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Design for Mixed-Voltage 1/0 Buffers against
Gate-Oxide Reliability and Hot-Carrier

Degradation

Student: Hui-Wen Tsai Advisor: Prof. Ming-Dou Ker
Department of Electronics Engineering & Institute of Electronics

National Chiao-Tung University

Abstract

Rapid development of complementary metal oxide semiconductor (CMOS)
techniques desires the transistor-dimension to scale down with lower supply voltage
continually for reducing chip area, increasing operating speed, and diminishing power
consumption. When thickness ‘of gate oxide becomes much thinner and the length of
MOS transistor becomes shorter correspending-tossmaller device size, the decreasing
maximum tolerable voltage <across the transistor terminals makes the design of
mixed-voltage 1/0 buffer facing reliability” problems such as gate-oxide reliability,
hot-carrier degradation, and undesired circuit leakage paths with input signal higher
than the voltage level of supply voltage.

In this thesis, a new 2xVDD-tolerant 1/0 buffer circuit, realized with only
1xVDD devices in nanoscale CMOS technology, to prevent transistors against
gate-oxide reliability and hot-carrier degradation is presented. The new proposed
2xVDD-tolerant 1/0 buffer has been implemented in a 130-nm CMOS process to
serve a 2.5-V/1.2-V mixed-voltage interface without using the additional thick
gate-oxide (2.5-V) devices. This 2xVDD-tolerant 1/O buffer has been successfully

confirmed by the experimental results with a signal speed of up to 133 MHz for



PCI-X application. Performances as power consumption and the robustness for
hot-carrier degradation and gate-oxide overstress are also compared with a few

conventional designs.
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Chapter 1

Introduction

1.1 MOTIVATION

With the rapid development of complementary metal oxide semiconductor (CMOS)
technology, the transistor feature sizes have been continually scaled down to reduce chip area
and increase operating speed. Besides, the normal supply voltage (VDD) to drive the chip is
also reduced to save power consumption correspondingly. The gate-oxide thickness becomes
much thinner in order to reduce the core power supply voltage (VDD) for resulting in lower
power consumption. Mganwhile, the maximum ' tolerable. voltages across the transistor
terminals (drain, source, gate, and bulk) are’correspondingly decreased to ensure lifetime.
However, some earlier “standardized:protocols or- IC chips designed and fabricated with
previous CMOS processes which have higher VDD may eommunicate in a microelectronics
system with the chips fabricated in-advanced CMOS processes which has lower VDD.
Therefore, the chips in advanced CMOS processes should handle the interface of input/output
signals with the voltage levels higher than their normal supply voltage (VDD). Such
mixed-voltage I/O interfaces must be designed to overcome several problems, such as
gate-oxide reliability [1]-[2], hot-carrier degradation [3]-[5] and undesired circuit leakage

paths [6].

1.2 THESIS ORGANIZATION

The difficulties about hot-carrier degradation and gate-oxide overstress in prior I/O

buffer design are briefed in Chapter 1 and Chapter 2. In Chapter 3, the new proposed 1/O

1 -



buffer in [7] is introduced with simulation to verify the expected performance for well
operating and improved robustness against hot-carrier degradation and gate-oxide overstress.
Experimental results of fabricated test chip are also presented. The comparisons between
several prior arts and the new proposed I/O buffer are also provided by comparing the

simulated waveform and related parameters.

1.3 1/O BUFFER BASICS

The basic structure for mixed-voltage 1/0 buffer typically includes a pre-driver, several
large transistors to charge or discharge the output'terminal, and an input unit, as shown in Fig.

1.1. The circuit operating modes controlled by-an enable signal EN include a receive

Fig. 1.1 Conventional tri-state I/O buffer used to transmit 0-to-VDD output signal or to

receive 0-to-2xVDD input signal.

B



mode (for receiving an input signal) and a transmit mode (for transmitting an output signal
corresponding to the data signal Dout). However, the conventional structure suffers reliability
problems such as gate-oxide overstress, hot-carrier degradation, and leakage paths from I/O
pad to the VDD through the drain to source and drain to bulk (parasitic pn junction) of the
main driving PMOS transistor. Several designs had been proposed to solve such issues [8] to
[10].

To solve the leakage problem from the /O PAD to VDD through the parasitic pn
junction in the PMOS transistor, gate-tracking and dynamic N -well bias voltage techniques
had been adopted in the prior arts [8]-[10], as shown in Fig. 1.2. Placing NMOS and PMOS
transistors appropriately is also an_important key to solve the overstress problem. The
corresponding circuit operating voltages in the 2xVDD-tolerant I/O buffer in Fig. 1.2 are

listed in Tab 1.1.

voo — PU VDD == VDD ==
\ Gate- MPO Dynamic
OE — L Tracking —a| N-Well
Circuit Bias
i
Pre- o
Driver vooT 113 PAD
MNO
R
Dout—
Lo 2xVDD
VDD
iy o - vep
o INV MN2
GN

Fig. 1.2 Basic schematic for mixed-voltage I/O buffer realized with only thin-oxide devices.
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TABLE 1.1

BASIC OPERATIONS OF 2XVDD-TOLERANT I/O BUFFER IN STEADY STATE

Operating Signals at 1/0 BU oD Voltage Level of the
Modes PAD Floating N-well
Receive Low (0 V) VDD 0 VDD
Receive High (2xVDD) VDD 0 2xVDD
Transmit Low (0 V) VDD 0 VDD
Transmit High (VDD) 0 VDD VDD

1.4 HOT-CARRIER DEGRADATION CONCERN

1.4.1 Mechanism

When the MOSFEE devices feature extremely short channel length and high electrical
field in deep-submicron technelogies, hot-carrier degradation problem becomes more critical
in reliability design. The mechanism of‘hot-carrier effect can be simply illustrated by a typical
enhancement-mode n-channel MOS transistor, as shown in Fig. 1.3. With positive stress on
gate and drain terminals, the electrons traveling from the source to drain gain kinetic energy
while expensing electrical potential energy. When high lateral electrical field appears across
drain and source terminals, electrons continually increase instant velocity and become “hot”
while the average velocity saturates [11]. “Hot carriers,” including both hot electrons and hot
holes but mainly hot electrons due to the larger mobility and lower interface energy barrier,
can create secondary electron and hole pairs by impact ionization [12]. Collecting the
secondary electrons at bulk terminal and hot electrons at drain terminals increases the value of

substrate current

4 -




V>0

Vp>0
E Gate
Source Oxide Drain
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o"‘ 4 J.:\® O
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v
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® “hot” electron @® “secondary” hole

Fig. 1.3 The mechanism of"hot-carrier effect depicted of a typical enhancement-mode

n-channel MOS transistors

(Iswp) and drain current (Ig). When high=energey electrons tunnel into the oxide, the effective
gate resistance (Rg) is reduced. Generated hiot carriers ¢an.also cause time-dependent shifts
threshold and conveyed conductanee by rupturingthe Si-H bonds. More detailed, hot-carrier
injection can be subdivided into four categories as listed in TABLE 1.2 [5]. Since the life time
of devices, the correctness of expected operations and the performance of circuits are affected
by hot carrier injection as deign parameters vary with time, it makes hot-carrier effect a
non-ignorable issue, especially in design of robust mixed-voltage interface circuit in

nanoscale CMOS process.
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TABLE 1.2

HoT CARRIER INJECTION MECHANISM AND RELATED EFFECT

Injection Type Condition Related effect

Drain avalanche hot carrier VD>VG 1. Shift of threshold voltage (Vth)
injection (DAHC) (worst case at | 2. Shift of conductance (gm).

VD=2xVG) | 3. Space charge or gate current

4. Substrate’s drift current (may disturb

current flow and ease latchup)

Channel hot electron VD=VG 1. Space charge or gate current

injection (CHE)
Substrate hot electron [VB>>0 1. Trapped charge or gate current

injection (SHE) 2. Cartiers flow from substrate to oxide

Secondary generated hot VD>VG Similarto DPAHC but influenced by an extra
electron injection (SHGE) [VB>0 field due to the bias voltage of substrate.
Impact
ionization

1.4.2 Lifetime Issue

Tests for the dependence of hot-carrier degradation on the device sizes had been
reported in [13]. Worst stress condition of the peak substrate current (Vd=2xVg) and Vd=Vg
are often seen in the tests and parameters as the degradation of the saturation drain current,
Ald/Id, Agm/gm and AVth/Vth are often measured as a reference for the lifetime

extrapolation in different processes.
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The degradation caused by hot carriers deeply relies on the length and the biasing
conditions of the device [14]. In the worse-case condition of the gate-to-source voltage (Vgs),

which means the transistor is in saturation region with large drain current, the drain-to-source

1000000

100000

10000

lifetime

1000
(vears) 100

Vas=0.8* V4 nom

Fﬂ.;' Vdd',n‘m
{0 7

=1.2*Vaangm —

_.J T T T L] T 1

00 02 04 06 08 10 12
Ves'Vadnom ——»

Fig. 1.4 Channel-hot-carrier lifetime as a_fiunction of Vds.and Vgs (typical behavior for

0.25-um CMOS process)

voltage (Vds) and life time ( 7 )typically-has-an €éxponential relationship of:

Tiife = Aexp(—B /Vds) (1.1)

,where A and B are constants, which are process-dependent.

The relationship of lifetime and the length of device are also expressed as equation 1.2:

Tite OC LC (1.2)
,where C is a constant equals 1~5.
The channel length tends to have weaker effect compared with the Vds to lifetime. The
relationship of lifetime and gate-to-source voltage is more complex. When the transistor is at
“off” state or linear region with very high gate-to-source voltage, only little current flows in

the channel and very few hot carriers are generated.
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The lifetime versus drain-to source voltage (Vds) and gate-to-sourse voltage (Vgs) are
depicted in Fig. 1.3 [14]. Generally, to ensure a 5~10 year life time with gate-to-source
voltage (Vgs) = 0.5~1 times of power supply voltage (VDD), the drain-to-source voltage (Vds)

must be kept within 1~1.1 times of power supply voltage (VDD).

