical implementation of bandgap reference in CMOS technology is shown in
Fig. 2.1. In this circuit, the output is the sum of a base-emitter voltage (Vgg) of BJT
and the voltage drop across the upper resistor. The BJTs (Q; and Q,) are typically
implemented by the diode-connected vertical PNP bipolar junction transistors. The

output voltage of the traditional bandgap reference circuit can be written as

Voo =Vore + Vi 0 [f} @)
where A; and A; is the emitter areas of Q; and Q», and V7 is the thermal voltage. The
second item in (2.1) is proportional to the absolute temperature (PTAT), which is used
to compensate the negative temperature coefficient of Vgg. Usually, the Vprar voltage
comes from the thermal voltage V1 with a temperature coefficient about + 0.085
mV/°C, which is quite smaller than’that of Vgg. After multiplying Vprar with an
appropriate factor and summing with Vgg, the bandgap reference will have a very low
sensitivity to temperature. Hence, if a proper ratio® of resistors is kept, an output
voltage with very low sensitivity to temperature. can be obtained. In general, the Vrgrp
is about 1.25 V in CMOS process,’so-that the traditional bandgap reference circuit can

not be operated in low voltage application, such as 1 V or below.

2.1.3. New Proposed Bandgap Reference Circuit

The design concept of the new proposed bandgap reference is that the two
voltages (which are proportional to Vgg and Vr, respectively) are generated from the
same feedback loop. The two-stage operational amplifier with p-channel input is used
in this new proposed bandgap reference. The p-channel input has a lower input
common-mode voltage than that of the n-channel input to keep the transistors working

in the saturation region.

The new proposed bandgap reference is shown in Fig. 2.2, which uses the
resistive subdivision Rj,, R, R,, and Ry to reduce the input common-mode voltage

of the amplifier. The voltages V; and V; in Fig. 2.2 have a negative temperature
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coefficient as that of Vgg. In the traditional bandgap reference, the negative input of
the operational amplifier is connected to Vgp,, whose value is varying from 0.65 V to
0.45 V when the temperature is changed from 0 °C to 100 °C. The minimum supply
voltage (Vpp) of the traditional bandgap reference circuit needs Vepa+2|Vpssad | Vrp|-
The Vrp 1s the threshold voltage of PMOS. The supply voltage of the traditional
bandgap reference is more than 1 V. In Fig. 2.2, the dimensions of PMOS devices M;
and M, are kept the same. The resistance of R;, and Ry, is the same, and the resistance
of Ry, and Ryy, is also the same. Following the KCL at the nodes of V| and V; in Fig.

2.2, the node equation can be written as

M — VREF _VZ (22)

R, R,

AV -AV AV (2.3)
R R,’ '

la 16

where AV, =V, -V and AV =45 -V, According to the equations (2.2) and (2.3)

reference voltage Vrer can be expressed as

[R4+ RlaRlb

R R,+R j
Ve = —2 — L
REF Rla + th R3 EB EB2

R, | R.R, AV,
=—1 |y ] = 2.4
R, +R, L RErTD [Rla + Rlb] R, } 24

The item of Vrgr-rrap in (2.4) is identical to the traditional reference voltage in (2.1).
In order to achieve sub-1-V operation, the ratio of Ry / (Rj,+Rjp) is used to scale
down the reference voltage level. Therefore, the minimum supply voltage of the new

proposed bandgap reference can be effectively reduced to only

. 2.5)

Ssat

VDD(Min) =V, + ‘VTHp‘ + 2|VD

The new proposed bandgap reference can be operated under sub-1-V supply voltage.

The whole complete circuit to realize the proposed sub-1-V bandgap reference is

shown in Fig. 2.3. The circuit is composed of a bias circuit, a bandgap core, two
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startup circuits, and a two-stage operational amplifier. The bandgap reference circuit
has two stable points. To ensure that it ends up to the correct state, a startup circuit
must be added. The startup circuit for the bias circuit is used to avoid the bias circuit
working in the zero-current state, which is realized by Mg;,~Mss, in Fig. 2.3 [55].
Similarly, another startup circuit is used to ensure that the input voltage of the
amplifier is not kept at zero in the initial state. The Mg, and Mg;, form a function of
inverter in the startup circuit. The device dimensions (W/L) of Mgy, and Mgy, are
chosen to be much less than one. When the circuit operates in zero-current state, the
gate voltages of Mg, and Mg, are pulled high and close to Vpp. The drain voltages of
Msz, and Mgy, are pulled low to turn on the Mgs, and Mssp, which inject current to the
bandgap core circuitry (by Mssp) and the bias circuit (by Mss,). The drain voltages of
Mg; and My are decreased, therefore the bandgap core circuitry and bias circuit start
to operate. Once the drain voltage of Mp4 and the gate voltages of M, M,, My, and
Mg are decreased, the drain voltages of Mg, and Mgy, are pulled high to cut off Mg3,
and Mg3p. The device dimensions (W/L)0f Mg,, and Mgy, are critical since the loop of
the bandgap reference could be destroyedyjif Mss, ot Mss, were not completely cut off
after startup. To ensure a complete cutoff operation of Mss, and Mssp, the device
dimensions (W/L) of Mss3, and*Mssy, 'Should be designed with the considerations of
both maximum supply voltage and operating temperature [55]. The capacitors C; and
C, are used to stabilize the circuit. The bulk’and the source of the input pair transistors

Mz and M3 in the amplifier should be connected together to avoid the body effect.

In real-world applications, the power supply voltage is never perfect. It consists
of a DC level plus AC noise caused by transient currents from circuit operations.
Another important factor of the bandgap reference circuit operated in sub-1-V supply
voltage is the power supply rejection ratio (PSRR) [65], which represents the
resistance against the noise from the supply voltage in the unit of decibel (dB). The
small-signal model of the proposed bandgap reference circuit with the operational
amplifier of p-channel input is shown in Fig. 2.4, where only considers the noise from

the supply voltage. The resistances of R; and R, in Fig. 2.4 are R;+ (R;, // R1)

and R; + (Ry, // Ra), respectively. The capacitor C is the parasitic drain-to-bulk
junction capacitance of M,. Since the turn-on resistance of the PNP transistors is

small, both Q; and Q, can be simplified as short-circuit path to the ground. The
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amplifier is modeled with an output resistor Ry, and two voltage-controlled current
sources ig and i44, Which are driven by the differential input voltage v4 and power
supply voltage vq4, respectively. The power supply rejection ratio (PSRR) of this new
proposed bandgap reference circuit, which is the ratio of the output reference voltage

and the noise from the supply voltage, can be expressed as

Vier (5) _ 1 (2.6)

Von(voise) (5) sCr,, + T2 1

4
From (2.6), the PSRR of the proposed bandgap reference will become worse at high
frequency. It is apparent that the pole location can be shifted by changing the
capacitance at Vrgr node. Moving the pole to the left in the s-plane will result in an
improvement in high-frequency noise rejection. This can be achieved by inserting a

capacitance C, to ground at Vrgrnode. Thus, the PSRR in (2.6) is modified to

Vier (8) 1
v 2.7)

po(Naie) (8 S(C+C))r,, + % +1
4

A larger C, provides better stability, but the startup time will become longer. The

pre-regulated circuit [73] also used to improve the PSRR of the bandgap circuit.

However, minimum supply voltage is the tradcoft.

The operational amplifier in Fig. 2.3 under sub-1-V operation has a limited gain.
Thus, there will be a nonzero input-referred offset voltage Vos. Considering the offset

voltage of Vg, the Vrgr in (2.4) including the offset voltage can be written as

(R4+ RlaRlb

R, R, +R, R

= - AV, +V, S B /S0 2.8
REF Rla I Rlb R3 EB BE2 R3 oS ( )

The offset voltage, Vos, is a temperature dependent voltage. To reduce the impact of
Vos on Vggr, the ratio of R4 / R3 should be designed as small as possible. The resistor

ratio can be fabricated by CMOS technology with a very good percent.
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2.1.4. Simulation and Experimental Results

2.1.4.1. Simulation Results

The proposed bandgap reference circuit has been simulated by varying its
operating temperature from 0 to 100 °C. The dependence of Vggr (output reference
voltage) on the operating temperature is shown in Fig. 2.5 under difference power
supply voltage (from 0.8 to 1.1 V). The temperature coefficient is around 75 ppm/°C
with the supply voltage of 0.85 V. With supply voltage of 0.8 V, the temperature
coefficient grows sharply to be above 200 ppm/°C. The dependence of Vggr on the
supply voltage is shown in Fig. 2.6 under the temperatures of 0, 25, and 100 °C. The
curves of output reference voltages under the temperatures of 0, 25, and 100 °C grow
together while the supply voltage of the proposed bandgap reference is above 0.85 V.
This means that the minimum supply voltage for the new proposed bandgap reference
can be as low as 0.85 V. The PSRR at _low frequency of the proposed bandgap
reference, which works in the low supply voltage of 0.85 V, is - 30.2 dB.

2.1.4.2. Silicon Verification

The proposed bandgap reference circuit has been fabricated in a 0.25-pm
single-ploy-five-metal (1P5M) CMOS process. Fig. 2.7 shows the overall die photo of
the new sub-1-V bandgap reference circuit. The occupied silicon area of the new
proposed bandgap reference circuit is only 177 pm x 106 um. The active devices
(MOSFETs) have been drawn in a common centroid layout to reduce process
mismatch effect. The bipolar transistors in this chip are the parasitic vertical PNP
BJTs in CMOS process. The ratio between the emitter areas of Q; and Q; is 8. The
total emitter area of Q, is 200 pum” and that of Q2 is 25 um? in the layout. The
resistors in this chip are formed by salicided ploy resistors, which have minimum
process variation to improve the accuracy of resistance ratio. The bandgap reference
circuit has been measured by varying its operating temperature from -10 to 120 °C.
The power supply voltage was set from 0.8 to 1.2 V. The measured data is measured

by Agilent 4156. The measured results are shown in Fig. 2.8. The measured
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temperature coefficient of the new proposed bandgap reference circuit is around 58.1
ppm/°C under the supply voltage of 0.85 V. The dependence of output reference
voltage on the Vpp supply voltage under different temperatures is shown in Fig. 2.9.
The experimental results in Fig. 2.9 have confirmed that the minimum supply voltage

for this sub-1-V bandgap reference is 0.85 V.

About the measurement setup for power supply rejection ratio (PSRR), a
sinusoidal ripple is added on power supply to measure the small-signal gain between
the supply voltage and output reference voltage. The AC input signal at the power
supply pin must include a DC offset that corresponds to the normal power supply
voltage so that the bandgap reference circuit remains powered up [67]. The
dependence of measured PSRR on the frequency under different input sinusoidal
amplitudes is shown in Fig. 2.10. The averaged power supply rejection ratio (PSRR)
is - 33.8 dB at 10 kHz, whereas the reference output voltage is 238.2 mV at 25 °C
under the Vpp power supply of 0.85 V. The comparison among the proposed sub-1-V
bandgap reference of this work with other prior-art.low voltage bandgap references is
summarized in Table 1. The new proposed bandgap:reference has the advantages of
low operating voltage and low temperature coefficient in the general standard CMOS

technology without special low-threshold-voltage device.

2.1.5. Summary

A CMOS bandgap voltage reference with Vggr of 238.2 mV and temperature
coefficient of 58.1 ppm/°C, which consumes a maximum current of 28 pA at 0.85 V
supply, has been presented. The sub-1-V operation of the bandgap reference has been
successfully achieved in this work without using the low-threshold-voltage devices.
Moreover, other techniques to achieve sub-1-V operation have been described, such
as low voltage startup circuit and the lower common-mode input range of the
amplifier by using the resistive subdivision method. Without using
low-threshold-voltage device, the proposed bandgap reference circuit can be
implemented in general CMOS technology. In order to improve the impact of process
variation on performances of new proposed sub-1-V bandgap voltage reference, the
resistor with trimming network should be added into the proposed bandgap reference

circuit.
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2.2. Curvature-Compensation Technique for CMOS
Bandgap Reference Circuit With Sub-1-VOperation

2.2.1. Background

Reference circuits are the basic building blocks in many applications from pure
analog, mixed-mode, to memory circuits. The demand for low-voltage operation is
especially apparent in the battery-operated mobile products, such as cellular phones,

PDA, camera recorders, and laptops [54].

In CMOS technology, the parasitic vertical bipolar junction transistors (BJT)
have been used in high-precision bandgap voltage references. The conventional
CMOS bandgap references did not work with sub-1-V supply voltage. The reason,
why the minimum supply voltage cansnotbe lower than 1 V, is constrained by two
factors. One is due to the bandgap voltagerof silicon around 1.25 V [55], [57], which
exceeds 1-V supply. The other-is,that the low-voltage design of the proportional to
absolute temperature current generation“loop is limited by the input common-mode
voltage of the amplifier [55], [57]. These two limitations can be solved by using the
resistive subdivision methods [55], [59], low-threshold voltage (or native) device
[58]-[60], BiICMOS process [57], or DTMOST device [61]. However, the bandgap
reference working with low supply voltage often has a higher temperature coefficient
than that of traditional bandgap reference. This has resulted in the development of
new temperature compensated techniques, such as quadratic temperature
compensation [68], exponential temperature compensation [69], piecewise-linear
curvature correction [62], [70], and resistor temperature compensation [71], [72]. To
implement those advanced mathematical functions with high accuracy, the
development of the low-voltage bandgap structure requires precision matching of
current mirrors or a pre-regulated supply voltage. Cascode current mirror [62], [68]
and pre-regulated circuit [73] are good methods to solve this problem, but the

minimum supply voltage is the tradeoff to use such methods.

In this work, a new sub-1-V curvature-compensated CMOS bandgap reference is

proposed to be successfully operated with sub-1-V supply in a standard 0.25- m
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CMOS process. The new proposed sub-1-V curvature-compensated bandgap voltage
reference with a stable output voltage Vrgr of 536 mV and temperature coefficient of

19.5 ppm/°C under supply voltage of 0.9 V has been verified in the silicon chip [74].

2.2.2. Non-Linearity Term of Traditional Bandgap Reference Circuit

The typical implementation of traditional bandgap voltage reference in CMOS
technology is shown in Fig. 2.1. In this circuit, the output reference voltage is the sum
of a base-emitter voltage (Vzg) of BJT and the voltage drop across the upper
resistance (R;). The BITs (Q; and Q;) are typically implemented by the
diode-connected vertical PNP bipolar junction transistors. The output reference
voltage of the traditional bandgap voltage reference circuit can be written as

Viesr-1ran = |VBE2|+%k—T1n(N), (2.9)

L 4
where £ is Boltzmann’s constant (1.38><10'23 JIK), gis electronic charge (1.6x10™"° C),
and N is the emitter area ratio “of BJTs." The second item in equation (2.9) is
proportional to the absolute temperatiure-(PFAT), Which is used to compensate the
negative temperature coefficient ‘of /3. Usually, the proportional to the absolute

temperature voltage (Vpryr) comes from the thermal voltage (k7 /q ) with a

temperature coefficient about + 0.085 mV/°C which is quite smaller than that of Vgp.
After multiplying Vpryr with an appropriate factor and summing with Vg, the
bandgap voltage reference will have a low sensitivity to temperature variation.
However, the relationship between Vpzr of BJT and temperature is a non-linear

property. That can be expressed by [75]

Ve = VoI + Ve (1) Vo) -m) - ) (2.10)
T q T

where Vi is the bandgap voltage of silicon extrapolated at 0 K, T is the absolute
temperature in degrees Kelvin (°K), 7 is a temperature constant depending on
technology, m is the order of the temperature dependence of the collector current, and
T) is the reference temperature. In equation (2), the term of 7/n(7/Ty) is the nonlinear

temperature-dependence factor to Vzz. When equation (2.10) is expanded by Taylor
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series, it can be represented by [75]
Ve =a,+aT+a,T’+..+aT", (2.11)

where a,, a,, ..., and a, are the corresponding coefficients. The relationship

between nonlinear temperature-dependence Vpp and linear temperature-dependence
Vprar on the output reference voltage of bnadgap reference is shown in Fig. 2.11. The
first-order temperature compensation involves the cancellation of the 7" term by using
the Vprr, but the high-order temperature-dependence factor can not be compensated
with Vpryr in the traditional bandgap voltage reference. Therefore, the traditional
bandgap voltage reference working in low supply voltage has a higher temperature

coefficient.

2.2.3. Sub-1-V Bandgap Reference Circuit With Curvature-

Compensated Technique

2.2.3.1. Design Concept

The proposed bandgap voltage reference with new curvature- compensation
technique is illustrated in Fig. 2.12."Thereare two types of bandgap voltage reference
circuits in standard CMOS process. The first type uses the parasitic vertical PNP BJTs
to realize the badgap voltage reference circuit, which has been widely used in many
integrated circuits. The second type is realized with parasitic vertical NPN BJTs. The
parasitic vertical NPN BJT in standard CMOS process is implemented with deep
N-well structure. Thus, there is no extra cost to have NPN parasitic transistor. The
cross-sectional view of parasitic vertical NPN BJT in CMOS process is shown in Fig.
2.13. The emitter, base, and collector of parasitic vertical NPN BJT are realized by the

N+ diffusion, P-well, and deep N-well layers, respectively.

The new proposed curvature-compensation technique has two output reference
currents, Iggr; and Iggr;, which are formed by two bandgap voltage references. The
current Iggr; comes from a bandgap voltage reference with PNP BJTs, whereas the
Irer> 1s produced by another bandgap voltage reference with NPN BJTs. The output

reference currents act with concave-up shapes in the temperature range from 0 to 100

-25-



°C, which are designed with the same center temperature (7j) where the temperature
coefficient of [Iggr; and Iggro is  zero. Through the current mirrors, a
temperature-independence current generated from the difference between Irzr; and
Irgr> can be produced to compensate the high-order temperature-dependence factor of

VBE-

In Fig. 2.12, an output reference voltage Vzer with very low sensitivity to
temperature can be obtained across the resistance Rggr. Thus, the new proposed
curvature-compensated  bandgap  voltage reference has the  excellent

curvature-compensated result with low-voltage operation.
2.2.3.2. Circuit Implementation

The whole complete circuit to realize the new proposed sub-1-V
curvature-compensated CMOS bandgap voltage reference is shown in Fig. 2.14. The
new proposed sub-1-V curvature-compensated. bandgap voltage reference is
composed by two sub-1-V bandgap-cores [55] with two operational amplifiers, which
are designed with the two-stage-structure. The startup circuit for the self-bias circuit is
used to avoid the circuit working in the zero-current state, which is realized by
Mgsni~Msns (Mspi~Msps) for bandgap © reference with NPN (PNP) BJTs. The
Mgni~Msnz and Mgpi~Mgp, form the functions of inverter in the startup circuits. The
device dimensions (W/L) of Mgsn; and Mgp; are chosen to be much less than one,
respectively. To ensure a complete cutoff operation of Mgn; and Mgps, the device
dimensions (W/L) of Mgns and Mgps should be designed with the considerations of
both maximum supply voltage and operating temperature [55]. The low-voltage
operational amplifiers also need the startup circuit to avoid the zero-current state. The
same startup circuits in Fig. 2.14 also use in the low-voltage operational amplifiers
with two-stage structure. The current Iggr; in Fig. 2.14 is produced by a sub-1-V
bandgap voltage reference with PNP BJTs and a p-channel input pair of operational
amplifier. The Izgr; can be expressed as

‘VBEJNP‘ 4 1 k—TlnN

PNP >

I =
REF1 R R

1_PNP 3_PNP

(2.12)
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where R; pyp 1s set to Ry, pvp + Rip pye (OF R pnp+ Rop pap), Ria pve = Roq pyp, and
Ri» pnp= Rop pnp. The current Iggr; is produced by another sub-1-V bandgap voltage
reference with NPN BJTs and an n-channel input pair of operational amplifier.

Similarly, Irzr> can be expressed as

_ VBEiNPN +R 1 k—TlnN

NPN >
3 nev 4

1

REF2 =
R

(2.13)

1_NPN

where R; ypyis set to Ry, npy + Ry nev (OF Roq npv + Rob NPN), Ria npv = Roa new, and
Ri» nen = Rop npn. Through the current mirrors, the difference current, Irzr, between

the Irgr; and Irgr> can be written as
Lopr = Kol gy = K\ L g

:(KZVBEiNPN _ K, ‘VBEPNP‘)+k_T K,InN,,, _ K In NPNP) ’

(

RLNPN RLPNP q R37NPN RSfPNP

(2.14)

where K; is the device ratio of My pxp and Ms pp, and K is the device ratio of My npn
and Ms npn. If the InNypy and InNpyp have the same.value and proper pairs of R; npw,
R, pnp, R3 npw, R3 pyp, Ki, and K are chosen; the difference current (/zer) will ideally
become a temperature-independence current—Therefore, a temperature-independence
voltage can be achieved across Rgzr, which has.the lower temperature coefficient. The

output reference voltage can be expressed as

VREF = RREF (KZIREFZ - Kl[REFl)

(KZVBE_NPN _ Kl ‘VBE_PNP‘)

RI_NPN RI_PNP . (2‘15)

Jrk_T K,InNy,, K, lnNPNP)

q R37NPN R37PNP

= Ry

Thus, the new proposed sub-1-V bandgap voltage reference with new

curvature-compensated technique has the excellent curvature-compensated result.

