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ABSTRACT

Reducing MOSFET dimensions while maintaining a constant supply voltage

leads to higher electric fields inside the active regions of VLSI transistors. Operation

of micron and submicron MOSFETs in the presence of high-field effects has required

design innovations so that a constant supply voltage, acceptable punchthrough volt-

age, and long--term reliability are possible as device scaling continues.

Drain engineering is necessary to cope with the susceptibility of MOSFETs to

hot-carrier-related degradation. Reducing the electric fields at the drain end of the

channel is critical to device reliability because degradation is related to carrier heat-

ing as they traverse regions with field strength in excess of 100 kV/cm. Optimized

lightly doped drain (LDD) structures that spread the high electric field at the drain

ensure the reliable 5 V operation of micron-sized n-channel MOSFETs. Recent

experimental evidence revealed that LDDFETs are less reliable than conventional

transistors if the 71- region is too lightly doped.

The JMOS transistor, a new n-MOS structure, is introduced to resolve the re-

liability problems in LDD devices with peak doping densities below 1 x 1018cm-3.

A JFET is merged into the n-MOS structure to reduce the high fields under the

gate. Two-dimensional simulations and experimental results demonstrate for the

first time the operation of this device and its potential for VLSI applications requir-

ing maximum supply voltage. A major experimental finding is that the JMOS can

sustain 5 V operation even for submicron effective channel lengths because of the

designer-controlled reduction of the maximum electrical field in the region under

the gate traversed by carriers. The modification introduced in the LDD design is

advantageous in terms of lower gate and substrate currents. Reliability can poten-

tially be improved but at the expense of performance; however, the advantages of

5 V operation in micron-sized devices can outweigh this performance loss.
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Chapter 1

Introduction

For over two decades silicon integrated circuits have been a driving force leading to

the widespread use of electronic systems. Silicon technology has been established

as the vehicle for the integration of complex systems into a faster and more reliable

and economical unit — the monolithic integrated circuit. As a result of this techno-

logical revolution, the number of active components on a silicon chip has increased

exponentially over the last 25 years, as illustrated in Fig.1.1 [1.1], and is expected

to reach over 107 components on a single die before 1990. Extrapolations beyond

1985 in Fig. 1.1 are based upon a number of possible future scenarios. In terms of

system integration, silicon MOS technology has been and will continue to be, the

leader that makes possible new and higher degrees of system integration.

This evolution to higher levels of integration is the result of the superposition of

three contributions — reduced feature size, greater die area, and increased packing

efficiency. The historical evolution of minimum feature size and die area of state-

of-the-art commercial chips is shown in Fig. 1.2 [1.2]. In the past, minimum feature

size has decreased by 50 percent every six years [1.3] as a result of the techno-

logical advances in optical lithography, etching, process control, and defect-density

reduction.

1.1 MOSFET Scaling

In additiOn to the advantages of reduced costs and increased system function--- --
ality on the same silicon area derived from higher packing density, MOS device_

1
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YEAR [1.1].

performance is greatly enhanced by down-scaling device dimensions. A set of rules

for guiding MOSFET scaling [1.4] while holding the electric fields inside the de-

vice constant is summarized in Table 1.1, The circuit-performance improvements

predicted by this scaling principle are based on the assumption that both supply

voltage and device dimensions are scaled by the same factor 1/ft 	 > 1); reduction

of delay and of energy dissipation associated with logic switching events are direct

consequences of this scaling approach.

Experience in MOSFET scaling over the last ten years indicates that device

design has proceeded under constraints other than those assumed by the constant

electric-field scaling principles. Maintaining 5V compatibility in VLSI circuits has

been of major importance to circuit designers, and practical considerations then

led to scaling device dimensions while power supply either remained unchanged or

was scaled at a slower pace. Reducing the lateral dimensions while maintaining

9
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a constant supply voltage, acceptable punclithrough voltage, and long-term device

reliability has required innovations in device design.

Other empirical [1.54.6] scaling rules appear to be closer approximations to

what has actually been followed in practice. Adoption of such constant voltage or

quasi constant voltage scaling schemes generates larger electric fields as dimensions

are further reduced.