1.4.3 Techniques to Increase Robustness of Circuits against Hot-carrier Degradation
Several techniques can probably be adopted in circuits to eliminate the circuit
performance deterioration caused by hot-carrier effect include:
1. Methods with process modification
(1) N+ / N- double diffusion of sources;and drains
(2) Graded drain junctions-such as LDD structure
(3) Self-aligned n- regions between .the channel and the n+ junctions to create an offset
gate
(4) Buried p+ channels.
2. Methods without process modifications:
(1) Different aspect ratios for the two transistors.
(2) Longer channel length.
(3) Non-stationary gate voltage.

(4) More stacked transistors.

In this thesis, floating n-well biasing voltage is used to provide the appropriate control voltage

and reduce the number of transistors. The concept of stacked transistors technique is also

adopted on transmission gate to suppress hot-carrier degradation.
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1.5 GATE-OXIDE OVERSTRESS PROBLEM

With the advantages in speed, power and cost, thin-oxide devices are more suitable in
high-speed and low-power applications. However, thin gate oxide with large gate-to-source
voltage is vulnerable to gate-oxide breakdown. The breakdown can happen instantaneously or
over time [15], [16]. The lifetime of gate oxide over the voltage stress can be expressed as

equation 1.3 [15].

1 cteo G * Xeff

— exp(— *dt =
70 "0 p( VOX(t)) (13)

,where tpand G are two constants, Xg#is the éffective thickness of the gate oxide due to the
defeats, and Vox(t) is the time-dependent voltage acress the gate oxide. As expressed in
equation 1.3, the accumtilation of the voltage ‘stress over time determines the gate-oxide
breakdown. Thus, the ‘damiage caused by transient overstréss is still non-ignorable if it
happens frequently and lasts for enough'time.

In addition to the ‘consideration of “hot-carrier /degradation, the absolute value of
gate-to-source and gate-to-drain voltage should'be, less than the supply voltage and the
drain-to-source voltage in NMOS devices and source-to-drain voltage in PMOS devices must

be less than the supply voltage when devices work in “on” state.

1.5 BRIEF INTRODUCTION OF PCI-X

The operating frequency used in the simulation of the new proposed I/O buffer is 133
MHz, which is the specification of PCI-X application.

PCI-X, the initial of “Peripheral Component Interconnect Extended,” is the standard for
the computer bus and expansion card jointly developed by IBM, HP and Compaq [17]-[18].

With higher data width, PCI-X is an improved version of PCI for higher throughput. Such a

-9



standard is required in some devices such as gigabit ethernet cards, fibre Channel, ultra 320
SCSI controllers, and cluster interconnects. Four frequency grades for cards or slots based on
PCI-X standard are 66 MHz, 133 MHz, 266 MHz, and 533 MHz. For both PCI-X 1.0 and
PCI-X 2.0, 133 MHz is included in the specifications and is most common in applications.
Thus, 133 MHz is a suitable operating frequency for I/O buffer design with the expectation to

be applied to the interface circuit.
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Chapter 2
Prior 1/O Buffers with 2x\VVDD Tolerance

In this chapter, three 2xVDD tolerant mixed-voltage 1/O buffers ([14], [19], and [20])
and I/O buffers with dual-oxide devices are retrospected before the section of new proposed
I/O buffer.

[19] was designed with eliminated reliability problems in steady state but suffers
hot-carrier degradation and gate-oxide overstress problem in transient state. [14] proposed a
technique which can be used to solve the hot-carrier degradation problem in stacked NMOS or
PMOS transistors but it was unable to.solve transient hot-carrier degradation and gate-oxide
overstress happening in some transistors completely.

To realize an I/O buffer with 1.8/3:3/5-V mixed-voltage tolerance without reliability
issues, 0.35-um devices had been used in [217] and the voltage differences are kept within the
supply voltage of 3.3 V. Dual-oxide (thick-oxide and thin-oxide) processes [22]-[24] had been
used to prevent reliability issues in"mixed-voltage in I/O buffers. Using two kinds of devices
(such as 1-V and 2.5-V devices) had also been adopted in [25] to transmit 3.3-V signals
without reliability issue. However, using two masks increases the cost in the fabrication.

To eliminate hot-carrier degradation and gate-oxide overstress problems in prior circuits,
[20] and this work [7] are proposed. [20] will be also introduced in this chapter, and will be

compared with the new proposed /O buffer in later section.

2.1 PRIOR DESIGN |

2.1.1 Basic Operation
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A conventional mixed-voltage I/O buffer with the gate-tracking circuit and the dynamic
n-well bias circuit is shown in Fig. 2.1 [19]. With the new dynamic n-well bias circuit
(composed of transistor MP4 and MP6) and gate-tracking circuit (composed of transistor
MN2 to MN4, transistor MP2, MP3 and MPS5), this conventional I/O buffer was realized with
only the thin gate-oxide devices, and it occupied smaller silicon area than the prior designs
[8]-[10]. When the control signal OE is at VDD (logic “1”), the I/O buffer is operated in the
transmit mode. The PD port from the pre-driver circuit is directly connected to the gate
terminal of the pull-down NMOS device, MN1. The PU port of the pre-driver circuit is
connected to the gate terminal of the pull-up PMOS device, MPO, through the gate-tracking
circuit. According to the signal Doutcontrelled by the internal circuits of the IC and the

turned on of transmission gate' MIN2

Dynamic N-well
Gate-Tracking Circuit ~ Bias Circuit VDD

3 ST e
VDD |
T : MN2—T—
OE D P‘Ir‘ A E;]
|
bro. | | [MP2
Dout | priver |P
i| VDD
| T mn3
I
T | oe{0mw
I
I E—
B e e i e S
VDD VDD :I MP1
Din
INV2 INV1

Fig. 2.1 The conventional mixed-voltage I/O buffer designed with gate-tracking circuit and

dynamic n-well bias circuit to solve gate-oxide reliability issue [19].

and MP2, the PU signal and PD signal control the driving NMOS or PMOS transistors to

charge I/O PAD to VDD or discharge I/O PAD to 0 V, respectively. At that time, MP4 is also
—-12 -



turned on to bias the floating n-well to VDD so the pn-junction diodes in transistors MPO and
MP4 are reverse biased to eliminate leakage current. When the 1/O buffer is operated in the
receive mode with OE signal biased at 0 V, the PU and PD ports of the pre-driver circuit are
kept at VDD and 0 V, respectively. Thus, transistors MPO and MN1 are turned off. The Din
signal rises or falls according to the received signal at the I/O PAD. Transistor MP3 is used to
track the signal at the /O PAD to the gate voltage of transistor MPO to prevent the undesired
leakage current from the I/O PAD to the power supply (VDD) through the pull-up PMOS
device MPO. When the voltage level at the I/O PAD exceeds VDD+|Vtp| and rise to 2xVDD,
transistor MP3 is turned on to turn off transistor MPO to prevent the leakage current through
its drain to source. Transistor MP4 is, alsoiturned off while transistor MP6 is turn on to bias
the floating n-well at 2xVDD'to reverse bias the parasitic pn-junction diode for eradicating
leakage current from the /O PAD to- VDD. Besides, MP2 is.also turned off due to the turned
on of transistor MP5 to,eliminate the conductance and leakage current from the /O PAD to
the PU port. The input signal from the'I/O PAD is transferred to the internal node Din by
MNO, MP1, inverter INVI-and INV2,"MNO-is-used to decrease the received voltage level at
the drain of MN1. Because thé gate terminal of MNO is ‘connected to VDD, the input voltage
of inverter INV is limited to VDD-Vin when the voltage level at the I/O pad is 2xVDD.
However, MP1 turns on while the input node of inverter INV1 rises over the threshold to pull
down the output node of inverter INV1 to 0 V. Thus, the drain voltage of transistor MN1 is
kept at VDD and the signal at the I/O pad can also be successfully received by the internal

input node Din.

2.1.2 Prior Design | with Reliability Concern
Mixed-voltage I/O buffer in Fig. 2.1 can tolerate 2xVDD input signal at the I/O PAD

without suffering gate-oxide reliability, hot-carrier degradation, and undesired circuit leakage
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in the steady state. However, during the transition from receiving 2xVDD input signal to
transmitting 0-V output signal, MNO and MN3 suffer hot-carrier degradation problem. MP5
also suffers gate-oxide reliability problem. Moreover, MN2, MP2, and MN3 also suffer
hot-carrier degradation problem during the transition from receiving 2xVDD input signal to
transmitting VDD output signal.

The limitations for the gate-to-source voltage and drain-to-source voltage of the
transistors mentioned in the end of chapter 1 are followed in some prior arts as Fig. 2.1 in
steady state. However, during the transition from receiving 2xVDD input signal to
transmitting 0-V output signal, the drain-to-source voltage (Vds) of MNO and MN3 will be
much higher than VDD. The reason is thatthe.drain-to-source voltage starts to increase from
VDD since the source terminal s pulled down faster than the drain terminal at the beginning
of this transition. MP5 alse has larger Vgs.since its source and gate are connected to the drain
and source of MNO. Moreover, MN2, MP2,.and MN3 alse come across similar problem
during the transition from receiving 2xVDD input signal to transmitting VDD output signal.
While PU signal is suddealy. pulled: down' ftom-VDD to 0, the drain terminal of MN2 are
pulled down much slower since the transistors are turned on accordingly and it also takes time
for the gate terminal of MP2 to be pulled down from 2xVDD to turn on MP2. The above
mentioned transient situations for MNO, MN3, MP5, MN2, and MP2 with high voltage across
drain and source terminals are verified by HSPICE simulation results in a 0.13-um CMOS
technology with 1.2-V VDD and 2.5-V 2xVDD. As shown in Fig. 2.2, Fig. 2.3(a), (b), and
Fig. 2.4, Vds of MNO (also the Vsg of MP1), MN3, MN2, and MP2 are much larger than
VDD during a certain time. The peak values are 1.96 V, 2.11 V, 2.09 V, and 2.07 V
respectively. Thereby, it results in serious hot-carrier degradation or gate-oxide overstress in

the transition from receiving 2.5-V input signal to transmitting 0-V or 1.2-V output signal.
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Fig. 2.2 Drain-to-source voltage (Vds).of MNGO (and also the source-to-gate voltage (Vsg) of

transistor MP5) in Fig. 2.1, during the transition from receiving 2xVDD input signal to

transmitting 0-V output signal.
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Fig. 2.3. Drain-to-source voltage (Vds) of transistor MN3 in Fig. 2.1 (a) during the
transition from receiving 2xVDD input signal to transmitting 0-V output signal and (b) during

the transition from receiving 2xVDD input signal to transmitting VDD output signal.
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Fig. 2.4. Drain-to-source voltage (Vds) of MN2 (source-to-drain voltage (Vsd)) of MP2 in
Fig. 2.1 during the transition from receiving 2xVDD. input signal to transmitting VDD output

signal.

