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HIGH-VOLTAGE CIRCUIT DESIGN
IN LOW-VOLTAGE CMOS PROCESSES

Student: Shih-Lun Chen Advisor: Dr. Ming-Dou Ker

Department of Electronics Engineering and Institute of Electronics

National Chiao Tung University

ABSTRACT

The scaling trend of the CMOS technology is toward the nanometer region to increase
the speed and density of the transistors in integrated circuits. Due to the reliability issue, the
power supply voltage is also decreased with thevadvanced technologies. However, in an
electronic system, some circuits could be still operated at high voltage levels. If the circuits
realized with low-voltage devices are operated at high voltage levels, the gate-oxide
breakdown, hot-carrier degradation, leakage issues, and so on will occur. Therefore,
designing the high-voltage circuits in low-voltage CMOS processes is an important topic in
today and future VLSI (very large scale integration) design. In this dissertation, several
circuits designed in low-voltage CMOS processes but operated in high-voltage environments
are presented. There are seven chapters included in this dissertation.

Two new mixed-voltage I/O buffers realized with low-voltage devices are presented in
Chapter 2 to prevent the undesired leakage current paths and the gate-oxide reliability
problem, which occur in the conventional CMOS I/O buffer. These two new mixed-voltage
I/O buffer have novel gate-tracking circuits and dynamic n-well bias circuits. Compared with
the prior designs of mixed-voltage I/O buffers, these two new mixed-voltage 1/O buffers
occupy smaller silicon area. Besides, the new proposed mixed-voltage I/O buffer 2 can be
applied for high-speed applications without the gate-oxide reliability problem and the circuit

leakage issue. The new proposed mixed-voltage I/O buffers realized with 1xVDD devices



can be easily applied in 1xVDD/2xVDD mixed-voltage interface.

Due to the high-integration trend of SOC (system-on-a-chip), an electronic system
may be integrated into a single chip. Hence, there are digital circuits and analog circuits
integrated in a single chip. For example, the digital part of the SOC is designed with 1-V
devices to decrease its power consumption, the analog part is designed with 2.5-V devices to
improve the circuit performance, and the chip-to-chip interface is 3.3-V PCI-X in a 0.13-um
1/2.5-V CMOS process. Thus, the traditional I/O circuits are not suitable for this application.
An input buffer with the proposed Schmitt trigger circuit and an output buffer with the
proposed level converter in a 0.13-um 1/2.5-V CMOS process are presented in Chapter 3 for
3.3-V applications.

An NMOS-blocking technique for mixed-voltage I/O buffer design is presented in
Chapter 4. Unlike the traditional mixed-voltage I/O buffer design, the mixed-voltage 1/O
buffer realized with only 1xVDD devices by using the NMOS-blocking technique can
receive 2xVDD, 3xVDD, and even 4xVDD input signals without the gate-oxide reliability
issue. In this dissertation, the 2xVDD inputitolerant mixed-voltage I/O buffer by using the
NMOS-blocking technique has been: verifiedan.a 0.25-um 2.5-V CMOS process to serve
2.5/5-V mixed-voltage interface. The.3xVDD input tolerant mixed-voltage 1/O buffer by
using the NMOS-blocking technique has /been verified in a 0.13-pum 1-V CMOS process to
serve 1/3-V mixed-voltage interface. The NMOS-blocking technique can be extended to
design the 4xVDD, 5xVDD, and even 6xVDD/input tolerant mixed-voltage I/O buffers. The
limitation of the NMOS-blocking technique is the breakdown voltage of the pn-junction in
the given CMOS process.

A new charge pump circuit without the gate-oxide overstress is presented in Chapter 5.
Because the charge transfer switches of the new proposed charge pump circuit can be fully
turned on and turned off, as well as the output stage doesn’t have the threshold drop problem,
its pumping efficiency is higher than that of the prior designs. The gate-drain and the
gate-source voltages of all devices in the new charge pump circuit don’t exceed VDD, so the
new charge pump circuit doesn’t suffer the gate-oxide reliability problem. Besides, the
proposed charge pump circuit has two pumping branches pumping the output node alternately
so the output voltage ripple is small. The proposed circuit is suitable in low-voltage CMOS
processes because of its high pumping efficiency and no overstress across the gate oxide of
devices.

In general, the output voltage of the charge pump circuit will be limited by the
breakdown voltage of the parasitic pn-junction in the given CMOS process. Chapter 6
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presents an on-chip ultra-high-voltage charge pump circuit designed with the polysilicon
diodes in low-voltage standard CMOS processes. Because the polysilicon diodes are fully
isolated from the silicon substrate, the output voltage of the charge pump circuit is not limited
by the junction breakdown voltage of parasitic pn-junction. The polysilicon diodes can be
implemented in the standard (bulk) CMOS processes without extra process steps. The
proposed charge pump circuit designed with the polysilicon diodes has been fabricated and
verified in a 2.5-V 0.25-pm bulk CMOS process.

In summary, several circuits designed in low-voltage CMOS processes but operated in
high-voltage environments are presented in this dissertation. The proposed circuits have been
implemented and verified in silicon chips. The proposed circuits are very useful and

cost-efficient for the advanced SOC applications.
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mixed-voltage I/O buffer in the transmit mode to drive 1XVDD (1-V) output
signals.

4xVDD input tolerant mixed-voltage I/O buffer by using the proposed
NMOS-blocking technique.

Equivalent circuit of the mixed-voltage I/O buffer designed with the proposed
NMOS-blocking technique.

4-stage (a) diode, and (b) Dickson, charge pump circuits.

(a) Circuit, and (b) Corresponding voltage waveforms, of the 4-stage Wu and
Chang’s charge pump circuit.

(a) Circuit, and (b) Corresponding waveforms, of the new proposed charge
pump circuit with 4 pumping stages.

Simulated waveforms on CLK, CLKB, nodes 1-8, and Vout in the new

proposed 4-stage charge pump circuit.

- XX -



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.5.

5.6.

5.7.

5.8.

5.9.

5.10.

5.11.

5.12.

6.1.

6.2.

6.3.

6.4.

6.5.

6.6.

Simulated output voltages of the new proposed 4-stage charge pump circuit
under different output currents and power supply voltages (VDD).

Simulated output voltages of the Dickson, Wu and Chang’s, and the proposed
charge pump circuits with 4 stages under different output currents with 1.8-V
power supply (VDD=1.8 V).

Simulated output voltages of the Dickson, Wu and Chang’s, and the proposed
charge pump circuits with 4 stages under different VDD without output
current loading.

Simulated output waveforms of the Dickson, Wu and Chang’s, and the
proposed charge pump circuits of 4 stages with 20-pA output current and

1.8-V power supply (VDD=1.8 V),

Simulated output voltages of different 4-stage charge pump circuits in the
0.35-pum 3.3-V CMOS process under different output currents with the power
supply voltage (VDD) of 3.3 V.

Photographes of charge pump'circuits in (a) chip 1, and (b) chip 2, fabricated
in the 0.35-um 3.3-V.CMOS, process.

Measured output voltages of different charge pump circuits with 3.3-V power
supply (VDD=3.3 V), wherethe stage number is 4.

Measured output voltages of the new proposed 2-stage, 3-stage, and 4-stage
charge pump circuits with" 2-V' 'power supply (VDD=2 V) under different
output currents.

Schematic cross sections of (a) the p+/n-well diode, and (b) the
diode-connected NMOS, in grounded p-type substrate.

Schematic cross section of the polysilicon diode in the bulk CMOS process.
Measured I-V curves of the polysilicon diodes with different lengths (Lc) of
the un-doped region.

Measured cut-in voltages of the polysilicon diodes with different lengths (Lc)
of the un-doped region. The cut-in voltages are defined at the 1-pA forward
biased current.

Measured reverse breakdown voltages (@ 1-pA reverse biased current) and
the reverse leakage currents (@ 2.5-V reverse biased voltage) of the
polysilicon diodes with different lengths of un-doped region.

4-stage charge pump circuit realized with 5 polysilicon diodes.

- XX1 -



Fig. 6.7.

Fig. 6.8.

Fig. 6.9.

Fig. 6.10.

Fig. 6.11.

Fig. 6.12.

Photograph of the 4-stage charge pump circuit with 5 polysilicon diodes
(Lc=0.5 pm) fabricated in a 0.25-pum 2.5-V bulk CMOS process.

Measured waveforms (CLK and Vout) of the 12-stage charge pump circuit
with the polysilicon diodes (Lc=0.5 pm) to drive capacitive output load. The
clock frequency is 1 MHz and VDD is 2.5 V.

Measured output voltages of the 4-stage, 8-stage, and 12-stage charge pump
circuits with the polysilicon diodes of 0.5-um and 1-pm un-doped region to
drive capacitive load. The clock frequency is 1 MHz and VDD is 2.5 V.
Measured output voltages of the 4-stage charge pump circuit (Lc=1 pm) with
the output loading of 1 MQ, 10 MQ, or without the output resistor under
different clock frequencies. The power supply voltage (VDD) is 2.5 V.
Measured output voltages of the 4-stage charge pump circuits with the
polysilicon diodes of 0.5-um and 1-um un-doped region to drive capacitive
loads under different VDD. The clock frequency is 100 kHz.

Measured output voltages_of the'4-stage charge pump circuits (Lc=1 um) with
the output resistors ofsl MQ and-10. M2 and without the output resistor under
different VDD. The elock frequency is 100 kHz.

- Xxil -



CHAPTER 1

Introduction

In this chapter, the background of this dissertation is discussed. First, the scaling trend of
the CMOS technology is introduced. The reliability issue about the gate-oxide breakdown
and the hot-carrier degradation in the advanced technology are also discussed. Then, the
issues of the high-voltage circuits realized in low-voltage CMOS processes are discussed.

Finally, the rest of this dissertation is organized.
1.1. Scaling Trend of CMOS Technology

The scaling trend of the CMOS ‘technology is to.increase the speed and density of the
transistors in integrated circuits. The increase of speed requires the higher current density of
the transistor due to the charge or:discharge the load capacitance if the load capacitance is
kept the same. Equation 1.1 expresses the draincurrent (I;) of the NMOS transistor in the
saturation region, where L, is the mobility of the NMOS transistor, Cyy is the gate capacitance
per unit area of the NMOS transistor, W and L are the channel width and channel length of
the NMOS transistor, Vt is the threshold voltage of the NMOS transistor, A is the

channel-length modulation parameter.
w 2
Id:yn-Cox-T-(Vgs—Vt) -(1-A4-Vds) (1.1)
If ignoring the channel-length modulation, equation 1.1 can be simplified as equation 1.2.
o = o1+ (Vs -V (1.2)

Hence, the dimension and the threshold voltage of the devices are the key parameters as the
semiconductor technology is scaled down. For speed consideration, the operation voltage of
device is as high as possible to maximize the current density. However, the operation voltage
of the device is decreased owing to the reliability issue. Table 1.1 summarizes the key
features of the semiconductor scaling trend, which are predicted by the Semiconductor

Industry Association (SIA) [1]. As shown in Table 1.1, the gate length (L), the threshold
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voltage (Vt), and the thickness (t,x) of the gate oxide are decreased in the future technologies
so the drain current is increased. However, due to the reliability issue, the power supply
voltage is decreased in the future technologies. Although the scaling trend is toward to
increase the speed and the density of transistor, the reliability issue becomes more responsible
in the future technologies. Because the thickness of gate oxide is getting thinner and thinner,
and the channel length is getting shorter and shorter in the future technologies, the gate-oxide

breakdown [2]-[5] and hot-carrier degradation [6], [7] issues become more important.

1.1.1. Gate-Oxide Breakdown

The thinner gate oxide is required in the advanced processes due to the current density
of the device. If the other device dimensions are scaled down and the gate oxide is kept the
same, the device suffers from the short-channel effect. However, the larger electric field is
across the gate oxide if the thickness of the gate oxide is scaled down and the operation
voltage is not. The large electric field on the gate oxide may cause the gate-oxide breakdown.
The gate oxide can be broken down instantaneously or broken down over time [8], [9].
Equation 1.3 expresses the lifetime-of gate oxide over the-voltage stress [8].

BD G'Xe
ij‘ expl ——— gt =1 (1.3)
z-0 0 Vox(t)

In equation 1.3, 1pand G are two constants, X is the effective thickness of the gate oxide

due to the defeats, and V(t) is the time-dependent voltage across the gate oxide. As
expressed in equation 1.3, the accumulation of the voltage stress over time determines the
gate-oxide breakdown. Thus, the DC stress is more serious than the AC stress (transient
stress). For the DC stress and the defeat-free gate oxide, equation 1.3 can be simplified as

equation 1.4, where t.y is the thickness of the gate oxide.

G-t
tBD:rO-exp[ v °X] (1.4)

(04
As expressed in equation 1.4, the operating voltage of devices must be scaled down to keep

the same life time when the gate-oxide thickness is scaled down to improve the performance.
1.1.2. Hot-Carrier Degradation

As the semiconductor technology has been scaled down, the channel length of the device

.



becomes shorter. If the drain-source voltage is not scaled down with the channel length, the
electric field between the drain and the source is large so that the electrons in the channel are
accelerated to damage the device. The damage by the accelerated electrons degrades the
device performance over time or causes the device breakdown instantaneously. Similar to the
gate-oxide overstress, the AC hot-carrier stress (transient stress) is less harmful than the DC
stress. Lightly doped drain (LDD) structure is used in the advanced processes to allow the
higher drain-source voltage without the hot-carrier degradation [10]-[13]. However, the LDD
structure increases the series drain resistance, which degrades the speed performance. Thus,

the power supply voltage (VDD) maximizes the speed for a fixed reliability level.

As described in sections 1.1.1 and 1.1.2, the power supply voltage (VDD) for a CMOS
technology is a trade-off of the speed performance, the power consumption, and the reliability
issue. For speed performance, the higher supply voltage makes the device having the larger
drain current to charge and to discharge the capacitive load. The gate-oxide breakdown over

time and hot-carrier stress set the maximum supply. voltage.

1.2. Issues of High-Voltage Circuit Design in Low-Voltage CMOS

Processes

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]. Obviously, the shrunk device
dimension makes the chip area smaller to save silicon cost. The lower power supply voltage
(VDD) results in lower power consumption. Therefore, chip design quickly migrates to the
lower voltage level with the advancement of the nanoscale CMOS technology. Fig. 1.1 shows
the scaling trends of the power supply voltage (VDD) and the oxide thickness (tox) [1]. As
shown in Fig. 1.1, the power supply voltage is decreased and the oxide thickness is thinner
when the process is scaled down. However, in order to save the chip area or have the speed
performance, some circuits are still designed in the same voltage level but fabricated in the
advanced (low-voltage) processes [14]-[18]. Besides, some peripheral components or other
ICs in an electronic system are still operated at the higher voltage levels, such as 3.3 Vor 5 V
[19], [20]. In other words, an electronic system could have chips operated at different voltage

levels. Thus, some circuits must be design in low-voltage process, but still operated in the
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high-voltage or mixed-voltage (high-voltage and low-voltage) environments. However, the
gate-oxide breakdown, the hot-carrier degradation, and the leakage current issues may arise
in the low-voltage circuits operated in the high-voltage or mixed-voltage environment.

Figs. 1.2 and 1.3 show a CMOS inverter and an NMOS load amplifier realized with
low-voltage (2.5-V) devices but operated in high-voltage (5-V) environment, respectively. As
shown in Fig. 1.2, transistors MP and MN have the overstress on their gate oxides anytime,
and the hot-carrier stress during the signal transitions in the high-voltage environment. As
shown in Fig. 1.3, transistors MN1 and MN2 have the gate-oxide overstress and hot-carrier
overstress anytime in the high-voltage environment. Fig. 1.4 shows two inverters realized
with 2.5-V devices in mixed-voltage (2.5/5-V) interface. As shown in Fig. 1.4, transistors
MP2 and MN2 have the gate-oxide overstress and hot-carrier overstress in the mixed-voltage
interface. Besides, a leakage path occurs from 5-V power supply to ground through
transistors MP2 and MN2. Thus, the circuits realized with the low-voltage devices in the
high-voltage or mixed-voltage environment must be designed carefully to prevent the
gate-oxide breakdown, the hot-carrier degradation, and the leakage current issues. Some
circuits designed with low-voltage devicessbut.applied in high-voltage environment have
been reported. Reference [14] has .reported a: CMOS operational amplifier (OPAMP)
fabricated in a 0.13-um 1-V CMOS-process but operated-with 2.5-V power supply (VDD=2.5

V) without gate-oxide reliability issué. The analog-to-digital converters (ADCs) realized with
low-voltage devices without gate-oxide reliability issue have been reported in [21], [22]. In
[15], [16], I/O circuits realized in a 0.25-pm 2.5-V CMOS technology are operated with the
power supply voltage of 5.5 V and 7.5 V without gate-oxide overstress, respectively. In [17],
a 5.5-V line driver fabricated in a 0.13-um 1.2-V CMOS technology has been reported.
Reference [18] has reported a high-voltage charge pump circuit realized with low-voltage
devices without gate-oxide reliability. In [23]-[25], the I/O buffers realized in low-voltage
processes for mixed-voltage applications without reliability and leakage issues have been
reported. Therefore, in this dissertation, several high-voltage circuits realized with

low-voltage devices are presented.

1.3. Organization of This Dissertation

In Chapter 2, a new mixed-voltage I/O buffer realized with only the thin gate-oxide

(low-voltage) devices is presented. The new proposed mixed-voltage 1/O buffer with simpler
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dynamic n-well bias circuit and gate-tracking circuit can prevent the undesired leakage
current paths and the gate-oxide reliability problem, which occur in the conventional CMOS
I/O bufter. The new mixed-voltage I/O buffer has been fabricated and verified in a 0.25-um
2.5-V CMOS process to serve 2.5/5-V I/O interface. Besides, another 2.5/5-V mixed-voltage
I/O buffer without the subthreshold leakage problem for high-speed applications is also
presented in this chapter. The speed, power consumption, area, and noise among these
mixed-voltage [/O buffers are also compared and discussed. The new proposed
mixed-voltage 1/O buffers realized with 1xVDD devices can be easily applied in
1xVDD/2xVDD mixed-voltage interface.

In Chapter 3, an input buffer and an output buffer realized with 1-V and 2.5-V
low-voltage devices for 3.3-V applications are presented. Due to the high-integration trend of
SOC (system-on-a-chip), an electronic system may be integrated into a single chip. Thus,
there are digital circuits and analog circuits in a chip. For example, the digital part of a chip is
designed with 1-V devices to decrease its power consumption, the analog part is designed
with 2.5-V devices to improve the circuit performance, and the chip-to-chip interface is 3.3-V
PCI-X in a 0.13-pm 1/2.5-V CMOS process=Thus; the traditional I/O circuits are not suitable
for this application. An input buffer with the proposed Schmitt trigger circuit in a 0.13-pm
1/2.5-V CMOS process is presented first.Then, .an output buffer with the proposed level
converter in a 0.13-pum 1/2.5-V CMOS process is also presented in this chapter.

Chapter 4 presents an NMOS-blocking* technique for mixed-voltage /O buffer.
Unlike the traditional mixed-voltage I/O buffer design, the mixed-voltage 1/O buffer realized
with only 1xVDD devices by using the NMOS-blocking technique can receive 2xVDD,
3xVDD, and even 4xVDD input signal without the gate-oxide reliability issue. In this chapter,
the 2xVDD input tolerant mixed-voltage I/O buffer by using the NMOS-blocking technique
has been verified in a 0.25-pm 2.5-V CMOS process to serve 2.5/5-V mixed-voltage interface.
The 3xVDD input tolerant mixed-voltage I/O buffer by using the NMOS-blocking technique
has been verified in a 0.13-um 1-V CMOS process to serve 1/3-V mixed-voltage interface.
The proposed NMOS-blocking technique can be extended to design the 4xVDD, 5xVDD,
and even 6xVDD input tolerant mixed-voltage I/O buffers. The limitation of the
NMOS-blocking technique is the breakdown voltage of the pn-junction in the given CMOS
process.