A number of deleterious effects in device characteristics are the result of high

fields. These effects include geometry-dependent device parameters ( such as VT,

V DSaat and output conductance), VT and gm degradations caused by hot-carrier

injection into the gate oxide, and velocity saturation of mobile channel charge.

High field effects in most small-geometry MOSFETs are two- or even three-
:dimensional in nature and are known as DIBL [1.7,1.8] or short-channel and narrow-

width effects. These effects play a critical role in determining the deviations from

4-

0.1
1960

0.1

3



Table 1.1: CONSTANT-FIELD SCALING RULES

Parameter Value Scaling factor

Device dimensions L,W, xj, tar 1/k-
Substrate doping NB K

Voltages VDD 7 VSUB, VT 1 I K
Drain current ID cx (W /L)L) (V2I tor) 1/K

Gate capacitance CG = WL/t„ 1/K

Gate delay 7D-='-' CGV I I 1/k

Power dissipation P , IV 1/K.2

Power-delay product PTD = CGV2 1/K3

Power density TV/TYL ,	 1

Packing density # cm-2

ideal behavior of such parameters as threshold voltage, transconductance, output

conductance, and source/drain breakdown voltage.

1.2 Alternative Structures for VLSI

Figure 1.3 is a cross section of a conventionally fabricated self-aligned surface

channel nMOS transistor. The rectangle ABCD limits the region where the intrinsic

MOS field effect occurs. The shaded areas comprise the four external electrodes of

the MOSFET, three of which (bulk, source, and drain) are "contacts" that bias the

intrinsic MOSFET. This investigation focuses on the design of the internal device

structure; which is distinguished from the external metal-semiconductor contacts

C1-C2, C3-C4, and C5-C6. In conventional MOSFETs under normal operating

conditions, the potential drop across the shaded source/drain regions that comprise

the internal contacts is held at a minimum level; the potential applied to the intrinsic

MOSFET is nearly equal to the externally applied bias (VLs ilDs in Fig. 1.4).

When conventional MOSFETs are scaled under a constant supply voltage, the
•intrinsic MOSFET region in -Fig. 1.3 has higher electrical fields and is affected by

4
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Figure 1.3: CROSS SECTION OF A CONVENTIONAL MOSFET. Shaded areas

are neutral contacts to the intrinsic field ef fect region marked ABCD.

the resulting deleterious effects of such field strengths. Simple electrostatic theory

indicates that the local gradients of the fields inside the lightly injected and nonin-

verted space-charge regions of MOSFETs (and the amount of lateral spreading of

the drain fields) are uniquely defined by the local doping concentration inside the

same space-charge regions and by the geometrical structure of the device (by such

parameters as gate-oxide thickness t„, source/drain junction depth x j , and effec-

tive electrical channel length L eff ). To minimize the undesirable effects resulting

from the lateral spreading of high fields into the intrinsic MOSFET, the devices

should be tailored for each application by varying the lateral doping concentration

along the direction of the channel of MOSFETs. Such tailoring yields one addi-

tional degree of freedom for the designer when coping with the negative effects of

constant-voltage scaling. This is the goal and underlying principle adopted by pro-

posers of alternative, nonconventional MOSFET device structures — whether it is

the DMOS (double-diffused MOSFET or DSA-MOS) [1.9,1.10,1.111, the LDDMOS-

5
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(lightly doped drain/source MOSFET) [1.12]—[1.16], or the graded source/drain

MOSFET (GDMOS) [1.17H1.20).

The unique features of the LDDMOS and GDMOS devices (here referred to as

LDDFETs) are the design of the neutral regions that comprise the source and drain

contacts to the intrinsic MOSFET in Fig. 1.3, In first-order MOSFET models,

device behavior is independent of the design of these neutral contacts; they are

simply low-resistance paths for the current from the external contacts to the intrinsic

MOSFET and, as such, can be modeled as series resistors as in Fig. 1.4. The second-

order effects that become important in small-geometry VLSI transistors, however

depend on the shape, profile, and placement of these neutral contacts. The above

effects arc largely the result of two-dimensional high fields in the device and are

sensitive to the design of the source and drain regions.

1.3 Scope and Objectives

-	 This work investigates the device physics of lightly doped drain_MOSFETs as

they relate to their utilization in VLSI circuits. The two variant forms, the LD-

6



DMOS and GDMOS, are suitable VLSI devices capable of withstanding constant-

voltage scaling down to the 1 11711 effective channel-length integration level. A new

VLSI structure, the JFET-MOSFET LDD (JMOSFET), is also simulated, modeled,

and fabricated.