2.2 PRIOR DESIGN I

2.2.1 Basic Operation

To solve the hot-carrier degradation problems happened in some prior arts as Fig. 2.1, a
technique with three or more stacked NMOS transistors and related PMOS transistors as gate
control circuits had been reported in [14]. A modified 2xVDD-tolerant I/O buffer with this
technique to eliminate hot-carrier issue is shown in Fig. 2.5 with similar steady state operation
as listed in TABLE 1.1. When the I/O buffer receives 2xVDD input signal, the gate terminal
of MN5 and MNG6 are biased at 2xVDD through MPT1 and MPTS3, respectively. On the other
hand, the gate terminal of transistor MN5 and MNG6 are biased at VDD if a VDD signal is

transmitted or a 0-V signal appears at the I/O PAD whether received or transmitted.
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Fig. 2.5. Modified mixed-voltage IO buffer designed with three-stacked transistors to prevent

hot-carrier degradation [14].

2.2.2 Prior Design 77 with Reliability Concern

During the transition from receiving 2xVDD input signal to transmitting 0-V output
signal, the source terminal of MN5 and MNG6 are biased at 2xVDD- AV initially (where AV is
the Vds of the diode-connected transistors) because of their diode connected structure.
Meanwhile, the source terminal of MNO and MN3 are pulled down by MN1 and MN4 in a
0.13-um technology, respectively. Comparing the MNO and MN3 in Fig. 2.1 with the same
transistors in I/O buffer in Fig. 2.5 during this transient time, the transistors in I/O buffer in
Fig. 2.5 have smaller Vds since the drain voltage is initially smaller by —A V.

Fig. 2.6, Fig. 2.7(a), (b), Fig. 2.8 and Fig. 2.9 are the HSPICE simulation results using
0.13-um CMOS technology when VDD is 1.2 V. With smaller maximum of Vds, the I/O
buffer in Fig. 2.5 can almost eliminate most serious hot-carrier degradation happened in

previous designs, as shown in Fig. 2.6, Fig. 2.7(a), and (b). However, the gate-oxide
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overstress still happens in MP1 in Fig. 2.5 during the transition from receiving 2xVDD to

transmitting 0 V, as shown in Fig. 2.8. Also, the transmission circuit (with MN2 and MP2 in

Fig. 2.5) still suffers the hot-carrier degradation, as shown in Fig. 2.9.
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Fig. 2.6. Drain-to-source. voltage (Vds). of WMMNO in Fig.s2.5 during the transition from

receiving 2xVDD input signal to transmitting 0<V.output signal.
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Fig. 2.7. Drain-to-source voltage (Vds) of MN3 in Fig. 2.5 during the transition from

receiving 2xVDD input signal (a) to transmitting 0-V output signal and (b) to transmitting

VDD output signal.
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Fig. 2.8. Source-to-gate voltage (Vsg), of (MP1 in Fig. 2.5 during the transition from receiving

2xVDD input signal to transmitting 0 output signal
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Fig. 2.9. Drain-to-source voltage (Vds) of MN2/MP2 in Fig. 2.5 during the transition from

receiving 2xVDD input signal to transmitting VDD output signal.
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2.3 PRIOR DESIGN |11

Using dual-oxide (thick-oxide and thin-oxide) process [22]-[24] provided by foundry is
also a method to eliminate reliability issues as gate-oxide overstress and hot-carrier
degradation in mixed-voltage I/O buffers. From equation 1.2 and 1.3, increasing channel
length and gate-oxide thickness leads to increased tolerance of absolute drain-to-source and
gate-to-source voltage are increased. With such a characteristic, thick-oxide devices with
longer channel length are more robust than the thin-oxide device and can be used to sustain
large drain-to-source or gate-to-source voltage. For example, [21] used 0.35-um devices with
voltage differences kept within the supply voltage of 3.3 V to realize an I/O buffer with
1.8/3.3/5-V mixed-voltage tolerance without reliability issues. Two kinds of devices (1-V and
2.5-V transistors) had beén also adopted in [25] to outpiit 3.3-V signal without aforesaid
issues.

In the 2xVDD tolerant /O buffer, Fig. 2.10 shows the'mixed-voltage I/O buffer with
dual-oxide (thick-oxide and. thin-oxide) devices: An external n-well bias voltage is also
connected to the body terminal of the pull-up PMOSsdevice in the I/O buffer to avoid leakage
current path from the I/O pad to the power supply (VDD) through the parasitic drain-to-well
pn-junction diode. However, adding an external bias voltage VDDH requires an extra pad and
another power supply, which results in increased silicon area and the cost of the whole system.
Threshold voltage of the pull-up PMOS device is also increased due to the body effect with
non-zero body-to-source voltage (VDDH-VDD). Therefore, the n-well biasing circuit can be
replaced with the dynamic n-well bias circuit as shown in Fig. 2.1 for providing appropriate
body bias. Besides, a gate-tracking circuit is still needed to avoid the leakage current path

induced by the incorrect conduction of the pull-up PMOS transistor.
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Fig. 2.10 Mixed-voltage /O buffer designed with dual-oxidedevices and external n-well bias

to prevent reliability issues.

The thick-oxide device with longér channellength can sustain higher gate-to-source and
drain-to-source voltage andithe thin-oxide device has_higher driving capacity under same
device dimension. Therefore, corercircuits can be designed with thin-oxide devices to
decrease the chip area and power consumption but the I/O circuits can be designed with
thick-oxide devices to avoid the gate-oxide reliability issue. However, using dual-oxide

process requires two masks in the fabrication of the circuit and extra cost.

2.4 PRIOR DESIGN IV

2.4.1 Basic Operation

To realize the I/O buffer by only thin-oxide devices without reliability issues, a
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2xVDD-tolerant I/O buffer with two-stacked transistors is proposed in [20] and the concept is
shown in Fig. 2.11. This design uses an extra tracking circuit to decide whether the I/O PAD is
conducted to VDD or not. The tracking circuit with switch SWO is used to speed up the voltage
drop from 2xVDD to VDD at the I/O PAD when the I/O buffer is in transient state from
receiving 2xVDD signal to transmit 0-V or VDD signal. A delay element is inserted between
the PD port and the gate terminal of MNI1 to let MN1 receive a delayed PD signal from the
pre-driver.

During transition from receiving 2xVDD input signal to transmitting 0-V output signal,
with the change of the enable signal OE from 0 V to VDD, the control signal Vcrre will turn
on the switch SWO to pull down I/O PAD:te VDD. If the inserted delay is long enough, the I/O

PAD is pulled down to VDD before the MN1 is turned on.

VDD
Tracking
VDD~ T CIr(I:UI'E VDD
Verre ]—
PU Gate- MPO j
OE —  Tracking —4Enweﬂ SWO
Circuit
110
Pre- Yoo . 2pap
Dri VDD ey
river MN{]
Input |~ pin
PD circuit
Dout D— ——! Delay [ MN1 i

Fig. 2.11 Design concept to overcome the hot-carrier issue in the 2xVDD-tolerant I/O buffer
with only two-stacked transistors [20].
The hot-carrier-prevented circuits (including the tracking circuit and switch) and delay

element in this prior buffer are shown in Fig. 2.12, where other non-modified parts are
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omitted. All bulks of PMOS transistors in the hot-carrier-prevented circuits are connected to

the dynamic-biased n-well to avoid leakage paths. The switch SWO is realized by the PMOS

transistor MP7 with a tracking circuit controlled by the OE signal. Inverter chain and an

additional capacitance are used to implement the delay element. The tracking circuit includes

MPS8, MP9, MN5, and a level shifter which shifts the voltage level of its input signal from

0-to-VDD swing to VDD-to-2xVDD swing. The corresponding voltages in steady states

(transmit and receive modes) of the prior I/O buffer in Fig. 2.12 are listed in TABLE 2-1.

PU-——

VDD ==
Gate- MPO
Tracking —clEnweH
Circuit
o . . I/O
VDD gPJE\D
* Tracking Circuit
—][MNo mP7
VDDH VDD
VDD MP9 wsl— / <« / H—<3OE
VDD GND
PD - _[>D_I>01_|E\,1N1 T VDD _ Level Shifter
I

Fig. 2.12 The implementation of the hot-carrier-prevented circuit for 2xVDD-tolerant I/O

buffer with two-stacked transistors.

TABLE 2.1

OPERATIONS OF PRIOR I/O BUFFER WITH HOT-CARRIER-PREVENTED CIRCUIT IN FIG. 2.12

Modes OE 1/0 PAD VCTRL

Receive ov VDD
ov

Receive 2xVDD 2xVDD

Transmit VDD X VDD

- 25 -



2.4.2 Prior Design IV with Reliability Concern

With drain voltage drops earlier and the source voltage drops later than the original
design, the drain-to-source voltage of MNO during such transition is within VDD. In the
receive mode and transmit mode, the switch SWO0 must be kept off in all states except the
high-to-low transition to avoid interfering the steady state operation of the I/O buffer. Hence,
this prior circuit in Fig. 2.11 does not suffer serious hot-carrier degradation.