Chapter 5 presents a new charge pump circuit with consideration of gate-oxide
reliability issue. Because the charge transfer switches of the new proposed charge pump

circuit can be fully turned on and turned off, as well as the output stage doesn’t have the
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threshold drop problem, its pumping efficiency can be higher than that of the prior designs.
The gate-drain and the gate-source voltages of all devices in the proposed charge pump
circuit don’t exceed VDD, so the proposed charge pump circuit doesn’t suffer the gate-oxide
reliability problem. Besides, the proposed charge pump circuit has two pumping branches
pumping the output node alternately so the output voltage ripple is small. In this work, two
test chips have been implemented in a 0.35-um 3.3-V CMOS process to verify the proposed
charge pump circuit. The measured output voltage of the new proposed 4-stage charge pump
circuit with each pumping capacitor of 2 pF to drive the capacitive output load is around 8.8
V under 3.3-V power supply (VDD=3.3 V), which is limited by the junction breakdown
voltage of the parasitic pn-junction in the given process. The new proposed circuit is suitable
for applications in low-voltage CMOS processes because of its high pumping efficiency and
no overstress across the gate oxide of devices.

Chapter 6 presents an on-chip ultra-high-voltage charge pump circuit designed with
the polysilicon diodes in low-voltage standard CMOS processes. Because the polysilicon
diodes are fully isolated from the siliconsubstrate, the output voltage of the charge pump
circuit is not limited by the junction breakdown.veltage of MOSFETs. The polysilicon diodes
can be implemented in the standard-(bulk) CMOS processes without extra process steps. The
proposed ultra-high-voltage charge pump circuit.-has been fabricated in a 0.25-um 2.5-V
standard CMOS process. The measured output voltage of the 12-stage charge pump circuit
with 2.5-V power supply voltage (VDD=2:5 V) c¢an be pumped up to 28.08 V, which is much
higher than the n-well/p-substrate breakdown voltage (~18.9 V) in the 0.25-um 2.5-V
standard CMOS process.

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]

2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012
Gate Length, L (nm) 32 28 25 22 20 18 16 14
Oxide Thickness, tox (A) 12 11 11 9 7.5 6.5 5 5
Power Supply Voltage, 1.1 1.1 1.1 1 1 1 1 0.9
VDD (V)
Threshold Voltage, Vit 195 168 165 160 159 151 146 148
(mV)
NMOS Drain Current 1020 | 1130 | 1200 | 1570 | 1810 | 2050 | 2490 | 2300
(MA/pm)
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Fig. 1.1. Scaling trends of the oxide thickness and the power supply voltage [1].
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Fig. 1.2. A CMOS inverter realized with 2.5-V devices in 5-V environment.
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Fig. 1.3. An NMOS load amplifier realized with 2.5-V devices in 5-V environment.
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CHAPTER 2
Mixed-Voltage 1/0 Buffers With Only Thin

Gate-Oxide Devices

In this chapter, the prior designs of mixed-voltage I/O buffers are overviewed first. Then,
two new mixed-voltage I/O buffers realized with only thin-oxide devices are presented [26].
The new proposed mixed-voltage I/O buffer 1 with simpler dynamic n-well bias circuit and
gate-tracking circuit can prevent the undesired leakage current paths and the gate-oxide
reliability problem, which occur in the conventional CMOS [/O buffer. The new
mixed-voltage I/O buffer 1 has been fabricated and verified in a 0.25-um CMOS process to
serve 2.5/5-V 1/O interface.

The subthreshold leakage problem, is-more Serious in the advanced CMOS processes,
such as the 0.13-pm CMOS process. Therefore, the new proposed mixed-voltage I/O buffer 2
for high-speed applications is also- presented to alleviate this problem. The speed, power
consumption, area, and noise among these mixed-voltage I/O buffers (new proposed circuits
and prior arts) are also compared and discussed. The new proposed mixed-voltage I/O buffers
realized with 1xVDD devices can be easily applied in 1xVDD/2xVDD mixed-voltage

interface.

2.1. Issues of Mixed-Voltage I/O Interface

The conventional tri-state I/O buffer with 2.5-V gate-oxide devices in a 0.25-uym CMOS
process is shown in Fig. 2.1, where the power supply voltage (VDD) is 2.5 V. However, the
input signal at the I/O pad in the mixed-voltage I/O interface may rise up to 5 V in the
tri-state input (receive) mode. In the receive mode, the gate voltages of the pull-up PMOS
device and the pull-down NMOS device in the I/O buffer are traditionally controlled at 2.5 V
and 0 V to turn off the pull-up PMOS device and the pull-down NMOS device by the
pre-driver circuit, respectively. When the input signal at the I/O pad rises up to 5 V in the
tri-state input mode, the parasitic drain-to-well pn-junction diode in the pull-up PMOS device

will be forward biased. Therefore, an undesired leakage current path flows from the I/O pad
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to the power supply voltage (VDD) through the parasitic pn-junction diode. Besides, because
the gate voltage of the pull-up PMOS device is 2.5 V and the input signal at /O pad is 5V,
the pull-up PMOS device will be turned on in such tri-state input mode to conduct another
undesired leakage current path from the I/O pad to the power supply voltage (VDD). Such
undesired leakage currents cause not only more power consumption in the electronic system
but also malfunction in the whole electronic system.

Moreover, because the gate-drain voltage (Vgd) of the pull-down NMOS device and the
gate-source voltage (Vgs) of the input buffer in Fig. 2.1 with 5-V input signal are larger than
their voltage levels in the normal operation, such high voltage across the thin gate oxide of
the pull-down NMOS device and the input buffer results in the gate-oxide overstress
reliability issue [27]-[29]. In addition, the pull-down NMOS device and the input buffer with
a 5-V input signal may suffer serious hot-carrier degradation if their drain-source voltages are
too large [13].

Fig. 2.2 shows the mixed-voltage I/O buffer with the dual-oxide (thick-oxide and
thin-oxide) devices and an external n-wellibiassvoltage. For such mixed-voltage interface
applications, the dual-oxide process:provided-by: foundry is used to avoid the gate-oxide
reliability problem [30]-[32]. Sinee the thick oxide can sustain higher gate voltage, the
devices which have the gate-oxide reliability problem -can be replaced by the thick-oxide
devices to prevent the high-voltage-overstress on the' thin gate oxide. Therefore, the core
circuits in a chip are designed with thin-oxide devices to decrease the chip area and power
consumption, but the I/O circuits are designed with thick-oxide devices to avoid the
gate-oxide reliability issue. In order to avoid leakage current path from the I/O pad to the
power supply (VDD) through the parasitic drain-to-well pn-junction diode in the pull-up
PMOS device, the body terminal of the pull-up PMOS must be connected to an extra pad that
provides a higher external voltage (VDDH) to bias the body of the pull-up PMOS device. In
addition, a gate-tracking circuit is needed to avoid the leakage current path induced by the
incorrect conduction of the pull-up PMOS device.

Although the traditional mixed-voltage I/O buffer with dual-oxide devices and an
external n-well bias can be used to solve the aforementioned problems, there are still some
limitations in this I/O buffer. Using an external bias voltage needs an extra pad to provide
another power supply (VDDH), the silicon area and the cost of the whole system are
increased. The threshold voltage of the thick-oxide devices is so high that their driving
capacities are decreased when their gates are controlled by the pre-driver circuit with

low-voltage devices. In addition, because the body terminal of the pull-up PMOS device is
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connected to a higher voltage (VDDH), the threshold voltage of the pull-up PMOS device is
also increased due to the body effect. Because the driving capacity is decreased, the larger
device dimension is required for the pull-up PMOS device to support the desired driving
specifications. In turn, it increases the silicon area for such I/O buffer. Therefore, the
mixed-voltage I/O buffer with dual-oxide devices and an external n-well bias is unsuitable for
the low-cost commercial ICs. Considering these limitations, several mixed-voltage 1/O

buffers have been reported in [23]-[25], [33], [34], which will be overviewed in this chapter.

2.2. Overview on the Prior Designs of Mixed-Voltage 1/0O Buffers

2.2.1. Design Concept of Mixed-Voltage 1/0 Buffers With Thin-Oxide Devices

Fig. 2.3 shows the mixed-voltage I/O buffer realized with thin-oxide devices, a dynamic
n-well bias circuit, and a gate-tracking circuit, The stacked NMOS devices, MNO and MNI1,
are used to avoid the high-voltage overstress on their gate oxide. In a 0.25-um CMOS process,
the power supply voltage (VDD) is.2.5 V and the threshold voltage of the devices is about 0.6
V. Because the gate terminal of transistor MNO is' connected to 2.5 V (VDD), the drain
voltage of transistor MNI1 is about 1:9 V*(2.5-0:6=1.9) when the input signal at the I/O pad is
5 V in the tri-state input mode. Hence, the gate=drain voltages and the gate-source voltages of
the stacked NMOS devices, MNO and MN1, are limited below 2.5 V even if the input signal
at the I/O pad is 5 V. Therefore, the stacked NMOS devices, MNO and MN1, can solve the
gate-oxide reliability problem.

The gate-tracking circuit shown in Fig. 2.3 is used to prevent the leakage current path
due to the incorrect conduction of the pull-up PMOS device when the input signal at the 1/0O
pad is higher than VDD. In the transmit mode, the gate-tracking circuit must transfer the
signal from the pre-driver circuit to the gate terminal of the pull-up PMOS device exactly. In
the tri-state input mode (receive mode) with 5-V input signal, the gate-tracking circuit will
charge the gate terminal of the pull-up PMOS device to 5 V to turn off the pull-up PMOS
device completely, and to avoid the leakage current from the I/O pad to the power supply
(VDD). On the contrary, the gate-tracking circuit will keep the gate terminal of the pull-up
PMOS device at 2.5 V to turn off the pull-up PMOS device completely, and to prevent the
overstress on the gate oxide of the pull-up PMOS device, when the input signal at the I/0O pad

is 0 V in the tri-state input mode.
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The dynamic n-well bias circuit shown in Fig. 2.3 is designed to prevent the leakage
current path due to the parasitic drain-to-well pn-junction diode in the pull-up PMOS device.
In the transmit mode, the dynamic n-well bias circuit must keep the floating n-well bias at 2.5
V. So, the threshold voltage of the pull-up PMOS device isn’t increased by the body effect. In
the tri-state input mode with a 5-V input signal, the dynamic n-well bias circuit will charge
the floating n-well to 5 V to prevent the leakage current from the I/O pad to the power supply
(VDD) through the parasitic pn-junction diode. When the input signal at the I/O pad is 0 V,
the dynamic n-well bias circuit will bias the floating n-well at 2.5 V.

Because the floating n-well is clamped to 2.5 V or 5 V through the parasitic diodes by
some dynamic n-well bias circuits [24], [33], [34], the voltage on the floating n-well will be a
little lower than 2.5 V or 5 V. The lower floating n-well voltage results in the lower threshold
voltage of the pull-up PMOS transistor. Thus, the subthreshold leakage current becomes large
when the pull-up PMOS transistor is in off state. If the given process has serious subthreshold
leakage issue, such as the 0.13-pum or below processes, the dynamic n-well bias circuit must
clamp the floating n-well directly to thesdesired voltage level by the MOS transistor to
decrease the subthreshold leakage.

As shown in Fig. 2.3, the extra transistors, MN2 and MP1, are added in the input buffer.
Transistor MN2 is used to limit the-voltage.level of input signal reaching to the gate oxide of
inverter INV. Because the gate terminal of transistor IMN2 is connected to the power supply
voltage (VDD), the input terminal of inverter/ INV will rise up to 1.9 V (2.5-0.6=1.9) when
the input signal at the I/O pad is 5 V in the tri-state input mode. Then, transistor MP1 is used
to pull up the input node of inverter INV to 2.5 V when the output node of inverter INV is
pulled down to 0 V. Thus, the gate-oxide reliability occurring in the input buffer can be

solved.

2.2.2. Prior Designs of Mixed-Voltage 1/0 Buffers

Fig. 2.4 re-draws the mixed-voltage I/O buffer with stacked pull-up PMOS devices
reported in [33]. Signal OE is the output-enable control signal. In the transmit mode,
transistor MN1 is turned on and transistor MP2 is turned off, so that this I/O buffer drives the
I/O pad according to the output signal Dout. In the tri-state input mode, transistor MN1 is
turned off and transistor MP2 is turned on by the control signal OE at logic zero. If the input
signal at the I/O pad is 5 V, the gate voltage of transistor MP1 and the floating n-well are
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pulled up to 5 V through transistor MP2 and the parasitic drain-to-well pn-junction diode in
transistor MPO to prevent the undesired leakage current paths from I/O pad to power supply
voltage (VDD), respectively. Although this I/O buffer is simple, transistors MNO, MN1, and
MP2 have the gate-oxide reliability problem in the tri-state input mode when the input signal
has a 5-V voltage level. Besides, because the stacked PMOS devices with the floating n-well
to prevent the leakage current is applied to this I/O buffer, the PMOS devices in stacked
configuration occupy more silicon area.

Fig. 2.5 re-draws another mixed-voltage I/O buffer with stacked pull-up PMOS devices
and stacked pull-down NMOS devices [34]. This I/O buffer uses transistors MP2, MN3, and
MN4 as the gate-tracking circuit and transistors MP0O, MP3, and MP4 as the dynamic n-well
bias circuit. In the tri-state input mode with the control signal OE at GND, transistor MN4 is
turned off and transistor MP2 is turned on. If the input signal at the I/O pad is 5 V, the gate
voltage of transistor MP3 is biased at 5 V through transistors MPO and MP2 to avoid the
undesired leakage current path due to the incorrect conduction of transistor MP3. The floating
n-well is biased at ~5 V through the parasitic drain-to-well pn-junction diode of transistor
MPO. In the transmit mode with the OE control:signalat VDD, transistor MN4 is turned on
so that transistor MP3 is turned on, and transistor MP2 is kept off. Hence, this I/O buffer
drives the I/O pad according to the-output signal Dout. When the signal at the I/O pad is 0 V,
the floating n-well is biased at 2.5 V through transistor. MP4. When the input signal at the I/O
pad is 2.5 V, the floating n-well is biased at ~2.5 V through the parasitic source-to-well
pn-junction diodes of transistors MP3 and MP4. However, transistor MP2 has the gate-oxide
reliability problem when the input signal at the I/O pad is 5 V in the tri-state mode. Besides,
because the I/O buffer uses two PMOS devices, MP0O and MP3, in stacked configuration to
drive the I/O pad, the stacked devices occupy more silicon area.

The mixed-voltage I/O buffer with a depletion PMOS device is re-drawn in Fig. 2.6 [23].
The depletion PMOS device MP2 in the I/O buffer is used as the gate-tracking circuit. In the
tri-state mode, if the input signal at I/O pad is 5 V, the gate voltage of transistor MPO is biased
at 5 V through the depletion PMOS device MP2 to avoid the undesired leakage current path
through the transistor MP0. This I/O buffer uses an extra pad that is connected to 5-V power
supply (VDDH) to avoid the undesired leakage current path through the parasitic
drain-to-well pn-junction diode. However, using the depletion device increases mask layer
and process modification. Thus, the fabrication cost of such I/O buffer design will be
increased. In addition, using the extra n-well bias (VDDH) not only degrades the driving

capacity of output device MPO due to the body effect, but also increases the system cost.

-15-



Fig. 2.7 re-draws the mixed-voltage I/O buffer realized with only thin-oxide devices
reported in [24]. In Fig. 2.7, the gate-tracking circuit and the dynamic n-well bias circuit are
formed by transistors MP1, MP2, MP3, MP4, MN2, MN3, MN4, and MNS5. In the transmit
mode with signal OE at logic “1”, transistor MN4 is turned on to keep transistors MP3 and
MP4 on. Thus, this I/O buffer drives the I/O pad according to signal Dout. Besides, because
transistor MP3 is turned on, the floating n-well is biased at 2.5 V by transistor MP3 in the
transmit mode. In the tri-state input mode with signal OE at logic “0”, transistor MN4 is kept
off. If the input signal at the I/O pad is 5 V, the gate voltages of transistors MP0O and MP4 are
biased at 5 V through transistor MP1 and MP2 to avoid the undesired leakage paths through
the transistors MP0O and MP4. Besides, the floating n-well is also biased at ~5 V to avoid the
undesired leakage path through the parasitic drain-to-well pn-junction diode of transistor
MPO when the voltage at the I/O pad is 5 V in tri-state input mode. When the input signal at
the I/O pad is 0 V in the tri-state input mode, transistor MN3 is turned on to keep transistor
MP3 on. So, the floating n-well is biased at 2.5 V.

Another mixed-voltage I/O buffer realizedswith only thin-oxide devices is re-drawn in
Fig. 2.8 [25]. The gate-tracking circuit in Figs2:8 15:composed of transistors MN3, MN4,
MP2, MP3, and MP4. The dynami¢c n-well bias-circuit-in Fig. 2.8 is formed by transistors
MNS5, MP5, MP6, and MP7. Besides, the“body terminals of all PMOS transistors in the
gate-tracking circuit and the dynamic n-well bias circuit are connected to the floating n-well.
Such I/0O circuit shown in Fig. 2.8 can overcome the gate-oxide reliability problem and avoid
the undesired leakage paths. However, too many devices are used to realize the desired
functions of the gate-tracking circuit and the dynamic n-well bias circuit. More devices used
in the mixed-voltage /O buffer often cause more complex metal routing connection in the

1/O cells.

2.3. New Mixed-Voltage I/O Buffer 1

2.3.1. Circuit Implementation

Fig. 2.9 shows the new proposed mixed-voltage I/O buffer with the new dynamic n-well
bias circuit and gate-tracking circuit. The new proposed I/O buffer is realized by only the thin
gate-oxide devices, and occupies smaller silicon area than the prior designs of mixed-voltage

I/O buffers. When the tri-state control signal OE is at 2.5 V (logic “1”), the new
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mixed-voltage I/O buffer is operated in the transmit mode. The signal at the I/O pad rises or
falls according to signal Dout, which is controlled by the internal circuits of IC. The lower
output port of the pre-driver circuit is directly connected to the gate terminal of the pull-down
NMOS device, MN1. The upper output port of the pre-driver circuit is connected to the gate
terminal of the pull-up PMOS device, MPO, through the gate-tracking circuit. If the voltage
level at the upper port is 0 V, the signal can be fully transmitted to the gate terminal of the
pull-up PMOS device MP0 through transistor MN2, and the signal at the I/O pad is pulled up
to 2.5 V. Besides, transistor MP4 is also turned on to bias the floating n-well at 2.5 V. When
the voltage level at the upper port is 2.5 V, the gate terminal of transistor MPO is charged to
VDD—|Vtp| through transistor MN2 first. Consequently, the voltage at the I/O pad and the
gate voltage of transistor MP1 are discharged to 0 V through transistors MNO and MNI.
Transistor MP1 is turned on until the gate terminal of transistor MP2 is discharged to |Vtp|. At
this moment, transistor MP2 is turned on to continually pull the gate voltage of transistor
MPO up to 2.5 V. The pull-up PMOS device MPO can be completely kept off. The floating
n-well is also biased at ~2.5 V through_the parasitic pn-junction diodes of transistors MPO
and MP4 at this moment.

When the proposed 1/O buffer4s operated in-the tri-state input (receive) mode, the upper
and lower output ports of the pre-driver circuit are-kept'at 2.5 V and 0 V, respectively, to turn
off transistors MPO and MNI1. Signal Din‘rises or falls'according to the signal at the I/O pad
in the tri-state input mode. In order to prevent theundesired leakage current from the I/O pad
to the power supply (VDD) through the pull-up PMOS device MPO, transistor MP3 is used to
track the signal at the I/O pad and to control the gate voltage of transistor MPO. When the
voltage level at the I/O pad exceeds VDD+|Vtp|, such as 5 V, transistor MP3 is turned on to
charge the gate terminal of transistor MPO up to 5 V. Transistor MPO is completely turned off
to prevent the leakage current through its channel. Transistor MP4 is also turned off and the
floating n-well is biased at 5 V through the parasitic pn-junction diode. Thus, there is no
leakage current path from the I/O pad to the power supply (VDD). Besides, transistor MP1 is
also turned on to keep transistor MP2 off in order to prevent another leakage path from the
gate terminal of transistor MPO to the upper port of the pre-driver, when the signal at the I/O
padis 5 V.

Transistors MNO and MP5 with inverter INV are used to transfer the input signal from
the I/O pad to the internal node Din in the tri-state input mode. Transistor MNO is used to
limit the voltage level of input signal reaching to the gate oxide of inverter INV. Because the

gate terminal of transistor MNO is connected to the power supply voltage (2.5 V), the input
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voltage of inverter INV is limited to 1.9 V (2.5-0.6=1.9) when the voltage level at the I/O pad
is 5 V. Then, transistor MP5 will pull the input node of inverter INV up to 2.5 V when the
output node of inverter INV is pulled down to 0 V. The signal at the I/O pad can be
successfully transferred to the internal input node Din. This I/O buffer can be correctly
operated with neither gate-oxide reliability problem nor any circuit leakage issue in the

tri-state input mode.