Chapter 2 reviews the problems encountered in MOSFET device scaling under

a constant supply voltage, including the high field effects that limit the supply volt-

age to which the devices can be subjected and still maintain reliable operation. The

hot-carrier-related reliability problems of micron-sized n-channel MOSFETs are of

paramount importance and are also reviewed. Alternative MOSFET VLSI struc-

tures proposed to lessen the impact of high field effects (particularly the LDDFETs)

are discussed, and the implications of their utilization for device performance are

addressed. This chapter focuses on the different schemes of "drain engineering" and

their impact on reducing the high field effects in down-scaled n-channel MOSFETs.

Drain engineering is necessary for n-channel silicon devices because of their suscep-

tibility to hot-carrier-related device degradation. Electrons in silicon have a higher

ionization rate and a lower energy barrier to injection into the oxide at the Si/Si02

interface, and their drift velocity saturates at smaller fields than holes. High field

effects, therefore, are far more deleterious to n-channel device performance and re-

liability. Special attention is directed toward the hot-carrier-resistant properties of

nonconventional structures because these properties make them viable alternatives

as VLSI devices capable of sustaining constant-voltage scaling. The LDDFETs have

ensured reliable 5 V operation of n-channel MOSFETs in the range of 1 to 1.5 pm

effective channel lengths in mass-produced digital ICs by introducing lighter doping

in the source/drain areas adjacent to the channel. The problems related to the

lightly doped drain structures (both LDDMOS and graded S/D that were proposed

to minimize the high field effects) are reviewed in Chapter 2.

Chapter 3 introduces a new FET structure (the n-channel JMOSFET) designed

to eliminate the still unsolved reliability shortcomings of n-channel LDDFETs, and

two-dimensional simulations demonstrate its operation. The principle of operation

and characteristics are analyzed, and a first-order circuit model for the JMOSFET is -

7



developed and simulated. Appropriate design trade-offs and constraints are studied

to determine the ability of JMOSFETs to down scale while holding device voltages

constant.

Chapter 4 presents the experimental data obtained for the JMOSFETs imple-

mented in an NMOS process. The reliability and performance trade-offs at both

high and low pinch-off voltages are discussed and compared to conventional MOS-

FET drain structures. Chapter 5 describes the optimization of the JMOSFET,

aiming at overcoming some of the limitations of the earlier designs and achieving

a better reliability-performance trade-off. Chapter 6 summarizes the results of this

study and recommends areas for future research.

8



Chapter 2

Lightly Doped Drain Structures for
VLSI M0SF1-4,Ts

The lightly doped drain (LDD) structures are reviewed in this chapter. The most

relevant consequences of constant voltage scaling of conventional MOSFETs with

respect to high field effects are first discussed, and the velocity saturation of mo-

bile channel carriers and hot-carrier-related reliability phenomena are then analyzed

because of their their severe impact on the performance of scaled devices. The re-

liability problems encountered when VLSI MOSFETs are scaled below 2 pm are

described in terms of electric fields inside the device. The substrate and gate cur-

rent characteristics of conventional MOSFETs are also explained in terms of the

impact ionization and injection mechanisms. Drain-engineering schemes developed

to address the reliability of MOSFET scaling are presented and compared; these

schemes center on variations around the graded source/drain GD-MOSFET and the

LDD-MOSFET.

2.1 Overview

Monolithic circuits in silicon have been fabricated through planar technology

for over 25 years. The minimum feature size on commercially available ICs has de-

creased by a factor of 20 during the same time span — from 25 pm linewidths in 1960

down to 1.25 pm in 1985. The linewidth definition and control set by lithographic

tools across the silicon wafer, coupled with advanced processing technologies for

pattern transfer to underlying layers, have enabled increasingly smaller devices to-
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be more densely packed onto the substrate. As a result, the cost/performance ratio

of every electronic function integrated in a silicon chip decreases as the integration

level is raised. As an example, Fig. 2.1 shows the reduction of the cost per bit stored

in a state-of-the-art one-transistor cell dynamic RAM [2.1] as IC technology pro-

gressed through successive levels of integration. This progression was made possible

not only by advances in silicon processing technology, but also by design innovations

at the device, circuit, and system levels. As the pace of down-scaling continues, ma-

jor challenges must be met at all levels, in addition to the technological challenges

encountered in fabricating millions of devices on a single chip.