When the I/O buffer in Fig. 2.12 is at the transition from receiving 2xVDD input signal
to transmitting 0-V output signal, the gate voltage of MNI1 is initially kept at 0 V while the PD
signal is changing from 0 V to VDD. In the meantime, the Vcrry is set to VDD by turning on
MNS5 with 2xVDD gate voltage. Consequently, MP7 is turned on to discharge the initial
voltage of 2xVDD at the I/O PAD until the voltage at I/O. PAD is pulled down to ~VDD. The
gate voltage of MNI is also pulled up to VDD after the delay from the inverter chain and
pulls down the I/O PAD,voltage to 0 V. Thus, the.drain-to-source voltage of MNO can be kept

less than VDD during the.transient states.
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Fig. 2.14.  Whole mixed-voltage 1/O buffer with the hot-carrier-prevented circuits [17].

The hot-carrier-prevented circuits are-shown.in Fig. 2:13.By applying the structure in Fig.
2.13 to the correspondingmode in Figs. 212, the 2x VDD-tolerant I/0O buffer without suffering

serious reliability issuesis shown in Fig. 2.14:

2.4.3 Discussion for Prior Design IV

Although prior design 1V ‘solves the serious' hot-carrier degradation and gate-oxide
overstress problems, it requires larger area to adopt the hot-carrier prevented circuits to the
corresponding nodes. The VDDH voltage used in the level shifter also contributes to extra
power and chip area. If the bulk voltage of each PMOS transistors in the hot-carrier prevented
circuit is biased by the dynamic n-well circuit, the effective capacitance in the floating n-well
point will be much larger which will increase the power consumption in the received mode
since the VDD to 2xVDD swing in the n-well biasing circuit indicates that the effective large
capacitor in the N-well is charged to 2xVDD or discharged to VDD by received signal
continually. Tape buffers are usually inserted between the ideal pulse signal and the I/O PAD

to provide a more practical input to I/O buffer. However, the HSPICE-simulated results of

08 -



power consumption for I/O buffer in the receive mode in HSPICE simulation is probably not
so confident since merely inserting the tape buffer can not represent the real situation happens
in I/O PAD in receive mode. This prior art is complex to realize reliability problem prevented
circuit. When considering process-voltage-temperature (PVT) variation, the prior design IV
may be affected more than prior art I, II and III. With the above concerns in prior design IV, a

new 2xVDD tolerant mixed-voltage I/O buffer is proposed in the following chapter.
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Chapter 3

Design of Mixed-Voltage 1/0 Buffer with Consideration of

Hot-Carrier and Gate-Oxide Overstress

3.1 NEw DESIGN

3.1.1 New Proposed Blocks
The new proposed 2xVDD-tolerant I/O buffer realized with only 1xVDD devices to

prevent transistors against gate-oxide overstress and hot-carrier degradation is shown in Fig.
3.1, which keeps the significant design advantages of the prior arts with three additional new
modifications. The design concepts-of the major parts in this new proposed I/O buffer are

introduced in the following.

VDD
T
OE [
Pre-
Driver
Dout
T
= VDD vib vDD VDD
MN3 y l—T T wmno
ok —{[MN4 MNS
MP8 PD—I MN1
. VDD

WﬁMPS .
C'_Q_"—"{hmn °

Fig. 3.1 New proposed 2xVDD-tolerant I/O buffer realized with only 1xVDD devices to

prevent transistors against gate-oxide overstress and hot-carrier degradation.
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A. Circuit Operation

The basic structure for this mixed-voltage I/O buffer typically includes a pre-driver, a
dynamic n-well bias circuit, two or three-stacked transistors, gate-tracking circuit, and an
input stage unit, which is controlled by an enable signal OE. The circuit operating modes
include a receive mode (for receiving input signal from I/O PAD) and a transmit mode (for
transmitting output signal to I/O PAD). The corresponding steady-state circuit operating
voltages in the proposed 2xVDD-tolerant I/O buffer circuit in Fig. 3.1 are listed in TABLE

2.1 in section 1.3.

B. Gate Control Circuit

Dynamic floating n-well technique is applied to thesmixed-voltage I/O circuit to prevent
the possible leakage curtent path in the PMOS ‘tiansistors of the pull-up network. By
surveying the voltage waveform of the floating n-well, the floating n-well voltage is kept at
VDD on one hand in recéiving 0-V/inputsignal from I/O PAD and in transmit mode. On the
other hand, it is kept at 2xVDD for tecetving input signal of 2xVDD from the /O PAD. Such
a voltage level at the floating n=well-presents a similar function to the gate control signal for
the top transistor (MN5 and MNG6) of the three-stacked NMOS structures in Fig. 2.5.
Therefore, the new gate control circuit of these transistors can be directly implemented by the

dynamic floating n-well self-biased circuit to save silicon area.

C. Transmitting Circuit

The new transmitting circuit applies the “stacked” concept in both PMOS and NMOS
transistors appropriately to create a new “stacked transmission gate.” As shown in Fig. 3.1,
the gate terminal of MN2 is connected to VDD and the gate terminal of MN7 is connected to
the floating n-well terminal, so are MN5 and MN6. Aside from NMOS transistors, the gate

terminals of other two PMOS transistors, MP2 and MP7, are connected together to the drain

31 --



terminal of MNG6. In the transmit mode, the transistors MN7 and MP7 serve as a transmission
gate (similar to MN2 and MP2). When receiving an input signal of 2xVDD at 1/O pad,
transistors MP2 and MP7 are turned off and the transistors MN7 and MN2 prevent high
drain-to-source voltage (Vds). During the transition from receiving an input signal of 2xVDD
to transmitting an output signal of VDD, the drain voltage of transistor MN2 keeps at 2xVDD
-AV initially due to the diode-connected transistor MN7 (where AV is the Vds of the
diode-connected transistor MN7). Then, it keeps a lower Vds across MN2 and MP2 when the
source voltage of MN2 starts to be pulled down to 0 V. Due to the lower Vds of the stacked
structures, the mentioned hot-carrier degradation problem in the transmission gates of Fig. 2.1
and Fig. 2.5 does not happen in this new design. Moreover, since the gate voltage of MP2 and
MP7, and the drain and source terminals of MN7 are pulled down to 0 V while the gate
terminal of MPO is pulled down to-0 Vi the gate-to-source voltages and the gate-to-drain
voltages of MN7, MP7,,MN2 and MP2 keep_in a safe region (around or lower than VDD).
Thus, the new transmitting circuit, does - not suffer hot-carrier degradation and gate-oxide

overstress problems.

D. Modification to Prevent Gate-Oxide Overstress

In Fig. 2.1, the gate terminal and the source terminal of transistor MP5 are connected to
the drain terminal and the source terminal of MNO, respectively. In Fig. 2.5, the gate terminal
and the source terminal of the MP1 are connected to the source terminal of MNO and the drain
terminal of MNS5, respectively. During the transition from receiving an input signal of 2xVDD
to transmitting an output signal of 0 V, transistor MNO in Fig. 2.1 suffers hot-carrier
degradation and the voltage difference between the drain terminal of MNS5 and the source
terminal of MNO in Fig. 2.5 is much larger than VDD, therefore transistor MP5 in Fig. 2.1
and transistor MP1 in Fig. 2.5 also suffer gate-oxide reliability problem.

To solve such a problem, the gate terminal of MOS transistor can be connected to an
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appropriate node instead of the original one, which is the source terminal of MNO in Fig. 2.1
and Fig. 2.5. In Fig. 3.1, the appropriate point is realized by the additional connection of a
PMOS transistor and an NMOS transistor. Transistor MN8 provides similar function as
transistor MNO with smaller size, and transistor MP8 works similarly as transistor MP5. With
the similar structure, the gate terminal of transistor MP1 receives similar voltage as that of
transistor MP1 in previous design. In the receive mode, the gate voltage of transistor MP1 is
conducted to VDD (for 2xVDD input signal from I/O PAD) or 0 V (for 0-V input signal from
I/O PAD) by transistor MN8 and MP8, respectively. In the transmit mode, the gate voltage is
conducted to 0 V or VDD as the drain terminal of transistor MN1 does. However, since the
gate terminal of transistor MP1 does notdrop to_ground as immediately as the drain terminal
of transistor MN1 does, large {Vgs| value does not.oceur. in transistor MP1. The gate voltage
of transistor MP1 is pulled down gradually by MN8 and the other NMOS transistors when
transition from receiving 2xVDD input signal‘tor transmitting 0-V output signal. Thus, the
new proposed design does not suffer gate=oxide reliability problem in both steady state and

transient state.

3.1.2 Simulation results

A. Simulated Waveform for Steady State Operation and Verification to New Modifications

The simulated results of the new proposed 2xVDD-tolerant 1/O buffer to prevent
hot-carrier degradation and gate-oxide reliability have been verified by the HSPICE
simulation in a 0.13-um CMOS model with VDD of 1.2 V. Fig. 3.2 and Fig. 3.3 show the
simulated waveforms of the new proposed 2xVDD-tolerant I/O buffer well operating with
speed of 150 MHz in the receive mode and transmit mode, respectively. As shown in Fig. 3.2,
when new proposed mixed-voltage 2xVDD I/O buffer receives 0-V and 2.5-V signal from I/O

PAD, it successively outputs 1.2-V and 0-V Din signal with N-well voltage biased at 1.2 V
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and 2.5 V respectively. In Fig. 3.3, as Dout signal varies between 1.2 V and 0 V, new
proposed I/0O buffer transmits similar swing to I/O PAD accordingly and N-well voltage
keeps near 1.2 V.