2.3.2. Simulation and Experimental Results

A 0.25-pm 2.5-V CMOS device model is used to verify the design of the new proposed
mixed-voltage I/O buffer by HSPICE simulation. Figs. 2.10(a) and 2.10(b) show the
simulated waveforms of the new proposed mixed-voltage I/O buffer with a 20-pF output load
at the pad and 50-MHz I/O signal in the transmit mode and in the tri-state input mode,
respectively. As shown in Fig. 2.10(a), the new proposed mixed-voltage 1/O buffer can
successfully drives the I/O pad according to signal:Dout in the transmit mode. As shown in
Fig. 2.10(b), the new proposed mixéd-voltage I/O buffér can successfully transfer the signal
at the I/O pad to the signal Din when'it receives the 5-V signals in the tri-state input mode.
This simulation also verifies that the gaté-drain-veltages (Vgd) and gate-source voltages (Vgs)
of all devices in the new proposed mixed-voltage I/O buffer do not exceed 2.5 V. Fig. 2.10(b)
only shows the gate-drain voltage (Vgd) of the pull-up PMOS device MPO. With the new
gate-tracking circuit, the Vgd of the pull-up PMOS device MPO is always controlled within
the normal operation voltage (VDD). Thus, the gate-tracking circuit can solve the gate-oxide
reliability problem in the new proposed mixed-voltage I/O buffer.

Fig. 2.11 shows the die photograph of the new proposed mixed-voltage 1/O buffer
fabricated in a 0.25-um 2.5-V 1PSM CMOS process. The measured waveforms of the new
proposed mixed-voltage I/O buffer with 1-MHz I/O signal in the transmit mode, the tri-state
input mode with 2.5-V input, and the tri-state input mode with 5-V input are shown in Figs.
2.12(a), 2.12(b), and 2.12(c), respectively. As shown in Figs. 2.12(a), 2.12(b), 2.12(c), the
new proposed mixed-voltage I/O buffer can be successfully operated in such a 2.5/5-V
mixed-voltage I/0 environment. The maximum operation frequency of the proposed I/O
buffer depends on the output load and the device size of output circuit. Typically, the
proposed mixed-voltage I/O buffer in this work has been successfully verified in silicon that

can be operated up to 200 MHz with 20-pF load.
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2.4. New Mixed-Voltage I/O Buffer 2

2.4.1. Circuit Implementation

The floating n-well of the proposed mixed-voltage I/O buffer 1 in Fig. 2.9 is biased at
~2.5 V and ~5 V through the parasitic pn-junction diode in the transmit mode with 0-V output
signal and in the receive mode with 5-V input signal, respectively. Thus, the voltage level of
the floating n-well may be coupled with transient noise when the operating frequency of the
mixed-voltage 1/O buffer becomes higher. The lower floating n-well voltage results in the
lower threshold voltage (Vtp) of the pull-up PMOS, so that the subthreshold leakage current
becomes large when the pull-up PMOS is in off state. Considering the coupled noise and the
subthreshold leakage current issue due to the floating n-well, another new modified design of
the proposed mixed-voltage I/O buffer without n-well floating is shown in Fig. 2.13.
Comparing to the design in Fig. 2.9, the gate,of transistor MP4 in Fig. 2.13 is connected to
the gate of transistor MP2. Besides, two extra NMOS-devices, MN3 and MN4, are added to
pull the gate voltage of transistor MP4 to 0'V|when the 1/O buffer in Fig. 2.13 is operated in
the transmit mode. In Fig. 2.13, transistor MN3 is used to protect transistor MN4 without the
gate-oxide overstress, because the gate voltage of transistor MP4 may be as high as 5 V in the
tri-state input mode. In the transmit mode, the gate voltage of transistor MP4 in Fig. 2.13 is
pulled down to 0 V through transistors MN3 and MN4. Transistor MP4 is always turned on to
bias the floating n-well at 2.5 V whenever the signal at I/O pad is 2.5 V or 0 V. In the receive
mode with 5-V input signal, another PMOS device MP6 is turned on to bias the floating
n-well at 5 V. Thus, whenever the proposed mixed-voltage 1/O buffer 2 is in the transmit
mode or the receive mode, the floating n-well is biased at 2.5 V or 5 V directly. The
subthreshold leakage problem can be completely solved in the new proposed mixed-voltage

1/O bufter 2.

2.4.2. Simulation Results

The proposed mixed-voltage I/O buffer 2 is also simulated in a 0.25-um 2.5-V CMOS
process. Figs. 2.14(a) and 2.14(b) show the simulated waveforms of the proposed

mixed-voltage I/O buffer 2 operating in the transmit mode and the tri-state input mode,
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respectively. As shown in Figs. 2.14(a) and 2.14(b), the new proposed mixed-voltage 1/O
buffer 2 can be operated correctly in the transmit mode and the tri-state input mode. Figs.
2.15(a) and 2.15(b) compare the simulated waveforms on the floating n-wells of the proposed
mixed-voltage I/O buffer 1 (Fig. 2.9) and the proposed mixed-voltage I/O buffer 2 (Fig. 2.13)
in the transmit mode and in the receive mode, respectively. As shown in Figs. 2.15(a) and
2.15(b), the floating n-well of the proposed mixed-voltage I/O buffer 2 is always kept at 2.5
V in the transmit mode and kept at 2.5 V and 5 V in the receive mode. Thus, the proposed

mixed-voltage I/O buffer 2 is recommended for high-speed and low-power applications.

2.5. Discussions and Comparisons

2.5.1. Speed

The output loadings of these mixed-voltage. I/O buffers include the I/O pad, the bonding
wire, the package pin, the PCB trace,sand so_on. Therefore, the output loadings of these 1/O
buffers are usually very large. These mixed-voltage:I/O.buffers are simulated in a 0.25-um
2.5-V CMOS process to compare their speed performances under the condition of the same
output loading. Table 2.1 shows the simulated delay times from the node Dout to the I/O pad
when these 1/O buffers are in the transmit'mode to drive a 20-pF output loading. As shown in
Table 2.1, the delay times of these I/O buffers in Figs. 2.6, 2.7, 2.8, 2.9, and 2.13 are almost
the same, expect those of the I/O buffers in Figs. 2.4 and 2.5. Although the driving capacities
(by adjusting the device dimensions of output transistors) and the output capacitances of
these 1/0O buffers are kept the same, the parasitic capacitances of the stacked PMOS devices
in the output stage of the mixed-voltage I/O buffers in Figs. 2.4 and 2.5 are large. Besides, the
larger threshold voltage of transistor MPO in Fig. 2.4 (Fig. 2.5) owing to the body effect
results in the lower driving capacity. Thus, these two I/O buffers in Figs. 2.4 and 2.5 have a
little longer delay times than the other mixed-voltage 1/O buffers.

2.5.2. Power Consumption

The power consumption of CMOS digital circuit includes three parts: the dynamic

power consumption due to charging and discharging the capacitance, the short-circuit power
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consumption, and the power consumption due to the dc leakage current. Because there should
be no dc leakage current in the design of these mixed-voltage I/O buffers whenever they
operate in the receive mode or transmit mode, the power consuming on the output loading
dominates the total power consumption in these I/O buffers. Hence, the power consumptions
of these mixed-voltage I/O buffers are almost the same if the output loadings are kept the
same and the operating frequency is fixed. These mixed-voltage I/O buffers are simulated in a
0.25-um 2.5-V CMOS process. The simulated power consumptions of these mixed-voltage
I/O buffers in the transmit mode to drive the 20-pF output loading at the frequency of 50
MHz are compared in Table 2.2. Although the output loadings of these mixed-voltage 1/O
buffers are all the same of 20 pF, the power consumptions of the I/O buffers in Figs. 2.4 and
2.5 are somewhat larger than those of the other I/O buffers. The reason is that the parasitic
self output capacitances of the mixed-voltage I/O buffers in Figs. 2.4 and 2.5 are larger than
those of the other I/O buffers.

2.5.3. Area

The total area of these mixed-voltage I/Q buffers ean be evaluated by calculating the
total channel widths of transistors in these /O buffers if the channel lengths of all devices in
these I/0O buffers are kept the same. ‘Table 2.3 shows the calculated total widths of these
mixed-voltage I/O buffers, where Wp and Wn are the unit width of the PMOS and NMOS
devices, respectively. The total width is calculated including the widths of the devices in the
pull-up and pull-down paths, the dynamic n-well bias circuit, the gate-tracking circuit, and
the protecting devices of input buffer. Expect the devices in the pull-up and pull-down paths,
the widths of the PMOS and NMOS devices in these I/O buffers are kept as Wp and Wn,
respectively. For fair comparison, the driving capacities of the output stages in these
mixed-voltage 1/O buffers must be kept the same. Therefore, the widths of the PMOS and
NMOS devices in the output stage of stacked configuration are twice as those in the output
stage of single device. In this calculation, the widths of the PMOS and NMOS devices in the
output stage of single device are 3Wp and 3Wn, respectively. The widths of the PMOS and
NMOS devices in the output stage of stacked configuration are 6Wp and 6Wn, respectively.
Generally, Wp is triple as large as Wn in CMOS digital circuits [35]. Hence, the total widths
of these mixed-voltage I/O buffers can be shown in terms of Wn for comparison. As shown in

Table III, the total widths of the proposed mixed-voltage 1/O buffers 1 and 2 are 37Wn and
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42Wn, respectively. Although the total width of the I/O buffer in Fig. 2.6 is 19Wn, this I/O
buffer needs an extra pad to provide the external voltage to bias the n-well of the pull-up
PMOS device. The area of this I/O buffer in Fig. 2.6, when it includes the extra pad into the
chip, will become larger than that of the proposed 1/O buffers.

2.5.4. Noise, Latch-Up, and Subthreshold Leakage Issues

The n-wells of the pull-up PMOS devices in some mixed-voltage I/O buffers will be
floated in some operation conditions. The I/O coupling noise into the floating n-wells of the
pull-up PMOS devices could induce the latch-up issue. Therefore, the pull-up PMOS devices
in these mixed-voltage I/O buffers must be carefully drawn in the layout. The guard rings
must be used to surround the pull-up PMOS devices to isolate the I/O noise against the
latch-up problem [36]. In addition, the lower threshold voltage of the pull-up PMOS device
due to the lower floating n-well voltage results in the subthreshold leakage current. The
proposed mixed-voltage I/O buffer 2 anid the prior design [25] don’t have the floating n-well

issue. Thus, these two mixed-voltage I/O buffers are:suitable for low-power applications.

2.5.5. Transient Stress

The stacked NMOS technique is used avoid the gate-oxide overstress in the
mixed-voltage I/O interface, as shown in Fig. 2.3. However, in some specified operation state,
the upper transistor (MNO) may still suffer the hot-carrier issue. When the voltage on the I/O
pad is initially kept at 5 V and then the transistor MN1 in Fig. 2.3 is turned on by its
pre-driver circuit to pull down the pad voltage to 0 V, the drain-source voltage of transistor
MNO may exceed 2.5 V during this transient condition to suffer the hot-carrier degradation.
Nevertheless, this transient-stress problem can be further solved by using three stacked

devices and dynamically controlling the gate voltage of the top device [15].

2.5.6. Comparisons

Table 2.4 lists the features among these mixed-voltage I/O buffers. Since the new

proposed mixed-voltage I/O buffers and the prior I/O buffers reported in [24], [25], [33], and
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[34] use the dynamic n-well biased technique, no extra pad and power supply is required. The
new proposed mixed-voltage I/O buffers in this work occupy smaller silicon area than the I/O
buffers reported in [23]-[25], [33], [34]. Although the circuit structures of the mixed-voltage
I/O buffers reported in [33], [34] are simpler, these two I/O buffers have the gate-oxide
reliability problem. In Fig. 2.4, transistors MNO, MN1, and MP2 have the gate-oxide
reliability problem in the tri-state input mode when the input signal has a 5-V voltage level.
In Fig. 2.5, transistor MP2 has the gate-oxide reliability problem when the input signal at the
I/O pad is 5 V in the tri-state mode. Besides, since the depletion PMOS is used to improve the
gate-tracking circuit of the mixed-voltage I/O buffer reported in [23], extra mask and process
modification are required to realize the depletion device. The prior mixed-voltage I/O buffers
reported in [24], [33], [34] and the proposed mixed-voltage I/O buffer 1 may have the
subthreshold leakage problem, but the prior mixed-voltage I/O buffer reported in [25] and the
proposed mixed-voltage I/O buffer 2 don’t have. However, the proposed mixed-voltage I/O
buffers occupy smaller silicon area than the prior I/O buffers [24], [25], [33], [34]. Thus, if
the subthreshold leakage issue in the givent CMOS process is not serious, the proposed
mixed-voltage I/O buffer 1 is more recommended-than the prior designs reported in [24], [33],
[34]. If the subthreshold leakage problem in the given. CMOS problem is serious, such as the
0.13-pm, 90-nm or below CMOS process; the .proposed mixed-voltage /O buffer 2 is

recommended.

2.6. Summary

Two new mixed-voltage I/O buffers with the stacked NMOS technique, dynamic n-well
technique, and gate-tracking circuit have been presented in this chapter. The new proposed
mixed-voltage I/O buffer 1 has been implemented in a 0.25-um 2.5-V CMOS process, which
can be operated in the 2.5/5-V signal environment without the gate-oxide reliability problem.
The new proposed mixed-voltage I/O buffer 2 can be applied for high-speed applications
without the gate-oxide reliability problem and the circuit leakage issue. The new proposed
mixed-voltage I/O buffers realized with 1xVDD devices can be easily applied in
1xVDD/2xVDD mixed-voltage interface.
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TABLE 2.1

COMPARISON ON DELAY AMONG THE MIXED-VOLTAGE I/O BUFFERS IN THE TRANSMIT MODE

Mixed-voltage I/O designs Delay time
(Dout to I/0 pad)
Fig. 2.4 [33] 2.26 ns
Fig. 2.5 [34] 2.13 ns
Fig. 2.6 [23] 1.88 ns
Fig. 2.7 [24] 1.89 ns
Fig. 2.8 [25] 1.90 ns
Fig. 2.9 (This work 1) 1.81 ns
Fig. 2.13 (This work 2) 1.81 ns
TABLE 2.2

COMPARISON ON POWER CONSUMPTION AMONG THE MIXED-VOLTAGE [/O BUFFERS IN THE

TRANSMIT MODE
Mixed-voltage 1/0 Average power consumption
designs (Output load =20 pF, frequency=50 MHz)

Fig. 2.4 [33] 11.1 pW
Fig. 2.5 [34] 11.6 pW
Fig. 2.6 [23] 8.4 uW
Fig. 2.7 [24] 8.7 uW
Fig. 2.8 [25] 8.8 uW

Fig. 2.9 (This work 1) 9 uW

Fig. 2.13 (This work 2) 8.6 uW
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TABLE 2.3

COMPARISON ON AREA (DEVICE SIZES) AMONG THE MIXED-VOLTAGE I/O BUFFERS

Mixed-voltage | PMOSs in | NMOSs in | Other Other Total width of | Total width of Total Total Total Total width of
1/O designs pull-up pull-down | PMOSs | NMOSs PMOSs in NMOSs in width of | width of | width of | I/O buffer in
path path pull-up path | pull-down path other other I/O buffer | terms of Wn*
PMOSs | NMOSs
Fig. 2.4 [33] MPO, MNO MP2, MNI1, 12Wp 3Wn 2Wp 2Wn 14Wp+ 47Wn
MP1 MP3 MN2 SWn
Fig. 2.5 [34] MPO, MNO, MP2~4 MN2~4 12Wp 12Wn 3Wp 3Wn 15Wp+ 60Wn
MP1 MNI1 15Wn
Fig. 2.6 [23] MPO MNO, MP1, MN2, 3Wp 12Wn 2Wp 2Wn S5Wp+ 29Wn
MNI1 MP2 MN3 14Wn
Fig. 2.7 [24] MPO MNO, MP1~5 MN2~6 3Wp 12Wn SWp 5Wn 8Wp+ 41Wn
MNI1 17Wn
Fig. 2.8 [25] MPO MNO, MP1~8 MN2~5 3Wp 12Wn 8Wp 4Wn 11Wp+ 49Wn
MNI1 16Wn
Fig. 2.9 MPO MNO, MP1~5 MN2 3Wp 12Wn S5Wp IWn 8Wp+ 37Wn
(This work 1) MNI1 13Wn
Fig. 2.13 MPO MNO, MP1~6 MN2~4 3Wp 12Wn 6Wp 3Wn 9Wp+ 42Wn
(This work 2) MNI1 15Wn
*Wp=3Wn
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TABLE 2.4

COMPARISON ON FEATURES AMONG THE MIXED-VOLTAGE I/O BUFFERS

Mixed-voltage | N-well | Extrapad | Gate-oxide | With special Subthreshold Area
I/O designs bias for n-well | reliability device leakage issue
bias issue
Fig. 2.4 [33] | Dynamic No Yes No Yes 47Wn
bias
Fig. 2.5 [34] | Dynamic No Yes No Yes 60Wn
bias
Fig. 2.6 [23] Fixed Yes No Yes, No 29Wn
bias )
Depletion
PMOS
Fig. 2.7 [24] | Dynamic No No No Yes 41Wn
bias
Fig. 2.8 [25] | Dynamic No No No No 49Wn
bias
Fig.2.9 Dynamic No No No Yes 37Wn
(This work 1) |  bias
Fig. 2.13 Dynamic No No No No 42Wn
(This work 2) |  bias
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Fig. 2.1. Conventional tri-state I/O buffer in a 0.25-um CMOS process that will suffer the
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Fig. 2.11. Die photograph of the new proposed mixed-voltage I/O buffer 1 fabricated in a
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CHAPTER 3

3.3-V Input Buffer and Output Buffer in 0.13-um
1/2.5-V CMOS Process

With 3.3-V interface, such as PCI-X application, the high-voltage overstress on the gate
oxide is a serious reliability problem to design the I/O circuits by only using 1/2.5-V
low-voltage devices in a 0.13-um CMOS process. Thus, an input buffer [37] and an output
buffer [38] realized with 1/2.5-V low-voltage devices for 3.3-V applications are presented in
this chapter, respectively. Besides, a new Schmitt trigger circuit [37] and a new level

converter [38] are also presented in this chapter.

3.1. Input Buffer

3.1.1. Background

As the semiconductor process is scaled down, the thickness of gate oxide becomes
thinner in order to decrease the core power supply voltage (VDD) [1]. However, the board
voltage (VCC) is still kept as high as 3.3 V (or 5 V), such as PCI-X interface [39]. There are
three problems on a MOSFET when the operating voltage is higher than its normal voltage.
Higher drain-to-source voltage (Vds) may cause the serious hot-carrier effect which results in
the long-term lifetime issue [6]. The drain-to-bulk pn-junction breakdown may occur if the
operating voltage is too high. The high-voltage stress across the thinner gate oxide could also
destruct the gate oxide [27]. Thus, the I/O circuit must be designed carefully to overcome
these problems, especially the high-voltage gate-oxide stress [23]-[29].

Schmitt trigger circuit has been widely used in the input buffers to increase noise
immunity. The conventional input buffer, which consists of a Schmitt trigger and a
level-down converter, is shown in Fig. 3.1. The Schmitt trigger circuit receives input signals
from the I/O pad and rejects input noise. Then, the level-down converter can convert the

signal swing from VCC to VDD, where VCC is the board voltage and VDD is the core power
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supply voltage. The circuit and the transfer curve of the conventional Schmitt trigger circuit
[40], [41] are shown in Figs. 3.2(a) and 3.2(b), respectively. Transistors P1, P2, P3, N1, N2,
and N3 in Fig. 3.2(a) are the I/O devices with the normal operation voltage of VDD. If the
board voltage (VCC) is equal to VDD, the gate-drain and gate-source voltages of transistors
P1, P2, P3, N1, N2, and N3 in Fig. 3.2(a) will not exceed VDD. Thus, the conventional
Schmitt trigger circuit can be operated safely without suffering high-voltage gate-oxide
overstress. As shown in Fig. 3.2(b), the conventional Schmitt trigger circuit with different
high-to-low and low-to-high transition threshold voltages (Vu and Vi) has better noise
immunity than the inverter. When the input signal IN goes up to VCC from GND, the
threshold voltage of the conventional Schmitt trigger circuit is V. In other words, the output
signal OUT is pulled low when the signal IN exceeds the high-to-low threshold voltage (Vp).
Similarly, when the input signal IN goes down to GND from VCC, the threshold voltage of
the conventional Schmitt trigger circuit is V. In other words, the output signal OUT is pulled
up when the input signal IN is lower than the low-to-high threshold voltage (V). Hence, the
noise immunity of the conventional Schmitt trigger circuit is better than that of inverter. The
threshold voltages Vi and Vi can be.adjusted by-controlling the device dimensions of those
transistors [35].