The minimum supply voltage of the new proposed sub-1-V

curvature-compensated bandgap voltage reference can be expressed by
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I Ry, pap |
(R - R ‘VBEfPNP‘+|VTHP|+2|VDSsat >
1a_pve T pyp
Vonoiny = Max ) (2.16)
Ry, wpn
- Vee wow —Viry + 2V psua
_[ RlaﬁNPN + RlbﬁNPN - t

where Vygp and Vrgy are threshold voltages of the PMOS and NMOS transistors,
respectively. Since the base-emitter voltages (Vzz npv and Vag pyvp) of the bipolar
transistors in equation (2.16) are multiplied by the resistance subdivision, this circuit

can be operated with sub-1-V supply voltage.

Because the operational amplifier of the bandgap voltage reference is not ideal,
the offset voltage (Vos) of operational amplifier will increase error on output reference
voltage of bandgap voltage reference. The bnadgap voltage reference in CMOS
technology suffers from the effect of MOS transistor due to the mismatch of transistor
dimensions and threshold voltage. In new proposed sub-1-V curvature-compensated
CMOS bandgap voltage reference, the relationship between output reference voltage
and offset voltage (Vps) of the operational-amplifier can be rewritten by

VREF = RREF (KZIREFZ ‘KIIREFI)

K K
LR_Z VBE_NPN i R—I‘VBEfPNP ‘J

1_NPN 1_PNP

(2.17)

-

= Rper

+k_T(K2 ln NNPN _ Kl ln NPNP J+

q R R
K R
1|_NPN 1Y pwp
B - Vosp)

3 NPN 3_PNP
K,R

R OSN
1b_NPN 1b_PNP

where Vosy and Vosp are the offset voltage of the operational amplifiers with
n-channel and p-channel input pairs, respectively. The effect of the Vogyvand Vosp is
amplified by the resistance ratio of K>R; npy / Ry nev and KiR; pnvp / Rib pnps
respectively. However, this can be reduced by increasing the emitter areas ratio of the
BJTs (Nypy and Npwp), and the required resistance ratio of K>R; npnv / Ryp ney and
KiR; pnp / Rip pap 1s reduced to minimize the negative impact from Vopgs [72]. In
operational amplifier, the systematic offset can be minimized by adjusting transistor
dimensions and bias current in ratio, while the random offset can be reduced by

symmetrical and compact layout.
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2.2.4. Simulation and Experimental Results

2.2.4.1. Simulation Results

The bandgap voltage reference with new proposed curvature-compensated
technique has been simulated during the operating temperature from 0 to 100 °C. The
temperature  coefficient of the bandgap voltage reference with new
curvature-compensated technique is around 7.5 ppm/°C under the supply voltage of 1
V. The dependence of Izzr (output reference current) on the operating temperature

from 0 to 100 °C is shown in Fig. 2.15 under the supply voltage of 1 V.
2.2.4.2. Silicon Measurement

The new proposed sub-1-V curvature-compensated bandgap voltage reference
has been fabricated in a 0.25-umr CMOS ‘technology. The proposed sub-1-V
curvature-compensated bandgap  voltage- reference- consists of the bandgap cores,
bipolar transistors, and resistorS. Fig. 2.16 shows the overall die photo of the new
proposed sub-1-V curvature-compensatedrbandgap voltage reference. The occupied
silicon area of the new proposed curvature-compensated bandgap voltage reference is
only 480 pum x 226 um. The active devices (MOSFETs) have been drawn in a
common centroid layout to reduce process mismatch effect. The bipolar transistors in
this chip are the parasitic vertical PNP BJTs and NPN BJTs. The ratio between the
emitter areas of Q; pnp and Q2 pnp (Q1 nen and Q2 npn) 1s 8. The total emitter area of
Q1 pnpe (Q1 nen) 1s 200 umz and that of Q, pnp (Q2 npN) 1S 25 umz in the layout. The
resistors in this chip are formed by un-salicided P+ ploy resistances, which have
minimum process variation and temperature coefficient in the given foundry’s CMOS
process, to improve the accuracy of resistance ratio. The bandgap voltage reference
has been measured with the operating temperature varying from 0 to 100 °C. The
power supply voltage was set from 0.85 to 1.2 V. The measured results are shown in
Fig. 2.17. The measured data is measured by Agilent 4156. The temperature
coefficient is around 13.4 ppm/°C with the supply voltage at 1 V. The experimental
results in Fig. 2.18 have confirmed that the minimum supply voltage for the new

proposed sub-1-V curvature-compensated bandgap voltage reference is 0.9 V with
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temperature coefficient of 19.5 ppm/°C.

About the measurement setup for power supply rejection ratio (PSRR), a signal
with sinusoidal ripple is added on power supply to measure the small-signal gain
between the supply voltage and output reference voltage. The AC input signal at the
power supply pin must include a DC offset of the normal power supply voltage, so
that the bandgap voltage reference circuit remains powered up [67]. The averaged
measured power supply rejection ratio (PSRR) is - 25.5 dB at 10 kHz, whereas the
reference output voltage is 536 mV at 25 °C under the supply voltage of 0.9 V. The
comparison among the proposed sub-1-V curvature-compensation bandgap voltage
reference of this work with other prior-art curvature- compensation bandgap voltage
references is summarized in Table 2.2. From this table, the exponential temperature
compensation [69] and piecewise-linear curvature correction [62], [70] are realized by
BiCMOS and BJT processes, respectively. The resistor temperature compensation [72]
in CMOS process requires a higher supply voltage to realize it. Those prior arts [62],
[69], [70], [72] shown with vety low /temperatute coefficients were achieved by
trimming after silicon fabrication. In this: work, the new proposed sub-1-V
curvature-compensated bandgap. veltage referenceé can achieve a low enough

temperature coefficient without trimming in the general CMOS technology.

2.2.5. Summary

A new proposed sub-1-V curvature-compensated bandgap voltage reference with
Vrer of 536 mV and temperature coefficient of 19.5 ppm/°C under supply voltage of
0.9 V was presented, which consumes a maximum current of 50 pA at 0.9 V. The
sub-1-V operation of the curvature-compensated bandgap voltage reference has been
successfully verified in silicon. The new proposed curvature-compensated technique
used to improve the temperature coefficient of sub-1-V bandgap voltage reference can
be implemented in general CMOS technology. In order to improve the impact of
process variation on performances of new proposed sub-1-V curvature-compensated
bandgap voltage reference, the resistor with trimming network should be added into

the proposed bandgap reference circuit.
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2.3. Conclusion

Chapter 2 has presented a new sub-1-V and a new sub-1-V
curvature-compensated CMOS bandgap references. The new sub-1-V CMOS bandgap
voltage reference with Vggr of 238.2 mV and temperature coefficient of 58.1 ppm/°C,
which consumes a maximum current of 28 pA at 0.85 V supply, has been presented.
The sub-1-V operation of the bandgap reference has been successfully achieved in
this work without using the low-threshold-voltage devices. Moreover, other
techniques to achieve sub-1-V operation have been described, such as low voltage
startup circuit and the lower common-mode input range of the amplifier by using the
resistive subdivision method. Without using low-threshold-voltage device, the
proposed bandgap reference circuit can be implemented in general CMOS technology.
The new proposed sub-1-V curvature-compensated bandgap voltage reference with
Vrer of 536 mV and temperature coefficient of 19.5 ppm/°C under supply voltage of
0.9 V was presented, which consuines a maximum current of 50 pA at 0.9 V. The
sub-1-V operation of the curvatiire-compensated. bandgap voltage reference has been
successfully verified in siliconi; The new proposed curvature-compensated technique
used to improve the temperaturecoefficient of sub-1-V bandgap voltage reference can

be implemented in general CMOS technology:
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Table 2.1

Comparison among the Low Voltage Bandgap References

This work Ref. [54] Ref. [55] Ref. [59]
Technology (CMOS) 0.25 pm 1.2 pm 0.6 pm 0.4 pm
Minimum Supply Voltage 085V 1.2V 098V 084V
Temperature Coefficient 58.1 ppm/°C 100 ppm /°C 15 ppm /°C 59 ppm /°C
Die Size 0.018 mm? 1 mm? NA 0.1 mm?
Power Consumption 23.8 uW 0.6 mW 17.64 pW NA
Extra Modification / Process No No Laser Trimming | Native NMOS

Table 2.2

Comparison among the Curvature-Compensated Bandgap Voltage References

This work Ref. [62] Ref. [69] | Ref.[70] | Ref.[72]
0.25-pm 2-um 1.5-pm 0.6-um
Technology CMOS gicMos | Bicmos | BT CMOS
VDD, 0.9V (V) 11V 5V 1v 2V
Temperature 0~100°C | -15~90°C |-55~125°C |0~125°C | 0~100°C
Range
Witho?t After After After After
Temperz.tture Trlmmlnog Trimming Trimming | Trimming | Trimming
Coefficient 19.5 ppm/ OC =20 ppm/’C | 89 ppm/C | 4 ppm/C | 5.3 ppm/C
(13.4 ppm/C)
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Fig. 2.2. The new proposed bandgap reference circuit for sub-1-V operation.
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Fig. 2.3. Complete schematic of the new proposed bandgap reference.



Fig. 2.4. Small signal model of the propdsed bandgap reference.
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Fig. 2.5. Simulated reference voltage of the proposed bandgap reference with different
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Fig. 2.6. Simulated minimum supply voltage of the proposed bandgap reference.

Fig. 2.7. Die photo of the new proposed bandgap reference circuit fabricated in a

0.25-um CMOS process.
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CHAPTER 3

Impact of Gate-Oxide Reliability on CMOS
Analog Amplifiers in Nanoscale CMOS
Technology

The influences of gate-oxide reliability on analog amplifiers are investigated
with common-source amplifier and operational amplifier in a 130-nm low-voltage
CMOS process. The test conditions of this work include the DC stress, AC stress with
DC offset, and large-signal transition stress under different frequencies and signals.
After overstresses, the small-signal parameters, such as small-signal gain, unity-gain
frequency, phase margin, and output DC voltage levels, are measured to verify the
impact of gate-oxide reliability on circuit performances of the analog amplifiers. The
impact of soft and hard gate-oxide breakdowns on common-source amplifiers with
non-stacked and stacked diode-connected active load structures has been analyzed and

discussed. The hard breakdown has more serious impact to the analog amplifiers.

3.1. Single Amplifier

3.1.1. Background

The reduction of power consumption has become increasingly important to
portable products, such as mobile phone, notebook, and flash memory. In general, the
most common and efficient way to reduce the power consumption in CMOS very
large scale integrated circuits (VLSI) is to reduce the power-supply voltage. To reduce
the power consumption in CMOS VLSI systems, the standard supply voltage trends to
scale down from 2.5 to 1 V. Thus the gate-oxide thickness of the MOS transistor will
be become thin to reduce nominal operation voltage (power-supply voltage). In

general, the VLSI productions have lifetime of 10 years, but the thin gate-oxide
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thickness of the MOS transistor has many problems, such as gate-oxide breakdown,
tunneling current, and hot carrier effect that will degrade the lifetime of the MOS
transistor. Therefore, to improve the gate-oxide reliability of MOS transistor and to
investigate the effect of gate-oxide breakdown on CMOS circuit performances will

become more important in the nanometer CMOS technology.

The occurrence of gate-oxide breakdown during the lifetime of CMOS circuits
cannot be completely ruled out. The exact extrapolation of time-to-breakdown at
operating conditions is still difficult, since the physical mechanism governing the
MOSFET gate dielectric breakdown is not yet fully modeled. It was less of a problem
for the old CMOS technologies, which had thick gate oxide. However, because the
probability of gate-oxide breakdown strongly increases with the decreasing oxide
thickness [76], [77], the CMOS circuit in nano-scale technologies could be
insufficiently reliable. The defect generation leading to gate-oxide breakdown and the
nature of the conduction after gate-oxideibreakdown has been investigated [49]-[52],
[76]-[83], which point out that the jgate-oxide breakdown will degraded the
small-signal parameters of the=MOS transistor, such as transconductance, g, and
threshold voltage, Vry. Recently, some studies.on the impact of MOSFET gate-oxide
breakdown on circuits have been reported [49]-[52], [78], [79]. In [49], it was
demonstrated that the digital circuits/would remain functional beyond the first
gate-oxide hard breakdown. A soft gate-oxide breakdown event in dynamic CMOS
digital circuit relying on the uncorrected soft nodes may result in some failure of the
circuit [50]. The gate-oxide breakdown on RF circuit has been studied [51]. The
impact of gate-oxide breakdown on SRAM stability was also investigated [52], [78].
Some designs of analog circuits [84], [85] and the mixed-voltage I/O interface [86],
[87] indicate that gate-oxide reliability is a very important design consideration in
CMOS integrated circuits. The impact of MOSFET gate-oxide reliability on the
CMOS operational amplifiers had been investigated and simulated [88]. The
performances of analog circuits strongly depend on the I-V characteristics of
MOSFET devices, because the small-signal parameters of MOSFET device are
determined by the biasing voltage and current of MOSFET devices. The small-signal
gain and frequency response of analog circuits in CMOS processes are determined by
the transconductance g, and output resistance r, of MOSFET devices. The

transconductance g, and output resistance r, of MOSFET device can be expressed by
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w 21,

=uC —(V..-V, )=—"2—, 3.1
8, = HL [( GS TH) (VGs'VrH) (3.1)
V,
—_4 3.2
7, ]Da (3.2)

where p is the mobility of carrier, L denotes the effective channel length, W is the
effective channel width, Cy is the gate oxide capacitance per unit area, Vry is the
threshold voltage of MOSFET device, Vgs is the gate-to-source voltage of MOSFET
device, V4 is the Early voltage, and the current Ip is the drain current of MOSFET
device. Comparing the equations (3.1) and (3.2), the drain current I, is the key factor
for analog circuits in CMOS process. Therefore, the performances of analog circuits
in CMOS processes are dominated by the drain currents of MOSFET devices. The

drain current Ip of MOSFET device operated in saturation region can be expressed by

1 /4
I, = E:UCO I(VGS _VTH)2 . (3.3)

The channel-length modulation and body effect.of MOSFET devices are not included
in equation (3.3). The threshold’ voltage and gate-to-source voltage of MOSFET
device are the important design’parameters in equation (3.3). However, the gate-oxide
overstress of MOSFET will cause degrade the‘device characteristics of MOSFET.
Therefore, gate-oxide breakdown can be expected to have serious impact on the

performances of analog circuits in nanoscale CMOS technology.

In this work, the influence of gate-oxide reliability on common-source amplifiers
with diode-connected active load is investigated with the non-stacked and stacked
structures in a 130-nm low-voltage CMOS process under the DC stress, AC stress
with DC offset, and large-signal transition stress. The small-signal gain, phase margin,
unity-gain frequency, and output DC voltage level of the two common-source
amplifiers are measured and compared under the different stresses in analog and
digital applications. The impact of soft and hard breakdowns on these two amplifiers

has been discussed and analyzed.

3.1.2. Analog Amplifiers
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The common-source amplifier is a basic unit in many typical analog circuitry
cells, such as level converter and output stage. The common-source amplifiers with
the non-stacked and stacked diode-connected active load structures are used to verify
the impact of MOSFET gate-oxide reliability on CMOS analog amplifier. The
complete circuits of the common-source amplifiers with the non-stacked and stacked
diode-connected active load structures are shown in Figs. 3.1(a) and 3.1(b). The
common-source amplifiers have been fabricated in a 130-nm low-voltage CMOS
process. The normal operating voltage and the gate-oxide thickness (tox) of all
MOSFET devices in these two common-source amplifiers are 1-V and 2.5-nm,
respectively, in a 130-nm low-voltage CMOS process. The device dimensions of two
amplifiers are shown in Table 3.1. The body terminals of the all NMOS and PMOS
transistors are connected to ground and power supply voltage, respectively. The
small-signal gain, Ay Non-Stacked> Of the common-source amplifier with the non-stacked

diode-connected active load structure is given by

8 =8Csp,
y o , 3.4
V _ Non—Stacked gOI +g02 +gm2 o S(CGDl + CGSZ + ( L) ( )

where the g, and g, are the“output eonductance “and transconductance of MOS
transistor, respectively. In the MOSFET device, the Cgs is the parasitic capacitance
between the gate and source nodes, and the Cqp is the parasitic capacitance between
the gate and drain nodes. The Cy is the output capacitive load. The small-signal gain,
Av stacked, 0f the common-source amplifier with the stacked diode-connected active

load structure can be written as

803 (g1713 _SCGDS)
SCGD3 +go3 +goz)|:(SCL +gox // goy)_gozg(JS:'

: (3.5)

AV_Stacked = (

where the gox, goy, and g, equal to gmstgostSCass, ZmetLosTSCass, and
gmatgoatSCaqss, respectively. Before overstress, the small-signal gains of the
common-source amplifiers with the non-stacked and stacked diode-connect active
load structures are 17.5-dB and 13.2-dB, respectively. The body effect of the NMOS
and PMOS transistors in the common-source amplifiers with the non-stacked and
stacked diode-connect active load structures is not included in equations (3.4) and
(3.5). The phase margin of the two common-source amplifiers is more than 60 degree

under output capacitive load of 10 pF. Comparing the common-source amplifiers with
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the non-stacked and stacked diode-connected active load structures, the impact of
gate-oxide reliability on the CMOS common-source amplifier has been investigated

under analog and digital applications.

3.1.3. Overstress Test

The impact of gate-oxide reliability on common-source amplifier needs
long-term operation, which may need many years, to measure the performance
degradation under the gate-oxide degradation of MOSFET device. In order to
accelerate the gate-oxide degradation and understand the impact of gate-oxide
reliability on common-source amplifiers with the non-stacked and stacked
diode-connected active load structures, the common-source amplifiers with the
non-stacked and stacked diode-connected active load structures are statically stressed
at supply voltage Vpp of 2.5 V. Because the MOS transistors in analog circuits usually
work in the saturation region, the, gate-oxide breakdown is more likely to occur in
conventional time-dependent dielectric breakdown (I'DDB). High Vgs, Vgp, and Vps
of the MOSFET are set to get:a fast and easy-to-observe breakdown occurrence for
investigating the impact of gate-oxideé reliability ‘.on the common-source amplifier
with diode-connected active load. The advantages-of using static stress are the known
and well-defined distributions of the voltages in the common-source amplifiers with
diode-connected active load and better understanding of the consequences of this
stress. After the overstresses, the small-signal parameters of the common-source
amplifiers with non-stacked and stacked diode-connected active load structures are
re-evaluated on the same operation condition under the DC stress, AC stress with DC

offset, and large-signal transition stress.

3.1.3.1. DC Stress

The common-source amplifiers with the non-stacked and stacked
diode-connected active load structures are continuously operated in this DC overstress,
as shown in Fig. 3.2. The power supply voltage, Vpp, and output capacitive load, Cy,
of the common-source amplifiers with non-stacked and stacked diode-connected

active load structures are set to 2.5 V and 10 pF, respectively. The input nodes, Vix |
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and Vi », are biased to 0.5 V in order to set the output DC voltage level at 1.25 V
under the power supply voltage of 2.5 V. During this DC overstress, the small-signal
gain and unity-gain frequency of the common-source amplifiers with the non-stacked
and stacked diode-connected active load structures are measured. When those
parameters are measured, the input signal of DC 0.5 V at input nodes, Vv 1 and Viy 2,
is replaced by the AC small-signal of 200 mV sinusoidal signal (peak-to-peak
amplitude) with DC voltage of 0.5 V. The dependence of the small-signal gain on the
stress time of the common-source amplifiers with the non-stacked and stacked
diode-connected active load structures under the DC stress is shown in Fig. 3.3. The
small-signal gain of the common-source amplifier with the non-stacked
diode-connected active load structure is degraded by gate-oxide breakdown.
Moreover, the common-source amplifier with the non-stacked diode-connected active
load structure does not maintain its amplified function with continuous stress
condition under the DC stress, when the stress time is increased. The small-signal
gain of the common-source amplifierwith the stacked diode-connected active load
structure is not changed under the same stress:condition even through the stress time
up to 2000 minutes. The measured waveforms of the input and output signals in the
common-source amplifier with the non-stacked diode-connected active load structure
on the different stress times aresshown in Figs. 3.4(a), 3.4(b), and 3.4(c). Fig. 3.5
shows the dependence of the unity-gainfrequency on the stress time of the
common-source amplifiers with the non-stacked and stacked diode-connected active
load structures under the DC stress. The bandwidth of the common-source amplifier
with non-stacked diode-connected active load structure on the stress time is decreased,
but that of the common-source amplifier with the stacked diode-connected active load
structure is almost not changed after the stress. The phase margin of the
common-source amplifier with the non-stacked diode-connected active load structure
on the stress time is varied with gate-oxide breakdown, but that is still stable (phase
margin > 45 degree). The dependence of the output DC voltage level on the stress
time of the common-source amplifiers with the non-stacked and stacked
diode-connected active load structures under the DC stress is shown in Fig. 3.6. The
output DC voltage level of the common-source amplifier with the non-stacked
diode-connected active load structure on the stress time will be closed to the power
supply voltage of 2.5 V, but that of the common-source amplifier with the stacked

diode-connected active load structure is not changed after the stress.
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The reason, why the circuit performances of the common-source amplifier with
the non-stacked diode-connected active load structure, such as small-signal gain,
unity-gain frequency, and output DC voltage level, is degraded with the overstress, is
summed up that the gate-oxide breakdown will degrade the transconductance (gn),
threshold voltage (Vru), and output conductance (g,) of the MOS transistor. In
equation (3.4), if the small-signal parameters g, Vy, and g, of the MOS transistor
are degraded with gate-oxide breakdown, the small-signal gain will be changed. From
the equation (3.4), the dominant pole of the common-source amplifier with the
non-stacked diode-connected active load structure can be written as

) _ gm2+gol+g02 (36)

p_ Non—Stacked ~— >
CGS2 + CGD] + CL

which i1s dominated by transconductance, g.,, and output capacitive load, Ci.
Therefore, the unity-gain frequency of the common-source amplifier with the
non-stacked diode-connected active load,structure will be degraded by gate-oxide
breakdown. In this test condition,f the transistors:M; and M, of the common-source
amplifier with the non-stacked .diode-connected active load structure are designed to
operate in saturation region, the output DC voltage level of the common-source

amplifier with the non-stacked diode-connected active load structure can be expressed

V [,

v
L

ouT _1(DC) = VDD - VTH(MZ) - W (VIN_I - VTH(M])) . (3-7)
L M2

as

In the equation (3.7), the output DC voltage level, Vour 1inc), is function of the
Vrumy and Vrgowz). Therefore, the output DC voltage level of the common-source
amplifier with the non-stacked diode-connected active load structure will be changed

with gate-oxide breakdown after the stress.