Fig. 3.4 shows the Vds of MNO in the new proposed I/O buffer from receiving 2.5-V
input signal to transmitting 0-V output signal. Fig. 3.5(a) and (b) shows the Vds of MN3 in
the new proposed /O buffer from receiving 2.5-V input signal to transmitting 0-V or VDD
output signal, respectively. Comparing Fig. 3.4, Fig. 3.5(a) and (b) with previous figures (Fig.
2.2, Fig. 2.3(a), (b), Fig. 2.6, Fig. 2.8(a) and (b)) correspondingly, MNO and MN3 in Fig. 2.1
suffer serious hot-carrier degradation problem due to the larger Vds. Since the drain-to-source
voltage of MNO and MN3 are nearly,the same. for the new buffer shown in Fig. 3.1 and the
buffer shown in Fig. 2.5, the capabilities of preventing hot-carrier degradation when receiving
2.5-V input signal are almost the same between these twe. buffers (Fig. 2.5 and Fig. 3.1).

However, the new buffer.is more efficient in area saving.

3.0 N-well
[/ i 7 |
20
e
o .y s {";T-"""_ r,
S A A \ Vo
Din 1/0 Pad
-1-0 | ) L] L] T | L] 1
0.0 5n 10n 15n 20n 25n 30n
Time (s)

Fig. 3.2 Simulated waveforms of the proposed mixed I/O buffer (this invention) operating at
150 MHz when receiving 2.5-V to 0-V input signals at [/O PAD.
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Fig. 3.3 Simulated waveforms of thesproposed mixed I/O buffer (this invention) operating at
150 MHz when transmitting 1.2-V to 0-V output signalssat I/O PAD.
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Fig. 3.4 The drain-to-source voltage (Vds) of MNO in the new proposed I/O buffer during the

transition from receiving 2xVDD input signal to transmitting 0-V output signal.
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Fig. 3.5 The drain-to-source voltage (Vds) of MN3 in the new proposed I/O buffer during the
transition from receiving 2xVDD input signal (a) to transmitting 0-V output signal and (b) to

transmitting VDD output signal.

Fig. 3.6 shows the Vds waveforms of the transistors in the transmitting circuit of the
new proposed I/O buffer from receiving 2.5-V input signal to transmitting 1.2-V output signal.
As shown in Fig. 3.6, the transistors in the new proposed I/O buffer have lower

drain-to-source voltage, which is more robust to prevent hot-carrier degradation.
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Fig. 3.6 The drain-to-source voltage (Vds) of transistors in the new transmitting circuits of

new proposed buffer during the transition from receiving 2xVDD input signal to transmitting
VDD output signal.

Fig. 3.7 shows the gate-to-source voltages of transistor MP1 in the new proposed 1/O
buffer. The peak |Vgs| value of similar PMOS.in the prior designs is larger than VDD of 1.2 V
as shown in Fig. 2.2 and Fig. 2.8. However, the:Vgs of MP1 in the proposed I/O buffer is

close to VDD, which is,eonfirmed more robust than the previous designs in both hot-carrier

degradation and gate-oxidereliability:

2.0
S
= 1.3V
o
g 1.0
(o]
>
0.0

0.0 1n 2n 3n 4n 5n 6n n
Time (s)

Fig. 3.7 The gate-to-source (Vgs) voltage across transistor MP1 in the new proposed 1/O
buffer during the transition from receiving 2.5-V to transmitting 0-V output signals.
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B. Power Performance of The New Proposed 1/0 Buffer and Prior Arts

The power consumption is compared as listed in TABLE 3.1 to TABLE 3.2 with
0.13-um CMOS model and adopts average current of the supply voltage as reference. The
temperature is set at 85°C, 25°C and 50°C under Typical Typical (TT) corner simulation. The
output loading capacitor is 10 pF. According to the simulated results in transmit mode and in
the listed two transient states, the average current of the supply voltage is near among the
three buffers but the new buffer is slightly less than the other two prior arts in transmit mode.
In the receive mode, the power consumption without consideration the extra received power
from I/O PAD of the new buffer is larger than the two prior arts. Another comparison is done
by changing the temperature to 25°C and 50°C in the steady state as listed in TABLE 3.3 and
TABLE 3.4, respectively. Thus, the new buffer has better power performance when operating

in transmit mode and more'robust in the transient states.

TABLE 3.1
COMPARISON IN AVERAGE CURRENT OF:THE SUPPLY VOLTAGE AMONG TWO PRIOR ARTS AND
NEW PROPOSEDT/Q' BUFFERIN'STEADY STATE AT 85°C

Mixed-voltage 1/0O designs Receive mode Transmit mode
Prior art in Fig. 2.1 [7] 0.68uA 2.98mA
Modified I/O buffer in Fig. 2.5 13.8uA 2.94mA
This work 95.6uA 2.7mA
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TABLE 3.2

COMPARISON IN AVERAGE CURRENT OF THE SUPPLY VOLTAGE AMONG TWO PRIOR ARTS AND

NEW PROPOSED I/O BUFFER IN CERTAIN TRANSIENT STATE AT 85°C

From receive 2.5 V to

From receive 2.5V

Mixed-voltage 1/0 designs transmit 0 V to transmit
1.2V
Prior art in Fig. 2.1 [7] 24 4uA 0.136mA
Modified I/O buffer in Fig. 2.5 27.1uA 0.134mA
This work 26.37uA 0.135mA
TABLE 3.3

COMPARISON IN AVERAGE CURRENT OF THE SUPPLY VOLTAGE AMONG TWO PRIOR ARTS AND

NEW PROPOSEDI/O BUFFER IN SEEADY STATE AT 25°C

Mixed-voltage 1/O"designs

Receive mode

Transmit mode

Prior art in Fige2.1 [7] 9.75uA 2.91mA
Modified I/O bufferiin Fig. 2.5 22.55uA 2.89mA
This work 72:220A 2.63mA

TABLE 3.4

COMPARISON IN AVERAGE CURRENT OF THE SUPPLY VOLTAGE AMONG TwWO PRIOR ARTS AND
NEW PROPOSED I/O BUFFER IN CERTAIN TRANSIENT STATE AT 50°C

From receive 2.5V to

From receive 2.5V to

Mixed-voltage 1/O designs transmit 0 V transmit
1.2V

Prior art in Fig. 2.1 [7] 3.94uA 2.94mA

Modified I/O buffer in Fig. 2.5 19.85uA 2.92mA

This work 83.06.uA 2.66mA

-39 .-




C. Rise Time, Fall Time and Propagation Delay of The New Proposed 1/0 Buffer and Prior
Arts

TABLE 3.5 and TABLE 3.6 show the comparison results of the rise time (tr), fall time
(tf) and the propagation delay (from high to low: tphl, from low to high: tplh, and the half
average of tphl and tplh: tp) of the new proposed I/O buffer and the two prior arts. The fall
time and propagation delay of the modified I/O buffer in Fig. 2.5 are slightly longer than the
new proposed design and the prior art in Fig. 2.1. The reason is attributed to the additional
output loading due to MPT1 and MPTO in Fig. 2.5. Since the prior art in Fig. 2.1 uses
two-stacked NMOS transistors instead of tri-stacked NMOS transistors, the effected output
loading of at I/O PAD is slightly,smaller than the new proposed buffer and the modified 1/O
buffer in Fig. 2.5. Howevery since the capacitor, atithe 1/O PAD in simulation for the effective
output loading, 10 pf, is the dominant part; the transition performance including rise time, fall

time, and propagation delay are not significant among the three circuits.

TABLE 35
COMPARISON ON RISE AND FALL TIME OF THE POWER SUPPLY VOLTAGE (VDD) AMONG TWO
PRIOR ARTS AND NEWPROPOSED I/Q BUEFFER IN STEADY STATE AT 85°C

Receive mode Transmit mode
Mixed-voltage 1/0 designs
tr tf tr tf
Prior art in Fig. 2.1 [7] 0.71 ns 0.83 ns 0.4 ns 0.79 ns
Modified I/O buffer in Fig. 2.5 0.71 ns 0.86 ns 0.4 ns 1.37 ns
This work 0.71 ns 0.9 ns 0.4 ns 0.65 ns
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TABLE 3.6
COMPARISON ON PROPAGATION DELAY OF THE SUPPLY VOLTAGE AMONG TWO PRIOR ARTS
AND NEW PROPOSED I/O BUFFER IN STEADY STATE AT 85°C

Receive mode Transmit mode

Mixed-voltage 1/0 designs
Tphl tplh tp tphl tplh tp

Prior art in Fig. 2.1 [7] 0.38ns | 045ns | 042ns | 0.65ns | 0.45ns | 0.55ns

Modified I/O buffer in Fig.

25 042ns | 047ns | 0.45ns 1.1 ns 0.46ns | 0.78 ns

This work 039ns | 0.5Ins | 045ns | 0.56ns | 0.48ns | 0.52 ns

3.1.3 Experimental Results

The new proposed mixed-voltage 2xVDD-tolerant I/O buffer has been fabricated in a
0.13-um 1.2-V CMOS processwith only thin-oxide (1:2-V)_devices. The layout -top- view
and the die photograph of the test chip are shown in Fig. 3.8(a) and (b) with the corresponding
circuit blocks, including VDD power cell; 1/O circuit, Dout pad, EN pad, Din pad, and VSS
power cell. Gated-ground NMOS and gate-VDD..PMOS are used in the ESD protection
scheme of the proposed I/O buffer.

Fig. 3.9 shows the measurement setup for the test chip with the PCB board. The
rectangular pulse signal is generated by Agilent 81110A pulse generator to output 133 MHz
or 1 MHz 2.5-V or 1.2-V rectangular wave. In receive mode, OE signal is connected to 0 V.
Dout is floating and the I/O PAD is connected to the pulse generator. Din PAD is connected
to the oscilloscope to be observed. In transmit mode, OE signal is connected to VDD. Din
PAD is floating and Dout is connected to the pulse generator. The I/O PAD is connected to
the oscilloscope. Besides, to compare input and output signal of the test chip, the oscilloscope
is connected to the pulse generator.