Several modified Schmitt trigger, circuits were reported for different applications
[42]-[45]. Fig. 3.3(a) shows the Schmitt trigger circuit reported in [42]. The extra bias voltage
VB and the extra transistors P4 and N4 are‘used to adjust the two threshold voltages V| and
Vy. In [43], a multi-layer Schmitt trigger circuit was reported to increase the voltage
difference between the two threshold voltages Vi and Vi. The two-layer Schmitt trigger
circuit is shown in Fig. 3.3(b). However, as the power supply voltage is scaled down, the
multi-layer Schmitt trigger circuit can not be operated correctly. In [44], a low-power Schmitt
trigger circuit was reported. An alternative circuit, which has the hysteresis characteristic
similar to that of a conventional Schmitt trigger, was reported in [45].

However, the aforementioned Schmitt trigger circuits have high-voltage gate-oxide
overstress problem if the board voltage (VCC) is higher than VDD. For example, the digital
part of a chip is designed with 1-V devices to decrease its power dissipation, the analog part
is designed with 2.5-V devices to improve the circuit performance, and the chip-to-chip
interface is 3.3-V PCI-X in a 0.13-um 1/2.5-V CMOS process. The gate-source voltages and
the gate-drain voltages of transistors P1, P2, P3, N1, N2, and N3 in Fig. 3.2(a) will be higher
than 2.5 V if the board voltage (VCC) is 3.3 V and the I/O devices are 2.5-V devices. Thus,

all transistors in Fig. 3.2(a) will suffer the high-voltage gate-oxide overstress problem.
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Furthermore, the other Schmitt triggers [42]-[45] also suffer the gate-oxide reliability
problem in such a mixed-voltage interface. Thus, a new Schmitt trigger circuit for the input
buffer is presented in this section. Then, the whole input buffer realized with the 1/2.5-V

devices to receive 3.3-V input signals is presented.

3.1.2. Schmitt Trigger Design

The new proposed Schmitt trigger circuit is shown in Fig. 3.4. All devices of the
proposed Schmitt trigger circuit in Fig. 3.4 are the I/O devices with the normal operating
voltage of 2.5 V. In a 0.13-um 1/2.5-V CMOS process, the I/O devices is realized with 2.5-V
gate oxide and the core circuits are operated with 1-V power supply. Therefore, the voltage
across the gate oxide of the I/O devices in this process can not exceed 2.5 V. As shown in Fig.
3.4, because the drains of transistors P3 and N3 are connected to 1 V (VDD), the gate-drain
voltages of transistors P3 and N3 will not exceed 2.5 V. The maximum gate-drain and
gate-source voltages of transistors P3 and N3 ate.around 2.3 V (3.3—1=2.3). Because the
gates of transistors P2 and N2 are:connected to .1 V:(VDD), the gate-drain voltages and
gate-source voltages of transistors P2 and N2 will notexceed 2.5 V. The maximum gate-drain
voltages of transistors P2 and N2 are also-around-2.3 'V (3.3—1=2.3). If the gate voltage of
transistor P1 (node A) is kept higher than 0.8 V. (3.3—2.5=0.8) and the gate voltage of
transistor N1 (node B) is kept lower than"2.5 'V, transistors P1 and N1 don’t have the
high-voltage gate-oxide overstress problem. Hence, in order to prevent the gate voltage of
transistor P1 under 0.8 V, transistors P4, P5, P6, and P7 are added. Similarly, transistors N4,
NS5, N6, and N7 are designed to prevent the gate voltage of transistor N1 over 2.5 V.

When the input signal (IN) stays at 3.3 V (VCC), the voltage on node A is also kept at
3.3 V because transistor P6 is turned on. When the input signal (IN) goes to 0 V, the voltage
on node A is kept at 2-|Vtp| because transistors P4 and P5 are in diode-connected structure. In
the 0.13-um 1/2.5-V CMOS process, |Vtp| of 2.5-V device is about 0.6 V. Therefore, the
minimum gate voltage of transistor P1 (node A) is about 1.2 V. However, the diode-connected
transistors PS and P6 may make the voltage on node A to 0 V when the input signal (IN) stays
at 0 V for a long time, because of the subthreshold current of transistors P5 and P6. An extra
transistor P7 is added to avoid the voltage on node A under 1 V caused by the subthreshold
current of transistors P5 and P6. Hence, as the voltage on node A is under 1 V, transistor P7

will be turned on to keep the voltage at 1 V.
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When the input signal (IN) stays at 0 V, the voltage on node B is kept at 0 V because
transistor N6 is turned on. When the input signal (IN) goes to 3.3 V, the voltage on node B is
kept at 3.3—2-|Vtn|, because transistors N4 and N5 are in diode-connected structure. In the
0.13-um 1/2.5-V CMOS process, |Vtn| of 2.5-V device is about 0.5 V. Therefore, the
maximum gate voltage of transistor N1 (node B) is about 2.3 V. However, the
diode-connected transistors N5 and N6 may make the voltage on node B to 3.3 V, when the
input signal (IN) stays at 3.3 V for a long time, due to the subthreshold current of transistors
N5 and N6. Hence, a weak transistor (long-channel transistor) N7 is added to avoid the
voltage on node B over 2.5 V caused by the subthreshold current of transistors N5 and N6. If
node B goes to 3.3 V, transistor N7 provides a small current to keep the gate voltage of
transistor N1 under 2.5 V.

In addition, transistor N6 in Fig. 3.4 can be a 2.5-V native-Vt transistor instead of a
2.5-V normal-Vt transistor. The threshold voltage of the native-Vt transistor is close to 0V,
which is lower than that of the normal-Vt transistor [46], [47]. In the 0.13-pm 1/2.5-V CMOS
process, the threshold voltage of the 2.5-V.mative-Vt transistor is about 0.03 V. Because the
gate-source voltage of transistor N6 is smallsthe:voltage on node B follows input signal IN to
0 V slowly. Thus, a native-Vt transistor is more suitable than a normal-Vt transistor to
implement the transistor N6 for high-speed-applications. Because the native-Vt device has
been one of the standard devices ina 0.13-um 1/2.5-V CMOS process, no extra process or
mask is needed [47]. Fig. 3.5 compares the woltage waveforms at node B when transistor N6
is a native-Vt transistor or a normal-Vt transistor in the 0.13-um 1/2.5-V CMOS process. As
shown in Fig. 3.5, the voltage on node B is pulled down more quickly when transistor N6 is
implemented by a native-Vt transistor.

A 0.13-um 1/2.5-V CMOS SPICE model is used to simulate the new proposed Schmitt
trigger circuit. The simulated waveforms at the nodes IN, OUT, A, and B of the new proposed
Schmitt trigger circuit are shown in Fig. 3.6. The input signal can be correctly translated to
the output by the proposed Schmitt trigger circuit. Besides, the voltage level at node A is
indeed kept higher than 0.8 V, and that of node B is kept lower than 2.5 V. Therefore,
transistors P1 and N1 of the proposed Schmitt trigger circuit don’t suffer high-voltage
gate-oxide reliability issue in a 3.3-V environment. Besides, the Vgs and Vgd of all devices
are not over 2.5 V. The Vds of all devices are also not over 2.5 V when the input signal is
high or low. Hence, the new proposed Schmitt trigger circuit can receive the high-voltage
input signals without suffering gate-oxide reliability and hot-carrier degradation issues,

whereas it is realized by only using the low-voltage devices with thin gate oxide.
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The simulated transfer curve of the new proposed Schmitt trigger circuit is shown in Fig.
3.7. The new proposed Schmitt trigger circuit has an obvious hysteresis characteristic. In Fig.
3.7, the transition threshold voltages Vi and Vy of the new proposed Schmitt trigger circuit

are around 1.1 V and 2.6 V, respectively.

3.1.3. Whole Input Buffer Design

Fig. 3.8 shows the whole input buffer design with the proposed Schmitt trigger circuit
and the level-down converter. The proposed Schmitt trigger circuit receives the input signals
from the I/O pad and rejects input noise. Then, the level-down converter can convert the
signal swing from VCC (3.3 V) to VDD (1 V). In the level-down converter, transistor N2 is a
2.5-V (thick-oxide) device and transistors P1, P2, and N1 are 1-V (thin-oxide) devices. As the
input voltage of the level-down converter is GND, the voltage on node A is also at GND due
to transistor N2 and the voltage on node OUT is at VDD. As the input voltage of the
level-down converter is VCC, the voltage ‘on node A is limited at VDD—Vt due to transistor
N2, whose gate is bias at VDD. Because the Voltage onnode A is at VDD—Vt, the voltage on
node OUT is pulled down to ground and then transistor P2 is turned on. Finally, the voltage
on node A is at VDD. Thus, the level-down converter can convert the signal swing from VCC

to VDD.

3.1.4. Experimental Results

The new proposed Schmitt trigger circuit and the whole input buffer have been fabricated
in a 0.13-pum 1/2.5-V 1P8M CMOS process with Cu interconnects. The layout of the new
proposed Schmitt trigger circuit is shown in Fig. 3.9. Because the proposed Schmitt trigger
circuit is connected to an input pad, some guard rings surrounding the whole Schmitt trigger
circuit are used to prevent the latch-up problem [36]. The layout area of the new proposed
Schmitt trigger circuit including the guard rings is only 8.7 pm x 19 pm.

The measured waveforms at the input node and the output node of the new proposed
Schmitt trigger circuit are shown in Fig. 3.10. The new proposed Schmitt trigger can operate
correctly with 0-to-3.3-V input signals. In Fig. 3.11, the input signal is applied with a slow
triangular waveform. Therefore, the transition threshold voltages Vi and Vy of the new

proposed Schmitt trigger circuit can be measured at the crossing points between the input
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signal and output signal. The measured DC transfer curve of the new proposed Schmitt
trigger circuit is shown in Fig. 3.12. These two transition threshold voltages Vi and Vy of the
fabricated Schmitt trigger circuit are around 1 V and 2.5 V, respectively. Due to the process
variation, the measured transition threshold voltages are slightly different from the simulated
transition threshold voltages.

The measured waveforms at the nodes IN and OUT of the whole input buffer are shown
in Fig. 3.13 with a 133-MHz 3.3-V input signal. The 3.3-V input signal is received by the
proposed Schmitt trigger circuit, and then the signal swing is converted from 3.3 Vto 1 V by
the level-down converter. As shown in Fig. 3.13, the input buffer can be successfully operated

in the 133-MHz 3.3-V environment.
3.1.5. Summary

A new Schmitt trigger circuit realized with only low-voltage devices to receive the
high-voltage signals is proposed. The new'Schmitt, trigger circuit has been fabricated in a
0.13-pm 1/2.5-V 1P8M CMOS process.. The proposed Schmitt trigger circuit, which consists
of low-voltage (2.5-V) devices, canibe operated correctly without suffering high-voltage
gate-oxide overstress in a 3.3-V intérface environment. The measured results have shown that
the two transition threshold voltages Vi, and Vy of the'new proposed Schmitt trigger are 1 V
and 2.5 V, respectively. The whole input buffer, which is consisted with the proposed Schmitt
trigger and a level-down converter, has been verified to be successfully operated in the

133-MHz 3.3-V environment.

3.2. Output Buffer

3.2.1. Background

The thickness of gate oxide becomes thinner in order to decrease the core power supply
voltage (VDD) as the semiconductor technology is scaled down [1]. This results in lower
power consumption. However, the board voltage (VCC) is still kept as high as 3.3 V (or 5 V),
such as PCI-X interface [39]. There are three problems on a MOSFET when the operating
voltage is higher than its normal voltage. Higher drain-to-source voltage (Vds) may cause the

serious hot-carrier effect which results in the long-term lifetime issue [6]. The drain-to-bulk
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pn-junction breakdown may occur if the operating voltage is too high. The high-voltage
overstress across the thinner gate oxide could also destruct the gate oxide [27], [28].
Therefore, the I/O circuits must be designed carefully to overcome these problems, especially
the high-voltage gate-oxide overstress [23]-[26].

Recently, the dual-oxide (thin-oxide and thick-oxide) processes have been supported by
some manufacturing companies [32], [47], [48]. For example, the thin-oxide devices are 1-V
or 1.2-V devices and the thick-oxide devices are 1.8-V, 2.5-V, or 3.3-V devices in a 0.13-um
CMOS process [47], [48]. The thin-oxide devices are used to design the digital circuits to
decrease silicon area and power consumption. The thick-oxide devices are used to design the
analog circuits to improve circuit performance or the I/O circuits to avoid the gate-oxide
reliability issue. Fig. 3.14 shows the conventional tri-state I/O buffer co-designed with thin-
and thick-oxide devices. As shown in Fig. 3.14, transistors P1 and N1 are the thick-oxide
devices, which can sustain the voltage level of VCC to avoid the gate-oxide reliability issue.
Since the core circuits are operated at VDD, the voltage swing of signals IN, EN, ENB is
from GND to VDD. However, the voltagesswing-of the output signal is from GND to VCC.
Thus, the level converter is required to convertithe.GND-to-VDD signal to the GND-to-VCC
signal in order to prevent the -high-voltage .overstress across the core devices. The
conventional level converter co-designed with'thin-oxide-and thick-oxide devices is shown in
Fig. 3.15, where transistors P1, P2, Ni, and N2 are thick-oxide devices, but transistors P3 and
N3 are thin-oxide devices. The voltage swing of signals IN and INB is from GND to VDD,
whereas the voltage swing of signals OUT is from GND to VCC. If the voltage gap between
VDD and VCC is too large, such conventional level converter can not be operated correctly.
Some techniques have been reported to solve this problem [49]-[52]. Using precharging
devices to increase the pull-up capacity was reported in [49]. A boosting technique was
reported to pump the input voltage swing of the level converter [50], [51]. The zero-Vt (or
called as native-Vt) NMOS transistor was used to design the level converter for higher
driving capability [52].

Due to the high-integration trend of SOC (system on a chip), a system may be integrated
into a single chip. Therefore, there are digital circuits and analog circuits in a chip. For
example, the digital part of a chip is designed with 1-V devices to decrease its power
dissipation, the analog part is designed with 2.5-V devices to improve the circuit performance,
and the chip-to-chip interface is 3.3-V PCI-X in a 0.13-pm 1/2.5-V CMOS process. Thus, a
new output buffer is designed in a 0.13-um 1/2.5-V CMOS process to drive 3.3-V output

signals without the gate-oxide reliability issue in this section. Besides, a new level converter,
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which can convert 0/1-V signals to 1/3.3-V signals, is also presented in this section.

3.2.2. Output Stage Design

Because the proposed output buffer is designed in a 0.13-um 1/2.5-V CMOS process,
the gate-to-source voltages and gate-to-drain voltages of the thin-oxide devices can not
exceed 1 V. The gate-to-source voltages and gate-to-drain voltages of the thick-oxide devices
can not exceed 2.5 V. However, VCC of PCI-X specification is 3.3 V [39]. Therefore, the
output stage must be stacked and the gate voltages must be well controlled to prevent
high-voltage overstress on their gate oxides. The new proposed output stages are shown in
Figs. 3.16(a) and 3.16(b). To avoid the body effect resulting in a lower driving capacity, the
bulks of the transistors in Figs. 3.16(a) and 3.16(b) are connected to their sources individually.
In Fig. 3.16(a), the pull-up path and pull-down path have two stacked 2.5-V PMOS
transistors (P1 and P2) and 2.5-V NMOS transistors (N1 and N2), respectively. Since the gate
voltages of transistors P2 and N2 are biased at VDD (1 V), the extra bias generator is not
required. Because the gate voltages of transistors P2 and N2 are biased at 1 V, the
gate-to-source voltages (Vgs) and the gate-to-drain voltages (Vgd) of transistors P2 and N2
don’t exceed 2.5 V. The maximum:Vgsand-Vgd of transistors P2 and N2 are around 2.3 V
(3.3—1=2.3). Transistors P2 and N2"are used to protect transistors P1 and N1 against the
high-voltage gate-oxide overstress, respectively. However, the source voltage of transistor P1
is 3.3 V. In this design, the minimum voltage level of signal PU can’t be lower than 0.8 V
(3.3—2.5=0.8). The voltage swing of signal PU can be designed between 1 V (VDD) to 3.3 V
(VCC) to control the gate of transistor P1. Hence, a level converter that can convert 0/1-V
voltage swing to 1/3.3-V voltage swing is demanded for the proposed output buffer.

In Fig. 3.16(a), transistors N1 and N2 are 2.5-V normal-Vt NMOS transistors with
threshold voltage of 0.6 V, which is still too high for high speed operation when the Vgs of
the normal-Vt NMOS transistor is only 1 V. Hence, the driving capability of the pull-down
path in Fig. 3.16(a) needs to be improved. Therefore, a modified version of output stage is
shown in Fig. 3.16(b). Transistor N2 in Fig. 3.16(b) is a 2.5-V native-Vt NMOS transistor,
which has a threshold voltage of —0.1 V. Transistor N1 in Fig. 3.16(b) is a 1-V NMOS
transistor. The native-Vt NMOS transistor is one of standard devices in a 0.13-um CMOS
process without extra process modification [47]. Therefore, the driving capability of the

output buffer in Fig. 3.16(b) can be increased. Because the gate of transistor N2 is biased at 1
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V, transistor N1 in Fig. 3.16(b) can be safely operated without suffering high-voltage
gate-oxide overstress. However, since transistor N2 is a native-Vt NMOS transistor, the
sub-threshold leakage current could be serious. If the voltage on node OUT in Fig. 3.16(b) is
3.3V, the sub-threshold current of transistor N2 may occur. Thus, the voltage on node A in
Fig. 3.16(b) may exceed 1 V. An extra PMOS transistor P3 is added in Fig. 3.16(b) to keep
the maximum voltage on node A at 1 V. When signals PU and PD are at logic “0” (1 V and 0
V), the voltage on node OUT is VCC (3.3 V). Because signal PD is at 0 V, transistor P3 is
turned on to keep the voltage on node A at 1 V. Hence, the high-voltage gate-oxide overstress
caused by sub-threshold leakage of transistor N2 can be avoided. Because transistor P3 is a
weak device that keeps the voltage on node A at 1 V, it can be a 2.5-V normal-Vt PMOS
transistor. Fig. 3.17 shows the simulated waveforms of the output stages in a 0.13-um CMOS
process with 1-V and 2.5-V devices. In this simulation, the transistor sizes of these two
output stages are kept the same. As shown in Fig. 3.17, the driving (pull-down) speed of the
output stage in Fig. 3.16(b) is better than that of the output stage in Fig. 3.16(a).

3.2.3. Level Converter Design

Fig. 3.18 shows the new proposed level converter that can convert 0/1-V voltage swing
to 1/3.3-V voltage swing. In Fig. 3718, the bulks of‘the transistors are connected to their
sources, respectively, because of the body effect issue. Transistors N1A and NIB are 1-V
normal-Vt NMOS transistors, whereas transistors N2A and N2B are 2.5-V native-Vt NMOS
transistors, so the driving capability can be increased. The other transistors are all 2.5-V
normal-Vt transistors. Transistors P3A can keep the voltage on node Al at 1 V when the
voltage on node B1 is 3.3 V. Similarly, transistor P3B is used to keep the voltage on node A2
at 1 V when the voltage on node B2 is 3.3 V. The voltage swing of input signals IN and INB
is from 0 V to 1 V. When signal IN is 1 V and signal INB is 0 V, the voltage on node B1 is
pulled down to 0 V and transistor P5A is turned on. After transistor P5A is turned on, the
voltage on node OUTB is pulled down to 1 V, and then transistors P4B and P1B are turned on.
Therefore, the voltages on nodes OUT and B2 are both pulled up to 3.3 V.

When signal IN is 0 V and signal INB is 1 V, the voltage on node B2 is pulled down to 0
V and transistor P5B is turned on. After transistor P5B is turned on, the voltage on node OUT
is pulled down to 1 V, and then transistors P4A and P1A are turned on. Therefore, the
voltages on nodes OUTB and B1 are both pulled up to 3.3 V.
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Because using PMOS transistors to pull down nodes OUT and OUTB could be too slow,
two cross-coupled NMOS transistors N3A and N3B are added to increase the pull-down
speed. Fig. 3.19 shows the simulated waveforms of the new proposed level converter in a
0.13-um 1/2.5-V CMOS process. The pull-down speed of the proposed level converter with
transistors N3A and N3B is faster than that of the level converter without N3A and N3B.