The constant electric field (CE) MOSFET scaling rule [2.2] requires the reduc-

tion of device dimensions and the supply and threshold voltages by the same factor

1/K.. More realistic scaling rules that reflect more closely the actual path followed

by silicon technology are presented in Table 2.1 and are known as constant voltage

- (CV) and quasi constant voltage (QCV) scaling rules [2.3]. A generalized scaling

rule that independently scales the physical dimensions and applied voltages of the

10



Table 2.1: SCALING RULES

Parameter Value CE Q CV CV General

Device dimensions L , IV, -x i)	 or 1/K. 1/K 1/K, 1/K

Substrate Doping NB K K K K

Voltages VD, VSUB1 VT 1/ K 1hz1/2 1 1	 ts

Drain Current ID e< (IVIL) (172/to,) 1/K 1 K. tz/K2s

Gate capacitance CG = 117L/t,„ 1/K, 1/K 1/K i / -

Gate delay TD-'=-'- CG VI I 11 K 1/K312 1/K2 Ks /frz2

Power dissipation P = IV 1/K2 1/K1/2 K K, 4-,3/	 s
Power-delay product PTD 7= CG V 2 1/K3 1/K2 1	 - 1/(KK.2,)

Power density /I7/TITL 1 K3/2 ic K31 K s3

Packing density # cm-2 ti.,2 K2 tz2 K2

PET was also proposed [2.4] and utilized as a guide for the design of a 0.25 pm tech-

nology; device dimensions are scaled by a factor 1/k and the voltages are scaled by

a factor 1/n3. This generalized formulation reduces to CE scaling when K =- tc3, and

to CV scaling when Ks = 1. An empirical scaling rule has also been developed [2.5]

to predict the minimum allowable effective channel length Lmin of conventionally

designed MOSFETs as a function of technology-driven parameters,

Linin = A[x itor(dis	 did)2]113	 (2.1)

where A is a proportionality constant equal to 0.41 A-113, tor is the oxide thickness

in angstroms, and Lniin, x j, and the source di, and drain did depletion-layer widths

are determined in micrometers. Equation (2.1) was derived empirically through sim-

ulations and experiments, and it predicts Lmin down to where the device maintains

acceptable long-channel behavior.

Constant-voltage scaling is more desirable from a system design point of view

for the following reasons:

• System and TTL compatibility: monolithic circuits
are designed to operate as building blocks in a variety of sys-

11



terns and applications. Supply-voltage compatibility is de-
manded by system designers of a multitude of systems world-
wide. Once adopted, supply-voltage standards do not change
over the average lifetime of successive scaling generations; the
5 V standard, for example, has been widely accepted in dig-
ital ICs since the advent of transistor-transistor-logic (TTL)
circuits at small scale integration with few tens of active ele-
ments per chip. Early MOS ICs operated at 12 V to 18 V and
have steadily made the transition to 5 V. Maintaining compat-
ibility with the current 5 V standard has then been a critical
factor, therefore, to circuit designers. A new voltage standard
(probably in the range of 3 to 3,3 V) [2.6,2.71, is expected to be
adopted, in order to ensure that future submicron-scaled ver-
sions of MOS devices operate reliably and the power dissipa-
tion in very dense integrated circuits such as megabit DRAMs
is reduced [2.8].

Noise margin: noise is an integral part of the environment
in which integrated circuits operate. Logic circuits are de-
signed with voltage and current noise margins that enable
them to deliver proper logic functionality in a noisy environ-
ment. In addition, the voltage margins must take into account
the statistical fluctuation of process parameters and the oper-
ating temperature variations. Reduction of the supply voltage
in digital circuits implies a reduction of the noise margins for
their operation and, for this reason, constant-voltage scaling
is more applicable. Power-supply voltages cannot be scaled
at the same rate as device geometries [2.7],

o Circuit speed: digital-logic integrated circuits switch faster
with higher supply voltage. Based on the predictions sum-
marized in Table 2.1, the average gate delay is reduced by a
factor 1/0 under a CV scaling scenario and by 1/bi-, under
CE scaling. The average delay TD in a switching transient in
which the inverter output-voltage swing is AV„ is a decreasing
function of VDD if the average charging/discharging current
from the transistors has a superlinear dependence on VDD and
on device threshold voltages, as in scaled CMOS technology.
A zeroth-order approximation for TD in the switching tran-
sient illustrated in Fig. 2.2 for NMOS and C7.VIOS technology
inverters is