Fig. 3.10 shows the measured waveforms of the proposed 2xVDD-tolerant I/O buffer in
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the receive mode to receive the 1-MHz input signals with voltage swing of 0-to-2.5 V at I/O
PAD, where the input data has been successfully transmitted to Din with a voltage swing of
0-to-1.2 V. Fig. 3.11(a) and Fig. 3.11(b) show the measured waveforms at the I/O PAD in the
transmit mode to transmit the 10-kHz and 133-MHz output signals with a voltage swing of
0-to-1.2 V given at Dout, respectively. Some imperfectness of the measured waveforms can
be attributed to the buffer size in the 1/O cell, parasitic and loading effect of the PCB board.
Cable line, inter-connections, impedance matching of the input and output of the PCB board,

oscilloscope, and wave generator also cause effects such as ripples or delay at the signals.

(b)

Fig. 3.8 (a) Layout -top- view of test chip to verify the new proposed 2xVDD-tolerant I/O
buffer in a 0.13-um CMOS process. (b) Die photograph of the test chip for the new proposed
I/O circuit fabricated with 0.13-um 1.2-V CMOS process.
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Fig. 3.9 Measurement setup for the mix-voltage I/O buffer in (a) receive mode and (b)

transmit mode.
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Chapter 4

Conclusion

4.1 CONCLUSION

A new 2xVDD-tolerant I/O buffer against gate-oxide overstress and hot-carrier
degradation has been successfully verified in a 130-nm 1.2-V CMOS process with only
thin-oxide devices. The gate-to-source, gate-to- drain, and drain-to-source voltages of the
transistors in the new proposed 2xVDD-tolerant I/O buffer can be kept within the normal
operating voltage (VDD). The"new proposed 2xVDD-tolerant I/O buffer can receive
1.2-V/2.5-V input signals”or transmit' 1.2-V .output signals up to 133 MHz, which is

compatible to the I/O specifications of PCI-X.in the mixed-voltage 1/O interfaces.

4.2 FUTURE WORK

The estimation for the power consumption in receive mode by simulation should be
improved since the results observed may be different with the measured results due to the
received I/O PAD signal and related parasitic effect in reality. Measurement for the
performance is required to be more complete with the layout and fabrication of other prior

arts.
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Design for 2xVDD-Tolerant Mixed-Voltage /O
Buffer against Gate-Oxide Reliability and
Hot-Carrier Degradation

Hui-Wen Tsai, Student Member, IEEE, and Ming-Dou Ker, Fellow, IEEE

Abstract—A new 2xVDD-tolerant mixed-voltage 1/0 buffer
circuit, realized with only 1xVDD devices in nanoscale CMOS
technology, to prevent transistors against gate-oxide reliability
and hot-carrier degradation is proposed. The new proposed
2xVDD-tolerant 1/O buffer has been designed and fabricated in a
0.13-um CMOS process to serve a 2.5-V/1.2-V mixed-voltage
interface without using the additional thick gate-oxide (2.5-V)
devices. This 2xVDD-tolerant 1/0 buffer has been successfully
confirmed by the experimental results with operating speed up to
133 MHz for PCI-X application.

Index Terms—mixed-voltage 1/O buffer, hot-carrier

degradation, gate-oxide reliability.

[. INTRODUCTION

WITH the rapid development of complementary metal
oxide semiconductor (CMOS) techniques, the transistor
dimension has been continually scaled down to reduce chip
area and increase operating speed. As well as, the normal
supply voltage (VDD) to drive the chip is also reduced to save
power consumption correspondingly. The thickness of gate
oxide becomes much thinner in order to reduce the core power
supply voltage (VDD) for resulting in lower power
consumption. In the meanwhile, the maximum tolerable
voltages across the transistor terminals (drain, source, gate, and
bulk) are correspondingly decreased to ensure lifetime.
However, some earlier standardized protocols or ICs designed
and fabricated with previous CMOS processes which have
higher VDD may communicate in a microelectronics system
with the chips fabricated in advanced CMOS processes which
has lower VDD. Therefore, the chips in advanced CMOS
processes will face to the interface of input/output signals with
voltage levels higher than their normal supply voltage (VDD).
Such mixed-voltage I/O interfaces must be designed to
overcome several problems, such as gate-oxide reliability
[1]-[2], hot-carrier degradation [3]-[5] and undesired
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Fig. 1. The conventional mixed-voltage I/O buffer designed with gate-tracking
circuit and dynamic n-well bias circuit to solve gate-oxide reliability issue [7].

circuit leakage paths [6].

A conventional mixed-voltage I/O buffer with the
gate-tracking circuit and the dynamic n-well bias circuit is
shown in Fig. 1 [7]. This mixed-voltage I/O buffer can tolerate
2xVDD input signal from I/O PAD without suffering
gate-oxide reliability, hot-carrier degradation, and the
undesired circuit leakage in the steady state. However, during
the transition from receiving 2xVDD input signal to
transmitting 0-V output signal, the transistors MNO and MN3
suffer hot-carrier degradation problem. The transistor MP5 also
suffers gate-oxide reliability problem. Moreover, the transistors
MN2, MP2, and MN3 also suffer hot-carrier degradation
problem during the transition from receiving 2xVDD input
signal to transmitting VDD output signal. The difficulties about
hot-carrier degradation and gate-oxide overstress to prior I/O
buffer design are briefed in the following section of this paper.

To realize an I/O buffer with 1.8/3.3/5-V mix-voltage
tolerance but without reliability problems, 0.35-pum devices are
used in [8] and the voltage differences are kept within supply
voltage 3.3 V. Dual-oxide (thick-oxide and thin-oxide) process



>REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 2

[9]-[11] are also provided by foundry and can be used to
prevent reliability anxiety in mixed-voltage interface as
gate-oxide overstress and hot-carrier degradation. Using two
kinds of devices (as 1-V and 2.5-V transistors) are also adopted
in [12] to output 3.3-V signal without aforesaid anxiety. The
tradeoff to use two masks in the fabrication of the circuit is the
requirements for the cost and robustness.

In this work [13], to solve the aforementioned problems in
Fig. 1, a 2xVDD-tolerant I/O buffer with novel transmitting
circuit and new gate control circuit is proposed and verified in a
0.13-pm CMOS process with only 1xVDD devices.

II. HOT-CARRIER DEGRADATION ISSUE AND GATE-OXIDE
RELIABILITY PROBLEMS IN PRIOR I/O CIRCUIT DESIGN

When the MOSFET devices feature extremely short channel
length and high electrical field in deep-submicron technologies,
hot-carrier degradation problem becomes more important in
reliability circuit design. The mechanism of hot-carrier effect
can be illustrated by a typical enhancement-mode n-channel
MOS transistor shown in Fig. 2 exemplarily. With positive
stress on gate and drain terminals, the electronics traveling
through source to drain terminals gain kinetic energy while
expensing electrical potential energy. When high lateral
electrical field appears across drain and source terminals,
electronics continually increase instantaneous velocity and
become “hot” while the average velocity saturates [14]. “Hot
carriers,” including both hot electronics and hot holes but
mainly hot electronics cause effect due to larger mobility and
lower interface energy barrier, can create secondary
electron-hole pairs by ion-impact ionization [15]. Collecting
the secondary electrons on bulk terminals and hot electrons on
drain terminals increases the value of substrate current (Isub)

V>0
Vp>0
| Gate
Source Oxide Drain

--------------

l' J .
— Electron-Hole Pair

{—

©«“cold” electron @“secondary” electron

® “hot” electron @ “secondary” hole

Fig. 2. The mechanism of hot-carrier effect depicted of a typical
enhancement-mode n-channel MOS transistor.

and drain current (Id).When high energetic electronics tunnel
into the oxide, the effective gate resistance is reduced.
Generated hot carriers can also cause time dependent shift in
characteristics of device as threshold voltage and conveyed
conductance by rupturing such the Si-H bonds. Thus, the life
time of devices, the correctness of expected operations and the
performance of circuits are affected as deign parameters vary
with time and it makes hot-carrier effect a non-ignorable issue
especially in design of robust mixed-voltage interface circuit in
deep submicron process.

The degradation caused by hot carrier deeply relies on the
length and the biasing conditions of the device [16]. In the
worse-case setting of the gate-to-source voltage (Vgs), which
means the transistor is well in saturation with large drain
current, the drain-to-source voltage (Vds) and life time ( Tifc )
has exponential relationship as follows [5]:

Tiife = Aexp(—B /Vds)

, where A and B are constants varying with deep submicron
processes. Typically, to ensure a 5~10 year life time with
gate-to-source voltage (Vgs) =0.5~1.0 times VDD, the
drain-to-source voltage (Vds) must be kept within 1~1.1 times
VDD. In addition to the consideration of gate-oxide breakdown,
the absolute value of gate-to-source and gate-to-drain voltage
should be kept within the supply voltage and the
drain-to-source voltage in NMOS devices and source-to-drain
voltage in PMOS devices must kept within VDD when devices
work on “on” state.

The above limitations are met in some prior arts as Fig.1 in
steady state. However, during the transition from receiving
2xVDD input signal to transmitting 0-V output signal, the
drain-to-source voltage (Vds) of transistors MNO and MN3 will
be much higher than VDD. The reason is that the
drain-to-source voltage starts to increase from VDD since the
source terminal is pulled down faster than the drain terminal at
the beginning of this transition time period. The transistor MP5
also has larger Vgs since its source and gate are connected to
the drain and source of transistor MNO. Moreover, the
transistors MN2, MP2, and MN3 also come across similar
problem during the transition from receiving 2xVDD input
signal to transmitting VDD output signal.