3.2.4. Whole Output Buffer Design

Fig. 3.20 depicts the whole output buffer, which consists of an output stage, a level
converter, a tri-state control circuit, and two kinds of taper buffers (taper buffer 1 and taper
buffer 2). In Fig. 3.20, a CMOS NAND gate and a NOR gate are used to implement the
tri-state control circuit. When control signal EN is 0 V and control signal ENB is 1 V, the
output buffer is in the high-impendence state. When control signal EN is 1 V and control
signal ENB is 0 V, the output buffer drives the output pad according to the signal IN from the
core circuits. Fig. 3.21(a) shows another tri-state control circuit, which consists of only six
transistors [24]. Compared with the traditional tri=state control circuit in Fig. 3.20, the circuit
in Fig. 3.21(a) may have the smallersilicon atea and input capacitance. Thus, the tri-state
control circuit in Fig. 3.21(a) can be used to replace the-traditional tri-state control circuit in
Fig. 3.20. The output stage of this whole output buffer'is the same as that in Fig. 3.16(b). The
level converter that can transfer the signal swing from 0/1 V to 1/3.3 V has been shown in Fig.
3.18. Taper buffer 1 and taper buffer 2 are demanded to drive the output stage because the
transistors in the output stage are large-size devices. Because the voltage swing of signal PU
is from 1 V to 3.3 V, the INV1 in taper buffer 1 is shown in Fig. 3.21(b). The PMOS and
NMOS transistors of INV1 are 2.5-V normal-Vt devices. Because the voltage swing of signal
PD is from 0 V to 1 V, the INV2 in taper buffer 2 is shown in Fig. 3.21(c), where the PMOS
and NMOS transistors of INV2 are 1-V normal-Vt transistors. In order to keep the signal PU
and signal PD in phase, the delay of taper buffer 1 and level converter must be adjusted equal
to that of taper buffer 2. In Fig. 3.21, the bulks of the transistors are connected to their
sources, respectively, because of the body effect.

Fig. 3.22 shows the simulated waveforms on nodes IN, OUT, PU, and PD in the
proposed output buffer with a 133-MHz 3.3-V output signal in a 0.13-pm 1/2.5-V CMOS
process. The output load is 10 pF in this simulation. Because the parasitic inductance (15 nH)

of the bond wire is also included in this simulation, the overshooting and undershooting of
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the output waveform can be found in Fig. 3.22. Table 3.1 summarizes the other simulation
results of the proposed output buffer. The delay times are measured from the input signal (IN)
of 0.5xVDD (0.5-V) voltage level to the output signal (OUT) of 0.5xVCC (1.65-V) voltage
level. As shown in Table 3.1, the simulated rising delay time (T4.rising) and falling delay time
(Td-anting) are 1.15 ns and 1.08 ns, respectively. The output rising time (Tyising) and falling time
(Traning) are defined form 0.1xVCC (0.33 V) to 0.9xVCC (2.97 V) and from 0.9xVCC (2.97
V) to 0.1xVCC (0.33 V), respectively. As shown in Table 3.1, the simulated Tiising and Tratting
are 0.85 ns and 0.73 ns, respectively. The output low current (Ior) is defined when the output
voltage is at 0.1xVCC (0.33 V). The output high current (Ioy) is defined when the output
voltage is at 0.9xVCC (2.97 V). As shown in Table 3.1, the simulated o and Ipy are 59.3
mA and 39.4 mA, respectively. The simulated power consumption is 29.77 mW when the
proposed output buffer is operated in 133 MHz with 10-pF load at the pad. In this simulation,
the proposed output buffer successfully drives the I/O pad according to the input signal IN.

3.2.5. Experimental Results

The proposed output buffer hasibeen fabricated in a 0.13-um 1/2.5-V 1P8M CMOS
process with Cu interconnects. Fig.23.23.shows the layout of the proposed output buffer. The
layout area of the proposed output buffer is around 125 um x 253 pm. Besides, the testchip
also includes the stand-alone level converter to verify its logic functions and voltage levels.
Fig. 3.24 shows the measured waveforms of the new proposed level converter. As shown in
Fig. 3.24, the proposed level converter can successfully transfer the voltage swing from 0/1 V
to 1/3.3 V. Fig. 3.25 shows the measured waveforms of the proposed output buffer operating
with a 133-MHz 3.3-V output signal. As shown in Fig. 3.25, the proposed output buffer can
successfully drive the output pad without gate-oxide overstress. Besides, the measured Iop
and oy of the proposed output buffer are 69.2 mA and 44.1 mA, respectively. Due to process

variation, the measured Ior and Iog are slightly different from the simulated Ior and Iop.

3.2.6. Discussions

The hot-carrier degradation and the drain-to-bulk breakdown issues are the other
reliability issues in the high-voltage-tolerant circuits. To avoid the hot-carrier degradation, the

drain-to-source voltage (Vds) of the device operated in the saturation region can not be higher

- 49 -



than the normal operating voltage [6]. For example, the Vds of the 1-V (2.5-V) device can not
be higher than 1 V (2.5 V). The maximum Vds of 1-V devices and 2.5-V devices in the
proposed output buffer are about 1 V and 2.3 V, respectively. Thus, the proposed output
buffer not only considers the gate-oxide reliability issue but also the hot-carrier degradation
issue. In general, the drain-to-bulk breakdown voltage is at least as twice as the normal
operating voltage in the standard CMOS process [47], [48]. Hence, the drain-to-bulk

breakdown issue can be ignored in the proposed output buffer.

3.2.7. Summary

An output buffer realized with low-voltage devices to drive high-voltage output signals
is presented in this section. The proposed output buffer has been fabricated in a 0.13-pm
1/2.5-V CMOS process to drive 3.3-V signals without suffering high-voltage gate-oxide
overstress. The experimental results have shown that the proposed output buffer can be
successfully operated with a 133-MHz.3.3-V outputsignal. Moreover, a new level converter,
which can convert the 0/1-V signal*swing to-1/3.3-V signal swing, has been also verified in
this section. The proposed output buffer and level converter are suitable for mixed-voltage

interface applications in the nanometer CMOSTProcesses:

3.3. Conclusion

In this chapter, an input buffer and an output buffer realized with 1/2.5-V low-voltage
devices without gate-oxide reliability issue for 3.3-V applications are presented. Besides, a
Schmitt trigger circuit for the input buffer and a level converter for output buffer are also
presented in this chapter. The proposed input buffer and output buffer have been fabricated in
a 0.13-um 1/2.5-V CMOS process for 3.3-V application. The experimental results show that

the proposed circuits can be operated in 133-MHz 3.3-V environment correctly.
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TABLE 3.1

Simulation Results of the Proposed Output Buffer

Rising Delay Time (Tq-rising) 1.15 ns
Falling Delay Time (Tq-falling) 1.08 ns
Rising Time (Trising) 0.85 ns
Falling Time (Ttaiting) 0.73 ns
Output Low Current (Ior) 59.3 mA
Output High Current (Ioy) 39.4 mA
Power Consumption 29.77 mW
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Fig. 3.2. (a) Circuit and (b) transfer curve of the conventional Schmitt trigger.
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(b)
Fig. 3.3. (a) Schmitt trigger with controllable hysteresis [42] and (b) two-layer Schmitt trigger
[43].
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Fig. 3.9. Layout of the new proposed Schmitt trigger circuit in the 0.13-um 1/2.5-V CMOS

process.
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Fig. 3.10. Measured waveforms on nodes IN and OUT of the new proposed Schmitt trigger

circuit.
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Fig. 3.11. Measured transition threshold voltages Vi and Vy of the new proposed Schmitt
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Fig. 3.23. Layout of the whole output buffer in a 0.13-um 1/2.5-V CMOS process with Cu

interconnects.
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Fig. 3.24. Measured waveforms of the new proposed level converter, which convert the 0/1-V

signal to a 1/3.3-V signal.
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CHAPTER 4

NMOS-Blocking Technique for Mixed-Voltage 1/O
Buffer Design

An NMOS-blocking technique for mixed-voltage I/O buffer realized with only 1xVDD
devices can receive 2xVDD, 3xVDD, and even 4xVDD input signal without the gate-oxide
reliability issue is presented in this paper. The 2xVDD input tolerant mixed-voltage I/O
buffer by using the NMOS-blocking technique has been fabricated and verified in a 0.25-um
2.5-V CMOS process to serve 2.5/5-V mixed-voltage interface. The 3xVDD input tolerant
mixed-voltage 1/O buffer by using the NMOS-blocking technique has been fabricated and
verified in a 0.13-um 1-V CMOS proeéss to serve 1/3-V mixed-voltage interface. The
proposed NMOS-blocking technique'can béextended to design the 4xVDD, 5xVDD, and
even 6xVDD input tolerant mixed-voltage I/O buffers: The limitation of the NMOS-blocking

technique is the breakdown voltage®of the pn-junction in the given CMOS process.

4.1. NMOS-Blocking Technique

4.1.1. Background

Several mixed-voltage I/O buffers realized with the low-voltage (thin-oxide) devices
have been reported to save the wafer fabrication cost [24]-[26]. Fig. 4.1 depicts the design
concept of the traditional mixed-voltage I/O buffer realized with only low-voltage devices
[24]-[26]. As shown in Fig. 4.1, the stacked NMOS devices, MNO and MNI, are used to
overcome the high-voltage overstress on their gate oxide. Because the gate terminal of the
transistor MNO is connected to VDD, the maximum drain voltage of the transistor MN1 is
about VDD—Vt, where Vt is the threshold voltage of NMOS. Hence, the gate-drain voltages
and the gate-source voltages of the stacked devices, MNO and MNI1, are limited below VDD
even if the input signal on the I/O pad is 2xVDD in the receive mode. The dynamic n-well

bias circuit and the gate-tracking circuit in Fig. 4.1 are designed to prevent the leakage
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current path through the parasitic drain-to-well pn-junction diode in the pull-up PMOS device
and the leakage current path due to the incorrect conduction of the pull-up PMOS device,
respectively. In the transmit mode, the dynamic n-well bias circuit has to keep the floating
n-well at VDD. So, the threshold voltage of the pull-up PMOS device isn’t increased due to
the body effect. In the transmit mode, the dynamic gate-tracking circuit should pass the
output signal from the upper port of the pre-driver to the gate terminal of the pull-up PMOS
device. In the receive mode with a 2xVDD input signal, the dynamic n-well bias circuit will
charge the floating n-well to 2xVDD to prevent the leakage current from the I/O pad to the
power supply (VDD) through the parasitic pn-junction diode. When the input signal at the
I/O pad is GND, the dynamic n-well bias circuit will keep the floating n-well at VDD. In the
receive mode, the gate voltage of the pull-up PMOS device is controlled at VDD or 2xVDD
according to the input signal on the I/O pad in order to prevent the leakage current path from
the 1/0 pad to the power supply (VDD) through the pull-up PMOS. As shown in Fig. 4.1, the
extra transistors, MN2 and MP1, are added in the input buffer. Transistor MN2 is used to
limit the voltage level of the input signal weaching to the gate oxide of the inverter INV.
Because the gate terminal of transistor MN2uis.connected to VDD, the input node of the
inverter INV will rise up to VDD—Vt.when the input. signal at the I/O pad is 2xVDD in the
tri-state input mode. Then, the transistor MP1 is used to pull up the input node of inverter
INV to VDD when the output node of the inverter INV is pulled down to GND. Therefore,
the gate-oxide reliability problem occurring inithe‘input buffer can be solved.

Realized with the low-voltage devices, the prior mixed-voltage I/O buffers [24]-[26]
only can receive 2xXVDD input signals without suffering the gate-oxide overstress. In this
chapter, the NMOS-blocking technique is presented to design the mixed-voltage I/O buffers.
By using the proposed NMOS-blocking technique, not only the 2xVDD input tolerant
mixed-voltage I/O buffer but also the 3xVDD and even 4xVDD input tolerant mixed-voltage
I/O buffers can be achieved [53], [54]. The 2xVDD and 3xVDD input tolerant mixed-voltage
I/O buffers designed with the proposed NMOS-blocking technique have been successfully
verified in a 0.25-pm 2.5-V CMOS process to serve the 2.5/5-V mixed-voltage interface and
in a 0.13-um 1-V CMOS process with Cu interconnects to serve the 1/3-V mixed-voltage
interface, respectively. The proposed NMOS-blocking technique can be extended to design
the 4xVDD, 5xVDD, and even 6xVDD input tolerant mixed-voltage I/O buffers. The
limitation of the NMOS-blocking technique is the breakdown voltage of the pn-junction in
the given CMOS process.
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4.1.2. NMOS-Blocking Technique

In an NMOS transistor as shown in Fig. 4.2, if its drain voltage (Vd) is higher than its
gate voltage (Vg), the source voltage (Vs) of this NMOS device will be pulled up to Vg—Vt,
where Vt is the threshold voltage of the NMOS transistor. For example, when the Vg is
controlled at VDD and Vd is at 2xVDD, Vs is only pulled up to VDD—Vt. Therefore, the
feature of NMOS device can be applied to design the mixed-voltage I/O buffer without the
gate-oxide reliability issue and the undesired leakage currents.

Fig. 4.3 depicts the design concept of the proposed NMOS-blocking technique for
mixed-voltage I/O buffer. The protection devices in Fig. 4.3 are used to block from the
high-voltage input signal on the I/O pad to stress the input buffer and the output buffer of the
mixed-voltage 1/O circuit. As the I/O buffer is in the transmit mode, the protection devices in
Fig. 4.3 have to pass the signal from node 1 to the I/O pad. As the I/O buffer is in the receive
mode, the protection devices not only limit the high-voltage level of the input signal but also
pass the signal information from the I/O padto hode 1. The gate voltages of the protection
devices must be well controlled in both the tfansmit mode and the receive mode. As shown in
Fig. 4.3, the mixed-voltage I/O-buffer can receive -(n+1)xVDD input signal without

gate-oxide reliability issue by using:n protection devices, where n is an integer.

4.2. 2xVDD Input Tolerant Mixed-Voltage 1/O Buffer

4.2.1. Circuit Implementation

Fig. 4.4 shows the proposed 2xVDD input tolerant mixed-voltage 1/O buffer by using
the NMOS-blocking technique [53]. In Fig. 4.4, VDDH is as high as 2xVDD, which can be
generated by an on-chip charge pump circuit with 1xVDD devices or other high-voltage
generators. As shown in Fig. 4.4, transistor MNI1 is used to protect the conventional 1/O
buffer from the input high-voltage overstress. The pre-driver can generate signals PU and PD
to control the output transistors, MPO and MNO. The dynamic gate-bias circuit in Fig. 4.4 is
used to control the gate voltage of the protection transistor MN1. Table 4.1 lists the operation
of the dynamic gate-bias circuit in the proposed 2xVDD input tolerant mixed-voltage 1/0
buffer. When this I/O buffer is in the receive mode, the gate terminal (node 2) of transistor

MN1 is biased at VDD by the dynamic gate-bias circuit, whereas transistors MP0O and MNO
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are both turned off by the pre-driver. At this moment, if an input signal of logic low (GND) is
received from the I/O pad, node 1 is discharged to GND through transistor MN1, and this
input signal can be successfully transferred to the node Din of the input buffer. When a logic
high (2xVDD) signal is received from the I/O pad, the gate terminal of transistor MN1 is still
biased at VDD, so the voltage on node 1 is pulled up to VDD-Vt. Because the voltage on
node 1 is at VDD-Vt, the signal Din is pulled down to GND. A feedback device MP1 is
added to restore the voltage level on node 1 to VDD, which avoids the undesired static dc
current through the inverter INV in the input buffer. In this design, transistors MN1 and MP1
with the inverter INV can convert the 2xVDD input signal to VDD signal successfully.
Therefore, transistor MN1 can protect the I/O buffer without suffering high-voltage
overstress on the gate oxide.

Fig. 4.5 depicts the dynamic gate-bias circuit in the proposed 2xVDD input tolerant I/O
buffer, where transistors MP2 and MP3 are designed with the cross-coupled structure. If the
gate voltage of transistor MP2 (or MP3) is pulled down, this transistor is turned on and pulls
up the gate voltage of the other transistor.tor VDDH to turn it off. For example, if the voltage
on node 5 in Fig. 4.5 is lower than VDDH—Vtand:the voltage on node 6 is VDDH, transistor
MN?2 is turned on to keep the node-5 at VDD. In Fig. 4.5, capacitors C1 and C2 are used to
couple the signals from nodes 3 and 4 to nodes 5 and 6, respectively. The voltages across
these capacitors, C1 and C2, are always“VDD, because the voltage levels on the top and
bottom plates of capacitors C1 and C2 are‘either VDD and GND or 2xVDD and VDD. With
these capacitors, when the voltage level on node 3 is changed from VDD to GND, the voltage
on node 5 is pulled down to VDD and then the voltage level on node 6 is pulled up to
2xVDD by transistor MP3. On the contrary, when the voltage level on node 4 is converted
from VDD to GND, that on node 6 is pulled to VDD, and that on node 5 is pulled up to
2xVDD by transistor MP2.

Initially, the voltages on nodes 3, 4, 5, and 6 in Fig. 4.5 could be unknown. If the
voltages on nodes 5 and 6 are 2xVDD and VDD, and the voltages on nodes 3 and 4 are GND
and VDD, the voltages across capacitors C1 and C2 are 2xVDD and VDD, respectively,
instead of both VDD. In order to overcome this initial problem, the diode strings, DS1 and
DS2, are added. The turn-on voltages of the diode strings are designed to a little higher than
VDD by using multiple diodes in stacked configuration. In order to prevent the leakage
current path to the grounded p-type substrate, the diode-connected MOSFET or polysilicon
diode [55] is suggested. With these diode strings, if the voltage on node 3 is at GND and that

on node 4 is at VDD, the voltage on node 5 is clamped at the turn-on voltage, which is a little
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higher than VDD, of the diode string DS1. Therefore, transistor MP3 is turned on to pull up
the voltage on node 6 to 2xVDD. Thus, the voltages across capacitors C1 and C2 are both
VDD.

In the proposed 2xVDD input tolerant mixed-voltage I/O buffer, the bulk of the
protection device, MNI1, can be coupled to GND without the gate-oxide overstress, even if
the gate voltage of transistor MN1 may be as high as 2xVDD. The reason is that this
protection device, MN1, is always turned on and the voltage across the gate oxide of
transistor MN1 is from the gate to the conducting channel, but not from the gate to its bulk.
Thus, the gate oxides of all NMOS devices in the dynamic gate-bias circuit are also safe

because these NMOS devices are turned on when their gates are pulled up to 2xVDD.

4.2.2. Simulation and Experimental Results

The proposed 2xVDD input tolerant mixed-voltage I/O buffer has been verified in a
0.25-um 2.5-V CMOS process to serve 2.5/5-V mixed-voltage interface. Fig. 4.6 shows the
simulated waveforms of the proposed 2x VDD input tolerant mixed-voltage 1/O buffer in the
receive mode to receive the input signal of 0-to-5 V."As-shown in Fig. 4.6, the gate voltage
(node 2) of the transistor MN1 is always kept at 2.5 V in the receive mode, and the voltage
swing on node 1 is from 0 V to 2.5 V. Fig. 4.7 shows the simulated waveforms of the
proposed 2xVDD input tolerant mixed-voltage T/O buffer in the transmit mode. When the
voltage on node 1 is raised up to 2.5 V, the gate voltage of the transistor MN1 is also raised to
~5 V at the same time to turn on the transistor MN1. Then, the voltage on the I/O pad is
pulled up to 2.5 V. When the voltage on node 1 is dropped to 0 V, the gate voltage of the
transistor MN1 is kept at 2.5 V to prevent from the high-voltage overstress on the gate oxide
of the protection device MN1. The voltage on the I/O pad is therefore dropped to 0 V. With
the dynamic gate-bias circuit, the proposed mixed-voltage I/O buffer can successfully transfer
signals in full swing to the I/O pad through the protection device MNI1.