3.1.3.2. AC Stress with DC Offset

The common-source amplifiers with the non-stacked and stacked

diode-connected active load structures are continuously tested in this stress of AC
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small-signal input and DC offset, as shown in Fig. 3.7. The input nodes, Vin | and
Vin 2, of the common-source amplifiers with the non-stacked and stacked
diode-connected active load structures are biased to the AC small-signal input of
200-mV sinusoidal signal (peak-to-peak amplitude) with DC offset voltage of 0.5 V
under the different frequencies of 100 Hz, 500 kHz, and 1 MHz. The power supply
voltage, Vpp, and output capacitive load, Cy, of the common-source amplifiers with
non-stacked and stacked structures are set to 2.5 V and 10 pF, respectively. The
measurement setup is used to investigate the relationship between gate-oxide
breakdown and different frequencies of input signals in the CMOS analog circuit

applications.

The dependence of the small-signal gain in the common-source amplifiers with the
non-stacked and stacked diode-connected active load structures on the stress time
under the stress of the AC small-signal input with DC offset is shown in Fig. 3.8. The
circuit performances of the commonssource amplifier with the stacked
diode-connected active load structure aresnot degraded by the stress of the AC
small-signal input with DC -offset. In the common-source amplifier with the
non-stacked diode-connected active, load structure, -the high-frequency input signal
causes a slow degradation on the small-signal gain, but the low-frequency input signal
causes a fast degradation on the small-signal gain under the stress of the AC
small-signal input with DC offset. The other small-signal performances in the
common-source amplifier with the non-stacked diode-connected active load structure
under the stress of the AC small-signal input with DC offset have the same change
trend as that under the DC stress, but the different frequencies of the input signal will
cause the different degradation times. These measured results are consistent to that
reported in [90]. The frequency dependence of tgp (time to breakdown) is reasonably
understood in terms of the re-distribution of the breakdown species from the anodic
interface toward the oxide bulk. These two different frequency regimes correspond to
two extreme distributions. When the frequency is very high, the concentration of
“breakdown species” is expected to be low. The distribution strongly peaked at both
interfaces. This presumably explains the reduction of degradation. On the contrary, in
the low frequency, concentration is expected to be high and to have a uniform
distribution throughout the oxide film. This causes the lead to faster degradation

process [90]. Therefore, the small-signal performance of the non-stacked
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common-source amplifier with different frequencies of the input signals will cause
different degradation times under the stress of the AC small-signal input with DC
offset.

3.1.3.3. Large-Signal Transition Stress

This research results [49], [89] indicated that the high and low output voltage
levels of the CMOS digital complementary logic circuits under large-signal transition
stress were not be degraded with gate-oxide breakdown. Only the maximum operation
frequency of the CMOS digital complementary logic circuits was decreased with
gate-oxide breakdown, but the impact of gate-oxide breakdown on the inverter with
active load (common-source amplifier) is still not studied. Therefore, the
common-source amplifiers with the non-stacked and stacked diode-connected active
load structures are used to investigate the impact of gate-oxide reliability on CMOS
inverter with active load under the large-signal transition stress. The common-source
amplifiers with the non-stacked and stacked.diode-connected active load structures
are continuously tested in this stress of large=signal transition, as shown in Fig. 3.9.
The input nodes, Vin | and Vg, of the‘amplifiers with the non-stacked and stacked
diode-connected active load struetures are biased at DC 0.5 V, the output capacitive
load, Cy, is set to 10 pF, and the power supply voltage, Vpp, is set to 2.5 V. The input
square voltage from 0 V to 1 V with frequency of 100 Hz is applied to the input node
of the common-source amplifiers with the non-stacked and stacked diode-connected
active load structures under the large-signal transition stress. The square voltage of
input signal from 0 V to 1 V will not induce the damage on the input devices, M; and
M;, of the common-source amplifiers with the non-stacked and stacked
diode-connected active load structures, because the voltage across the input devices

(Vgs) of the common-source amplifiers is lower than the 1 V in this measurement.

The dependences of the high and low voltage levels at the output node on the stress
time are show in Fig. 3.10, where the common-source amplifiers with the non-stacked
and stacked diode-connected active load structures are stressed by the large-signal
transition. The high and low output voltage levels of the common-source amplifiers
with the non-stacked and stacked diode-connected active load structures under the

stress of large-signal transition are increased, when the stress time is increased. The
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measured waveforms of the input and output signals of the common-source amplifiers
with the non-stacked and stacked diode-connected active load structures on the
different stress times under the large-signal transition stress are shown in Figs. 3.11(a),
3.11(b), and 3.11(c). The impact of gate-oxide breakdown on the common-source
amplifier with the non-stacked diode-connected active load structure is more serious
than that of common-source amplifier with the stacked diode-connected active load
structure under the large-signal transition stress. The maximum operation frequency
of the common-source amplifiers with the non-stacked and stacked structures has the
same change trend as that of the CMOS digital complementary logic circuits under
the large-signal transition stress. The measured results of the large-signal transition
stress have some difference with the results of the prior researches [49], [89], because
the high and low output voltage levels of the common-source amplifiers with the
non-stacked and stacked diode-connected active load structures are controlled by
diode-connected transistors M,, Ma, Ms, and Mg, respectively. For example, the high
output level of the common-source amplifier with the non-stacked diode-connected

active load structure can be expressed as
VH_Non—Stacked =V _‘VTH(MZ)‘ . (3.8)

The low output level of the ‘common-source” amplifier with the non-stacked

diode-connected active load structure can be written as

1),
7).

The threshold voltage (V) of the MOS transistor will be degraded by gate-oxide

VL

' non—stacked 2(V1NJ _VTH(MI))_ 4(VINJ _VTH(MI))2 -4 (VD _|VTH(M2)|) . (39)

breakdown, so that the VH jon-stacked and VL gcked Of the common-source amplifier
with the non-stacked diode-connected active load structure will be changed under the
stress of large-signal transition. In the CMOS digital complementary logic circuits,
either pull-up or pull-down MOS transistors will be turn-on under the logic high or
low steady state, respectively. The logic high and low steady states of the CMOS
digital complementary logic circuits are independent on dimension and threshold
voltage of the MOS transistors. Therefore, the voltage levels of the logic high and low
steady states in the CMOS digital complementary logic circuits will not be degraded
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with gate-oxide breakdown.

3.1.4. Discussions

The summary of overstress results under three overstress conditions (DC, AC,
and large-signal transition stresses) is listed in Table 3.2. The gate-oxide breakdown
will degrade the transconductance (gmn), output conductance (g,), and threshold
voltage (Vtu) of MOSFET devices. After the overstress, the performances of the
common-source amplifier with the non-stacked diode-connected active load structure
under the DC, AC with DC offset, and large-signal transition stresses are seriously
degraded with gate-oxide breakdown, and those of the common-source amplifier with
stacked diode-connected active load structure are only slightly degraded under the
large-signal transition stress. As a result, the performance degradation of the
common-source amplifier with the non-stacked diode-connected active load structure
is more seriously than that of the common-source amplifier with the stacked
diode-connected active load .structure. The, small-signal performance of the
common-source amplifier is very sensitivity to the DC operation point, so the
gate-oxide breakdown will cause ‘the—gm—Vru,  and g, degradations and extra
gate-leakage current of the MOS ftransistor to induce the change of the DC operation
point in the common-source amplifier. Considering the common-source amplifier
with the non-stacked diode-connected active load structure, if the parameters, gn,; and
gm, are variable factor in the equation (3.1), the sensitivities of the equation (3.1) to

the parameters, gm and gny, are expressed as

S j‘h Non-Stacked Em , (3 .1 0)
o 8 —SCop

S;V;Nanf.?mrked — 82 ) (3 1 1)
" &1 +g02+gm2+S(CGD1 +CGS2+CL)

In the equations (3.10) and (3.11), the parameters g,; and g,, can be ignored,
because they are small than 1. The parasitic capacitances Cgp; and Cgs, of the MOS
transistors are not considered. The sensitivities of the equations (3.10) and (3.11) to
the parameters gn; and gm, respectively, are approximate 1. Therefore, the gate-oxide

breakdown of the MOS transistors has serious impact to the circuit performances of
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analog circuits. As a result, the gate-oxide reliability is very important design issue in
the nano-meter CMOS process. The gate-oxide reliability can be improved by the
stacked structure in the common-source amplifier under small-signal input and output
applications. The common-source amplifier with the stacked diode-connected active
load structure can be worked in high supply voltage depended on the stacked number
of transistor used to control the voltages (Vgs, Vap, and Vps) across the transistor and

to avoid the gate-oxide breakdown.

3.1.5. Effect of Hard and Soft Breakdowns on Performances of

Common-Source Amplifiers

3.1.5.1. DC Stress

The measured dependence of power supply current Iypp in two amplifiers on
stress time have been measured and recorded, as shown in Fig. 3.12, under the DC
stress. Because the power supply current: Iypp of the common-source amplifier with
the stacked diode-connected active load structure is not degraded after the DC stress,
the gate-oxide degradation of MOSFET isfiotoccurred in this measurement. However,
the power supply current Iypp of the common=source amplifier with the non-stacked
diode-connected active load structure is degraded during the DC stress. Based on the
prior proposed method [82], [91], the gate-oxide breakdown of MOSFET device can
be modeled as resistance. Only the gate-to-diffusion (source or drain) breakdown was
considered, since these represent the worst-case situation. Breakdown to the channel
can be modeled as a superposition of two gate-to-diffusion events. Typical hard
breakdown leakage has close-to-linear I-V behavior and an equivalent resistance of ~
10°-10* Q, while typical soft breakdown paths have high non-linear, power law I-V
behavior and equivalent resistance above 10°-10° Q [82]. The oxide breakdown is not
occurred on gate-to-source side of M; device in the common-source amplifier with the
non-stacked diode-connected active load structure, because the voltage across
gate-to-source side of M; device is smaller than 1 V in the amplifier. The complete
circuit of the common-source amplifier with the non-stacked diode-connected active
load structure including gate-oxide breakdown model is shown in Fig. 3.13. The

breakdown resistances of Rgp; and Rgpy can be used to simulate the impact of hard
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and soft breakdowns on performances of the common-source amplifier with the
non-stacked diode-connected active load structure. Comparing the measured results
among Figs. 3.3, 3.5, 3.6, and 3.12, the dependence of power supply current Iypp
(non-stacked) on stress time in Fig. 3.12 can be separated by three regions (I, II, and
III regions) due to the gate-oxide breakdown. This result has some differences
between the impact of gate-oxide breakdown on performances of analog and digital
circuits. When the performances of the common-source amplifier with the
non-stacked diode-connected active load structure are degraded due to the gate-oxide
breakdown, the power supply current Iypp is not increased immediately. The
relationship between power supply current Iypp and gate-oxide breakdown occurred
on M; and M, devices under three regions in the common-source amplifier with the

non-stacked diode-connected active load structure can be modeled by

Region I: no gate-oxide breakdown occurred on M; and M, devices,
Region II: hard breakdown occurred on M, device, and

Region III: hard breakdown'occurred on'M; and M, devices.

In Region I, the gate-oxide breakdown of MOSFET device is more likely to
occur as the time-dependent dielecttie~breakdown (TDDB). In this region, the
small-signal performance and power. supply.current Iypp of the common-source
amplifier with the non-stacked diode-connected active load structure have very small
variations on the stress time under DC stress. The gate-oxide breakdown is not

occurred on M; and M, devices.

In Region II, the power supply current Iypp was not changed, but the
small-signal performances of the common-source amplifier with the non-stacked
diode-connected active load structure was seriously degraded. The reason, why the
power supply current Iypp of the common-source amplifier is not changed, is due to
the gate-oxide breakdown on M, device. The simulated dependence of power supply
current Iypp under different breakdown resistances Rpp; and Rpp, is shown in Fig.
3.14. The power supply current Iypp of the common-source amplifier with the
non-stacked diode-connected active load structure is dominated by M; device.
Because the gate-oxide breakdown on M; device is not occurred, the power supply
current Iypp of the common-source amplifier is limited under the DC stress. The

simulated dependence of small-signal gain and output DC voltage level of the
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common-source amplifier with the non-stacked diode-connected active load structure
under different resistances Rgp, is shown in Fig. 3.15. Based on the prior proposed
method [81], the impact of soft breakdown occurred on M, device has less influence
on circuit performances. The hard breakdown occurred on M, device causes the
serious degradations on performances of the common-source amplifier with the
non-stacked diode-connected active load structure, but the power supply current Iypp
is not changed under the DC stress. These simulated results can be used to confirm
and understand that the hard breakdown is only occurred on M, device of the
common-source amplifier with the non-stacked diode-connected active load structure

during the DC stress in Region II.

In the Region III, the power supply current Iypp and small-signal performances
of the common-source amplifier with the non-stacked diode-connected active load
structure are seriously degraded under DC stress. The hard breakdown is occurred on

both M, and M, devices under the DC stress in Region III.

Comparing the Regions I, II, and HI under. DC. stress, the degradation on power
supply current Iypp is dominated by gateé-oxide breakdown on M; device. The
gate-oxide breakdown occurred.on Mj-devieeqis a dominated factor to degrade the
performances of the common-soutee . amplifier.with the non-stacked diode-connected
active load structure. As a result, the hard breakdown has more serious impact on

performances of the common-source amplifier.

3.1.5.2. Large-Signal Transition Stress

In order to investigate and understand the impact of hard and soft breakdowns on
performances of the common-source amplifiers with the non-stacked and stacked
diode-connected active load structures under large-signal transition stress, the
complete circuits including the gate-oxide breakdown model are shown in Figs. 3.13
(non-stacked) and 3.16 (stacked), respectively. In these two amplifiers, the gate-oxide
breakdown does not occur on gate-to-source sides of M; (in Fig. 3.13) and M3 (in Fig.
3.16) devices under large-signal transition stress, because the voltages across
gate-to-source sides of M; and M3 devices are smaller than 1 V, respectively. The

static and the dynamic currents in two amplifiers under digital operation are increased
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after the gate-oxide breakdown [49]. The hard gate-oxide breakdown has been
occurred on the common-source amplifier with non-stacked diode-connected active
load structure after overstress. The soft gate-oxide breakdown has been occurred on
common-source amplifier with stacked diode-connected active load structure after
overstress. The simulated dependence of high and low output voltage levels (VH and
VL) of the common-source amplifiers with the non-stacked diode-connected active
load structures under the different resistances Rgp; and Rgp; is shown in Fig. 3.17.
The high output voltage level VH and low output voltage level VL of common-source
amplifier with non-stacked diode-connected active load structure are degraded by
oxide breakdown occurred on M; and M, devices, respectively. Comparing Figs. 3.10
and 3.17, the breakdown location in the common-source amplifier with the
non-stacked diode-connected active load structure is occurred on M, device after

large-signal transition stress.

The impact of gate-oxide breakdownson performance of the common-source
amplifier with the stacked diode-eonnectedsactive load structure can be simulated and
investigated by the same method. to find breakdown location. Fig. 3.18 shows the
simulated dependence of the high and lew output voltage levels (VH and VL) of the
common-source amplifier with the stacked diode-connected active load structure
under the different resistances of Rpps, i Reps, Rpps, and Rppe, respectively. The
different breakdown locations cause different performance degradations of the
common-source amplifier with the stacked diode-connected active load structure
under large-signal transition stress. Comparing Figs. 3.10 and 3.18, the breakdown
location in the common-source amplifier with the stacked diode-connected active load
structure is occurred on Msor Mg device under large-signal transition stress. The high
and low output voltage levels (VH and VL) of the common-source amplifier with the
stacked diode-connected active load structure are increased, when the stress time is
increased. The common-source amplifier with the stacked diode-connected active
load structure has slow degradation rate, because the voltage across MOSFET device
is smaller than that of common-source amplifier with the non-stacked
diode-connected active load structure. The hard breakdown has more serious impact
on performances of common-source amplifier with non-stacked diode-connected
active load structure. The stacked structure can be used to improve the reliability of

analog circuits in nanoscale CMOS technology.
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3.1.5. Summary

The impact of gate-oxide reliability on CMOS common-source amplifiers with
the non-stacked and stacked diode-connected active load structures has been
investigated and analyzed under the DC stress, AC stress with DC offset, and
large-signal transition stress. The small-signal parameters of the common-source
amplifier with the non-stacked diode-connected active load structure are seriously
degraded than that with stacked diode-connected active load structure by gate-oxide
breakdown under DC, AC, and large-signal transition stresses. The stacked structure
can be used to improve the reliability of analog circuit in nanoscale CMOS process.
The impact of soft breakdown, hard breakdown, and breakdown location on circuit
performances of the common-source amplifiers with the non-stacked and stacked
diode-connected active load structures has been investigated and analyzed. The hard
gate-oxide breakdown has more serious impact on performances of the

common-source amplifier with the diode-connected active load.

3.2. Operational Amplifier

3.2.1. Background

The reduction of power consumption has become increasingly important to
portable products, such as mobile phone, notebook, and flash memory. In general, the
most common and efficient way to reduce the power consumption in CMOS very
large scale integrated circuits (VLSI) is to reduce the power-supply voltage. To reduce
the power consumption in CMOS VLSI systems, the standard supply voltage trends to
scale down from 5 to 1 V. Thus the gate-oxide thickness of the MOS transistor will be
become thin to reduce nominal operation voltage (power-supply voltage). In general,
the VLSI productions have lifetime more than 10 years, but the thin gate oxide of the
MOS transistor has many problems, such as gate-oxide breakdown, tunneling current
and hot carrier effect, that will degrade the lifetime of the MOS transistor. Therefore,
to improve the gate-oxide reliability of MOS transistor and to investigate the effect of
gate-oxide breakdown on CMOS circuit performances will become more important in

the nanometer CMOS technology.
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The occurrence of gate-oxide breakdown during the lifetime of CMOS circuits
cannot be completely ruled out. The exact extrapolation of time-to-breakdown at
circuit operating conditions is still difficult, since the physical mechanism governing
the MOSFET gate dielectric breakdown is not yet fully modeled. It was less of a
problem for old CMOS technologies, which have the thick gate oxide. However,
because the probability of gate-oxide reliability strongly increases with the decrease
of gate-oxide thickness [1], the CMOS circuits in nano-scale technologies could be

insufficiently reliable.

The defect generation leading to gate-oxide breakdown and the nature of the
conduction after gate-oxide breakdown has been investigated [49]-[52], [79]-[82],
[80], [92], [93], which point out that the gate-oxide breakdown will degraded the
small-signal parameters of the MOS transistor, such as tranconductance g, and
threshold voltage V. Recently, some studies on the impact of MOSFET gate-oxide
breakdown on circuits have been reported,[49]-[52], [78], [79]. In [49], it was
demonstrated that the digital complementary.dogie circuits would remain functional
beyond the first gate-oxide hard-breakdown. A soft gate-oxide breakdown event in the
CMOS digital dynamic logic circuits relying on the uncorrected soft nodes may result
in the failure of the circuit [50].The gate-oxide breakdown on RF circuits was also
studied [51]. The impact of gate-oxide breakdown on CMOS differential amplifier
and digital complementary logic circuits had been simulated [89]. Some designs of
analog circuits [84], [85] and the mixed-voltage I/O interface [86], [87] indicate that
gate-oxide reliability is a very import design consideration in CMOS circuits.
However, the impact of MOSFET gate-oxide breakdown on the CMOS operational
amplifier circuits is still not well studied and really verified in a silicon chip. The
CMOS analog circuits are very sensitive to the small-signal parameters of MOSFET,
such as tranconductance g, and threshold voltage Vry. Therefore, the gate-oxide
breakdown is expected to have severe impact on the circuit performances of analog

circuits.