While PU signal is suddenly pulled down from VDD to 0,
the drain terminal of MN2 are pulled down much slower since
the transistors are turn on accordingly and it also takes time for
the gate terminal of transistor MP2 to be pulled down from
2xVDD to turning on transistor MP2. The above mentioned
transient situations for transistors MNO, MN3, MP5, MN2 and
MP2 with high voltage across drain and source terminals are
verified by the HSPICE simulation results in a 0.13-um CMOS
technology with VDD is 1.2 V and 2xVDD is 2.5 V. As shown
in Fig. 3, Fig. 4(a), (b) and Fig. 5, Vds of transistor MNO (also
the Vsg of transistor MP1), MN3, MN2 and MP2 are much
larger than VDD among a certain time. The peak values are
1.96 V, 2.11 V, 2.09 V and 2.07 V respectively. Thereby, it
results in serious hot-carrier degradation or gate-oxide
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overstress in the transition from receiving 2.5-V input signal to
transmitting 0-V or 1.2-V output signal.
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Fig. 3. The drain-to-source voltage (Vds) of transistor MNO and also the
source-to-gate voltage (Vsg) of transistor MP5 in Fig. 1 during the transition
from receiving 2xVDD input signal to transmitting 0-V output signal.
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Fig. 4. The drain-to-source voltage (Vds) of transistor MN3 in Fig. 1 (a) during
the transition from receiving 2xVDD input signal to transmitting 0-V output
signal and (b) during the transition from receiving 2xVDD input signal to
transmitting VDD output signal.
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Fig. 5. The drain-to-source voltage (Vds) of transistor MN2/MP2 in Fig. 1
during the transition from receiving 2xVDD input signal to transmitting VDD
output signal.

To solve the hot-carrier degradation problems happened in
some prior arts as Fig. 1, a technique with three or more stacked
NMOS transistors has been reported in [16]. A modified
2xVDD-tolerant I/O buffer circuit with this technique to
eliminate hot-carrier issue is shown as Fig. 6. When the /O
buffer receives 2xVDD input signal, the gate terminal of
transistor MNS and MN6 are biased at 2xVDD through the
transistor MPT1 and MPT3, respectively. On the other hand,
the gate terminal of transistor MN5 and MNG6 are biased at
VDD if a VDD signal is transmitted or a 0-V signal appears on
the output pad whether received or transmitted.

During the transition from receiving 2xVDD input signal to
transmitting 0-V output signal, the source terminal of transistor
MNS5 and MNG6 are biased at 2xVDD- AV initially (where AV
is the Vds of the diode-connected transistors) since their diode
connected structure due to same drain and gate voltage.

VDD
d
VDD T MP4
VDD
- PU
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Doutt> Driver I~ PAD
T I\."IPTE4
= VDD
MNO
oE [ MN4 .
- VDD

4‘4\,0[) MP5
3 <| ‘ :%IN\H -

Fig. 6. The modified mixed-voltage I/O buffer designed with three-stacked
transistors to prevent hot-carrier degradation [16].
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In the meanwhile, the source terminal of transistor MNO and
MN3 are pulled down by transistor MN1 and MN4 in a
0.13-um technology, respectively. Comparing the transistor
MNO and MN3 in Fig. 1 with the same transistors in Fig. 6
during this transient time, the transistors in Fig. 6 have smaller
Vds since the drain voltage is initially smaller by —A V. Fig. 7,
Fig. 8(a), (b), Fig. 9 and Fig. 10 are the HSPICE simulation
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Fig. 7. The drain-to-source voltage (Vds) of transistor MNO in Fig. 6 during the
transition from receiving 2x VDD input signal to transmitting 0-V output signal.
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Fig. 8. The drain-to-source voltage (Vds) of transistor MN3 in Fig. 6 during the
transition from receiving 2xVDD input signal (a) to transmitting 0-V output
signal and (b) to transmitting VDD output signal.

results verified in a 0.13-pm CMOS technology when VDD is
1.2 V. With smaller maximum of Vds, the I/O buffer in Fig. 6
can almost eliminate serious hot-carrier degradation happened
in previous arts as shown in Fig. 7, Fig. 8(a), and (b). However,
the gate-oxide overstress still happens in the transistor MP1 in
Fig. 6 during the transition from receiving 2xVDD to
transmitting 0 V as shown in Fig.9. Also, the transmission
circuit (with transistors MN2 and MP2 in Fig. 6) still suffers the
hot-carrier degradation as shown in Fig. 10.
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Fig. 9. The source-to-gate voltage (Vsg) of transistor MP1 in Fig. 6 during the
transition from receiving 2xVDD input signal to transmitting 0 output signal
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Fig. 10. The drain-to-source voltage (Vds) of transistor MN2/MP2 in Fig. 6
during the transition from receiving 2xVDD input signal to transmitting VDD
output signal.

III. NEW PROPOSED MIXED-VOLTAGE I/O BUFFER

The new proposed 2xVDD-tolerant I/O buffer realized with
only 1xVDD devices to prevent transistors against gate-oxide
reliability and hot-carrier degradation is shown in Fig. 11,
which keeps the significant design advantages of the prior arts
with three additional new modifications. The design concepts
of the major parts in this new proposed I/O buffer are
introduced in the following.
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Fig. 11. The new proposed 2xVDD-tolerant I/O buffer realized with only
1xVDD devices to prevent transistors against gate-oxide overstress and
hot-carrier degradation.

A. Circuit Operation

The basic structure for this mixed-voltage 1/O buffer
typically includes a pre-driver, a dynamic n-well bias circuit,
two or three-stacked transistors, gate-tracking circuit, and an
input stage unit, which is controlled by an enable signal OE.
The circuit operating modes include a receive mode (for
receiving input signal from I/O PAD) and a transmit mode (for
transmitting output signal to I/O PAD). The corresponding
circuit operating voltages in the proposed 2xVDD-tolerant 1/0
buffer circuit in Fig. 11 are listed in Table I.

TABLE I
OPERATIONS OF THE NEW PROPOSED 2XVDD-TOLERANT I/O BUFFER IN
STEADY STATE

. . Voltage Level
Operatin Signals at 1/0 PU PD | of the Floating
g Modes PAD

N-well
Receive Low (0 V) VDD 0 VDD
Receive High (2xVDD) VDD 0 2xVDD
Transmit Low (0 V) VDD 0 VDD
Transmit High (VDD) 0 VDD VDD

B. Gate Control Circuit

Dynamic floating n-well technique is applied to the
mixed-voltage I/O circuit to prevent the possible leakage
current path in the PMOS transistors of the pull-up network. By

surveying the voltage waveform of the floating n-well, the
floating n-well voltage is kept at VDD on one hand in receiving
0-V input signal from I/O PAD and in transmit mode. On the
other hand, it is kept at 2xVDD for receiving input signal of
2xVDD from the I/O PAD. Such a voltage level at the floating
n-well presents a similar function to the gate control signal for
the top transistor (MN5 and MNG6) of the three-stacked NMOS
structures in Fig. 6. Therefore, the new gate control circuit of
these transistors can be directly implemented by the dynamic
floating n-well self-biased circuit to save silicon area.

C. Transmitting Circuit

The new transmitting circuit applies the “stacked” concept in
both PMOS and NMOS transistors appropriately to create a
new “stacked transmission gate.” As shown in Fig. 11, the gate
terminal of MN2 is connected to VDD and the gate terminal of
MNT7 is connected to the floating n-well terminal, so are MN5
and MNG6. Aside from NMOS transistors, the gate terminals of
other two PMOS transistors, MP2 and MP7, are connected
together to the drain terminal of MNG6. In the transmit mode, the
transistors MN7 and MP7 serve as a transmission gate (similar
to MN2 and MP2). When receiving an input signal of 2xVDD
at I/O pad, transistors MP2 and MP7 are turned off and the
transistors MN7 and MN2 prevent high drain-to-source voltage
(Vds). During the transition from receiving an input signal of
2xVDD to transmitting an output signal of VDD, the drain
voltage of transistor MN2 keeps at 2xVDD -AV initially due to
the diode-connected transistor MN7 (where AV is the Vds of
the diode-connected transistor MN7). Then, it keeps a lower
Vds across MN2 and MP2 when the source voltage of MN2
starts to be pulled down to 0 V. Due to the lower Vds of the
stacked structures, the mentioned hot-carrier degradation
problem in the transmission gates of Fig. 1 and Fig. 6 does not
happen in this new design. Moreover, since the gate voltage of
MP2 and MP7, and the drain and source terminals of MN7 are
pulled down to 0 V while the gate terminal of MPO is pulled
down to 0 V, the gate-to-source voltages and the gate-to-drain
voltages of MN7, MP7, MN2 and MP2 keep in a safe region
(around or lower than VDD). Thus, the new transmitting circuit
does not suffer hot-carrier degradation and gate-oxide
overstress problems.

D. Maodification to Prevent Gate-Oxide Overstress

In Fig. 1, the gate terminal and the source terminal of
transistor MP5 are connected to the drain terminal and the
source terminal of MNO, respectively. In Fig. 6, the gate
terminal and the source terminal of the MP1 are connected to
the source terminal of MNO and the drain terminal of MNS5,
respectively. During the transition from receiving an input
signal of 2xVDD to transmitting an output signal of 0 V,
transistor MNO in Fig. 1 suffers hot-carrier degradation and the
voltage difference between the drain terminal of MNS5 and the
source terminal of MNO in Fig. 6 is much larger than VDD,
therefore transistor MP5 in Fig. 1 and transistor MP1 in Fig. 6
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also suffer gate-oxide reliability problem.

To solve such a problem, the gate terminal of MOS transistor
can be connected to an appropriate node instead of the original
one, which is the source terminal of MNO in Fig. 1 and Fig. 6.
In Fig. 11, the appropriate point is realized by the additional
connection of a PMOS transistor and an NMOS transistor.
Transistor MNS8 provides similar function as transistor MNO
with smaller size, and transistor MP8 works similarly as
transistor MP5. With the similar structure, the gate terminal of
transistor MP1 receives similar voltage as that of transistor
MP1 in previous design. In the receive mode, the gate voltage
of transistor MP1 is conducted to VDD (for 2xVDD input
signal from I/O PAD) or 0 V (for 0-V input signal from I/O
PAD) by transistor MN8 and MPS, respectively. In the transmit
mode, the gate voltage is conducted to 0 V or VDD as the drain
terminal of transistor MN1 does. However, since the gate
terminal of transistor MP1 does not drop to ground as
immediately as the drain terminal of transistor MN1 does, large
|[Vgs| value does not occur in transistor MP1. The gate voltage
of transistor MP1 is pulled down gradually by MNS8 and the
other NMOS transistors when transition from receiving
2xVDD input signal to transmitting 0-V output signal. Thus,
the new proposed design does not suffer gate-oxide reliability
problem in both steady state and transient state.