Fig. 4.8 shows the chip photograph of the proposed 2xVDD input tolerant I/O buffer
fabricated in a 0.25-um 2.5-V CMOS process. Figs. 4.9 and 4.10 show the measured voltage
waveforms on the node Dout and the I/O pad of the proposed 2xVDD input tolerant I/O
buffer in the receive mode and in the transmit mode, respectively. As shown in Figs. 4.9 and
4.10, the proposed 2xVDD mixed-voltage I/O buffer by using the NMOS-blocking technique

can be correctly operated in the 2.5/5-V mixed-voltage interface.
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4.3. 3xVDD Input Tolerant Mixed-Voltage 1/O Buffer

4.3.1. Circuit Implementation

Fig. 4.11 depicts the proposed 3xVDD input tolerant mixed-voltage I/O buffer by using
the NMOS-blocking technique [54]. VDD is the applied power supply voltage, whereas
VDDH (2xVDD) can be generated by an on-chip charge pump circuit with 1xVDD devices
from VDD. The output voltage of the on-chip charge pump circuit is shared by all
mixed-voltage I/O circuits in the same chip. The protection devices, MN1 and MN2,
controlled by the dynamic gate-bias circuit are used to avoid the high-voltage overstress on
the gate oxide. The detailed operation of the dynamic gate-bias circuit is listed in Table II.
When this I/O buffer transmits a logic low (GND), the gate voltages of transistors MN1 and
MN?2 are controlled at VDD, so the logic low can be transmitted from node 1 to the I/O pad.
When this I/O buffer transmits a logic-high (VDD), the gate voltages of transistors MN1 and
MN?2 are controlled at VDDH, so the logi¢ high can be transmitted from node 1 to the I/O
pad. When this I/O buffer receives-a logic low (GND), the gate voltages of transistors MNI1
and MN2 are biased at VDD. Thus, the logiclow signal can be transmitted to node 1 from the
I/O pad. When this I/O buffer receives‘a logic high'(3%VDD), the gate voltages of transistors
MN1 and MN2 are biased at VDD and VDDH, respectively. In the 3xVDD receive mode, the
voltage on node 2 (node 1) is pulled up to VDDH—-Vt (VDD—-Vt), where Vt is the threshold
voltage of transistors. Then, the signal Din is pulled down to GND to turn on transistor MP1.
Finally, the voltage on node 1 is fully restored to VDD, so the inverter INV has no dc leakage
current. In this 3xVDD input tolerant mixed-voltage 1/O buffer, the gate-drain, gate-source,
and drain-source voltages of every transistor don’t exceed VDD. Thus, the proposed
mixed-voltage I/O buffer with 1xVDD devices in Fig. 4.11 can tolerate 3xVDD input signals
without the gate-oxide reliability issue.

According to Table 4.2, the dynamic gate-bias circuit in the proposed 3xVDD input
tolerant mixed-voltage I/O buffer can be designed. Fig. 4.12 shows the dynamic gate-bias
circuit in the proposed 3xVDD input tolerant mixed-voltage 1/O buffer. In both transmit and
receive modes, the signal PU has an inverting logic level of node 3. The voltage swing of
signal PU is from GND to VDD, but that of node 3 is from VDD to VDDH. Thus, a
GND/VDD-to-VDD/VDDH level converter followed by an inverter can be used to generate
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the signal level of node 3 to control the gate of the transistor MN1. In the transmit mode,
node 3 has the same signal level of node 4. Thus, nodes 3 and 4 are connected by the
transistor MP4, whose gate is connected to node 2 to avoid the gate-oxide overstress. The
voltage on node 5 must be biased at VDD and VDDH alternately in the transmit mode due to
the gate-oxide reliability issue of the transistor MN3. When the I/O buffer transmits a logic
low, the gate voltages of transistors MN1 and MN2 are kept at VDD, and transistor MP3 is
turned on to keep the voltage level on node 5 at VDD. When the I/O buffer transmits a logic
high (GND), the gate voltages of transistors MN1 and MN2 are kept at VDDH, and transistor
MN6 is turned on to keep the voltage level on node 5 at VDD. The gate-drain and gate-source
voltages of transistor MN3 are always lower than VDD in the transmit mode, so there is no
gate-oxide overstress issue on transistor MN3.

The gate voltage (node 3) of transistor MN1 is always kept at VDD in the receive mode.
The gate voltage (node 4) of transistor MN2 is controlled at VDD or VDDH by the input
signal on the I/O pad. When the I/O buffer receives a logic high (3xVDD), the voltage on
node 5 is pulled up to the voltage level of.3xVDD=Vt through the diode-connected transistor
MNB&. At this moment, transistors MN3 and MN4-are turned on to pull the voltages on nodes
4 and 2 both up to VDDH. When the I/O buffer receives a logic low (GND), transistor MP4 is
turned on to pull the voltage on node 4 down'to VDD because the voltage on node 3 is VDD.
At this moment, transistor MP3 is turned ‘on to pull the voltage on node 5 down to VDD to
prevent the gate-oxide overstress on transistor MN3. In addition, transistors MP2, MNS5, and

MN7 can protect transistors MN4, MP3, and MNG6 against the gate-oxide overstress.

4.3.2. Simulation and Experimental Results

The proposed 3xVDD input tolerant mixed-voltage I/O buffer has been verified in a
0.13-um 1-V CMOS process with Cu interconnect to serve 1/3-V mixed-voltage interface.
Fig. 4.13 shows the simulated voltage waveforms of the proposed 3xVDD input tolerant
mixed-voltage I/O buffer in the receive mode to receive 3-V input signals. The simulated
waveforms in Fig. 4.13 are all consistent to our design expectation. Although the transient
peak voltage on node 4 could be larger than 2 V due to the parasitic gate-drain capacitance
(Cgd) of transistor MN2, the gate-drain and gate-source voltages of transistor MN2 are still
kept lower than 1 V. Fig. 4.14 shows the simulated voltage waveforms of the proposed
3xVDD input tolerant mixed-voltage I/O buffer in the transmit mode to drive 1-V output
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signals. The simulated waveforms in Fig. 4.14 are also consistent to our design expectation.
The gate-drain and gate-source voltages of all devices in the proposed 3xVDD mixed-voltage
I/0 buffer don’t exceed 1 V, which has been confirmed in SPICE simulation.

Fig. 4.15 shows the layout of the proposed 3xVDD input tolerant I/O buffer fabricated
in a 0.13-um 1-V CMOS process with Cu interconnects. The active area of the proposed
3xVDD input tolerant I/O buffer is around 70x150 pm?®. Figs. 4.16 and 4.17 show the
measured voltage waveforms of the proposed 3xVDD input tolerant I/O buffer in the receive
mode and in the transmit mode, respectively. As shown in Fig. 4.16, the proposed 3xVDD
input tolerant I/O buffer can successfully receive 3-V input signals in the receive mode. As
shown in Fig. 4.17, the proposed 3xVDD input tolerant I/O buffer can successfully drive 1-V

output signals in the transmit mode.

4.4. Discussions

4.4.1. Limitation of the NMOS-Blocking Technique

Ideally, the proposed NMOS-blocking technique can be used to design the (n+1)xVDD
input tolerant mixed-voltage 1/O buffer when n-protection devices are applied, as shown in
Fig. 4.3. Fig. 4.18 shows the design example.of the 4<xVDD input tolerant mixed-voltage 1/O
buffer by using the proposed NMOS-blocking technique. Three protection devices, MNI1,
MN2, and MN3, are applied in Fig. 4.18, so this mixed-voltage I/O buffer can receive
4xVDD input signals. Thus, the dynamic gate-bias circuit requires the VDDH1 (2xVDD) and
VDDH2 (3xVDD) voltage levels to control the gates of the protection devices, MN1, MN2,
and MN3. In Fig. 4.18, the charge pump circuits realized with 1xVDD devices can also
generate the VDDH1 and VDDH2 voltage levels.

Actually, the NMOS-blocking technique will be limited by the pn-junction breakdown
voltage in the CMOS process. If the input voltage is larger than the pn-junction breakdown
voltage, the parasitic pn-junction diode of the protection device which is closed to the I/O pad
will break down. For example, the pn-junction breakdown voltage is around 8~9 V in the
0.13-um 1-V CMOS process. Thus, the 8xVDD input tolerant mixed-voltage I/O buffer could
be designed in the 0.13-um 1-V CMOS process by using the proposed NMOS-blocking

technique.
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4.4.2. Gate-Oxide Overstress

Gate-oxide breakdown is a time-dependent issue [9], [56], [57]. The time period during
the voltage overstress on the gate oxide of device is accumulated to induce the oxide
breakdown. Therefore, the DC stress is more harmful to the gate oxide than the short AC
stress (transient stress). Most of the 1/O circuits in mixed-voltage applications only focus on
the DC stress because the DC stress will damage the gate oxide shortly [24]-[26]. In order to
solve the AC stress, the precise resistors and (or) capacitors with special bias circuit are
required to detect the transient voltages and then to bias the output transistors [15], [16].
However, these resistors and capacitors occupy large silicon area. In addition, the special bias
circuit [16] may consume DC current because of using the resistors and capacitors to
implement the bias circuit.

In the mixed-voltage I/O buffers by using the proposed NMOS-blocking technique, the
gate-drain and gate-source voltages of devices don’t exceed VDD in both receive and
transmit modes. Thus, the proposed mixed=voltage I/O buffers don’t have the DC gate-oxide
reliability issue. Due to the parasitic.fesistance, inductance, and capacitances, the gate-source
voltage and gate-drain voltage may;exceed VDD when the input or output signals have
transitions. However, the AC ovérstress on_the -gate -oxide is less serious than the DC

overstress.

4.4.3. Hot-Carrier Degradation

The hot-carrier degradation becomes serious when the drain-source voltage of transistor
operated in saturation mode is larger than the normal operating voltage (VDD). The
hot-carrier degradation is also a time-dependent issue [6]-[8]. In both receive and transmit
modes, the drain-source voltages of transistor in the proposed mixed-voltage I/O buffers
don’t exceed VDD. In the proposed mixed-voltage I/O buffers, the hot-carrier degradation
may occurs only during the transition when the proposed mixed-voltage 1/O buffers receive
high-voltage input signals and then transmit the GND output signals. To reduce this
hot-carrier impact, the devices which suffer the hot-carrier issue in the proposed
mixed-voltage circuits should be drawn with longer channel width. In [15], the special bias

technique can also be used to prevent the hot-carrier degradation.
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4.4.4. Speed Degradation of the NMOS-Blocking Technique

The proposed NMOS-blocking technique uses the NMOS protection devices to block
from high-voltage input signals on the I/O pad. Thus, the mixed-voltage I/O buffer designed
with this NMOS-blocking technique can be simply seen as a traditional tri-state 1/O buffer
cascaded with a resistor (R), as shown in Fig. 4.19. This resistor represents the equivalent
resistance of the protection devices. If the equivalent resistance of the protection devices is
large, the speed performance will be degraded. Thus, the dimensions of the protection devices
must be designed large enough to minimize the equivalent resistance. However, the large
dimension device has large drain (source) capacitance, so that the parasitic capacitance on
node 1 in Fig. 4.19 is also somewhat increased to degrade the speed performance. Thus, the
dimensions of the protection devices should be optimized according to the given CMOS

process.

4.4.5. Advantages of the NMOS-Blocking Technique

Generally, the traditional mixed-voltage 170 bufférs can only receive 2xVDD input
signal without gate-oxide reliability:issue{244-[26]s However, the proposed NMOS-blocking
technique can be extended to design not enly the 2xVDD but also 3xVDD and even 4xVDD
input tolerant mixed-voltage 1/0 buffers. Besides, the dynamic n-well bias technique is
usually applied in the traditional mixed-voltage I/O buffers [24]-[26], where the voltage on
the n-well is not fixed. The latch-up guard rings must be well surrounded when the voltage on
the n-well is changed. Because the voltage of the n-well in the proposed mixed-voltage 1/0
buffers by using the NMOS-blocking technique is fixed, there is no transient latchup problem

in the proposed mixed-voltage I/O circuits.

4.4.6. Duty Cycle

Due to the protection devices, the duty cycle of the signal on node Din is not 50% when
the mixed-voltage I/O buffer is operated in receive mode. For example, as shown in Fig. 4.10,
the signal Din is not a 50%-duty-cycle signal when the 2xVDD input-tolerant mixed-voltage
I/O buffer receives the 2xVDD input signal. The pulsewidth control loop circuit can be
applied to adjust the duty cycle of signal Din to 50% [89], [90].
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4.5. Summary

The NMOS-blocking technique has been proposed to design the mixed-voltage I/O
buffer in low-voltage CMOS processes. By using the proposed NMOS-blocking technique,
the mixed-voltage I/O buffer realized only with 1xVDD devices can receive 2xVDD,
3xVDD, and even 4xVDD input signals without the gate-oxide reliability issue. The 2xVDD
and 3xVDD input tolerant mixed-voltage I/O buffer by using the NMOS-blocking technique
have been successfully verified in a 0.25-um 2.5-V CMOS process to serve 2.5/5-V
mixed-voltage interface and in a 0.13-um 1-V CMOS process with Cu interconnects to serve
1/3-V mixed-voltage interface, respectively. The proposed NMOS-blocking technique can be
extended to design the 4xVDD, 5xVDD, and even 6xVDD input tolerant mixed-voltage 1/O
buffers. The limitation on the proposed NMOS-blocking technique is the pn-junction
breakdown voltage of the given CMOS process.
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TABLE 4.1

MIXED-VOLTAGE I/O BUFFER

OPERATION OF THE DYNAMIC GATE-BIAS CIRCUIT IN THE PROPOSED 2xVDD INPUT TOLERANT

Mode Transmitted Received Gate Voltage of | Gate Voltage of
Signal Signal MPO (PU) MN1 (Node 2)
Receive Mode X Low (GND) VDD VDD
High-Voltage X High VDD VDD
Receive Mode (2xVDD)
Transmit Low (GND) X VDD VDD
Mode
Transmit High (VDD) X GND VDDH
Mode
TABLE 4.2

MIXED-VOLTAGE /0O BUFFER

OPERATION OF THE DYNAMIC GATE=BIAS CIRCUIT IN THE PROPOSED 3xVDD INPUT TOLERANT

Mode Transmitted Received Gate Voltage of | Gate Voltage of
Signal Signal MNI1 (Node 3) | MN2 (Node 4)
Receive Mode X Low (GND) VDD VDD
High-Voltage X High VDD VDDH
Receive Mode (3xVDD)
Transmit Low (GND) X VDD VDD
Mode
Transmit High (VDD) X VDDH VDDH
Mode
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Fig. 4.8. Chip photograph of the proposed 2xVDD input tolerant mixed-voltage I/O buffer in
a 0.25-pm 2.5-V CMOS process.
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Fig. 4.9. Measured waveforms on the node Din and I/O pad of the proposed 2xVDD input

tolerant mixed-voltage I/O buffer in the receive mode with 5-V input signals.
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Fig. 4.10. Measured waveforms on the node Dout and I/O pad of the proposed 2xVDD input

tolerant mixed-voltage I/O buffer in the transmit mode with 2.5-V output signals.
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Fig. 4.13. Simulated waveforms of the proposed 3xVDD input tolerant mixed-voltage I/O
buffer in the receive mode to receive 133-MHz 3xVDD (3-V) input signals. The waveforms
are shown to observe the voltages at the.nodes of 1/0O pad, Din, node 1, node 2, node 3, and

node 4 in Fig. 4.11.
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Fig. 4.14. Simulated waveforms of the proposed 3xVDD input tolerant mixed-voltage 1/O
buffer in the transmit mode to drive 133-MHz 3xVDD (3-V) output signals. The waveforms
are shown to observe the voltages at the nodes of I/O pad, Din, node 1, node 2, node 3, and

node 4 in Fig. 4.11.
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Fig. 4.15. Layout of the proposed 3xVDD input tolerant mixed-voltage I/O buffer in a

0.13-pum 1-V CMOS process with Cu interconnects.
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Fig. 4.16. Measured voltage waveforms of the proposed 3xVDD input-tolerant mixed-voltage

I/O buffer in the receive mode to successfully receive 3xVDD (3-V) input signals.
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Fig. 4.17. Measured voltage waveforms of the proposed 3xVDD input-tolerant mixed-voltage

I/O buffer in the transmit mode to drive 1xVDD (1-V) output signals.
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NMOS-blocking technique.
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Equivalent circuit of the mixed-voltage I/O buffer designed with the proposed
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CHAPTER 5

Charge Pump Circuit Without Gate-Oxide

Reliability Issue in Low-Voltage Processes

In this chapter, a new charge pump circuit with consideration of gate-oxide reliability is
designed with two pumping branches. The charge transfer switches in the new proposed
circuit can be completely turned on and turned off, so its pumping efficiency is higher than
that of the traditional designs. Moreover, the maximum gate-source and gate-drain voltages
of all devices in the proposed charge pump circuit don’t exceed the normal operating power
supply voltage (VDD). Two test chips have been implemented in a 0.35-um 3.3-V CMOS
process to verify the new proposed charge’pump circuit. The measured output voltage of the
new proposed 4-stage charge pump ¢ircuit-with each pumping capacitor of 2 pF to drive the
capacitive output load is around 8.8,V under 3:3-V power supply (VDD=3.3 V), which is
limited by the junction breakdown’voltage of the parasitic pn-junction in the given process.
The new proposed circuit is suitable for applications in-low-voltage CMOS processes because

of its high pumping efficiency and no overstress across the gate oxide of devices.
5.1. Background

Charge pump circuits have been often used to generate dc voltages those are higher than
the normal power supply voltage (VDD) or lower than the ground voltage (GND) of the chip.
Charge pump circuits are usually applied to the nonvolatile memories, such as EEPROM or
flash memories, to write or to erase the floating-gate devices [58]-[61]. In addition, charge
pump circuits had been used in some low-voltage designs to improve the circuit performance
[21], [62]. The 4-stage diode charge pump circuit using the pn-junction diodes as the charge
transfer devices is shown in Fig. 5.1(a). The charges are pushed from the power supply (VDD)
to the output node (Vout), stage by stage. Thus, the output voltage of the charge pump circuit

can be pumped high. The voltage fluctuation of each pumping node can be expressed as
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Cpump lo

AV =V - - ,
Cpump + Cpar f- (Cpump + Cpar)

(5.1)

where V¢ 1s the voltage amplitude of the clock signals, Cpoump 1s the pumping capacitance,
Cpar 1s the parasitic capacitance at each pumping node, |, is output current, and f is the clock
frequency. If Cpar and |, are small enough and Cpymp is large enough, Cpar and lp can be
ignored from equation 5.1. Because V¢ is usually with the same voltage level as the normal
power supply voltage (VDD), the voltage fluctuation of each pumping node can be simply
expressed as
AV =V =VDD. (5.2)
Hence, the output voltage of the 4-stage charge pump circuit with diodes can be expressed as
Vout =5-(VDD -Vb), (5.3)
where Vp is the cut-in voltage of the pn-junction diode. However, it is difficult to implement
the fully independent diodes in the common silicon substrate. In other words, the charge
pump circuit with diodes shown in Fig. 5.1(a) can not be easily integrated into the standard
CMOS process. Therefore, most charge.pump' citeuits are based on the circuit proposed by
Dickson [63]-[65]. Fig. 5.1(b) shows the 4=stage Dickson charge pump circuit, where the
diode-connected MOSFETs are used to transfer the charges from the present stage to the next
stage. Thus, it can be easily integrated into'standard CMOS processes. However, the voltage
difference between the drain terminal and the source terminal of the diode-connected
MOSFET is the threshold voltage when ‘the" diode-connected MOSFET is turned on.
Therefore, the output voltage of the 4-stage Dickson charge pump circuit has been derived as
5
Vout =Y (VDD —Vimi), (5.4)
i=1
where Vymiy denotes the threshold voltage of the diode-connected MOSFET Mi. Traditionally,
the bulk terminals of the diode-connected MOSFETs in the Dickson charge pump circuit are
connected to ground (GND). The threshold voltage (Vywmiy) of the diode-connected MOSFET
becomes larger due to the body effect when the voltage on each pumping node is pumped
higher. Therefore, the pumping efficiency of the Dickson charge pump circuit is degraded by
the body effect when the number of pumping stages is increased.
Several modified charge pump circuits based on the Dickson charge pump circuit were
reported to enhance the pumping efficiency [66]-[74]. In the triple-well process, the
floating-well technique [66] or the source-bulk connected devices were used to eliminate the

body effect issue on the diode-connected MOSFETs in the Dickson charge pump circuit. But,
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the floating-well technique may generate substrate current in the floating-well devices to
influence other circuits in the same chip. The source-bulk connected technique increases the
parasitic capacitance at each pumping node due to the large bulk-to-well pn-junction
capacitance, so the pumping capacitors have to be enlarged. The auxiliary MOSFETs used to
dynamically control the body terminals of the diode-connected MOSFETs [67] may also
generate the substrate current in the floating-well devices. Four-phase clock generator was
applied in the charge pump circuits to improve pumping efficiency [68]-[71], but the complex
clock generator would consume more power. In [72], [73], an extra small charge pump circuit,
which has more pumping stages than the main charge pump circuit, was used to control the
main charge pump circuit, so the pumping efficiency of the main charge pump circuit can be
enhanced. However, the charge pump circuits [72], [73] occupy larger silicon area than others
because of the extra charge pump circuits. In addition, the extra small charge pump circuit
consumes extra power. In [74], the charge sharing concept was used in the charge pump
circuit to reduce the power consumption. However, the charge sharing concept requires the
special clock generator. The 4-stage chargeipump,circuit reported by Wu and Chang [75] is
shown in Fig. 5.2(a). The charge transfer switch+(CTS) controlled by the dynamic control
circuit in the Wu and Chang’s charge pump circuit is used to transfer the charges from the
present stage to the next stage without suffering the limitation of threshold voltage. Fig. 5.2(b)
shows the corresponding voltage wayveforms of the 4-stage Wu and Chang’s charge pump
circuit. When the clock signal CLK is low ‘and the clock signal CLKB is high during the time
interval T1 in Fig. 5.2(b), the voltage on node 1 is VDD and the voltage on node 2 is 3xVDD.
Because transistor MNI1 is turned off and transistor MP1 is turned on, the charge transfer
switch, MS1, can be completely turned on to transfer charges from the power supply (VDD)
to node 1. During the time interval T2, the voltage on node 2 can be pumped as high as
2xVDD to turn on transistor MN1 and to turn off transistor MP1. Thus, the charge transfer
switch, MS1, can be completely turned off to prevent the charges back to the power supply
(VDD). The operation of next stages in Wu and Chang’s charge pump circuit is similar to that
of the first stage. Because the CTS’s can be completely turned on or turned off by the
dynamic control circuits, the pumping efficiency has been enhanced with ideal output voltage
of 5xVDD. However, the output stage (MDO) of Wu and Chang’s charge pump circuit is still
a diode-connected MOSFET, so it also suffers the body effect issue. Besides, because the
maximum voltage difference of each stage is 2xVDD, all devices of Wu and Chang’s charge
pump circuit suffer the high-voltage overstress on their gate oxides.