In this work, the effect of MOSFET gate-oxide reliability on the operational
amplifiers with the two-stage (non-stacked) and folded-cascode (stacked) structures is
investigated in a 130-nm low-voltage CMOS process [88]. The small-signal gain,

phase margin, unity-gain frequency, and power supply rejection ratio (PSRR) of these
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operational amplifiers with different configurations are measured and compared after

different stresses.

3.2.2. Operational Amplifiers

The operational amplifier is a basic unit in many analog circuits and systems,
such as output buffer, sample-and-hold circuit, and analog-to-digital converter. The
operational amplifiers with the two-stage and folded-cascode structures are selected to
verify the impact of MOSFET gate-oxide reliability on analog circuits. The complete
circuits of the operational amplifiers are shown in Figs. 3.19(a) and 3.19(b). The
operational amplifier with the two-stage structure comprises the differential amplifier
(M;-M5s), common-source amplifier (Mg-M7), and source follower (Mg-My). The
operational amplifiers with the two-stage and folded-cascode structures have been
fabricated in a 130-nm low-voltage CMOS process. The normal operating voltage and
the gate-oxide thickness (tox) of all.MOSFET devices in these operational amplifiers
are 1 V and 2.5 nm, respectively, [inta- 130-nm' low-voltage CMOS process. The
channel length of NMOS and PMOS transistor in the“two operational amplifiers is set
to 0.5 um or 1 um to avoid the. shert-channel effect, such as threshold variation,
drain-induced barrier lowering (DIBL) effect, hot-carrier effect, velocity saturation,
and mobility degradation effect. The body terminals of the all NMOS and PMOS
transistors are connected to ground and power supply voltage, respectively. The
device dimensions of two amplifiers are shown in Table 3.3. This design approach is
usually used to design the operational amplifier in analog integrated circuit

applications.

In signal MOSFET device, if the critical terminal voltage of the device, such as
gate-to-source voltage (Vgs), gate-to-drain voltage (Vgp), and drain-to-source voltage
(Vps), is kept within the normal operating voltage Vpp of the technology, the electric
fields across the MOS device will not cause the damage on the gate oxide. Therefore,
the bias circuit of the operational amplifiers is designed with stacked structure to
avoid the gate-oxide breakdown. The Miller compensated capacitance Cc of the
two-stage operational amplifier in Fig. 3.19(a) is realized by the metal-insulator-metal

(MIM) structure, which has no gate-oxide reliability problem. The impact of
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MOSFET gate-oxide reliability on the operational amplifiers with the two-stage and
folded-cascode structures is verified by using continuous stress with supply voltage of
2.5 V. The input common-mode voltage of the operational amplifiers is set to 1.25 V,
respectively. Simulated by HSPICE, the open-loop gain and phase margin of the
operational amplifier with the two-stage structure are 64.7 dB and 47.8 degree,
respectively, under output capacitive load of 10 pF. The open-loop gain and phase
margin of another operational amplifier with the folded-cascode structure are 61.9 dB
and 89 degree, respectively, under output capacitive load of 10 pF. The open-loop
small-signal gain (Av wo-stage) Of the operational amplifier with the two-stage structure

is given by

1-SC./
Ay e (8) = EmiEmeBns e/ 8ne : (3.12)
goxgoygoz (1_SCL /goz )(goy +gm6SCL)

where the g, and g, are the output conductance and transconductance of the
corresponding MOSFET in the operational amplifiers. The gox, goy, and g, equal to
2051802, Lo6T807, and gostgo9, «tespectively.” TFhe open-loop small-signal gain

(AV folded-cascode) Of the operational amplifier ‘with. the folded-cascode structure is also

written as
o &R,
AVifolded—casmde (S) = m s (3 . 1 3)
1
R, = : (3.14)
811t &0 " 8o14

Emslois Emislots

where the r, is the output resistance of the corresponding MOSFET in the operational
amplifiers. The short-channel effect, body effect, and parasitic capacitance of MOS
transistors in the two operational amplifiers are ignored in the equations (3.12), (3.13),
and (3.14). The capacitances Cp and Cc are the output capacitive load and Miller

compensated capacitance, respectively, in the two operational amplifiers.

3.2.3. Overstress Test

The operational amplifiers with the close-loop (unity-gain buffer) and open-loop

(comparator) configurations are selected to verify the impact of MOSFET gate-oxide
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reliability on the circuit performances of the operational amplifiers with the two-stage
and folded-cascode structures in a 130-nm low-voltage CMOS process. The
small-signal gain, phase margin, output-signal swing, PSRR, and rise and fall times of
the operational amplifiers varied with gate-oxide breakdown will be measured and
analyzed. Because the MOSFET devices in analog circuits usually work in the
saturation region, the gate-oxide breakdown is more likely to occur as the
conventional time-dependent dielectric breakdown (TDDB). High gate-to-source
voltage (Vgs), gate-to-drain voltage (Vgp), and drain-to-source voltage (Vps) of the
MOSFET are used to get a fast and easy-to-observe breakdown occurrence for
investigating the impact of the gate-oxide reliability on the operational amplifiers. The
advantages of using static stress are the well-defined distributions of the voltages on
the devices in the operational amplifiers and the better understanding of the
consequences of this overstress. After overstress, the small-signal parameters of the
operational amplifiers with the two-stage and folded-cascode structures are
re-evaluated under the same operation ‘¢ondition. The test operation conditions
include unity-gain buffer (close=loop) and. comparator (open-loop) configurations

under the DC stress, AC stress with-DC offsety and large-signal transition stress.
3.2.3.1. DC Stress

The operational amplifiers with the two-stage and folded-cascode structures
under the configuration of the unity-gain buffer are continuously tested in this DC
stress, as shown in Fig. 3.20. The output node of the operational amplifiers is
connected to the inverting input node to form the configuration of a unity-gain buffer.
According to the basic negative-feedback theory, the close-loop small-signal gain of
the operational amplifiers with the two-stage and folded-cascode structures under the

unity-gain buffer configuration can be expressed as

A ( ) — AV_I‘WO—stage (S)
fV _two—stage 1+ AV_mo—stage (S)

: (3.15)

AV_folded—cascode (S) (3 16)

A )
1 + AV__/blded—cascode (S)

fV _ folded—cascode (S) =
where the Av two-stage(S) and Ay folded-cascode(S) equal to the equations (3.12) and (3.13).
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The small-signal gain, unity-gain frequency, and phase margin of the operational
amplifier with the two-stage structure operating in a unity-gain buffer are 0.48 dB, 2.3
MHz, and 168 degree, respectively, under output capacitive load of 10 pF. Those of
the operational amplifier with the folded-cascode structure operating in a unity-gain
buffer are -0.4 dB, 1 MHz, and 163 degree, respectively, under output capacitive load
of 10 pF. The non-inverting node of the operational amplifiers is biased at 1.25 V, the
output capacitive load is set to 10 pF, and the supply voltage Vpp is set to 2.5 V. The
measured results of the fresh frequency responses before any stress are shown in Figs.

3.21(a) and 3.21(b), where the operational amplifiers operate in the unity-gain buffer.

During this DC overstress, the small-signal gain, unity-gain frequency, phase
margin, offset voltage, PSRR, and rise and fall times of the operational amplifiers will
be measured under the unity-gain buffer configuration. When those parameters are
measured, the input signal of 1.25 V at the non-inverting node (Vy) is replaced by the
AC small-signal of 200 mV sinusoid 'signal (peak-to-peak amplitude) with DC
common-mode voltage of 1.25 V. The dependence of the small-signal gain on the
stress time of the operational amplifiers with. the two-stage or folded-cascode
structures operating in the unity=gain buffer under the DC stress is shown in Fig. 3.22.
The close-loop small-signal gain-of the operational-amplifiers with the two-stage and
folded-cascode structures under the DCistress 1s not changed; even through the stress
time is up to 4000 minutes. The dependence of the unity-gain frequency on the stress
time of the operational amplifiers with the two-stage or folded-cascode structures
operating in the unity-gain buffer under the DC stress is shown in Fig. 3.23. The
unity-gain frequency of the operational amplifier with the two-stage structure under
the DC stress is decreased, but that of the operational amplifier with folded-cascode
structure is not obviously changed under the same stress condition. The dependence
of the phase margin on the stress time of the operational amplifiers with the two-stage
or folded-cascode structures operating in the unity-gain buffer under the DC stress is
shown in Fig. 3.24. The phase margin of the operational amplifier with the two-stage
structure under the DC stress is decreased, but that of the operational amplifier with
folded-cascode structure is not obviously changed. The degradation on the
small-signal performances in the operational amplifier with the two-stage structure
under the DC stress can be explained that the gate-oxide breakdown will degrade the

tranconductance g, and threshold voltage Vry of MOS transistor. In the equations
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(3.12), the gy and Vry parameters are the principal factors, which dominate the
small-signal gain, pole, and zero of the operational amplifier with the two-stage
structure. Therefore, if the g, and Vry parameters are degraded with the stress, the
small-signal performances of the operational amplifier with the two-stage structure

will be changed under the unity-gain buffer configuration.

The dependence of the output-voltage swing on the stress time of the operational
amplifiers with the two-stage or folded-cascode structures operating in the unity-gain
buffer under the DC stress is shown in Fig. 3.25. The output-voltage swing of the
operational amplifier with the two-stage structure under the DC stress is decreased,
but that of the operational amplifier with folded- cascode structure is not changed.
The maximum output-signal swing of the operational amplifier with the two-stage

structure under the unity-gain buffer configuration can be written as

VDS_sat(MS) < Vout < DD VDS_sat(MQ) H (3 1 7)

where the Vps g 18 the over-drivé voltage(Vgs- V). The gate-oxide degradation will
degraded the threshold voltagé Viy, so the“output-signal swing of the operational
amplifier with the two-stage structure 'operating in unity-gain buffer will be degraded

with the overstress under the DC stress.

The input DC offset voltage of operational amplifiers operating in the unity-gain
buffer can be measured from the voltage difference between the inverting and
non-inverting nodes of the operational amplifiers, when the input pin (Vi) is set to
common-mode voltage of 1.25 V. The dependence of the input DC offset voltage on
the stress time of the operational amplifiers with the two-stage or folded-cascode
structures operating in the unity-gain buffer under the DC stress is shown in Fig. 3.26.
The offset voltage of the operational amplifier with the two-stage structure under the
DC stress is increased, but that of the operational amplifier with the folded-cascode
structure is not changed. The input DC offset voltage Vs of the operational amplifier
is caused by the MOS device mismatch and finite-gain error, which corresponding to
the Vg1 and Vosy, respectively, under the unity-gain buffer configuration. The input
DC offset voltage of the operational amplifier under the unity-gain buffer

configuration can be expressed as
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Vos =Vosi +Vosa» (3.18)

w w
_ A=) A(—)
V V. (M1,M2) (M 4,M5)
V0s1 =-S5 > AL [ Wf + L ]_AVTH(MI,MZ)’ (3-19)

w
(f)(Ml,M 2) (f)(M 4,M5)

v
Vosa = 1 o 0y’ (3.20)

V _two—stage (

The DC offset voltage Vos; is caused by MOS transistor mismatch of differential
amplifier. The finite small-signal gain of the operational amplifier will procure the DC
offset voltage Vosy. The DC offset voltage Vosi plus Vosz equals the total input DC
offset voltage Vos. In the case, only the impact of MOSFET gate-oxide degradation
on the offset voltage Vos, will be considered in the operational amplifier with the
two-stage structure, because the differential pair of the two-stage operational amplifier
is not degraded with the overstress. The DC offset voltage Vos. is inverse proportion
t0 Av two-stage(0) 1n equation (3.12). Hewever, the Ay iwo-stage(0) of the operational
amplifier with the two-stage structure will be degraded by gate-oxide degradation, so
the input DC offset voltage will be degraded: with' gate-oxide degradation under the
DC stress.

About the measurement setup ‘for output-signal rise and fall times of the
operational amplifiers operating in the unity-gain buffer, the square voltage signal
from 1 to 1.5 V is applied to the input pin to measure the rise and fall times of the
signal at output pin. The rise and fall times are defined as the times of the
output-signal rise and fall edges from 10 % to 90 %, when the square waveform of
input signal has the rise and fall times of 1 ns. The dependence of the rise and fall
times on the stress time of the operational amplifiers with the two-stage or
folded-cascode structures operating in the unity-gain buffer under the DC stress is
shown in Figs. 3.27(a), 3.27(b), and 3.27(c). The rise and fall times of the operational
amplifier with the two-stage structure under the DC stress is obviously changed, but
that of the operational amplifier with folded-cascode structure is not changed. The rise
and fall times of the operational amplifier with the two-stage structure can be

expressed as
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e 2 : (3.21)
IDMS
C

T =—%, (3.22)
IDM9

where the Ipymo and Ipys correspond to across the MOS transistors M8 and M9 drain
currents, respectively. The drain current of MOS transistor in the saturation region can

be written as
W
]D = Kn (z)(VGS - VTH)2 > (3-23)

where the K, is the tranconductance of MOS transistor, and the W/L is the MOS
transistor dimension ratio. In the equations (3.21) and (3.22), the rise and fall times of
the operational amplifier with the two-stage structure is dominated by drain current of
MOS transistor, which is depended on threshold voltage Vg in equation (3.23). The
gate-oxide degradation will degrade the'thresheld voltage Vry of the MOS transistor,
so the rise and fall times of the operational amplifiér with the two-stage structure will

be changed under the DC stress:

The measurement setup for’power supply rejection ratio (PSRR), a sinusoidal
ripple of 100 mV is added to the power ‘supply to measure the small-signal gain
between the supply voltage and output pin voltage (Vour). The AC input signal at the
power supply pin must include a DC bias that corresponds to the normal power supply
voltage (2.5 V), so that the operational amplifiers operating in the unity-gain buffer
remains powered up. The dependence of the PSRR on the stress time of the
operational amplifiers with the two-stage or folded-cascode structures operating in the
unity-gain buffer under the DC stress is shown in Fig. 3.28. The PSRR of the
operational amplifier with the two-stage structure under the DC stress is obviously
changed, but that of the operational amplifier with folded-cascode structure is not
changed. The PSRR of the operational amplifier with the two-stage structure under

the unity-gain buffer configuration can be simple expressed as

PSRR = You = Tows (3.24)

DD roMS +I/Z)M9
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where the Va is the early voltage of the MOS transistor. The small-signal output
resistance depends on the drain current in the MOS transistor. Therefore, the
gate-oxide degradation will degrade the PSRR of the operational amplifier with the

two-stage structure under the unity-gain buffer configuration during the DC stress.

3.2.3.2. AC Stress With DC Offset

The operational amplifiers under the configuration of the unity-gain buffer are
continuously tested in the stress of the AC small-signal input with DC offset, as
shown in Fig. 3.29. The non-inverting node of the operational amplifiers with the
two-stage and folded-cascode structures is biased by the AC sinusoid signal of
500-mV (peak-to-peak amplitude) plus DC offset voltage of 1.25 V with different
frequencies of 100 Hz, 500 kHz, and'1 MHz. " The output capacitive load is set to 10
pF, and the supply voltage Vpp=was set to 2.5 V. The measurement setup is used to
investigate the relationship between gate-oxide reliability and different frequencies of

input signals in the CMOS analog circuit-applications.

The dependence of the unity-gain frequency in the unity-gain buffers on the
stress time under the stress of the AC small-signal input with DC offset is shown in
Fig. 3.30. The performances of the operational amplifier with folded-cascode
structure are not degraded by the stress of the AC small-signal input with DC offset.
In the operational amplifier with the two-stage structure, the high- frequency input
signal causes a slow degradation on the unity-gain frequency, but the low-frequency
input signal causes a fast degradation on the unity-gain frequency under the stress of
the AC small-signal input with DC offset. The dependences of the small-signal gain
and phase margin in the unity-gain buffers on the stress time under the stress of the
AC small-signal input with DC offset are almost the same as the change under the DC
stress. Because the different frequencies of the input signal have different periods, the
period of the high-frequency input signal has shorter time than that of the
low-frequency input signal. The MOS transistors in analog circuits usually work in

the saturation region, so that the gate-oxide breakdown is more likely to occur in

-67 -



conventional time-dependent dielectric breakdown (TDDB). Therefore, the
small-signal performance of the non-stacked common-source amplifier with different
frequencies of the input signal will cause different degradation time under the stress
of the AC small-signal input with DC offset. As a result, the gate-oxide breakdown
degrades the performances of the operational amplifier with the two-stage structure
under the AC stress with DC offset. The operational amplifier with the folded-cascode
structure under the AC stress can be still functioned correctly in high supply voltage

(2.5 V) to overcome the gate-oxide reliability.

3.2.3.3. Large-Signal Transition

The operational amplifiers under the comparator (open-loop) configuration are
used to investigate the impact of gate-oxide reliability on CMOS analog circuits under
the large-signal transition. The inverting input node of the operational amplifiers is
biased at 1.25 V, the output capacitaneeload: is set to 10 pF, and the supply voltage
Vpp is set to 2.5 V. The operational amplifiersaunder the comparator configuration are
continuously tested in this stress of large-signal transition, as shown in Fig. 3.31. The
input square voltage waveform from 1/'Vio 1.5.V with frequency of 100 Hz is applied
to the non-inverting input node of the operational amplifiers under the comparator
configuration. The square waveform of input'signal from 1 V to 1.5 V will not induce
the damage on the input devices of the operational amplifiers, because the voltages
across the input devices (Vgs, Vep, and Vpg) of the operational amplifiers are lower

than the 1 V in this measurement.

The dependences of the high- and low-voltage levels at the output node on the
stress time are show in Fig. 3.32, where the operational amplifiers with the two-stage
or folded-cascode structures in the comparator configuration are stressed by the
large-signal transition. The low output voltage level of the operational amplifier with
the two-stage structure under the stress of large-signal transition is increased when the
stress time is increased. But the high output voltage level of the operational amplifier
with two-stage structure is not changed after the same stress condition. The high and
low voltage levels at the output node of the operational amplifier with the
folded-cascode structure after the 7-day stress of large-signal transition are not

changed. The dependence of the unity-gain frequency on the stress time under the
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stress of large-signal transition is shown in Fig. 3.33, where the operational amplifiers
with the two-stage or folded-cascode structures are connected in the comparator
configuration. The unity-gain frequency of the operational amplifiers with the
two-stage and folded-cascode structure connected as unity-gain buffer is degraded
after the stress of large-signal transition. The reason, why the circuit performances of
the operational amplifiers with the two-stage and folded-cascode structures, such as
small-signal gain and unity-gain frequency, is degraded with the overstress, is
summed up to that the gate-oxide breakdown will degrade the transconductance (gm),
threshold voltage (Vrn), and output conductance (g,) of the MOS transistor. The
approximate high and low output voltage levels of the operational amplifier with the
two-stage and folded-cascode structures are near the Vpp and ground levels,
respectively, under the comparator configuration. In this case, the Vpp level is set to
2.5V, and ground level is set to 0 V. The output-stage devices of the operational
amplifiers with the two-stage and folded-cascode structures will be degraded with
gate-oxide degradation, so the performances; of the operational amplifiers with the
two-stage and folded-cascode structuresywill. be: degraded under the large-signal

transition stress.

3.2.4. Discussion

The summary of overstress results under three overstress conditions (DC, AC,
and large-signal transition stresses) is listed in Table 3.4. The gate-oxide breakdown
will degrade the transconductance (g;,), output resistance (r,), and threshold voltage
(Vi) of MOSFET devices. After the overstress, the performances of the two-stage
operational amplifiers under close-loop and open-loop configurations are degraded.
Because the differential amplifier of the operational amplifier with the two-stage
structure consists of three cascode MOSFET devices, the voltages across the devices
in the differential amplifier of the operational amplifier with the two-stage structure
do not exceed 1 V under the stress with the input common-mode voltage of 1.25 V
and supply voltage of 2.5 V. The differential amplifier of the operational amplifier
with the two-stage structure is not degraded under the stresses with the supply voltage
of 2.5 V. However, the output stage in the operational amplifier with the two-stage

structure will be degraded under the stress with the input common-mode voltage of
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1.25 V and supply voltage of 2.5 V. Therefore, the open-loop gain of the operational
amplifier with the two-stage structure is decreased after the stresses. The offset
voltage due to the finite gain error of the operational amplifier with the two-stage

structure is increased after the stress.