IV. SIMULATION RESULTS

A. Simulated Waveform for Steady State Operation and
Verification to New Modifications

The simulated results of the new proposed 2xVDD-tolerant
I/O buffer to prevent hot-carrier degradation and gate-oxide
reliability have been verified by the HSPICE simulation in a
0.13-pm CMOS model with VDD of 1.2 V. Fig. 12 and Fig. 13
show the simulated waveforms of the new proposed
2xVDD-tolerant I/O buffer well operating with speed of 150
MHz in the receive mode and transmit mode, respectively. As
shown in Fig. 12, when new proposed mixed-voltage 2xVDD
I/O buffer receives 0-V and 2.5-V signal from I/O PAD, it
successively outputs 1.2-V and 0-V Din signal with N-well
voltage biased at 1.2 V and 2.5 V respectively. In Fig. 13, as
Dout signal varies between 1.2 V and 0 V, new proposed 1/O
buffer transmits similar swing to /O PAD accordingly and
N-well voltage keeps near 1.2 V.

Fig. 14 shows the Vds of MNO in the new proposed I/O
buffer from receiving 2.5-V input signal to transmitting 0-V
output signal. Fig. 15(a) and (b) shows the Vds of MN3 in the
new proposed I/O buffer from receiving 2.5-V input signal to
transmitting 0-V or VDD output signal, respectively.
Comparing Fig. 14, Fig. 15(a) and (b) with previous figures
(Fig. 3, Fig. 4(a), (b), Fig. 7, Fig. 8(a) and (b)) correspondingly,
MNO and MN3 in Fig. 1 suffer serious hot-carrier degradation
problem due to the larger Vds. Since the drain-to-source
voltage of MNO and MN3 are nearly the same for the new
buffer shown in Fig. 11 and the buffer shown in Fig. 6, the

capabilities of preventing hot-carrier degradation when
receiving 2.5-V input signal are almost the same between these
two buffers (Fig. 6 and Fig. 11). However, the new buffer is
more efficient in area saving.
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Fig. 12. Simulated waveforms of the proposed mixed I/O buffer (this invention)
operating at 150 MHz when receiving 2.5-V to 0-V input signals at I/O PAD.
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Fig. 13. Simulated waveforms of the proposed mixed 1/O buffer (this invention)
operating at 150 MHz when transmitting 1.2-V to 0-V output signals at /O
PAD.
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Fig. 14. The drain-to-source voltage (Vds) of MNO in the new proposed 1/O
buffer during the transition from receiving 2xVDD input signal to transmitting
0-V output signal.
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Fig. 15. The drain-to-source voltage (Vds) of MN3 in the new proposed 1/O
buffer during the transition from receiving 2xVDD input signal (a) to
transmitting 0-V output signal and (b) to transmitting VDD output signal.

Fig. 16 shows the Vds waveforms of the transistors in the
transmitting circuit of the new proposed I/O buffer from

receiving 2.5-V input signal to transmitting 1.2-V output signal.

As shown in Fig. 16, the transistors in the new proposed 1/O
buffer have lower drain-to-source voltage, which is more
robust to prevent hot-carrier degradation.

Fig. 17 shows the gate-to-source voltages of transistor MP1
in the new proposed I/O buffer. The peak |Vgs| value of similar
PMOS in the prior designs is larger than VDD of 1.2 V as
shown in Fig. 3 and Fig. 9. However, the Vgs of MP1 in the
proposed I/O buffer is close to VDD, which is confirmed more
robust than the previous designs in both hot-carrier degradation
and gate-oxide reliability.
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Fig. 17. The gate-to-source (Vgs) voltage across transistor MP1 in the new
proposed I/0 buffer during the transition from receiving 2.5-V to transmitting
0-V output signals.

B. Power Performance of the New proposed 1/O

The power consumption is compared as listed in Table II to
Table V with 0.13-um CMOS model and adopts average
current of the supply voltage as reference. The temperature is
set at 85°C, 25°C and 50°C under Typical Typical (TT) corner
simulation. The output loading capacitor is 10 pF. According to
the simulated results in transmit mode and in the listed two
transient states, the average current of the supply voltage is near
among the three buffers but the new buffer is slightly less than
the other two prior arts in transmit mode. In the receive mode,
the power consumption without consideration the extra
received power from I/O PAD of the new buffer is larger than
the two prior arts. Another comparison is done by changing the
temperature to 25°C and 50°C in the steady state as listed in

Table IV and V, respectively. Thus, the new buffer has better
power performance when operating in transmit mode and more
- 2.0 robust in the transient states.
= 136V
o | _—Vds of MN2/MP2 TABLEII
g’ 1.0 08 COMPARISON IN AVERAGE CURRENT OF THE SUPPLY VOLTAGE AMONG TWO
5 . Vds of MN7/MP7 PRIOR ARTS AND NEW PROPOSED 1/0 BUFFER IN STEADY STATE AT 85°C
>
0.0 Mixed-voltage 1/0 Receive mode Transmit
designs mode
00 1n 2n 3n 4n  5n 6n 7n Prior art in Fig. 1 [7] 0.68uA 2.98mA
Time (s)
Modified I/O buffer in Fig. 6 13.8uA 2.94mA
Fig. 16. The drain-to-source voltage (Vds) of transistors in the new transmitting
circuits of new proposed buffer during the transition from receiving 2xVDD This work 95.6uA 2.7mA

input signal to transmitting VDD output signal.
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TABLE III

COMPARISON IN AVERAGE CURRENT OF THE SUPPLY VOLTAGE AMONG TWO
PRIOR ARTS AND NEW PROPOSED I/O BUFFER IN CERTAIN TRANSIENT STATE

AT85C

From receive From receive
Mixed-voltage 1/0 25Vto
designs 25V 1o transmit

transmit 0 V 12V
Prior art in Fig. 1 [7] 24.4uA 0.136mA
Modified I/O buffer in Fig. 6 27.1uA 0.134mA
This work 26.37uA 0.135mA
TABLE IV

COMPARISON IN AVERAGE CURRENT OF THE SUPPLY VOLTAGE AMONG TWO
PRIOR ARTS AND NEW PROPOSED 1/O BUFFER IN STEADY STATE AT 25°C

Mixed-voltage | . Transmit
ed oftage /o Receive mode ans
designs mode
Prior art in Fig. 1 [7] 9.75uA 2.91mA
Modified I/O buffer in Fig. 6 22.55uA 2.89mA
This work 72.22uA 2.63mA
TABLE V

COMPARISON IN AVERAGE CURRENT OF THE SUPPLY VOLTAGE AMONG TWO
PRIOR ARTS AND NEW PROPOSED I/O BUFFER IN CERTAIN TRANSIENT STATE

AT50C
. From receive

Mixed-voltage 1/0 From receive 25V to

- 25Vto -

designs transmit 0 \V/ transmit

1.2V

Prior art in Fig. 1 [7] 3.94uA 2.94mA
Modified I/O buffer in Fig. 6 19.85uA 2.92mA
This work 83.06.uA 2.66mA

V. EXPERIMENTAL RESULTS

The new proposed mixed-voltage 2xVDD-tolerant I/O
buffer has been fabricated in a 0.13-pum 1.2-V CMOS process
with only thin-oxide (1.2-V) devices. The layout-top-view and
the die photograph of test chip are shown in Fig. 18(a) and (b)
with the corresponding circuit blocks, including VDD power
cell, I/O circuit, Dout pad, EN pad, Din pad, and VSS power
cell. Guard ring, gated-ground NMOS and gate-VDD PMOS
are used in the ESD protection of the proposed I/O circuit. The
layout is also drawn with ESD rule provided by foundry. Fig.
19 shows the measured waveforms of the proposed
2xVDD-tolerant I/O buffer in the receive mode to receive the
1-MHz input signals with voltage swing of 0-to-2.5 V at I/O

PAD, where the input data has been successfully transmitted to

Din with a voltage swing of 0-to-1.2 V. Fig. 20(a) and Fig. 20(b)
show the measured waveforms at the I/O PAD in the transmit

mode to transmit the 10-kHz and 133-MHz output signals with

avoltage swing of 0-to-1.2 V given at Dout, respectively. Some

imperfectness of the measured waveforms can be attributed to

the buffer size in the I/O cell, parasitic and loading effect of the

PCB board. Cable line, connections and impedance matching

of the input and output of the PCB board, oscilloscope and

wave generator also cause effects such as ripples or delay.

-

I

—r——

(b)

Fig. 18. (a) Layout-top-view of test chip to verify the new proposed
2xVDD-tolerant I/O buffer in a 0.13-pm CMOS process. (b) Die photograph of
the test chip for the new proposed 1/O circuit fabricated with 0.13-um 1.2-V
CMOS process.
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Fig. 19. Measured waveforms of the proposed 2xVDD-tolerant I/O buffer
operating at VDD of 1.2 V when receiving 0-to-2.5 V input signals at I/O PAD.
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Fig. 20. Measured waveforms at I/O pad of the proposed 2xVDD-tolerant 1/0
buffer operating at VDD of 1.2 V when transmitting 0-to-1.2 V output signals at
(a) 10 kHz and (b) 133 MHz.
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VI. CONCLUSION

A new 2xVDD-tolerant I/O buffer against gate-oxide
overstress and hot-carrier degradation has been successfully
verified in a 0.13-um 1.2-V CMOS process with only
thin-oxide devices. The gate-to-source, gate-to-drain, and
drain-to-source voltages of the transistors in the new proposed
2xVDD-tolerant I/O buffer can be kept within the normal
operating voltage (VDD). The new proposed 2xVDD-tolerant
I/O buffer can receive 1.2-V/2.5-V input signals or transmit
1.2-V output signals up to 133 MHz, which is compatible to the
I/0 specifications of PCI-X in the mixed-voltage I/O interfaces.
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