With the advanced CMOS processes, the thickness of the gate oxide becomes thinner so
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the operation voltage of transistor must be lowered due to the reliability issue [1]. Thus, the
gate-oxide reliability issue [76] must be also considered into the design of charge pump
circuits, especially in the low-voltage CMOS processes. In this chapter, a new charge pump
circuit that has better pumping efficiency but without the gate-oxide reliability issue in
low-voltage processes is presented [77]. The new proposed charge pump circuit has been

successfully verified in a 0.35-um 3.3-V CMOS process.

5.2. New Charge Pump Circuit Without Gate-Oxide Reliability

Issue

The circuit and the corresponding voltage waveforms of the new proposed charge pump
circuit with 4 stages are shown in Figs. 3(a) and 3(b), respectively. To avoid the body effect,
the bulks of the devices in the proposed charge pump circuit are recommended to be
connected to their sources respectively if the given process provides the deep n-well layer.
Clock signals CLK and CLKB are out-of-phase but with the amplitudes of VDD. As shown
in Fig. 5.3(a), there are two charge transfer-branches; branch A and branch B, in the new
proposed charge pump circuit. Brafich A'is comprised of transistors MN1, MN2, MN3, MN4,
MP1, MP2, MP3, and MP4 with the capacitors:C1, C2, C3, and C4. Branch B is comprised
of transistors MN5, MN6, MN7, MNS§; MPS5, MP6, MP7, and MP8 with the capacitors C5,
C6, C7, and C8. The control signals of branches A and B are intertwined. Besides, clock
signals of branches A and B are out-of-phase. When the clock signals of the first and the third
pumping stages in the branch A are CLK, those in the branch B are CLKB. Similarly, when
the clock signals of the second and the forth pumping stages in the branch A are CLKB, those
in the branch B are CLK. Thus, branches A and B can see as two independent charge pump
circuits but their output nodes are connected together. Because the clock signals of the branch
A and those of the branch B are out-of-phase, the voltage waveforms of nodes 1-4 and those
of nodes 5-8 are also out-of-phase. Hence, branches A and B can pump the output voltage to
high, alternately. The detailed operations of the new proposed charge pump circuit are
described below.

As illustrated in Fig. 5.3(b), the clock signal CLK is low and the clock signal CLKB is
high during the time interval T1. At this moment, the voltage difference (V,s) between node 1
and node 5 is —VDD. Therefore, transistor MN1 is turned on to transfer the charges from the

power supply (VDD) to node 1, but the transistor MNS5 is turned off to cut off the path from

-90 -



node 5 back to the power supply. Similarly, V|5 becomes VDD during the time interval T2.
Transistor MN1 is turned off to cut off the leakage path from node 1 back to the power
supply, but the transistor MN5 is turned on to transfer the charges from the power supply to
node 5.

In the second stage, when the clock signal CLK is low and the clock signal CLKB is
high during the time interval T1, V;s and the voltage difference (V) between node 2 and
node 6 are —VDD and VDD, respectively. Therefore, transistors MP5 and MNG6 are turned on
to transfer the charges from node 5 to node 6, but transistors MP1 and MN2 are turned off to
cut off the path from node 2 back to node 1. Similarly, V5 and V¢ are VDD and —VDD
during the time interval T2, respectively. Transistors MP5 and MNG6 are turned off in order to
cut off the path from node 6 back to node 5, but transistors MP1 and MN2 are turned on to
transfer the charges from node 1 to node 2. The operation of the third pumping stage is
similar to that of the second pumping stage.

As shown in Fig. 5.3(a), the output nodes of braches A and B are connected together.
When the clock signal CLK is low and the clockssignal CLKB is high during the time interval
T1, the voltage difference (Vais) between node-4-and node 8 is VDD. Therefore, transistor
MP4 is turned on to transfer the charges from node 4 to the output node, but transistor MP8 is
turned off to cut off the path from-the output node back to node 8. On the other hand, Vg
is —VDD during the time interval T2: Hence, the transistor MP4 is turned off and the current
path from the output node back to node 4 is cut off. In addition, the transistor MPS8 is turned
on to transfer the charges from node 8 to the output node.

As shown in Fig. 5.3 (b), the gate-source voltages (Vgs) and gate-drain voltages (Vgd)
of all MOSFETs in the new proposed charge pump circuit do not exceed VDD. Thus, there is
no high-voltage overstress on the gate oxide of the devices in the new proposed charge pump

circuit.

5.3. Verifications and Discussions

5.3.1. Simulation Results and Comparisons

A 0.18-um 1.8-V CMOS device model is used to verify the design of the new proposed
charge pump circuit in HSPICE simulation. Fig. 5.4 shows the simulated voltage waveforms

of the new proposed 4-stage charge pump circuit with each pumping capacitor of 1 pF and
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5-uA output current. The expected waveforms shown in Fig. 5.3(b) are similar to the
simulated waveforms shown in Fig. 5.4. Ideally, the output voltage of the new proposed
4-stage charge pump circuit with 1.8-V power supply voltage (VDD=1.8 V) should be as
high as 9 V (1.8x5=9). However, due to the parasitic capacitance at each pumping node and
the loading of the output current, the simulated output voltage of the new proposed charge
pump circuit is around 8.39 V.

Fig. 5.5 shows the simulated output voltages of the proposed charge pump circuit under
different output currents and power supply voltages (VDD). When the output current is
increased, the output voltages of the proposed charge pump circuit under different power
supply voltages (VDD) are decreased. If the new proposed charge pump circuit only drives
the capacitive load, the output voltages of the proposed charge pump circuit under different
power supply voltages (VDD) are close to 5xVDD. If the supply voltage is too low and the
output current is too high, the proposed charge pump circuit can not pump the output voltage
high.

The simulated output voltages of the Pickson charge pump circuit [63], Wu and Chang’s
charge pump circuit [75], and the new propesed:charge pump circuit with different output
currents are compared in Fig. 5.6. Actually, the pumping capacitors of a charge pump circuit
take a great part in silicon area. For fair \comparison, the total pumping capacitors of these
charge pump circuits must be equaled. Therefore, the pumping capacitors in the proposed
charge pump circuit, in Wu and Chang’s‘ charge pump circuit, and in the Dickson charge
pump circuit are set to 1 pF, 1.6 pF (1x8/5=1.6), and 2 pF (1x8/4=2), respectively. As shown
in Fig. 5.6, the output voltages of the proposed charge pump circuit with different output
currents are much higher than those of other charge pump circuits. Especially, with the higher
output current of 30 pA, the proposed charge pump circuit still has the better pumping
performance than others. Since the proposed charge pump circuit has two pumping branches
pushing the charges to the output node alternately, the degradation of the output voltage is
smaller while the output current increases. Besides, the MOSFET switches in the new
proposed charge pump circuit are fully turned on to transfer the charges, but all MOSFET
switches in the Dickson charge pump circuit and the output stage of Wu and Chang’s charge
pump circuit are diode-connected transistors, which have the threshold voltage drop problem.
Therefore, the proposed charge pump circuit has better pumping performance than others, as
shown in Fig. 5.6.

Fig. 5.7 compares the simulated output voltages of the Dickson, Wu and Chang’s, and

the new proposed charge pump circuits under different power supply voltages (VDD) without
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output current loading. As shown in Fig. 5.7, the output voltages of these three charge pump
circuits are degraded when the power supply voltage is decreased. However, the new
proposed charge pump circuit still has higher output voltages under the lower power supply
voltage because the proposed charge pump circuit has better pumping efficiency. Thus, the
proposed charge pump circuit is more suitable in low-voltage processes than the prior
designs.

Branches A and B in the new proposed charge pump circuit can pump the output voltage
alternately, but Wu and Chang’s charge pump circuit and the Dickson charge pump circuit
only pump the charges to the output node per clock cycle. The simulated output waveforms
of these charge pump circuits with 20-pA output current are shown in Fig. 5.8, where AV is
the amplitude of the output voltage ripple. As shown in Fig. 5.8, the output voltage ripple of
the proposed charge pump circuit (0.166%) is much smaller than those of Wu and Chang’s
charge pump circuit (0.457%) and the Dickson charge pump circuit (0.762%). Therefore, the
output voltage of the new proposed charge pump circuit is more stable than those of the other
charge pump circuits. If the output voltage ripple is still large, a low-pass filter should be
connected to the output node of the eharge pump-circuit to filter the voltage ripple [78] or a
feedback loop can be applied in the charge pumprcircuit to stabilize the output voltage [91],
[92].

5.3.2. Silicon Verifications

In this work, two test chips have been fabricated in a 0.35-um 3.3-V CMOS process to
verify the proposed charge pump circuit. Fig. 5.9 shows the simulated output voltages of
proposed charge pump with each pumping capacitor of 2 pF, the Dickson charge pump circuit
with each pumping capacitor of 4 pF, and Wu and Chang’s charge pump circuit with each
pumping capacitor of 3.2 pF in the 0.35-um 3.3-V CMOS process. As shown in Fig. 5.9, the
proposed charge pump circuit has better pumping performance. The photographs of these two
test chips are shown in Figs. 10(a) and 10(b), respectively. These two test chips include the
proposed 4-stage charge pump circuit with each pumping capacitors of 2 pF, the proposed
2-stage charge pump circuit with each pumping capacitor of 2 pF, Wu and Chang’s 4-stage
charge pump circuit with each pumping capacitor of 2 pF, Wu and Chang’s 4-stage charge
pump circuit with each pumping capacitor of 3.2 pF, the Dickson 4-stage charge pump circuit

with each pumping capacitor of 2 pF, the Dickson 4-stage charge pump circuit with each
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pumping capacitor of 4 pF, the proposed 4-stage charge pump circuit with each pumping
capacitor of 4 pF, and the proposed 3-stage charge pump circuit with each pumping capacitor
of 2 pF. To drive capacitive load, the measured output voltage of the new proposed 4-stage
charge pump circuit with each pumping capacitor of 2 pF is around 8.8 V under 3.3-V power
supply voltage (VDD=3.3 V). Fig. 5.11 shows the measured output voltages of the 4-stage
charge pump circuits with different output currents. The measured results in Fig. 5.11 is little
lower than the simulated results in Fig. 5.9 because of the parasitic resistance and capacitance
from the test chips, the bonding wires, and the packages. The parasitic resistance and
capacitance may results in the overlapping clock signals, which will lower the pumping
efficiency. However, similar to the simulation results, the proposed charge pump circuit has
better pumping performance than others, as shown in Fig. 5.11. Besides, the output voltage
(~9 V) of the proposed charge pump circuit is limited by the breakdown voltage of the
parasitic drain-to-bulk pn-junction diode under the low output current. If the output voltage of
the charge pump circuit is larger than the breakdown voltage of the pn-junction diode, the
charges leak through this diode and the output:veltage of the charge pump circuit is kept at
the breakdown voltage. Fig. 5.12 comparessthe .measured output voltages of the proposed
2-stage, 3-stage, and 4-stage charge-pump circuits'with each pumping capacitor of 2 pF under
2-V power supply (VDD=2 V), respectively."Similarly,~the measured output voltage of the
proposed 4-stage charge pump circuit in Fig. 5.12 is also limited by the breakdown voltage of

the parasitic pn-junction diode at low output current.

5.3.3. Discussions

Gate-oxide reliability is a time-dependent issue [8], [57]. The time period during the
voltage overstress on the gate oxide is accumulated to induce the oxide breakdown. Hence,
the DC stress is more harmful to the gate oxide than the short AC stress (transient stress). The
diode-connected MOSFET in the Dickson charge pump circuit is used to transfer charges
from the present stage to the next stage. When the diode-connected MOSFET is turned off to
prevent the charges flowing back to the previous stage, the voltage across the gate oxide of
the diode-connected MOSFET is around 2xVDD-Vt, where Vt is the threshold voltage of the
diode-connected MOSFET. The diode-connected MOSFET will suffer serious gate-oxide
overstress, so the gate oxide of the diode-connected MOSFET may be damaged after

operation. In Wu and Chang’s charge pump circuit, not only these diode-connected
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MOSFETs but also the charge transfer switches (CTSs) and their control circuits will suffer
serious high-voltage overstress on the gate oxide. In the proposed charge pump circuit, the
gate-oxide reliability issue has been considered. The gate-source voltages (Vgs) and
gate-drain voltages (Vgd) of devices in the proposed charge pump circuit don’t exceed VDD
whenever it is in the normal operation, start-up, or turn-off states. Therefore, the proposed

charge pump circuit is better for applications in low-voltage CMOS processes.

As shown in Figs. 5.11 and 5.12, the output voltage of the proposed charge pump circuit
will be limited by the breakdown voltages of the parasitic pn-junctions. As the CMOS
process is scaled down, the breakdown voltages of the parasitic pn-junctions become lower.
Thus, the output voltage limitation of the charge pump circuit will become more serious. In
[79], the charge pump circuit is designed in the SOI (silicon-on-insulator) process without the
limitation of the breakdown voltages of the pn-junctions. However, the SOI process is more
expensive than the bulk CMOS process. The charge pump circuit consisting of the
polysilicon diodes, which is fully compatible to the standard bulk CMOS process, may be a
good candidate to implement the charge, pump circuit without the limitation of the breakdown
voltages of the parasitic pn-junctions in the future, [80]. The charge pump circuit designed

with the polysilicon diodes will be presented in Chapter 6;

5.4. Summary

A new charge pump circuit realized with only low-voltage devices without suffering the
gate-oxide reliability issue has been presented. Because the charge transfer switches of the
new proposed charge pump circuit can be fully turned on and turned off, as well as the output
stage doesn’t have the threshold drop problem, its pumping efficiency is higher than that of
the prior designs. The gate-drain and the gate-source voltages of all devices in the proposed
charge pump circuit don’t exceed VDD, so the proposed charge pump circuit doesn’t suffer
the gate-oxide reliability problem. Two test chips have been implemented in a 0.35-um 3.3-V
CMOS process. The experimental results have shown that the new proposed 4-stage charge
pump circuit with each pumping capacitor of 2 pF to drive the capacitive load is around 8.8 V
under 3.3-V power supply (VDD=3.3 V). With the higher pumping gain and no overstress
across the gate oxide, the new proposed charge pump circuit is more suitable for applications

in low-voltage CMOS integrated circuits to generate the specified high voltage.
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CHAPTER 6

Ultra-High-Voltage Charge Pump Circuit With
Polysilicon Diodes in Low-Voltage Standard CMOS

Processes

This chapter presents an on-chip ultra-high-voltage charge pump circuit realized with the
polysilicon diodes in the low-voltage standard CMOS processes. Because the polysilicon
diodes are fully isolated from the silicon substrate, the output voltage of the charge pump
circuit is not limited by the junction breakdown voltage of MOSFETs. The polysilicon diodes
can be implemented in the standard CMOS . processes without extra process steps. The
proposed ultra-high-voltage charge pump circuit. has.been fabricated in a 0.25-um 2.5-V
standard CMOS process. The output voltage of the 4-stage charge pump circuit with 2.5-V
power supply voltage (VDD=2.5 V) can be pumped up to'28.08 V, which is much higher than
the n-well/p-substrate breakdown voltage (~18.9°V)in'a'0.25-um 2.5-V bulk CMOS process.

6.1. Background

Charge pump circuits can generate the dc voltages those are higher than the normal
power supply voltage (VDD) or lower than the ground voltage (GND). Charge pump circuits
are usually applied to the nonvolatile memories, such as EEPROM and flash memories, to
write or to erase the floating-gate devices [59]. Besides, charge pump circuits can be also
used in some low-voltage designs to improve the circuit performance [81]. In the MEMS
(micro electro mechanical systems) and electroluminescent display applications, the charge
pump circuit must provide the output voltage higher than 15 V, even up to 60 V [79],
[82]-[84]. Early, the pn-junction diodes were applied in the charge pump circuit. However, it
is difficult to implement the fully independent pn-junction diodes in the common silicon
substrate. The charge pump circuit realized with transistors in the diode-connected style was
reported by Dickson [63]. Owing to the body effect, the pump efficiency of the Dickson

charge pump circuit is degraded as the number of the stages increases. Several modified
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charge pump circuits based on the Dickson charge pump circuit were reported to enhance the

pumping efficiency [75], [77].

As the semiconductor process is scaled down, the normal circuit operation voltage
(VDD) of the integrated circuits (ICs) is also decreased. The reliability issue must be
considered to design the charge pump circuit in the deep-sub-micron CMOS processes, such
as the gate-oxide overstress problem [77]. Fig. 6.1(a) shows the cross section of the p+/n-well
diode in the grounded p-substrate with the shallow-trench isolation (STI). The p+/n-well
diode is one kind of the pn-junction diodes in the bulk CMOS process. In Fig. 6.1(a), an
undesired parasitic pn-junction exists between the n-well and the grounded p-type substrate.
If the voltage on the cathode of the p+/n-well diode is larger than the junction breakdown
voltage between the n-well and the grounded p-substrate, the charges on the cathode will leak
to ground through the parasitic pn-junction. Fig. 6.1(b) shows the cross section of the
diode-connected NMOS, whose gate and drain are connected together, in the grounded
p-substrate. In Fig. 6.1(b), an undesired pn-junction parasitizes between the n+ region
(source/drain) and the grounded p-type.substrate. Similarly, if the voltages on the cathode or
anode of the diode-connected NMOS are larger than the junction breakdown voltage between
the n+ region (source/drain) and the grounded p-type substrate, the charges on the cathode or
anode will also leak to ground through the parasitic junction. Thus, whenever the p+/n-well
(pn-junction) diodes or the diode-connected MOSEETs are used to design the charge pump
circuit, the maximum output voltage will be limited by the breakdown voltage of the
undesired junctions in the standard CMOS process. In the SOI (silicon-on-insulator) CMOS
process, the devices are isolated to others by the insulator layer. Thus, the charge pump
circuits realized in the SOI process can pump the output voltage higher without the limitation
of the parasitic pn-junctions [79], [82]. However, the SOI CMOS process is more expensive

than the standard (bulk) CMOS process.