The rise time, fall time, output voltage swing, and phase margin of the
operational amplifier with the two-stage structure are also decreased after the stress.
The gate-oxide reliability in the CMOS analog circuits can be improved by the
stacked structure. The DC operating point is very important in the analog circuit
design, because all small-signal parameters of the devices and circuits are determined
by the DC operating point. If the DC operating point is changed after gate-oxide
degradation, the analog circuits will not work correctly. However, the large-signal
transition at input and output nodes of the operational amplifier with stacked structure
still causes some degradations on circuit performances of analog circuits. As a result,
the analog circuits with stacked structurerare enly effective to improve the gate-oxide

reliability under small-signal applicationssatinput and output nodes.

Under the same stress condition, the two-stage operational amplifier under
close-loop (negative-feedback) configuration can .be more easily stressed than that
under open-loop configuration. The “¢close-loop configuration in the operational
amplifiers is used to make the circuits stable and keep the virtual short between
inverting and non-inverting nodes of the operational amplifiers. Therefore, the
inverting, non-inverting, and output nodes of the operational amplifiers have the same
DC voltage level under the configuration of negative feedback. The transconductance
(gm), output resistance (r,), and threshold voltage (V) of MOSFET devices will be
changed after the stress. In order to make the circuits stable and to keep the virtual
short between the two input nodes of the operational amplifier with the two-stage
structure, the DC operating point of the output stage in the two-stage operational
amplifier will be changed after the stress. Therefore, the power consumption (circuit
performances) of the operational amplifier with the two-stage structure under the

negative-feedback configuration will be increased (degraded) after the stress.
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3.2.5. Effect of Hard and Soft Gate-Oxide Breakdown on Performances
of Operational Amplifier

3.2.5.1. DC Stress

After oxide breakdown, the measured output voltage swing waveform of
operational amplifier with the two-stage structure after DC stress, as shown in Fig.
3.20, is shown in Fig. 3.34. Based on the prior proposed method [81], [90], the
gate-oxide breakdown of MOSFET device can be modeled as resistance. Only the
gate-to-diffusion (source or drain) breakdown was considered, since these represent
the worst-case situation. Breakdown to the channel can be modeled as a superposition
of two gate-to-diffusion events. Typical hard breakdown leakage has close-to-linear
-V behavior and an equivalent resistance of ~ 10°-10* Q, while typical soft
breakdown paths have high non-linear, power law I-V behavior and equivalent
resistance above 10°-10° Q [82]..The complete circuit of the operational amplifier
with the two-stage structure including-gate-oxide breakdown model is shown in Fig.
3.35. The breakdown resistancés of Rpps, Rgp7 and Rppg can be used to simulate the
impact of hard and soft breakdowns onperformances of the operational amplifier with
the two-stage structure. The non-inverting nede of the operational amplifiers with the
two-stage structure is biased by the AC sinusoid signal of 500-mV (peak-to-peak
amplitude) plus DC offset voltage of 1.25 V with frequency of 5 kHz. The output
capacitive load is set to 10 pF, and the supply voltage Vpp was set to 2.5 V. The
simulated output voltage swing waveform of operational amplifier with the two-stage
structure under different breakdown resistances Rgps, Rgp7, and Rppg is shown in Fig.
3.36. Comparing with Fig. 3.34, the hard breakdowns have been occurred on Mg, M7,

and Mg devices in two-stage operational amplifier after DC stress.

3.1.5.2. Large-Signal Transition Stress

In order to investigate and understand the impact of hard and soft breakdowns on
performances of the operational amplifier with the two-stage structure under
large-signal transition stress, the complete circuits including the gate-oxide

breakdown model are shown in Fig. 3.37. The simulated dependence of high and low
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output voltage levels of the operational amplifier with the two-stage structure under
the different resistances Rgpg and Rgpy is shown in Fig. 3.38. The high output voltage
level and low output voltage level of operational amplifier with the two-stage
structure are degraded by oxide breakdown occurred on Mg and My devices,
respectively. Comparing Figs. 3.32 and 3.38, the breakdown location in the
operational amplifier with the two-stage structure is occurred on Mg and My devices

after large-signal transition stress.

3.2.6. Summary

The impact of MOSFET gate-oxide reliability on CMOS operational amplifiers
with the two-stage (non-stacked) and folded-cascode (stacked) structures has been
investigated and analyzed. The tested structures of the operational amplifiers
including both the unity-gain buffer (close-loop) and comparator (open-loop)
configurations are stressed under different input frequencies and signals. Because the
DC operating point of the analog'circuits is changed'due to the gate-oxide degradation,
the small-signal performances: of the operational® amplifier with the two-stage
structure are seriously degraded: aftet.the-stresss The performances of the operational
amplifier with the two-stage structure.under the¢lose-loop configuration are damaged
more easily than that under the open-loop configuration after the stress. The
gate-oxide reliability in the CMOS analog circuits can be improved by the stacked
structure under small-signal input and output applications. But, the large-signal
transition still causes some degradation on the circuit performances of the operational

amplifier with the folded-cascode (stacked) structure.

3.3. Conclusion

Chapter 3 has investigated and analyzed the impact of gate-oxide breakdown on
CMOS analog amplifiers. The impact of gate-oxide reliability on CMOS
common-source amplifiers with the non-stacked and stacked diode-connected active
load structures has been investigated and analyzed under the DC stress, AC stress with
DC offset, and large-signal transition stress. The small-signal parameters of the

common-source amplifier with the non-stacked diode-connected active load structure
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are seriously degraded than that with non-stacked diode-connected active load
structure by gate-oxide breakdown under DC, AC, and large-signal transition stresses.
The stacked structure can be used to improve the reliability of analog circuit in
nanoscale CMOS process. The impact of soft breakdown, hard breakdown, and
breakdown location on circuit performances of the common-source amplifiers with
the non-stacked and stacked diode-connected active load structures has been
investigated and analyzed. The hard gate-oxide breakdown has more serious impact
on performances of the common-source amplifier with the diode-connected active
load. The impact of MOSFET gate-oxide reliability on CMOS operational amplifiers
with the two-stage (non-stacked) and folded-cascode (stacked) structures has been
investigated and analyzed. The tested structures of the operational amplifiers
including both the unity-gain buffer (close-loop) and comparator (open-loop)
configurations are stressed under different input frequencies and signals. Because the
DC operating point of the analog circuits is changed due to the gate-oxide degradation,
the small-signal performances of theiloperational amplifier with the two-stage
structure are seriously degraded after thesstress. The performances of the operational
amplifier with the two-stage structure under the close-loop configuration are damaged
more easily than that under «the open=loop. configuration after the stress. The
gate-oxide reliability in the CM@S. analog circuits can be improved by the stacked
structure under small-signal input and' output applications. But, the large-signal
transition still causes some degradation on the circuit performances of the operational
amplifier with the folded-cascode (stacked) structure. The optimized design solution
to further overcome such degradation from the stress of large-signal transition on the
operational amplifiers should be an important challenge to analog circuits in the

nanoscale CMOS technology.
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Table 3.1

Device Dimensions of Common-Source Amplifiers With the Non-Stacked and

Stacked Diode-Connected Active Load Structures

Device | Dimension | Device | Dimension
M, dwlp M, 2u/1p
M, 1w/1.5p M; 1p/1p
M; 1.8u/1p Mg lp/lp

Table 3.2

Comparisons of Common-Soutce Amplifiers With the Non-Stacked and Stacked

Diode-Connected Active Load Structures among Three Overstress Conditions

Stress Conditions Performances Non-Stacked Stacked
Small-Signal Gain Seriously Degraded No Change
DC Stress Unity-Gain Frequency Seriously Degraded No Change
Output DC Voltage Level Seriously Degraded No Change
e High Frequency —
AC Stress with DC Offset Small-Signal Gain Slow Degraded Rate No Change
e Low Frequency —
High Degraded Rate
Large-Signal Transition Stress High and Low Seriously Degraded Degraded
Output Voltage Levels
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Table 3.3
Device Dimensions of Operational Amplifiers With the Two-Stage or Folded-Cascode

Structures
Device | Dimension | Device | Dimension

M, 12.51/0.5n My, 251/0.5n
M, 12.5p1/0.5n M;, 8u/0.5n
M; /0.5 M; 2p/0.5n
M, 2u/0.5u1 M4 2u/0.5n
M; 2u/0.5n Mis 1p/0.5u
M 4p/1p M6 11/0.51
M, Iw1lp M, 4p/0.5n
My 15u/0.5p Mg 4u/0.51
My 1.8w/1p My 4p/0.51
Mio 251/0.5n My 4u/0.5n

Table 3.4

Comparisons of Operational Amplifiers With the Two-Stage or Folded-Cascode

Structures among Three Overstress Conditions

Stress Conditions Performances Two-Stage Folded-Cascode

Small-Signal Gain Seriously Degraded No Change
DC Stress Unity-Gain Frequency Seriously Degraded No Change
Output Voltage Swing Seriously Degraded No Change

¢ High Frequency —
AC Stress With DC Offset Small-Signal Gain SO I No Change

e Low Frequency —

High Degraded Rate
e B Seriously Degraded No Change
Large-Signal Transition Stress Output Voltage Levels

Unity-Gain Frequency Seriously Degraded Degraded
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Fig. 3.1. Complete circuits of the common-source amplifiers with the (a) non-stacked

and (b) stacked diode-connected active load structures.
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Fig. 3.2. The measured setup for common-source amplifiers with the non-stacked and
stacked diode-connected active load structures under DC stress to investigate the

impact of gate-oxide reliability to circuit performances.
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Fig. 3.3. The dependence of the small-signal gain on the stress time of the
common-source amplifiers with the non-stacked and stacked diode-connected active

load structures under the DC stress.
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Fig. 3.4. The input and output signal waveforms on the different stress times of the

common-source amplifier with the non-stacked diode-connected active load structure
under the DC stress. (a) Stress time = 0 min., (b) Stress time = 980 min., and (c) Stress

time = 2000 min.

-78 -



el I
L O N !

= 55 I | —O—Non-Stacked
> I ) —e—stacked

Q@ ol d B R
S ,_e€”es€
i o e e L M
o [ B | , y ,
T : 1 1 |

W 2.0 foooorooede s Lo NI R—
£ : :

© 15 |---- e AmmmmioooooE Fros oo S EEEEE
210 1 b G0 o i
'E 1 ] i ] 1 ] i

> 0 500 1000 1500 2000

Stress Time (Min.)

Fig. 3.5. The dependence of the unity-gain frequency on the stress time of the
common-source amplifiers with the nion-stackeéd. and stacked diode-connected active

load structures under the DC stress.
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Fig. 3.6. The dependence of the output DC voltage level on the stress time of the
common-source amplifiers with the non-stacked and stacked diode-connected active

load structures under the DC stress.
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Fig. 3.7. The measured setup for common-source amplifiers with the non-stacked and

Vour (1.25V)

stacked diode-connected active load structures under AC stress with DC offset to

investigate the impact of gate-oxide reliability to circuit performances.

20 . . . ;
815 ————————— —————————
T : au R e |
glor— i [ Ny Lo ‘
© i i : .
O 5 |- Non-Stacked “1: “““ T: """"" i’ “““““
© B —{—100 Hz i : :
€ ol —0O—500 kHz __________ h _ N
k=) ——1 MHz : ! :
UI) 5 - - Stacked __4: __________ i __________ L _________
— —8—100 Hz i : :
® | —e—500kHz ~I" 8
E10 |- —A—1MHz S e
2 A IR R S R S B

0 500 1000 1500 2000 2500

Stress Time (Min.)

Fig. 3.8. The dependence of the small-signal gain on the stress time of the
common-source amplifiers with the non-stacked and stacked diode-connected active

load structures under the stress of the AC small-signal input with DC offset.
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Fig. 3.9. The measured setup for common-source amplifiers with the non-stacked and
stacked diode-connected active load structures under large-signal transition stress to

investigate the impact of gate-oxide reliability to circuit performances.
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Fig. 3.10. The dependences of the high and low output voltage levels (VH and VL) at
the output nodes of the common-source amplifiers with the non-stacked and stacked
diode-connected active load structures on the stress time under stress of large-signal

transition.
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Fig. 3.11. The input and output signal waveforms on the different stress times of the
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Fig. 3.12. The measured dependence of power supply current Iypp of the
common-source amplifiers with the mion-stackéd. and stacked diode-connected active

load structures on stress time under DC-stress.
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Fig. 3.13. The complete circuit of the common-source amplifier with the non-stacked

diode-connected active load structure including the gate-oxide breakdown model.
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Fig. 3.14. The simulated dependence of power supply current Iypp of the
common-source amplifier with the non-stacked:diode-connected active load structure

under different resistances of R and Rgpo.
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Fig. 3.15. The simulated dependence of small-signal gain and output DC voltage level
of the common-source amplifier with the non-stacked diode-connected active load

structure under different resistances Rgpo.
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Fig. 3.16. The complete circuit of the common-source amplifier with the stacked
diode-connected active load structure including the gate-oxide breakdown model after

large-signal transition stress.
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Fig. 3.17. The simulated dependence of high and low output voltage levels (VH and
VL) of the common-source amplifier with the non-stacked diode-connected active
load structure under different resistances of Rgp; and Rpp; after large-signal transition

stress.

-85 -



N
o

i o e 9
A
== VL_Stacked under different R__,
" e={J=VH_Stacked under different R.ps
= VL_Stacked under differentR__,
=/\=VH_Stacked under different R,
== VL_stacked under different R
==}==VH_Stacked under different R,
=@— VL_stacked under differentR_
. —C= VH_Stacked under different R, - e

A
Vs

N
o
!

-
(3]
|

-
o

=
o

________________________________________________

I ' '
I I |
1 IIIIIII IIII 1 L1 IIII

10°* 10° 10
Resistance (ohm)

Output Voltage Level (V)

=
=}

6

Fig. 3.18. The simulated dependence.of high and:low output voltage levels (VH and
VL) of the common-source amplifier with the stacked diode-connected active load
structure under different resistances of Rgps, Reps, Reps, and Rppg after large-signal

transition stress.

- 86 -



-
=L

(115
=[] Ta1 |
[ 121

T
3

3t

=
=
=

1]
Him
b
A
LI_IJ)

Vlle—l Mo M4 |_‘ZV|P

=
=
(5]
=
=
o
=
w
o
=
=
w
o
»

L. T,

S

=

v}

(3]

=
W
©o
O

M2 I—OVBo

-
w

T1E0T]
+ =

| |
R
]
]
| T

(b)

Fig. 3.19. The complete circuits of the operational amplifiers with the (a) two-stage
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Fig. 3.20. The unity-gain buffer €onfiguration for operational amplifiers under DC

stress to investigate the impact of gate-oxide reliability to circuit performances.
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Fig. 3.21. The fresh frequency responses of the operational amplifiers with the (a)

two-stage, and (b) folded-cascode, structures operating in the unity-gain buffer.
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Fig. 3.23. The dependence of the unity-gain frequency on the stress time of the

operational amplifiers with the two-stage or folded-cascode structures operating in the

unity-gain buffer under the DC stress.
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Fig. 3.24. The dependence of the phase margin on the stress time of the operational
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Fig. 3.25. The dependence of the output-voltage swing on the stress time of the
operational amplifiers with the two-stage or folded-cascode structures operating in the

unity-gain buffer under the DC stress.
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Fig. 3.27. The dependence of the rise and fall times on the stress time of the
operational amplifiers with the two-stage or folded-cascode structures operating in the
unity-gain buffer under the DC stress. (a) and (b) two-stage operational amplifier. (c)

folded-cascode operational amplifier.
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Fig. 3.29. The unity-gain buffer configuration for operational amplifiers under the
stress of AC small-signal input with DC offset to investigate the impact of gate-oxide

reliability to circuit performances.
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Fig. 3.34. The measured output voltage swing waveform of operational amplifier with

the two-stage structure after DC stress.

VDD

Fig. 3.35. The complete circuit of the operational amplifier with the two-stage

structure including gate-oxide breakdown model under DC stress.
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Fig. 3.36. The simulated output voltage swing waveform of operational amplifier with
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Fig. 3.37. The complete circuit of the operational amplifier with the two-stage

structure including gate-oxide breakdown model under large-signal transient stress.
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CHAPTER 4

Circuit Performance Degradation of Switched-
Capacitor Circuit With Bootstrapped Technique

due to Gate-Oxide Overstress

The MOS switch with bootstrapped technique is widely used in low-voltage
switched-capacitor circuit. The switched-capacitor circuit with the bootstrapped
technique could be a dangerous design approach in the nano-scale CMOS process due
to the gate-oxide transient overstress. The impact of gate-oxide transient overstress on
the MOS switch in switched-capacitor circuit is investigated in this work with the
sample-and-hold amplifier (SHA)1n a 130-nm.CMOS process. After overstress on the
MOS switch of the SHA witht unity-gain-buffer, the circuit performances in time
domain and frequency domain are measured to verify the impact of gate-oxide
reliability on circuit performances.” The -oxide breakdown on the switch device

degrades the circuit performance of bootstrapped switch technique.

4.1. Background

The switched-capacitor circuit is an important building block in analog
integrated circuits, such as analog-to-digital data converter (ADC). The high-speed
and high-resolution analog-to-digital data converter needs a high performance
switched-capacitor circuit. The low-supply voltage will degrade the performance of
the switched-capacitor circuit due to the nonlinear effects of the MOSFET switch
such as body effect, turn-on resistance variation, charge injection, and clock

feedthrough [84], [85], [94]-[100].

The bootstrapped switch [84], [85], [94], [95] and switched-opamp (switched

operational amplifier) techniques [96]-[100] have been widely used in low-voltage
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switched-capacitor circuit. The switched-opamp technique is not suitable for
high-speed switched-capacitor circuit, because it needs much more time to turn
opamp on/off than to turn switch on/off [97]. The bootstrapped technique provided a
constant voltage between the gate and drain nodes of the MOS switch is used to
improve the performances of low-voltage and high-speed switched-capacitor circuit.
However, the bootstrapped technique causes the gate-oxide overstress on MOS switch
to degrade the lifetime of switch device [84]. The gate-oxide reliability of MOS
switch in the low-voltage and high-speed switched-capacitor circuit with the
bootstrapped technique is a very important reliability issue. The suitable device size
design for the bootstrapped switch circuit [84], the thick-oxide MOSFET device [85],
and the drain extended MOSFET device [94] can be used to avoid the gate-oxide
overstress on the switch devices. Some design techniques of limit gate voltage in
bootstrapped switch circuit had been proposed [95]. The impact of gate-oxide
reliability on circuit performance of switched-capacitor circuit with bootstrapped

technique wasn’t investigated in the previous works [84], [85], [94], [95].

In this work, the impact=of.gate-oxide reliability on MOS switch in the
switched-capacitor circuit with-the bootstrapped technique is investigated with the
sample-and-hold amplifier (SHA) in a 130-am CMOS process [101]. The
time-domain and frequency-domain” circuit * performances of the SHA with the

unity-gain buffer are measured after the gate-oxide overstress on the MOS switch.

4.2. Bootstrapped Technique with Gate-Oxide Reliability

The conceptual schematic of the bootstrapped technique for switched-capacitor
circuit is shown in Fig. 4.1(a). The basic schematic includes the signal MOS switch
Mg, five ideal switches S;-Ss, and a capacitor C,. The CLK; and CLK,; clock signals
are the out-of-phase signals. When CLK; is low and CLKj is high (under sampling
mode), the S; and S4 switches charge the capacitor C, to the supply voltage Vpp, and
the Ss switch is used to turn off the switch device Ms. When CLK is high and CLK;
is low (under hold mode), the S; and S, switches change the capacitance Cy in series
with the input signal Viy and connect to the gate of switch device Ms, such that the

gate-to-source voltage across the switch device Mg is equal to the supply voltage Vpp.
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The gate voltage of switch device Mg will be charged to VintVpp, which is larger
than the supply voltage. The detailed circuit implementation is shown in Fig. 4.1(b)
[102]. The M, M», M3, M4 and M5 correspond to the five ideal switches S;-Ss of Fig.
4.1(a). The Mg transistor is added to reduce the maximum drain-to-source voltage
(Vps) of M5 transistor to avoid the gate-oxide overstress. The capacitor C, must be
large enough to supply charge to the gate of switch device in addition to all parasitic
capacitors in the charge path. Moreover, charge sharing will significantly reduce the

boosted voltage [84].

The sampling capacitor Cs in the switched-capacitor circuit with the
bootstrapped technique is usually designed with several pF to improve the circuit
performance. If the rise time of the voltage at gate node of switch device is too fast, a
large voltage could exist across the gate oxide of switch device to degrade the lifetime
of switch device, before a channel is formed to equalize the potential between the
source and drain. In order to explainsthe igate-oxide transient overstress event in
switched-capacitor circuit with bootstrapped. technique, the simulated waveforms of
the bootstrapped switch circuit are.shown in Fig. 4.2:-The drain node of switch device
is driven by an input signal Vg and the'source node-of switch device is connected to
a large sampling capacitor. As the switch device turns on, an approximate voltage of
Vin + Vpp will be generated on the“gate node to keep the constant voltage Vpp
between the gate and drain nodes of switch device. Before a channel is formed and
before the sampling capacitor is charged to supply voltage Vpp, an excessive voltage
greater than Vpp may exist across the gate-to-source side of switch device. This effect
could create an oxide reliability problem. In Fig. 4.2, the simulated result is a worse
case of switched capacitor circuit with bootstrapped technique under the gate-oxide

transient overstress.

4.3. Dependences of Design Parameters on Transient

Gate-Oxide Reliability

4.3.1. Difference Time Delay between Sampling and Bootstrapped
Networks
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The input signal frequency, sampling frequency, and delay times of bootstrapped
and sampling networks are the major design factors in the switched-capacitor circuit
with the bootstrapped technique. Fig. 4.3 shows the dependence of the different
sampling capacitors on output voltage waveform in the switched-capacitor circuit
with the bootstrapped technique. The Vg is the gate voltage of switch device Ms. The
input signal Vi is set to 2-MHz sinusoidal signal with peak-to-peak amplitude of 1.2
V, and sampling frequency is set to 10 MHz. The different sampling capacitors in the
switched-capacitor circuit with bootstrapped technique can be used to simulate the
different delay times of sampling network. The difference RC delay time between the
sampling network (Ms and Cs) and the bootstrapped network (M;-Mg and C,) will
induce the gate-oxide transient overstress across the gate-to-source side of the switch
Mg to cause the long-term reliability issue in the switched-capacitor circuit with the

bootstrapped technique.

4.3.2. Input/Sampling Frequency Ratio

The dependences of the anput/sampling frequency (fi/fs) ratio on maximum
transient voltage in the switched-capacitoreireuit with the bootstrapped technique are
shown in Fig. 4.4. The maximum fransient voltage is defined as the maximum voltage
difference between the source node and the gate node of switch Mg during the
sampling mode. The sampling capacitance of switched-capacitor circuit with
bootstrapped technique is set to 8 pF. The high input/sampling frequency ratio has a
larger transient voltage than the low input/sampling frequency ratio in the

switched-capacitor circuit with the bootstrapped technique.

The overstress time is related to the RC time constant ratio of the sampling and
bootstrapping networks in bootstrapped switch technique. Based on the Figs. 4.3 and
4.4, the RC delay time of bootstrapped network should be designed slower than that
of sampling network in the switched-capacitor circuit with the bootstrapped technique
to avoid the transient gate-oxide reliability. The best solution is that the bootstrapped
and sampling networks have same RC delay times to avoid the transient gate-oxide

overstress and to achieve the best performance.

104



4.4. Switched-Capacitor Circuit With Gate-Oxide Reliability

Test Circuit

The switched-capacitor circuit with the bootstrapped technique has a long-term
reliability problem, which causes the circuit performance degradation. The overstress
voltage on the gate oxide of the switch device depends on the voltages of input and
clock signals. The obvious degradation on circuit performance in the
switched-capacitor circuit with the bootstrapped technique needs a long-term
operation, which may need many years, to observe the change due to the gate-oxide
degradation of switch device. The gate-oxide degradation of switch Mg in
switched-capacitor circuit with bootstrapped technique is more likely to occur as the
conventional time-dependent dielectric breakdown (TDDB). The TDDB accelerated

lifetime-model equation for the nMOSFET can be expressed as [103]

1

(= Ay, @ﬂ Fryanr exp(%jt%j, (“.1)
where 4 = W x L is the device ‘gate-oxide area, /5 is Weibull slope parameter, £ is the
cumulative failure percentage at“use"condition, Vg.is the gate-to-source voltage, T is
the temperature, and a, b, ¢, and d are the model-fitting parameters determined from
the experimental work, Arppg 1s the model factor. Note that a + bT is always negative.
The model of TDDB breakdown related with frequency is still a challenge. The
equation (4.1) is not suitable to calculate the lifetime of the switch device in the
switched-capacitor circuit with bootstrapped technique. Therefore, to investigate the
impact of gate-oxide reliability on circuit performance of the switched-capacitor

circuit with bootstrapped technique is very important in advanced CMOS technology.

In order to accelerate the degradation of circuit performance and to understand
the impact of gate-oxide transient overstress event on switched-capacitor circuit with
bootstrapped technique, the SHA with the gate-oxide reliability test circuit is proposed
in Fig. 4.5. The SHA with unity-gain buffer is used to verify the gate-oxide reliability
of the bootstrapped switch. The two-stage operational amplifier is used to realize the
output buffer. The folded-cascode operational amplifier and common-source amplifier

are used to form the two-stage operational amplifier to achieve high output swing and
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high small-signal gain. Simulated by HSPICE, the two-stage operational amplifier has
the open-loop gain of 75 dB, the unity-gain frequency of 160 MHz, and the phase
margin of 87.3 degree, respectively, under output capacitive load of 2.5 pF. The
normal operating voltage and the gate-oxide thickness (tox) of all MOSFET devices in
the SHA with the gate-oxide reliability test circuit are 1.2 V and 2.63 nm, respectively,
in a 130-nm CMOS process.

The control device Mc is used to control the drain voltage of the switch device
Ms. Therefore, the device dimension of the control device M¢ should be designed
larger than that of the switch device. The device dimensions of switch device (Mg)
and control device (Mc) are selected as 40um/0.12um and 500pum/0.12um,
respectively, in a 130-nm CMOS process. If the device dimension of the control
device is smaller than that of the switch device, the drain voltage of switch device Mg
will not be kept at near ground. In normal operation, the control voltage V¢ is biased
to ground, such that the control device M¢ will be turned off. The SHA with the
open-loop configuration can be successfully operated. In the gate-oxide overstress test,
the control voltage V¢ is biased:to supply: voltage Vpp, and input signal Viy is biased
to the supply voltage Vpp. The-voltage at Virx node can be applied with any higher
voltage level than the supply voltage tomoverstiess the gate oxide of switch device.
The voltage across the gate-to-dram nodes of switch device Mg can be controlled by

the VL voltage.

However, the switch device suffers the dynamic (AC) stress in the real operation.
The dynamic stress is less harmful than DC stress on switch device, but the dynamic
stress on switch device still causes damage on gate oxide of switch device after
long-term operation. The DC stress on switch device can be used to accurate the
damage occurrence on switch device to investigate the impact of gate-oxide reliability
on MOS switch with bootstrapped technique. The difference between the AC stress in
real case and DC stress in this test has the different degraded times of circuit
performance, but they will have the same degradation trend on circuit performance
after long-term operation [104]. Therefore, the proposed test circuit can be used to
verify the impact of gate-oxide breakdown on circuit performance of bootstrapped

switch technique.
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The test chip has been fabricated in a 130-nm CMOS process, and the normal
operating voltage of all MOSFET devices is 1.2 V. The chip micrograph and layout
view of the SHA with the gate-oxide reliability test circuit are shown in Figs. 4.6(a)
and 4.6(b), respectively. The occupied silicon area including two testing circuits and
ESD (electrostatic discharge) protection devices is 390 pm % 390 um. The top layer of
test chip is covered and protected by polyimide layer. Fig. 4.7 shows the simulated
frequency-domain (10-MHz sampling frequency at V¢ x node and 2-MHz sinusoidal
signal at Viy node) and time-domain (10-MHz sampling frequency at Vcrx node and
1-MHz sinusoidal signal at Vi node) waveforms of the sample-and-hold amplifier
with the gate-oxide reliability test circuit under normal operation. The signal at Vrk
node is applied with clock signal between 0 V to 1.2 V. Simulated by HSPICE, the
spurious free dynamic range (SFDR) of the SHA with the gate-oxide reliability test
circuit is 38.6 dB under the 10-MHz sampling frequency at Vcrk node and 2-MHz

sinusoidal signal at Vv node.

4.5. Experimental Results

When the SHA with the gate-oxide'reliability test circuit is operating in the
overstress mode, the input signal Vi is.biased to supply voltage, and the control
voltage V¢ is set to supply voltage. In order to observe the circuit performance
degradation of the SHA due to the gate-oxide degradation of switch device, the
voltage at Vcrk node is kept to 2.4 V for accelerating the gate-oxide degradation of
switch device. Only the gate-to-drain nodes of the switch Mg is overstressed to
simulate the switched-capacitor circuit with the bootstrapped technique. The
measured results of test circuit are measured with die under test on the printed circuit
board (PCB). The time-domain and frequency-domain waveforms are re-evaluated
after the gate-oxide overstress on MOS switch. When the time-domain and
frequency-domain waveforms are re-evaluated after the gate-oxide overstress on the
MOS switch, the signal at V¢ node is applied with clock signal between 0 V to 1.2
V. After overstress time of 5.2 hours, the gate-oxide breakdown has been occurred on
switch device. The gate-leakage current (IG_jcakage) Of switch device is jumped from

330 nA to 80.6 pA under Vg of 2.4 V due to the gate-oxide breakdown.
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Figs. 4.8(a) and 4.8(b) show the frequency-domain (10-MHz sampling frequency
at Vcrk node and 2-MHz sinusoidal signal at Vv node) and time-domain (10-MHz
sampling frequency at Vcix node and 1-MHz sinusoidal signal at Vi node)
waveforms at Vour node under different stress times. A frequency axis is shown till
5SMHz because of aliasing by Nyquist criterion. The SFDR of the test circuit is
degraded by the gate-oxide breakdown on switch device from 35.62 dB to 30.86 dB,
because the gate-oxide breakdown causes extra gate-leakage current across gate oxide
of switch device to degrade the circuit performances of SHA with the gate-oxide
reliability test circuit. However, the amount of gate-leakage current depends on the
gate-oxide breakdown location on switch device. The gate-oxide breakdown location
near channel region of switch device (soft breakdown) has a smaller gate-leakage

current than that near the drain or source side of switch device (hard breakdown) [82].

4.6. Discussion

In order to investigate the impact -0fi gate-oxide breakdown location (switch
device) on performances of switched-capacitor circuit with bootstrapped technique,
the prior proposed method [81] can be used-to-simulate this impact with HSPICE. The
gate-oxide breakdown of MOSFET device can be modeled as resistance. Only the
gate-to-diffusion (source or drain) breakdown was considered, since it represents the
worst-case situation [82], [103]. Breakdown to the channel can be modeled as a
superposition of two gate-to-diffusion events. Typical hard breakdown leakage has a
close-to-linear I-V curve and an equivalent resistance of ~ 10°-10* Q. However,
typical soft breakdown paths have high non-linear, power law I-V curve and
equivalent resistance above 10°-10° Q [82]. The equivalent breakdown resistance
(Verk/Ig_teakage) Of switch device after overstress is approximate 30 k€ (hard

gate-oxide breakdown) under Vcrx of 2.4 V.

The SHA including equivalent breakdown resistors Rgp and Rgg is shown in Fig.
4.9(a). The simulated frequency-domain (10-MHz sampling frequency at V¢ g node
and 2-MHz sinusoidal signal at Vix node) and time-domain (10-MHz sampling
frequency at Vcrx node and 1-MHz sinusoidal signal at Viy node) waveforms of the

SHA with equivalent breakdown resistor (Rgsand Rgp) of 30 kQ) are shown in Figs.
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4.9(b) and 4.9(c), respectively. Comparing the simulated (Fig. 4.9(c)) with measured
(Fig. 4.8(b)) results, the gate-oxide breakdown on switch device in SHA with the
gate-oxide reliability test circuit is near the source side of switch device. The
difference between Fig. 4.8(b) and Fig. 4.9(c) is due to the gate-to-channel and
gate-to-drain breakdowns on switch device caused the extra gate leakage current in
SHA. Only the gate-to-source oxide breakdown on switch device will degrade the
performances of SHA. In the sampling mode of SHA, the gate leakage current of
switch device is smaller than the charge current (Ip) of witch device current. In hold
mode of SHA, the extra gate leakage current of will discharge the stored charge in
sampling capacitor to degrade the circuit performance of SHA. The relationship
between extra gate leakage current and stored charge of sampling capacitor under

SHA operated in holding mode can be simple expressed as

AV = AQholding _ CSVholding —1 Gileakage]—;wlding , (4.2)

C, C,
where Tholging 15 the holding time (2/fs, fsosampling frequency), Cs is the sampling
capacitor, Qpolding 1S a stored charge in sampling capacitor, Violding 1s the ideal potential
stored in sampling capacitor without oxide breakdown on switch device under hold
mode, and I ieakage 1 the extra gate lcakage current-of switch device due to gate-oxide
breakdown. When the SHA operated in/ high sampling frequency, the gate-oxide
breakdown on switch device has small impact on circuit performance. Therefore, the
proposed SHA with the gate-oxide reliability test circuit can be used to verify the

impact of gate-oxide breakdown on switched-capacitor circuit with bootstrapped

switch technique.

In order to investigate the impact of soft gate-oxide breakdown on circuit
performances of the switched-capacitor circuit with bootstrapped technique, the test
circuit with equivalent breakdown resistor Rgs of 500 kQ2 can be used to model the
soft gate-oxide breakdowns on the switch device [82]. The simulated
frequency-domain (10-MHz sampling frequency at Vcrx node and 2-MHz sinusoidal
signal at Viy node) and time-domain (10-MHz sampling frequency at Vcrk node and
1-MHz sinusoidal signal at Viy node) waveforms of the SHA with equivalent

breakdown resistor Rgs of 500 kQ is shown in Fig. 10. The soft gate-oxide breakdown
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on the switch device also degrades the circuit performance of SHA. The soft and hard
gate-oxide breakdowns on a CMOS transistor will cause different extra gate leakage
currents. The soft gat-oxide breakdown on a transistor causes a smaller extra gate
leakage current than that of the hard gate-oxide breakdown in CMOS process [82].
Therefore, the soft and hard gate-oxide breakdowns will have different impact on
circuit performances of the SHA. The hard gate-oxide breakdown has more serious
impact on circuit performances than soft gate-oxide breakdown on switch device of

switched-capacitor circuit with bootstrapped switch technique.

4.7. Summary

The impact of gate-oxide transient overstress on MOS switch with bootstrapped
technique has been investigated and analyzed with the sample-and-hold amplifier. The
time-domain and frequency-domain waveforms of the SHA after different stress times
have been measured. After the gate-oxide overstress, only the gate-to-source oxide
breakdown on switch device will degrade the performances of SHA. The overstress
time is related to the RC time constant ratio of the sampling and bootstrapping
networks in bootstrapped switch technique. The best solution of bootstrapped switch
design is that the bootstrapped and sampling networks have same RC delay times to
avoid the transient gate-oxide overstress and to achieve the best performance. The
hard gate-oxide breakdown has more serious impact on switched-capacitor circuit

with bootstrapped technique.
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CHAPTER 5

Impact of Gate Tunneling Leakage on
Performances of Phase Locked Loop Circuit in

Nanoscale CMOS Technology

In nanoscale CMOS technology, the thin gate oxide causes the large gate
tunneling leakage. In this work, the influence of gate tunneling leakage in MOS
capacitor, as loop filter, on the circuit performances of phase locked loop (PLL) in
nanoscale CMOS technology has been investigated and analyzed. The basic PLL with
second-order loop filter is used to-observe the impact of gate tunneling leakage on
performance degradation of PLL in a 90-nm CMOS process. The MOS capacitors
with different oxide thicknesses are used to observe this impact to PLL. The locked
time, static phase error, and jitter of second-order PLL are degraded by the gate
tunneling leakage of MOS capacitotr: in.loop-filter. Overview on the prior designs of
compensation techniques to reduce the gate tunneling leakage on MOS capacitor in

loop filter of PLL is also provided in this work.

5.1. Background

The reduction of power consumption has become increasingly important to
portable products, such as mobile phone, notebook, and flash memory. In general, the
most common and efficient way to reduce the power consumption in CMOS very
large scale integrated circuits (VLSI) is to reduce the power-supply voltage. To reduce
the power consumption in CMOS VLSI systems, the standard supply voltage has been
scaled down from 2.5 V to 1 V. The gate-oxide thickness of the MOS transistor
becomes thinner to reduce normal operation voltage (power-supply voltage). This

result causes large gate tunneling leakage (gate leakage current), which relates to
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gate-oxide thickness. For the digital circuits, the gate tunneling leakage results in the
high stand-by power consumption. For analog circuits, it degrades the circuit accuracy
[105]. Therefore, to suppress gate tunneling leakage effect is a very important design

issue in analog circuit design in naoscale CMOS process [26], [106].

In PLL, the capacitor of loop filter needs a large capacitance to make PLL stable.
The MOS capacitor has a larger capacitance than other structure under the same chip
area to reduce the fabrication cost, but it has a large gate tunneling leakage on MOS
capacitor of loop filter to degrade the PLL performances in advanced CMOS
technology. Recently, some researches of circuit design technique to compensate the
gate tunneling leakage of MOS capacitor in PLL have been reported in nanoscale
CMOS process [107]-[112]. The MOS capacitor with thick-oxide device has a less
gate tunneling leakage [107]. The capacitor with multi-metal structure was used to
replace MOS capacitor to avoid the gate tunneling leakage [108]. The thin oxide MOS
capacitor with opamp compensated,technique is developed to reduce the gate
tunneling leakage effect [109]-[111]. Thesloop filter with gate tunneling leakage
compensator was also developed.[112]. However; the impact of gate tunneling
leakage on PLL performance was not detailed investigation and analysis in advanced

CMOS technology.

In this work, the influence of gate tunneling leakage on performances of the
phase locked loop (PLL) in nanoscale CMOS technology is investigated and analyzed
in a 90-nm 1-V CMOS process [113]. The normal operating voltage of MOSFET
device is only 1 V in such a 90-nm CMOS process. The gate tunneling leakage of
MOS capacitance is simulated by SPICE with BSIM4 model. The BSIM4 model has
been included with the gate tunneling leakage effect [27], [114], [115]. The MOS
capacitors with different oxide thicknesses are used to investigate this impact to PLL.
Overview on the prior designs of compensation techniques to reduce the gate
tunneling leakage on MOS capacitor in loop filter of PLL is also provided in this

work.

5.2. Phase Locked Loop
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PLL is a necessary building block in many very large scale integrated circuits
(VLSI). The demand for low-jitter PLLs has become especially strong in advance
nanoscale CMOS process. A PLL is basically an oscillator whose frequency is locked
onto some frequency component of an input signal. Fig. 5.1 shows the basic PLL with
second-order low-pass loop filter structure [116]. A PLL consists of a phase/frequency
detector (PFD), a charge pump (CP), a loop filter, a voltage-controlled oscillator
(VCO), and a frequency divider (divided by N). The negative feedback system
synchronizes the internal signal (Fpack) which is from the frequency divider to the
external reference signal (Frgr) by comparing their phases. The PFD develops two
output control signals, which are proportional to the phase errors. The purpose of the
charge pump is to convert the logic states of PFD into analog signals suitable for
controlling VCO which varies the frequency of the output signal by charging or
discharging the loop filter. In the loop filter, extra poles and zeros should be
introduced to filter out high frequency signals from the PFD and the charge pump.
The PLL is “locked” when the phase difference between Frpr and Fpack 1s constant.
Therefore, the phase of Frer andiFpackraresaligned and the frequency of the output
signals is N-times of the input referénce signal (Frgr). The loop filter developed with
second-order low-pass filter is widely used in PLL design to improve the stability and
to suppress the high-frequency neise. The on-chip.capacitor is usually designed with
MOS capacitor to reduce the fabrication cost in second-order PLL. The second-order
loop filter structure can be realized with PMOS and NMOS devices, respectively, as
shown in Fig. 5.2.

5.3. MOS Capacitor With Gate Tunneling Leakage Model

In PLL, the capacitor of loop filter needs a large capacitance to make PLL stable.
The MOS capacitor has a larger capacitance than other structure under the same chip
area to reduce the fabrication cost, but it has a large gate tunneling leakage on MOS
capacitor of loop filter to degrade the PLL performances in advanced CMOS
technology. The MOSFET device with gate tunneling leakage model is proposed by
Hu [27], [114]. The gate tunneling leakage of MOSFET device is composed of several
components, as shown in Fig. 5.3(a): 1. gate-to-substrate (bulk) tunneling leakage Iy,

2. tunneling leakage between gate and source-drain extension (SDE) overlap I, and

121



Ledo, and 3. gate-to-channel tunneling leakage I, which in turn is partition between
the source and drain nodes (I, and Igq). The significance of each component varies
with the operation mode of the MOSFET device. They are determined by carrier
conduction processes: electron conduction-band tunneling (ECB), electron
valence-band tunneling (EVB), and hole valance-band tunneling (HVB), as shown Fig.
5.3(b). Each mechanism is dominant or important in different regions of operation for
NMOS and PMOS devices, as shown in Table 5.1. For each mechanism, the gate
tunneling leakage density can be modeled as [27], [114],

T ntox V V o . t
Jg _ A|: ;xref:| gTZawc e Bla=BV o) 1+ 7V o ’ (5.1)

ox

2
where A:(%ﬁh 4, B =8m\/2gm,, ;A/ 3h, myy 1s the effective carrier mass in
B

oxide, ¢ is the tunneling barrier height, t,x is the oxide thickness, Toxrer 1S the
reference oxide thickness at which all.the parameter that defaults to 1, and V,, is an
auxiliary function which approximates thedensity ‘of tunneling carriers. o, 3, and y
are the physical parameters defined by device'technology. The V, is the gate voltage
of MOSFET device, ntox is afitting parameter that defaults to 1, and V. is the
voltage across the oxide of MOSFET device.