In this chapter, an on-chip ultra-high-voltage charge pump circuit realized with the
polysilicon diodes is proposed. The polysilicon diodes have been used in the negative charge
pump circuit [55] and the on-chip ESD protection circuit [85]. Because the anode and the
cathode of the polysilicon diodes are fully isolated from the silicon substrate, the voltages on
the anode or the cathode of the polysilicon diodes are not limited by the breakdown voltage
of the undesired parasitic pn-junction. The proposed on-chip ultra-high-voltage charge pump
circuit with the polysilicon diodes has been successfully implemented and verified in a

0.25-um 2.5-V standard (bulk) CMOS process.
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6.2. Polysilicon Diodes

6.2.1. Device Structure of the Polysilicon Diode

The gates of PMOS and NMOS are both realized with the n-type doped polysilicon in
the early standard CMOS processes. Due to the work function consideration, the gate of
PMOS and the gate of NMOS are realized with the p-type doped polysilicon and the n-type
doped polysilicon, respectively, in the recent sub-quarter-micron standard CMOS processes.
In order to implement the different types of the polysilicon gates, the intrinsic polysilicon
layer is deposited first, and then the p-type and n-type impurities are doped into the intrinsic
polysilicon layer to form the PMOS gate and the NMOS gate, respectively. Hence, the diode
can be realized on the polysilicon layer in the recent standard CMOS processes those have

separated doping impurities for PMOS and NMOS gates.

Fig. 6.2 depicts the cross sectionof the polysilicon.diode in the bulk CMOS process. As
shown in Fig. 6.2, the STI layer is located above.the silicon substrate. The polysilicon layer is
deposited on the STI layer. Then, the ‘ptype and n-type highly doped regions on the
polysilicon are doped with the same“process step of the PMOS and NMOS source/drain ion
implantation, respectively. Thus, the polysilicon"diode is fully compatible to the standard
CMOS process without any extra process modification. Because the polysilicon diode is
implemented on the STI layer, it is isolated from the silicon substrate. The charges on the
anode and the cathode of the polysilicon diode don’t leak to the silicon substrate. Therefore,
the polysilicon diodes can be applied to the charge pump circuit without the limitation of the
parasitic junctions. In the polysilicon diode, an extra un-doped (intrinsic) polysilicon region (1)
can be inserted between the p-type and n-type doped polysilicon regions. The length (Lc) of

the un-doped region can be used to adjust the I-V characteristics of the polysilicon diode.
6.2.2. Characteristics of the Polysilicon Diode

The polysilicon diodes with different lengths (Lc) of the un-doped region have been
fabricated in a 0.25-um 2.5-V bulk CMOS process, where the Lc is changed from 0.25 to 1.5
um. Fig. 6.3 shows the measured I-V curves of the polysilicon diodes with different Lc. Fig.
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6.4 shows the measured cut-in voltages of the polysilicon diodes with different Lc, where the
cut-in voltages are defined at the 1-uA forward biased current. In Fig. 6.4, the cut-in voltages
of these polysilicon diodes vary from 0.47 to 0.58 V. As the length of the un-doped region is
larger than 0.9 um, the cut-in voltage saturates at around 0.58 V.

Fig. 6.5 shows the measured reverse breakdown voltages and the measured reverse
leakage currents of the polysilicon diodes with different lengths (Lc) of the un-doped center
region, where the reverse breakdown voltages are defined at the 1-pA reverse biased current
and the reverse leakage currents are defined at the 2.5-V reverse biased voltage. In Fig. 6.5,
the reverse breakdown voltage increases when the Lc increases. As the Lc is longer than 1.2
um, the reverse breakdown voltage is higher than 20 V. Moreover, the reverse breakdown
voltage is 33 V when the length of the un-doped region is 1.5 um. Hence, the reverse
breakdown voltage of the polysilicon diode can be adjusted by changing the length of the
un-doped center region (Lc) for different applications. Besides, as shown in Fig. 6.5, because
the polysilicon diodes (Lc=0.2, 0.3, 0.5, and 0.7 pm) under 2.5-V reverse biased voltage are
operated at the reverse breakdown region,itherseverse leakage currents of the polysilicon
diodes (Lc=0.2, 0.3, 0.5, and 0.7 pm) are much darger than those of the polysilicon diodes
(Le=0.9, 1.0, 1.2, 1.3, and 1.5 pm).~Because the polysilicon diodes (Lc=0.9, 1.0, 1.2, 1.3, and
1.5 um) under 2.5-V reverse biased voltage-are operated- at the reverse saturation region, the

leakage currents saturate lower than T nA.
6.3. Ultra-High-Voltage Charge Pump Circuit

6.3.1. Circuit Implementation

Fig. 6.6 depicts the 4-stage charge pump circuit designed with 5 polysilicon diodes
(PD1~PD5), where the clock signals, CLK and CLKB, are out-of-phase with the amplitudes
of VDD. RL and CL in Fig. 6.6 represent the output loading of resistance and capacitance,
respectively. CL can make the output voltage of the charge pump circuit more stable. As
shown in Fig. 6.6, the charge pump circuit uses the polysilicon diodes as the charge transfer
devices. The charges are pushed from the power supply (VDD) to the output node (Vout)
stage by stage every clock cycle. The voltage fluctuation between each stage can be

expressed as
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Chpump _ lo
Cpump + Cpar f- (Cpump + Cpar) ’

AV =V - (6.1)

where Ve is the voltage amplitude of the clock signals, CLK and CLKB, Cpymp is the
pumping capacitance, Cpar is the parasitic capacitance at each pumping node, |, is output
current, and f is the clock frequency. The output voltage of the charge pump circuit can be
expressed as
Vout =(VDD-V,)+n-(AV -V,), (6.2)
where Vp is the cut-in voltage of the polysilicon diode and n is the number of stages in the
charge pump circuit. If Cpsr and |, are small enough and Cpymp is large enough, Cpar and |, can
be ignored in equation 6.1. Because V¢ is usually with the same voltage level as the normal
power supply voltage (VDD), the voltage fluctuation between each stage can be simply
expressed as
AV =V =VDD. (6.3)

Hence, equation 6.2 can be simplified as
Vout =(n+1)-(VBD-V,). (6.4)
The power efficiency of the charge pump- circuit is defined as

Blricicy i B 6.5)
VDD -l

In equation 6.5, lypp is the total current flows from the power supply (VDD). lypp can be
derived as [86]

Crar n’-(VDD-V,)

]-lo. (6.6)
Cpump (Il + 1) . (VDD — VD) —Vout

lyop = [(n+1)+

Thus, equation 6.6 can be substituted in equation 6.5. The power efficiency of the charge

pump circuit can be easily calculated.

6.3.2. Experimental Results

The 4-stage, 8-stage, and 12-stage charge pump circuits with 10-pF on-chip (MIM)
pumping capacitors and the polysilicon diodes of 0.5-um and 1-um un-doped region have
been fabricated in a 0.25-pm 2.5-V bulk CMOS process. The photograph of the 4-stage
charge pump circuit realized with 5 polysilicon diodes (Lc=0.5 um) is shown in Fig. 6.7. The
independent polysilicon diodes with different lengths of the un-doped region are also

implemented in this testchip.
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Fig. 6.8 shows the measured waveforms of the 12-stage charge pump circuit with the
polysilicon diodes (Lc=0.5 pm) to drive the capacitive output load. In Fig. 6.8, the power
supply voltage (VDD) and the amplitude of the clock signals (CLK and CLKB) are 2.5 V,
and the clock frequency is 1 MHz. As shown in Fig. 6.8, the output voltage of the charge
pump circuit to drive the capacitive load is as high as 28.08 V, which is much higher than the
n-well/p-substrate breakdown voltage (~18.9 V) in the given 0.25-um 2.5-V bulk CMOS

process.

Fig. 6.9 shows the measured output voltages of the 4-stage, 8-stage, and 12-stage charge
pump circuits with the polysilicon diodes of 0.5-um or 1-pm un-doped region (Lc). In Fig.
6.9, the proposed charge pump circuits drive only the capacitive loads with the clock
frequency of 1 MHz and the power supply voltage (VDD) of 2.5 V. As shown in Fig. 6.9, the
measured output voltages of the proposed charge pump circuits with the polysilicon diodes
(Lc=0.5 or 1 pum) are almost the same. The length of the un-doped region (Lc) doesn’t
obviously affect the output voltage of the proposed charge pump circuit because the voltage
across each polysilicon diode doesn’t exceed VDD (2.5 V), which is much smaller than the

reverse breakdown voltages of the polysilicon diodes (Lc=0.5 or 1 um).

Fig. 6.10 shows the measured output voltages of the 4-stage charge pump circuit with
the polysilicon diodes (Lc=1 um) under different clock frequencies, where the power supply
voltage (VDD) is 2.5 V. When the clock frequency is increased, the output voltages of the
charge pump circuit are also increased. But, when the clock frequency is low, the output
voltages of the charge pump circuit are degraded, especially with a small RL. In Fig. 6.10, the
charge pump circuit can pump the output voltage close to the ideal value in equation 6.4

when the RL is large and the clock frequency is high.

Fig. 6.11 compares the measured output voltages of the 4-stage charge pump circuits
with the polysilicon diodes of 0.5-um and 1-um un-doped region under different power
supply voltages (VDD). In Fig. 6.11, the charge pump circuits drive only the capacitive loads,
and the clock frequency is 100 kHz. As shown in Fig. 6.11, the polysilicon diode with long
length (Lc=1 pm) can generate a higher output voltage level than that with short length
(Lc=0.5 um) As the power supply voltage (VDD) is higher than the breakdown voltage of the
polysilicon diode with 0.5-um un-doped region but still lower than that of the polysilicon
diode with 1-pm un-doped region, the charge pump circuit with the polysilicon diode of 1-um
un-doped region still pumps the output voltage higher, but the output voltage of the charge
pump circuit with the polysilicon diode of 0.5-um un-doped region is degraded.
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Fig. 6.12 shows the measured output voltage of the 4-stage charge pump circuit (Lc=1
um) with the output resistors of 1 MQ, 10 MQ, and without the output resistor when the
clock frequency is 100 kHz. As shown in Fig. 6.13, the output voltage is degraded when the
RL is small.

6.3.3. Discussions

Table 6.1 compares the polysilicon diode (this work), pn-junction diode, MOS diode
(Dickson) [63] charge pump circuits. The voltage fluctuations between each stage in the
polysilicon diode, pn-junction diode, and MOS diode (diode-connected MOS) charge pump
circuits are VDD-Vpp, VDD-Vp_pn, and VDD-Vy, respectively. Vpp and Vppy are the cut-in
voltages of the polysilicon and pn-junction diodes, respectively, and V; is the threshold
voltage of the MOS diode.

However, V; increases due to the body effect as the number of stages increases. The
power efficiencies of the polysilicon diode, pnjunction diode, MOS diode charge pump
circuits only depends on the parasitic capacitance.(Cpar) at each stage if the charge pump
circuits are applied with the same¢ number (n) of stages, the same pumping capacitance
(Cpump), and the same clock frequency (f)[87]. The parasitic capacitance of the polysilicon
diode has been discussed in [88]. The parasitic capacitance of the polysilicon diode is smaller
than other, because the polysilicon diode is formed on the STI layer, the pn-junction diode
has larger parasitic capacitance between n-well and p-substrate, and the MOS diode has
larger gate capacitance. Thus, the power efficiency of the polysilicon diode chare pump
circuit is better than others. The area of the charge pump circuit is dominated by the on-chip
pumping capacitors, so these three kinds of the charge pump circuits occupy almost the same
chip area with the same pumping capacitors and the same number (n) of the stages. As
described in the previous section, the output voltages of the pn-junction diode and MOS
diode charge pump circuits are limited by the parasitic pn-junctions, but that of the

polysilicon diode charge pump circuit isn’t.

6.4. Summary

An ultra-high-voltage charge pump circuit realized with the polysilicon diodes has been
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successfully verified in a 0.25-pm 2.5-V bulk CMOS process. The polysilicon diodes are
implemented on the STI layer, which are fully isolated from the silicon substrate. Therefore,
the maximum output voltage of the proposed charge pump circuit with the polysilicon diodes
isn’t limited by the junction breakdown voltage. In addition, the polysilicon diodes are fully
compatible to the bulk CMOS processes without any extra process modification. The 4-stage,
8-stage, and 12-stage charge pump circuits with 10-pF on-chip pumping capacitors and the
polysilicon diodes of 0.5-um and 1-um un-doped center region have been fabricated in a
0.25-um 2.5-V bulk CMOS process. To drive the capacitive load, the measured results show
that the 4-stage charge pump circuit with the polysilicon diodes (Lc=0.5 um) can pump the
output voltage as high as 28.08 V, whereas the power supply voltage (VDD) is 2.5 V. The
output loading effect and the dependence of clock frequency on the output voltage of the
proposed charge pump circuit have been also measured. The proposed scheme can be applied

to the ultra-high-voltage applications, such as MEMS or electroluminescent displays.
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TABLE 6.1

SUMMARY OF THE POLYSILICON DIODE (THIS WORK), PN-JUNCTION DIODE, MOS DIODE

CHARGE PUMP CIRCUITS
Voltage Power Area Output Voltage
Fluctuation Efficiency Limitation
Polysilicon diode VDD-Vp.p Better Same No
pn-junction diode VDD-Vp.pn Good Same Yes
MOS diode VDD-V; Good Same Yes
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Fig. 6.1. Schematic cross sections of (a) the p+/n-well diode, and (b) the diode-connected

NMOS, in grounded p-type substrate.
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Fig. 6.2. Schematic cross section of the polysilicon diode in the bulk CMOS process.
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Fig. 6. 4-stage charge pump circuit realized with 5 polysilicon diodes.

Fig. 6.7. Photograph of the 4-stage charge pump circuit with 5 polysilicon diodes (Lc=0.5 um)
fabricated in a 0.25-um 2.5-V bulk CMOS process.
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Fig. 6.8. Measured waveforms (CLK and Vout) of the 12-stage charge pump circuit with the

polysilicon diodes (Lc=0.5 pm) to drive capacitive output load. The clock frequency is 1

MHz and VDD is 2.5 V.
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Fig. 6.9. Measured output voltages of the 4-stage, 8-stage, and 12-stage charge pump circuits
with the polysilicon diodes of 0.5-um and 1-pm un-doped region to drive capacitive load.

The clock frequency is 1 MHz and VDD is 2.5 V.
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Fig. 6.11. Measured output voltages of the 4-stage charge pump circuits with the polysilicon

diodes of 0.5-um and 1-pm un-doped region to drive capacitive loads under different VDD.

The clock frequency is 100 kHz.
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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 high-voltage circuit design in low-voltage CMOS processes are

also addressed in this chapter.

7.1. Main Results of This Dissertation

As the semiconductor process is scaled down, the thickness of gate oxide becomes
thinner in order to increase the current density of device. Besides, due to the reliability issue,
the power supply voltage (VDD) must be decreased in the advanced processes. However, in
an electronic system, some chips are gperating at different voltage levels. Thus, some circuits
must be designed in low-voltage processes but still operated at high-voltage environments. In
this dissertation, several circuits operating .in high-voltage environments but realized with
low-voltage devices have been presented:

Chapter 2 has presented a new mixed=voltage I/O buffer realized with only thin
gate-oxide (low-voltage) devices. The proposed mixed-voltage I/O buffer with simpler
dynamic n-well bias circuit and gate-tracking circuit can prevent the undesired leakage
current paths and the gate-oxide reliability problem, which occur in the conventional CMOS
I/O bufter. The new mixed-voltage I/O buffer has been fabricated and verified in a 0.25-um
2.5-V CMOS process to serve 2.5/5-V 1/0O interface. Besides, another 2.5/5-V mixed-voltage
I/O buffer without the subthreshold leakage problem for high-speed applications has also
been presented in Chapter 2. The speed, power consumption, area, and noise among these
mixed-voltage /O buffers have been compared and discussed. The new proposed
mixed-voltage I/O buffers realized with 1xVDD devices can be easily applied in any
1xVDD/2xVDD mixed-voltage interface.

Chapter 3 has presented an input buffer and an output buffer realized with 1/2.5-V
low-voltage devices for 3.3-V applications. Due to the high-integration trend of SOC
(system-on-a-chip), an electronic system may be integrated into a single chip. Therefore,

there are digital circuits and analog circuits in a chip. For example, the digital part of a chip is
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designed with 1-V devices to decrease its power consumption, the analog part is designed
with 2.5-V devices to improve the circuit performance, and the chip-to-chip interface is 3.3-V
PCI-X in a 0.13-pm 1/2.5-V CMOS process. Thus, the traditional I/O circuits are not suitable
for this application. An input buffer with the proposed Schmitt trigger circuit in a 0.13-pm
1/2.5-V CMOS process has been presented first. Then, an output buffer with the proposed
level converter in a 0.13-pm 1/2.5-V CMOS process has been also presented in this chapter.

An NMOS-blocking technique for mixed-voltage I/O buffer design has been presented
in Chapter 4. Unlike the traditional mixed-voltage I/O buffer design, the mixed-voltage I/O
buffer realized with only 1xVDD devices by using the NMOS-blocking technique can
receive 2xVDD, 3xVDD, and even 4xVDD input signal without the gate-oxide reliability
issue. In this chapter, the 2xVDD input tolerant mixed-voltage I/O buffer by using the
NMOS-blocking technique has been verified in a 0.25-pm 2.5-V CMOS process to serve
2.5/5-V mixed-voltage interface. The 3xVDD input tolerant mixed-voltage 1/O buffer by
using the NMOS-blocking technique has been verified in a 0.13-pm 1-V CMOS process to
serve 1/3-V mixed-voltage interface. Thelproposed NMOS-blocking technique can be
extended to design the 4xVDD, 5xVDD, andseven 6XVDD input tolerant mixed-voltage 1/O
buffers. The limitation of the NMOS-blocking technique is the breakdown voltage of the
pn-junction in the given CMOS process.

Chapter 5 has presented a new+charge pump circuit without the gate-oxide overstress.
Because the charge transfer switches of the new proposed charge pump circuit can be fully
turned on and turned off, as well as the output stage doesn’t have the threshold drop problem,
its pumping efficiency is higher than that of the prior designs. The gate-drain and the
gate-source voltages of all devices in the proposed charge pump circuit don’t exceed VDD, so
the proposed charge pump circuit doesn’t suffer the gate-oxide reliability problem. Besides,
the proposed charge pump circuit has two pumping branches pumping the output node
alternately so the output voltage ripple is small. In this work, two test chips have been
implemented in a 0.35-um 3.3-V CMOS process to verify the proposed charge pump circuit.
The measured output voltage of the new proposed 4-stage charge pump circuit with each
pumping capacitor of 2 pF to drive the capacitive output load is around 8.8 V under 3.3-V
power supply (VDD=3.3 V), which is limited by the junction breakdown voltage of the
parasitic pn-junction in the given process. The new proposed charge pump circuit is suitable
for applications in low-voltage CMOS processes because of its high pumping efficiency and
no overstress across the gate oxide of devices.

An on-chip ultra-high-voltage charge pump circuit designed with the polysilicon diodes
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in low-voltage standard CMOS processes has been presented in Chapter 6. Because the
polysilicon diodes are fully isolated from the silicon substrate, the output voltage of the
charge pump circuit is not limited by the junction breakdown voltage of MOSFETs. The
polysilicon diodes can be implemented in the standard (bulk) CMOS processes without extra
process steps. The proposed ultra-high-voltage charge pump circuit has been fabricated in a
0.25-pum 2.5-V standard CMOS process. The measured output voltage of the 4-stage charge
pump circuit with 2.5-V power supply voltage (VDD=2.5 V) can be pumped up to 28.08 V,
which is much higher than the n-well/p-substrate breakdown voltage (~18.9 V) in the
0.25-um 2.5-V standard CMOS process.

7.2. Future Works

In this dissertation, five I/O circuits realized with low-voltage devices for high-voltage
applications have been presented. However, the traditional electrostatic discharge (ESD)
protection circuits are not suitable for these applications. In addition, the more robust ESD
protection circuits are required in the nanometer ptocesses. Therefore, new ESD protection
circuits realized in low-voltage procésses must be developed in the future.

Although the DC overstress on the gate oxide 1s more harmful than AC overstress, the
operation frequency becomes higher inithe-advanced 1Cs. The AC overstress is also an
important issue when the operation frequency is high. Thus, not only the DC overstress on
the gate oxide but also the AC overstress must be considered in the high-voltage circuits
realized with low-voltage devices in the future IC design.

Due to the trends of SOC and CMOS technology, more circuits will be deigned with
low-voltage processes and integrated in a single chip. Thus, not only the I/O circuits and
charge pump circuits but also other circuits, such as OPAMP (operational amplifier), ADC
(analog-to-digital converter), and so on, must be designed in low-voltage CMOS processes

for high-voltage applications. Such design topic still continues to the future research.
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