The MOS capacitor is usually operated in strong inversion region for CMOS
circuit design. In equation (5.1), the gate tunneling leakage density strongly depends
on the oxide thickness, device dimension, and voltage across the oxide of MOSFET.
Fig. 5.4 shows the dependence of gate tunneling leakage on the gate voltage of different
threshold-voltage NMOS and PMOS capacitors in a 90-nm CMOS technology. The
capacitance of different MOS capacitors is designed with 85.172 pf under the gate
voltage of 0.492 V. The normal operating voltage of MOSFET device is only 1 V, and
the typical oxide thickness of MOSFET device is only 2.33 nm in a 90-nm CMOS
process. The NMOS capacitor has larger gate tunneling leakage than PMOS capacitor.
The reason is that electron tunneling ECB is the dominant component of gate
tunneling leakage in NMOS device, whereas it is the HVB in PMOS device. As the
barrier height for HVB (4.5 eV) is significantly larger than that for ECB (3.1 eV), the
results in the much lower gate tunneling leakage for PMOS device [115]. The
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summary of gate tunneling leakage per unit area under different threshold-voltage
NMOS and PMOS capacitors in a 90-nm CMOS process is shown Table 5.2. The
thin-oxide NMOS device with the low threshold voltage has larger gate tunneling
leakage than other devices in a 90-nm CMOS process.

5.4. Effect of Gate Tunneling Leakage in MOS Capacitor on

Performances of PLL Circuit

In this work, the PLL with second-order low-pass loop filter is used to
investigate the impact of gate tunneling leakage of MOS capacitor on PLL
performances. The design parameters and simulated results of second-order PLL in a
90-nm CMOS process are shown in Table 5.3. The results of second-order PLL are
simulated by HSPICE with a 90-nm CMOS SPICE model. In order to compare the
impact of gate tunneling leakage of MOS rcapacitor on PLL performances, the loop
filter (Cy, C,, and R;) in second-order PLL.is developed and simulated with ideal
capacitor and resistor in Table 5.3. In this work; the different types and oxide
thicknesses of MOS devices are used to-tealize the MOS capacitor and to investigate
the impact of gate tunneling leakage on PLL performances. The C, and C, capacitors
of low-pass loop filter in PLL, as shown inFig. 5.4, are replaced by different oxide
thickness MOS capacitors to investigate the impact of gate tunneling leakage on PLL
performances. The capacitances of different MOS capacitors C; and C, are 85.172 pf
and 8.782 pf under gate voltage of 0.492 V, respectively, for second-order PLL design.
Fig. 5.5 shows the simulated control voltage (Vcrrr) transition waveform to find the
locked time under different oxide thickness MOS capacitors in second-order PLL.
The thin-oxide MOS capacitors (1-V NMOS and PMOS) have longer locked time and
cause larger ripple voltage V; than thick-oxide MOS capacitor (1.8-V NMOS), when
the phase difference between Frgr and Fpack 1s constant. The simulated dependence
of static phase error At on the time under different oxide thickness MOS capacitors in
second-order PLL is shown in Fig. 5.6. The thin-oxide MOS capacitors (1-V NMOS
and PMOS) cause larger static phase error At than thick-oxide MOS capacitor (1.8-V
NMOS) in second-order PLL. The simulated jitter under different oxide thickness
MOS capacitors in second-order PLL is shown in Fig. 5.7. The thin-oxide MOS
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capacitors (1-V. NMOS and PMOS) cause larger jitter than thick-oxide MOS
capacitor (1.8-V NMOS) in second-order PLL, due to the large ripple voltage at
Verre node. The dependence of jitter and ripple voltage on different input signal
frequencies under different oxide thickness devices is shown in Fig. 5.8. The high
input signal frequency Frer has a small jitter, and low input signal frequency has a

large jitter in second-order PLL with gate tunneling leakage.

5.5. Discussion

In general, the capacitance of MOS capacitor C; is larger than that of MOS
capacitor C, in second-order PLL design, as shown in Fig. 3. Because the capacitance
of MOS capacitor is proportion to device dimension and oxide thickness, the gate
tunneling leakage of the MOS capacitor C, is larger than the capacitor C;. The
schematic of Fig. 3 can be simplified to that of Fig. 5.9, where the current Icp is the
charge pump current, and the cusrent Igrr, 1r 18'the total gate tunneling leakage of
MOS capacitors C; and C,. The charge pump current Icp, which is controlled by the
phase difference between Frgr:and Fpacx-signals through PFD, is a constant current
source. The effective charge curtent Ie of MOS capacitors C; and C, can be expressed

as

Ic :ICP _IGTL,LF' (5.2)

In order to reach locked state (phase difference between Frer and Fpack is constant),
the second-order PLL needs a setting time for system stability. Therefore, the locked
time of second-order PLL is increased due to gate tunneling leakage of MOS

capacitor.

In locked state, the dependence of gate tunneling leakage on ripple voltage V; in

second-order PLL can be written by

AV; — IGTL,LF ><T'REF , (53)
Cl

where Trgr is the period of input signal Frgr. The amount of ripple voltage V; is

proportion to gate tunneling leakage. The large gate tunneling current of MOS
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capacitor will cause large ripple voltage at Verre node in second-order PLL. In
equation (5.3), the ripple voltage V; is proportion to the period of input signal Fgrgr, so
the low input signal frequency causes a large ripple voltage, and the high input signal
frequency causes a small ripple voltage in second-order PLL, as shown in Fig. 8. The
dependence of gate tunneling leakage on jitter of second-order PLL can be expressed

as

Jitter = _ , (5.4)
V. xK

r VCco

where the Kyco (Hz/V) is the gain of voltage-controlled oscillator VCO. The large
ripple voltage AV, cause the large jitter in second-order PLL. The dependence of gate

tunneling leakage on static phase error At of second-order PLL can be expressed as

(5.5)

In order to reduce the static phase error in.second-order PLL, the charge pump current

should be designed with large constant cuirent.

As a result, how to designa“low-jitter and low-cost second-order PLL in
nanoscale CMOS technology is a very important design issue. Comparing the Table
5.2, Figs. 5.5, 5.6, 5.7, and 5.8, the PMOS device with high threshold voltage or thick
oxide thickness is a good solution to realize the MOS capacitor of loop filter in
low-cost second-order PLL. The new circuit design technique for compensating the
gate tunneling leakage of MOS capacitor in low jitter and low-cost PLL is also needed

to be developed in nanoscale CMOS technique.

5.6. Overview on the Prior Designs of Loop Filter With Gate

Tunneling Leakage Compensation Technique in PLL

5.6.1. Capacitor Structure

The MOS capacitor of loop filter in PLL can be designed with thick gate-oxide
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device or metal-insulator-metal capacitor (MIM) to reduce the impact of gate
tunneling leakage on performance of PLL [107], [108]. Because the gate tunneling
leakage of MOS capacitor is proportion to oxide thickness, the thick gate-oxide
device has smaller gate tunneling leakage than thin gate-oxide device in nanoscale
CMOS technology. However, the threshold voltage of thick gate-oxide device is
higher than that of thin gate-oxide device in nanoscale CMOS process. Thick
gate-oxide device needs a high voltage level to reach strong inversion region. This
consequently would cause headroom issues and limit the tunneling range of VCO in
PLL. These problems can be solved by using thick gate-oxide with multi threshold
voltage device in naonoscale CMOS process. The capacitor with MIM structure is no
gate tunneling leakage problem. However, MIM capacitor needs more silicon area
than MOS capacitor under the same capacitance in nanoscale CMOS technology.
Therefore, the capacitor of loop filter in PLL realized with MIM capacitor will

increase the fabrication cost.

5.6.2. Opamp Base Compensation Technique

Fig. 5.10 re-draws the <PLLi - with-—epamp  base gate tunneling leakage
compensation circuit [109]. The gate.tunneling leakage compensation circuit consists
with dummy MOS capacitor Cc, M;, M, and opamp to compensate the gate tunneling
leakage of MOS capacitors C; and C,. The MOS capacitors of C;, C,, and C¢ are
realized with thin gate-oxide device. The M; and M, devices form the current mirror.
The dimension of MOS capacitor Cc is smaller than that of MOS capacitors C; and Co.
Because the gate voltage of MOS capacitor C; is not equal to voltage at V¢rre node in
track state of PLL, the locked time of PLL should be increased by using the gate
tunneling leakage compensation technique. In the locked state of PLL, the voltage at
Verri node and gate voltage of MOS capacitor C; are almost equal. The opamp with
negative feedback can be used to keep that the V, and V .y nodes have the same
voltage potential. Because the gate tunneling leakage and capacitance of MOS
capacitor are proportion to device dimension and oxide thickness, the relationship
between I, I, and total gate tunneling gate leakage Igr Lr of MOS capacitors C; and

C, in loop filter can be expressed by
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1),

IGTL,LF =1 = C X (W/) s
¢ L)y

where the I, is the gate tunneling leakage of dummy MOS capacitor Cc. Therefore,

(5.6)

the gate tunneling leakage of loop filter with MOS capacitor in PLL can be

compensated by this technique.

Fig. 5.11 re-draws another PLL with opamp base gate tunneling leakage
compensation circuit [111]. This compensation technique uses a thick gate-oxide
device (or MIM capacitor) realized the capacitor C, of loop filter and the opamp as
gate tunneling compensation circuit. In the locked state of PLL, the voltage at Verg;
node and gate voltage of MOS capacitor C; are almost equal. The opamp uses to keep
that the voltage at Vcrre node and the gate voltage of MOS capacitor C; have the
same voltage potential. The gate tunneling leakage of MOS capacitor C; can be
compensated by opamp. Therefore, the'gate tunneling leakage of MOS capacitor C; in
PLL can be compensated by this technique!

5.6.3. Non-Opamp Base Compensation-1echnique

Fig. 5.12 re-draws another PLL with non-opamp base gate tunneling leakage
base compensation circuit [112]. The gate tunneling leakage compensation circuit
consists of a charge pump CPC, MOS capacitors of Ccp and Ccn, and current source
Pcomp. When there is a leakage at node Vcrre, the duration of the PFD output “UP”
signal is longer than the PFD output “DN” signal. The gate tunneling leakage
compensation circuit integrates this error at node Verre which controls the
compensating current I.,mp to compensate the gate tunneling leakage Igr Lr of MOS
capacitors C; and C,. To avoid the gate tunneling leakage of MOS capacitors Ccp and
Ccn, the MOS capacitors Ccp and Cey are realized with thick gate-oxide devices. The
area penalty is insignificant since the capacitance value of MOS capacitors Ccp and
Ccn is far less than that of MOS capacitors C; and C,. Since the capacitance value of
MOS capacitors Ccp and Cen does not have to be precise, they are built using both
PMOS and NMOS thick gate-oxide device to address strong-inversion turn-on voltage

issues. In the locked state of PLL, the relationship between compensating current
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Icomp and total gate tunneling gate leakage Igrrr of MOS capacitors C; and C; in

loop filter can be expressed by

Leoup = IGTL,LF ’ (5.7)
At Lo ir
—= |V : , (5.8)
(CCP + CCN) \/ " " (%)IUCOX (%)PCOMP

where At is the static phase error of PLL due to the gate tunneling leakage of loop
filter, Vy is the threshold voltage of Pcomp device, Cox is the gate oxide capacitance

per unit area of Pcomp device.

5.6.4. Capacitor Multiplier

Fig. 5.13 re-draws loop filter with voltage-mode capacitor multiplier [117]. The
capacitor C1 of loop filter is multiplier by ‘miller capacitor theory. A non-inverting
CMOS opamp is used as the amplifier inputstage, followed by an inverting unity gain
buffer for the negative voltage gain, as shown in Fig. 13. The effective input
capacitance in Fig. 13 is given by

¢ =(1+|4, )¢ = (2+%JCF, (5.9)

3

where Ay=-(1+R4/R3) is the amplifier voltage gain, and Cr is the physical feedback
capacitance. If we choose R3=R4, the C; is equal to 3Cg. The silicon area far Cr to
implement capacitor C; is therefore reduced by 67% [15]. Because the gate tunneling
leakage and capacitance of MOS capacitor are proportion to device dimension, the
smaller device dimension of MOS capacitor has smaller gate tunneling leakage that
larger device dimension of MOS capacitor. Therefore, the impact of gate tunneling
leakage on performance of PLL will be reduced by using the voltage-mode capacitor

multiplier in advanced CMOS technology.
Fig. 5.14 re-draws current-mode PLL with current-mode capacitor multiplier
[118], [119]. Compared with conventional charge-pump PLL, the main difference is it

utilizes a current-mode filter that drives the current controlled oscillator (ICO) directly.

128



The charge pump current Icp is a portion of the control current of the ICO, as referred

to self-biased technique [120]. The transfer function can be expressed by

; 1--% sr.C
U (] - g) —1=Q : (5.10)
I SR,C,

The transconductance gm is degenerated by the resistor Rg without compromising the

tuning range. So the effective loop capacitance is given by
=MC,, (5.11)

M=— (5.12)

The left-hand plane (LHP) zero guarantees the stability of the current-mode loop filter.
The a/(a-1) term of current-mode loop filter should be designed larger than zero. So
the current-mode loop filter is similar to the conventional loop filter in PLL. The
self-biased current-mode filter is biased by PLL: loop, then the power and die size
could be further saved [118]; [119]. Because the gate tunneling leakage and
capacitance of MOS capacitor are proportion to device dimension, the smaller device
dimension of MOS capacitor has smalléii gaté’ tunneling leakage that larger device
dimension of MOS capacitor. Therefore, thesimpact of gate tunneling leakage on
performance of PLL will be reduced by using the current-mode capacitor multiplier in

advanced CMOS technology.

However, using extra components to realize the loop filter by using the capacitor
multiplier technique will increase the extra noise sources to degrade the performances

of PLL in advanced CMOS technology.

5.7. Summary

The influence of gate tunneling leakage in MOS capacitor on circuit
performances of second-order PLL has been analyzed and investigated in a 90-nm
CMOS process. The locked time, static phase error, and jitter of second-order PLL are

degraded by gate tunneling leakage of MOS capacitor in loop filter. The high input
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signal frequency can be used to reduce the impact of gate tunneling leakage on
performance of second-order PLL in nanoscale CMOS technology. The PMOS device
with high threshold voltage and thick oxide thickness can be used to realize the MOS
capacitor in the loop filter for achieving low-jitter and low-cost second-order PLL.
Overview on the prior designs of compensation techniques to reduce the gate
tunneling leakage on MOS capacitor in loop filter of PLL is also provided in this
work. Considering the chip area, circuit performance and fabrication cost in advanced
CMOS technology, the capacitor multiplier technique is a good choice to realize the

MOS capacitor in second-order PLL.
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Table

5.1

Major Gate Tunneling Leakage Mechanisms of MOSFET Device in Nanoscale

CMOS Technology [27]
Current Component I Ly Loso/Lodo
Region of Operation| Inversion | Vg>0 [ Vg<0 | All Bias
PMOS HVB ECB | HVB| ECB
NMOS ECB HVB | ECB | ECB
Table 5.2

The Summary of Gate Tunneling Leakage Per Unit Area under Different
Threshold-Voltage NMOS:and PMOS Capacitors in a 90-nm CMOS Process

MOS Capacitor

NMOS PMOS
Structure Gate Tunneling Leakage Structure |Gate Tunneling Leakage
Standard-Vyy | 1.11 nA/um® | Standard-Vyyy | 0.654 nA/pum’
High-Vy 0.764 nA/pm* High-Viy | 0.401 nA/pum?
Low-Vry 1.161 nA/pm® Low-Viy | 0.701 nA/pum’
Native NMOS | 1.571 nA/pum?
1.8VNMOS | ~10®A/um?> | 1.8VPMOS | =~ 107% A/um?
1.8V Native

NMOS

~ 107 A/um’
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Table 5.3
The Design Parameters and Simulated Results of Second-Order PLL in a 90-nm
CMOS Process

Design Parameters of PLL in a Standard 90-nm CMOS Process

Operating Voltage IY% C1 85.172 pF
Input Frequency 25 MHz C2 8.782 pF
Output Frequency 200 MHz R1 3.2168 kQ

Charge Pump Current 50 A Phase Margin 57°
Divided by N 8 Loop Bandwidth | 1.8 MHz
VCO Gain 625 MHz | Damping Factor =~ 1.1
Simulated Results of PLL in a Standard 90-nm CMOS Process
Locked Time 1.3 usec gtu ;%%tlg/};t{ezr 2.7 psec
Static Phase Error 45 psec ggg;t;%zz; 4.8647 mW
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Fig. 5.1. The basic phase locked loop with second-order low-pass loop filter structure.
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Fig. 5.2. The second-order loop filter realized with (a) PMOS and (b) NMOS

capacitors.
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Fig. 5.3. (a) Gate tunneling leakage in a thin oxide MOSFET device, and (b) carrier

tunneling process with different barrier voltage.
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Fig. 5.9. The schematic of second-order PLL including gate tunneling leakage effect.
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Fig. 5.10. The schematic of PLL with opamp base gate tunneling leakage
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CHAPTER 6

New Gate Bias Voltage Generating Technique
With Threshold-Voltage Compensation for
On-Glass Analog Circuits in LTPS Process

A new proposed gate bias voltage generating technique with threshold-voltage
compensation for analog circuits in the low-temperature polycrystalline silicon LTPS
thin-film transistors (TFTs) is proposed. The new proposed gate bias voltage
generating circuit with threshold-voltage compensation has been successfully verified
in a 8-um LTPS process. The experimental results have shown that the impact of TFT
threshold-voltage variation on thebiasing circuit-can be reduced from 30% to 5%
under biasing voltage of 3 Vi The new:proposed gate bias voltage generating
technique with threshold-voltage compensation enables the analog circuits to be
integrated and implemented by -LTPS:process on glass substrate for active matrix

LCD (AMLCD) panel.

6.1. Background

Low-temperature poly-Si LTPS thin-film transistors (TFTs) have attracted a lot
of attentions in the applications with the integrated on-panel peripheral circuits for
active-matrix liquid crystal display (AMLCD) and active-matrix light emitting diodes
(AMOLEDs) [121]-[123]. Recently, LTPS AMLCDs integrated with driving and
control circuits on glass substrate have been realized in some portable systems, such
as mobile phone, digital camera, notebook, etc. In the near future, the AMLCD
fabricated in LTPS process is promising toward System-on-Panel (SoP) or
System-on-Glass (SoG) applications, especially for achieving a compact, low-cost,

and low-power display system [124].
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The LCD data driver contains shifter registers, level shifters, digital-to-analog
converters (DACs), and output buffers. The biasing circuit is a critical circuit block
for analog circuits on LCD panel to achieve low power consumption, high speed, and
high resolution. However, the poly-Si TFT device suffers from significant variation in
its threshold voltage, owing to the nature of poly silicon crystal growth in LTPS
process. The threshold-voltage variation across a 2.7-inch panel was about 300 mV
[125]. The variation could even be as large as 1 V in some high-performance TFT
devices across a large substrate area [126]. The threshold-voltage variations of TFT
devices will cause large mismatches on the biasing voltages and currents in analog
circuits to result in non-uniformity of performances among analog circuits over the
whole panel. The design with threshold-voltage compensation for analog circuits on
glass substrate is a very important challenge for SoP applications. The design
technique with switches and capacitors under multi-phase clock operation were
usually used to compensate the threshold-voltage variation among TFT devices in
LTPS AMLCDs [127]-[129]. Some design technique with switch and capacitor under
multi-phase clock operation had used to reduce the offset voltage of analog buffer in
LTPS process [127]. In LTPS technology, the:on-panel output buffers with a pair of
n-type and p-type TFT devices-immune“to the mismatch of threshold voltage were
also reported [128], [129]. The mismatch of threshold voltage can be compensated by
a holding capacitor or the mathematical product of voltage gain. Besides, the
threshold-voltage-shift compensation technique was used to compensate the
threshold-voltage variation for differential amplifier in analog circuits [130].
However, those techniques [127]-[130] only emphasize the impact of
threshold-voltage variation on offset voltage of analog buffers on glass substrate. The
biasing circuit with threshold-voltage compensation for analog circuits in LTPS

process is not yet reported in the literature.

In this paper, a method to reduce the influence of threshold-voltage variation on
the gate bias voltage generating circuit for analog circuits on glass substrate is
proposed. The experimental results have shown that the impact of TFT
threshold-voltage variation on the biasing circuit can be reduced from 30% to 5%
under biasing voltage of 3 V. The new proposed biasing technique with
threshold-voltage compensation enables the analog circuits to be integrated and

implemented in LTPS process for active matrix LCD (AMLCD) panel.
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6.2. Impact of Threshold-Voltage Variation on TFT I-V

Characteristics

In general, the TFT devices on glass substrate are usually designed in saturation
region for analog circuit applications. The small-signal gain and frequency response
of analog circuits in LTPS process are determined by transconductance (gm) and
output resistance (r,) of TFT devices. The small-signal parameters of

transconductance (gn,) and output resistance (r,) in TFT devices can be expressed as,

respectively,
w 21
=uC —(V..-V, )=—""L . 6.1
gm /,l ox L ( GS TH) (VGS 'VTH) ( )
r, = Va , (6.2)
ID

where p is the mobility of carrier;sL denotes the:effective channel length, W is the
effective channel width, C,x is.the gate oxide capacitance per unit area, Vry is the
threshold voltage of TFT device, Vs 1s the gate-to-source voltage of TFT device, Va
is the Early voltage, and I is the drain current of TFT device. Comparing equations
(6.1) and (6.2), the drain current Ip. is the major factor for analog circuits in LTPS
process. Therefore, the performances of analog circuits in LTPS process are
dominated by drain current of TFT device. The drain current Ip of TFT device

operated in saturation region can be expressed as

Ty =2 Moy (Vs Vo (63)
The channel-length modulation of TFT device is not included in equation (6.3). The
threshold voltage (Vry) of TFT device is an important parameter in equation (6.3), so
the threshold-voltage variation among TFT devices will cause the variation on drain
currents of TFT devices to degrade the circuit performances in analog circuits on
glass substrate. How to design a stable biasing circuit with threshold-voltage

compensation to reduce non-uniformity of performances in analog circuits over the

whole panel in LTPS process is an important design challenge.

145



The HSPICE with Monte Carlo Analysis can be used to simulate and analyze the
impact of threshold-voltage variation on drain current of TFT device. The
threshold-voltage variation of TFT device on glass substrate can be modeled by
Gaussian distribution. The simulated waveforms of N-TFT drain current Ip with 50
% threshold-voltage variation of Gaussian distribution under different gate voltages
Vg in a 8-um LTPS process is shown in Fig. 6.1. The dimension of N-TFT device is
80um/8um. The gate voltage is biased from 1.3 V to 4.3 V. In order to confirm that
N-TFT device is operated in saturation region, the drain voltage of N-TFT device is
also biased from 1.3 V to 4.3 V to keep gate-to-drain voltage of zero volt. The
simulated result shows that the N-TFT device with 50 % threshold-voltage variation
of Gaussian distribution causes the drain current with a variation as large as 22 pA in
LTPS process. Therefore, the large variations on drain currents of TFT devices will
cause large mismatches on the biasing voltages and currents in analog circuits to
further result in non-uniformity of performances in analog circuits over the whole
panel. For the System-on-Plane (SOP) ‘applications, to reduce the impact of
threshold-voltage variation on petrformance among analog circuits in LTPS process is

a very important design challenge.

6.3. New Proposed Gate Bias Voltage Generating Technique
With Threshold-Voltage Compensation

6.3.1 Design Concept

The new proposed gate bias voltage generating technique with threshold-voltage
compensation is illustrated in Fig. 6.2. The biasing current Ip mc is a small current
used to bias the M¢ device operated in weak inversion region. When the Mc¢ device

operated in weak inversion region, the gate control voltage V¢ can be written as

VGC = VB]AS + VTHfMC > (6-4)

where Vry mc 1s the threshold-voltage of Mc device, and Vpias is the applied biasing

voltage. The drain current Ip mp of Mp device can be expressed as
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1 w
IDfMD = E HCoy (T)MD Vo — VTHﬁMD )2
1 w
= Eﬂcox (?)MD (Vapas + Vi we = VTHfMD)z ) (6.5)

where Vi mp is the threshold-voltage of Mp device. The Mc and Mp devices are
drawn with the same device dimension. The threshold-voltage difference between Mc
and Mp devices can be reduced as small as possible by symmetrical and compact
layout in an adjacent location. Therefore, the equation (6.5) can be further rewritten

as

1 w
IDiMD = 5 HCoy (T)MD (Vsias )2 . (6.6)

The drain current Ip Mp of Mp device can become independent on the threshold
voltage and dominated by the Vpjas voltage. The new proposed gate bias voltage
generating technique with threshold-voltage. compensation does not need any extra
clock signal and capacitor to reduce the impact of threshold-voltage variation on the

biasing circuit for analog circuit§ in LTPS ptocesses.

6.3.2. Circuit Implementation

The complete circuit of the proposed gate bias voltage generating technique with
threshold-voltage compensation for analog circuit applications in LTPS technology is
shown in Fig. 6.3. The new proposed gate bias voltage generating circuit with
threshold-voltage compensation is formed with M, M,, M3, M4, Ms, and Mg devices.
The M;, M,, Ms, and Mg devices form the current mirror. In order to reduce the
power consumption and chip area of the new proposed gate bias voltage generating
circuit, the M3 and My devices are used to realize the referenced current source. The
M; and M4 devices are operated in saturation region o generate a biasing current
through the current mirror of M;, My, Ms, and Mg devices to bias M¢ device operated

in weak inversion region. The voltage V¢ can be expressed as

r(Vy - ‘VTH_M3‘) Vi ma
V.=

, (6.7)
1+7r
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(6.8)

where the Vg is the voltage at source node of Mj device in proposed gate bias

generating circuit. The biasing current Ip m4 and Ip mc can be written as, respectively,

1 w 2
ID7M4 = EﬂCOX (fj (VC _VTH7M4) > (6.9)
M4
1
ID_MC = (Ej ID_M] > (6.10)

where the K is the dimension ratio of M5 and M; in the current mirror. The K factor is
especially designed much larger than one to reduce the impact of biasing current
(In m4) variation on gate control voltage (Vc) of the new proposed gate bias voltage

generating circuit.

The simulated gate control voltage Ve ofithe new proposed gate bias voltage
generating circuit with threshold-voltage . compensation under different biasing
voltages Vpias is shown in Fig.:6.4. The typical threshold voltage of N-TFT device in
8-um LTPS process is approximately:1.3-V:-The Vpias voltage is biased from 0 V to
3V. The gate control voltage V¢ 1s ¢hanged from 1.3 V to 4.3 V. The gate control
voltage Vgc of the new proposed gate bias voltage generating circuit with
threshold-voltage compensation is approximately VgiastVru mc. The HSPICE with
Monte Carlo Analysis is used to verify the function of the new proposed gate bias
voltage generating circuit with threshold-voltage compensation in LTPS technology.
The simulated gate control current Vgc of the new proposed gate bias voltage
generating circuit with threshold-voltage compensation under the different biasing
voltages Vgias with the 50 % threshold voltage variation (Gaussian distribution) of
N-TFT and P-TFT devices is shown in Fig. 6.5. The variation on gate control voltage
Ve, which can be used to compensate the threshold-voltage variation of TFT device
in LTPS process, is 0.675 V. The simulated drain current Ip mp of the new proposed
gate bias voltage generating circuit with threshold-voltage compensation under
different biasing voltages Vgias with the 50 % threshold-voltage variation (Gaussian
distribution) of N-TFT and P-TFT devices is shown in Fig. 6.6. The device

dimension of Mp device is 80um/8um. The gate-to-drain voltage of Mp device is set
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to zero voltage to be operated in saturation region. The simulated results show that
the 50 % threshold-voltage variation with Gaussian distribution of N-TFT and P-TFT
devices causes only a variation of 3.84 pA on the drain current Ip vp in the new
proposed gate bias voltage generating circuit with threshold-voltage compensation.
Comparing the simulated results of Fig. 6.1 and Fig. 6.6, the new proposed gate bias
generating circuit with threshold-voltage compensation can effectively reduce the

impact of threshold-voltage variation on the biasing circuit in LTPS process.

6.4. Experimental Results

The new proposed gate bias generating circuit with threshold-voltage
compensation has been fabricated in a 8-um LTPS technology. Fig. 6.7 shows the
chip photo of the new proposed gate bias generating technique with threshold-voltage
compensation. The test chip size of the ,.new proposed gate bias generating circuit
with threshold-voltage compensation circuit.is'%517 x 389 pum® in 8-pm LTPS
technology. The averaged power consumption of -proposed gate bias generating
circuit with threshold-voltage compensation is only 47 uW under the supply voltage
of 10 V. In this work, the definitions of mean value and variation (%) of currents in

these measured results are adopted as

IDl + IDZ + IDS + ID4
4

Mean Vaule =

, 6.11)

Mean Value—1,, ,

Variation (%) =
Mean Value

x100% , (6.12)

where the Ipi, Ipy, Ips, and Ips are drain currents of samplel, sample2, sample3,
sample4 of four LPTS N-TFT devices in different panel locations, respectively, and
the # is a sample number from 1 to 4. The power supply voltage Vpp is set to 10 V.
Fig. 6.8 shows the measured dependence of variation (%) on the gate voltage Vg
under four LTPS N-TFT devices in different panel locations. The device dimensions
of four N-TFT devices are kept at 80um/8um in a 8-um LTPS process. The gate
voltages of these samples are biased from 1.3 V to 4.3 V. The gate-to-drain voltage of
N-TFT device is set to zero voltage to keep the N-TFT device operated in saturation

region. Because the gate-control voltage Vgc of the new proposed gate bias
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generating circuit is VpiastVrh, the gate voltage from 1.3 V to 4.3 V is normalized
from 0 V to 3 V. The variation (%) among four LPTS N-TFT devices in different
panel locations is decreased from 195 % to 30 %, when the gate voltage is increased
from 0 V to 3 V. The measured results have confirmed that the variation (%) of four
LPTS N-TFT devices in different panel locations under low gate voltage is large, but

that under high gate voltage is low.

The measured dependence of variation (%) on the biasing voltage Vgias among
four LTPS test circuits of the new proposed gate bias generating circuit with
threshold-voltage compensation in different panel locations is shown in Fig. 6.9. The
variation (%) among four LPTS test circuits in different panel locations is decreased
from 73 % to 5 %, when the gate voltage is increased from 0 V to 3 V. Comparing
the measured results between Fig. 6.8 and Fig. 6.9, the new proposed gate bias
generating technique with threshold-voltage compensation can effectively reduce the
impact of threshold-voltage variation, on the,biasing current or biasing voltage for

analog circuits in System-on-Panel (SoP)-erSystem-on-Glass (SoG) applications.

6.5. Discussion

When the referenced current source Ip ms is realized with ideal referenced
current source, the simulated results show that variation of Ip mp is only 0.27 pA
under 50 % threshold-voltage variation (Gaussian distribution) of N-TFT and P-TFT
devices. In order to achieve the low power consumption and small chip area, the
referenced current source Ip ms4 in the proposed gate bias voltage generating circuit
with threshold-voltage compensation is realized by M3 and M4 devices. Because the
voltage V¢ is dependent on threshold voltages of N-TFT and P-TFT devices, the
threshold-voltage variation will cause some variations on the voltage V¢ and biasing
current (Ip m4 and Ip mc) to degrade the performances of the proposed gate bias
voltage generating circuit with threshold-voltage compensation. The variation of
Ip mp 1s finally increased from 0.27 pA to 3.84 pA under 50 % threshold voltage
variation (Gaussian distribution) of N-TFT and P-TFT devices. In order to reduce the
impact of referenced current Ip m4 variation on circuit performance, the M3 and My

referenced current source can be further replaced by the modified N-TFT
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threshold-voltage referenced current source [131]. The complete circuit of the
proposed gate bias voltage generating circuit with N-TFT threshold-voltage
referenced current source for analog circuit applications in LTPS technology is
shown in Fig. 6.10. When the referenced current source Ip m4 is realized with
modified N-TFT threshold-voltage referenced current source, the simulated results
show that the variation of Ip mp is only 0.36 pA under 50 % threshold-voltage
variation (Gaussian distribution) of N-TFT and P-TFT devices, as shown in Fig. 6.11.
Because the threshold voltages of N-TFT devices have the same variation trend in the
local panel location, the biasing current Ip vp with modified N-TFT
threshold-voltage referenced current source can further reduce the variation on

performance of the proposed circuit.

6.6. Summary

A new gate bias generating technique with threshold-voltage compensation has
been presented to reduce the impact of  threshold-voltage variation on analog circuit
performance in LTPS technology. The new proposed-gate bias generating circuit with
threshold-voltage compensation+ has- been~successfully verified in a 8-um LTPS
process. The measured results have‘confirmed that the impact of threshold-voltage
variation on drain current of N-TFT device can be reduced from 30 % to 5 % under
biasing voltage of 3 V. The new proposed gate bias generating technique with
threshold-voltage compensation can be applied to realize analog circuits in LTPS

process for System-on-Panel (SoP) or System-on-Glass (SoG) applications.
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Fig. 6.1. The simulated waveforms of N-TFT drain current Ip with 50 %
threshold-voltage variation of Gaussian distribution under different gate voltages Vg

in a 8-um LTPS process.

Fig. 6.2. The concept of the new proposed gate bias voltage generating technique

with threshold-voltage compensation.
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Fig. 6.3. The complete circuit of the proposed gate bias voltage generating circuit

with threshold-voltage compensation, for'analog circuits in LTPS technology.

oc V)

Gate Control Voltage V
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Fig. 6.7. The chip photo of the te bias generating technique with

LTPS process.
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Biasing Circuit Vbp

R, l—;,;és_"l’g = [Mo

Fig. 6.10. The complete circuit of the proposed gate bias voltage generating circuit
with modified N-TFT threshold-voltage referenced current source for analog circuits

in LTPS technology.
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CHAPTER 7

Conclusions and Future Works

This chapter summarizes the main results of this dissertation. Then, some
suggestions for the future works about the design and reliability of CMOS analog

circuit in low-voltage CMOS processes are also addressed in this chapter.

7.1. Main Results of This Dissertation

Due to the growing popularity of electronic technology, the electronic products
are continuously asked to reduce its, weight, thickness, and volume. So, the reliability
of analog integrated circuit is morejand more impertant. Moreover, with the device
dimensions of the integrated- circuits scaling down, the operation voltage and
gate-oxide thickness of device had also-been-teduced. However, the extra non-ideal
effects of devices have great impact on analog integrated circuit to increase design
difficulty, such as the lower operation voltage and thin gate oxide. So the new design
technique in low-voltage analog integrated circuit can be developed. The thinner gate
oxide of device will cause the reliability problem in nanoscale analog integrated
circuit. In this dissertation, a new sub-1-V CMOS bandgap reference and
curvature-compensation technique for CMOS bandgap reference circuit with sub-1-V
operation, the impact of gate-oxide reliability on CMOS analog amplifier, the impact
of gate tunneling current on performances of phase locked loop, and the new gate bias
voltage generating technique with threshold-voltage compensation for on-glass analog
circuits in LTPS process have been presented.

In Chapter 2, a new sub-1-V CMOS bandgap voltage reference without using
low-threshold-voltage device is presented in this paper. The new proposed sub-1-V
bandgap reference with startup circuit has been successfully verified in a standard
0.25-um CMOS process, where the occupied silicon area is only 177 pm x 106 pm.

The experimental results have shown that, with the minimum supply voltage of 0.85
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V, the output reference voltage is 238.2 mV at room temperature, and the temperature
coefficient is 58.1 ppm/°C from -10 °C to 120 °C without laser trimming. Under the
supply voltage of 0.85 V, the average power supply rejection ratio (PSRR) is -33.2 dB
at 10 kHz. The new sub-1-V curvature-compensated CMOS bandgap reference, which
utilizes the temperature-dependent currents generated from the parasitic NPN and
PNP BJT devices in CMOS process, is presented. The new proposed sub-1-V
curvature-compensated CMOS bandgap reference has been successfully verified in a
standard 0.25-um CMOS process. The experimental results have confirmed that, with
the minimum supply voltage of 0.9 V, the output reference voltage at 536 mV has a
temperature coefficient of 19.5 ppm/°C from 0 °C to 100 °C. With 0.9-V supply

voltage, the measured power noise rejection ratio is -25.5 dB at 10 kHz.

In Chapter 3, the influence of gate-oxide reliability on common-source
amplifiers with diode-connected active load is investigated with the non-stacked and
stacked structures under analog application in a 130-nm low-voltage CMOS process.
The test conditions of this work include the DC stress, AC stress with DC offset, and
large-signal transition stress under different frequencies and signals. After
overstresses, the small-signal parameters, such as small-signal gain, unity-gain
frequency, phase margin, and output DC voltage levels, are measured to verify the
impact of gate-oxide reliability on circuit performances of the common-source
amplifiers with diode-connected active load. The small-signal parameters of the
common-source amplifier with the non-stacked diode-connected active load structure
are stronger degraded than that with non-stacked diode-connected active load
structure due to gate-oxide breakdown under analog and digital applications. The
common-source amplifiers with diode-connected active load are not functional
operation under digital application due to gate-oxide breakdown. The impact of soft
and hard gate-oxide breakdowns on common-source amplifiers with non-stacked and
stacked diode-connected active load structures has been analyzed and discussed. The
hard breakdown has more serious impact to the common-source amplifiers with
diode-connected active load. The effect of the MOSFET gate-oxide reliability on
operational amplifier is investigated with the two-stage and folded-cascode structures
in a 130-nm low-voltage CMOS process. The test operation conditions include

unity-gain buffer (close-loop) and comparator (open-loop) configurations under the
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DC stress, AC stress with DC offset, and large-signal transition stress. After overstress,
the small-signal parameters, such as small-signal gain, unity-gain frequency, and
phase margin, are measured to verify the impact of gate-oxide reliability on circuit
performances of the operational amplifier. The gate-oxide reliability in the operational
amplifier can be improved by the stacked configuration under small-signal input and
output application. A simple equivalent device model of gate-oxide reliability for

CMOS devices in analog circuits is investigated and simulated.

In Chapter 4, the MOS switch with bootstrapped technique is widely used in
low-voltage switched-capacitor circuit. The switched-capacitor circuit with the
bootstrapped technique could be a dangerous design approach in the nano-scale
CMOS process due to the gate-oxide transient overstress. The impact of gate-oxide
transient overstress on MOS switch in switched-capacitor circuit is investigated with
the sample-and-hold amplifier in a 130-nm CMOS process. After overstress on the
MOS switch of SHA with open-loop.configuration, the circuit performances in time
domain and frequency domain +are measured to-verify the impact of gate-oxide
reliability on circuit performances. The 'oxide breakdown on switch device will

degrade the performance of bootstrapped switch technique.

In Chapter 5, the thin gate oxide causes the large gate tunneling leakage in
. nanoscale CMOS technology. In this work, the influence of MOS capacitor, as loop
filter, with gate tunneling leakage on the circuit performances of phase locked loop
(PLL) in nanoscale CMOS technology has been investigated and analyzed. The basic
PLL with second-order loop filter is used to simulate the impact of gate tunneling
leakage on performance degradation of PLL in a standard 90-nm CMOS process. The
MOS capacitors with different oxide thicknesses are used to investigate this impact to
PLL. The locked time, static phase error, and jitter of second-order PLL are degraded
by the gate tunneling leakage of MOS capacitor in loop filter. Overview on the prior
designs of gate tunneling leakage compensation technique to reduce the gate

tunneling leakage on MOS capacitor as loop filter in PLL is provided in this work.

Chapter 6 presents a new proposed gate bias voltage generating technique with
threshold-voltage compensation for analog circuits in the low-temperature

polycrystalline silicon LTPS thin-film transistors (TFTs). The new proposed gate bias
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voltage generating circuit with threshold-voltage compensation has been successfully
verified in a 8-um LTPS process. The experimental results have shown that the
impact of TFT threshold-voltage variation on the biasing circuit can be reduced from
30% to 5% under biasing voltage of 3 V. The new proposed gate bias voltage
generating technique with threshold-voltage compensation enables the analog circuits
to be integrated and implemented by LTPS process on glass substrate for active

matrix LCD (AMLCD) panel.

7.2. Future Works

In this dissertation, a new sub-1-V CMOS bandgap reference and
curvature-compensation technique for CMOS bandgap reference circuit with sub-1-V
operation, the impact of gate-oxide reliability on CMOS analog amplifier, the impact
of gate tunneling current on performanées of phase locked loop, and the new gate bias
voltage generating technique with threshold-voltage.compensation for on-glass analog
circuits in LTPS process have been presented: However, the gate-oxide breakdown of
MOSFET device modeled as resistance can be-only tised to investigate the impact of
gate-oxide breakdown on circuit performances.: In addition, the more accurate
gate-oxide breakdown model of MOSFET "devices is required in simulation or
Engineering Design Automation (EDA) tool to improve the circuit reliability in
advanced CMOS technology. Therefore, the more accurate gate-oxide breakdown

model of MOSFET devices must be developed in the future.

Due to the trends of system on chip (SoC) and CMOS technology, the more
analog circuits will be designed with low operation voltage in advanced CMOS
processes and integrated in a single chip. Thus, not only the bandgap reference
circuits but also other circuits, such as OPAMP (operational amplifier), ADC
(analog-to-digital converter), and so on, must be designed with low operation voltage

in advanced CMOS processes. Such design topic still continues to the future research.

Due to the SoP or SoG applications, more analog and digital circuits will be

integrated on glass substrate. However, the threshold-voltage variation of TFT device
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will degrade the circuit performance on glass substrate. In order to achieve the high
performance and reliability smart plane application, such design topic still continues

to the future research.
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