CD A V0
TD 	

10

In ratioed enhancement/depletion NMOS technology, the av-
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Figure 2.2: NNIOS AND CMOS INVERTER CIRCUITS IN A SWITCHING
TRANSIENT.

erage charging current depends to first order on the load
depletion-mode transistor threshold VTL , not on VDD, and
the average delay normally increases with supply voltage. Al-
tough the average delay decreases with higher supply voltage
in an enhancement-load/enhancement-driver technology, the
'power—delay product per logic gate rises with the larger volt-
age.

On-chip power-supply drop: this is a circuit-level solution
to the contradictory requirements of lower supply voltage and
integrated-system compatibility. It facilitates the input of a
larger supply to the chip and a drop in dc voltage in an on-
chip series voltage-regulating circuit from which the internal
circuitry draws power. On-chip voltage converters generating
a voltage lower than 5 V have been proposed [2.9,2.10] for
VLSI systems whose devices must operate at lower supply
voltages, such as DRAMs containing 4Mb or more [2.11]. This

- solution dissipates a fraction of the chip power, which could
otherwise be used in logic functions, in a series voltage-step-
down circuit.

At the device design level, there are also advantages in adopting a constant--

13
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voltage scaling approach. Enhancement-mode INIOSFET thresholds are set to VT f-s-'

VDD/10 to VDD /4 [2.4] so that current drive can be maximized by a maximum

( VGS VT). Threshold-voltage scaling would be required if supply voltage is to be

scaled,. as is proposed by the CE scaling rules; however, scaling VT to less than 0.5 V

leads to further difficulties resulting from threshold-voltage control limitations. In

addition, the OFF-state or subthreshold currents in MOSFETs do not scale down.

The measured subthreshold current slope in the IDS vs VGS curves in Fig. 2.3 is

typically 70 to 90 mV/decade at room temperature for a correctly scaled n-channel

device. As a result, further reduction of VT in an enhancement-mode FET lowers

the ratio of the ON-state to OFF-state current; this is undesirable especially in

dynamic circuits or applications requiring low plc power dissipation.

At the system and circuit levels, however, the higher speed resulting from the

CV scaling of ICs is achieved but at the expense of an increase in power dissipation

per unit chip area. According to Table 2.1, a CE scaling approach would lead to a

14



constant chip power density and CV scaling leads to an increase by a factor of ti.3. To

minimize static power dissipation, the design of VLSI circuits has changed during

the past several years from an NMOS technology, prevalent. in VLSI chips introduced

in the 1970s, to a CMOS technology. Although less dense than NMOS, the CMOS

circuits have much less static power dissipation than their functionally equivalent

NMOS counterparts. The designers of CMOS digital systems need only consider

the average dissipation under switching conditions, and this ac power becomes a

function of the system clock or switching rate. From a system design point of view,

therefore, excessive power dissipation is a major concern that can be prevented

by either improving the heat sinking design [2.12,2.13] or limiting the degree of

integration on the chip. A seldom considered alternative to reduce power dissipation

is the lo

From the device design standpoint, a CV scaling approach has the major dis-

advantage of leading to increased electric field strengths inside the capacitors and

transistors and across the p-n junctions. Maintaining the long-channel behavior in

scaled transistors is possible by an appropriate choice of technology parameters,

such as NsuB and t„. To minimize the short channel effects for a given effective

channel length and supply voltage, substrate doping must be increased and gate

oxide thickness should be reduced. The designed values of Linin, toxl and Nsua in

the next scaling generation imply that the field strengths inside the devices of the

next generation will be more intense than those in the current technology.

A number of harmful effects in the device characteristics are the result of high

fields in the integrated circuits. The most significant effects are reviewed in the fol-

lowing section, with emphasis on their role in understanding the problems related to

the design of micron and submicron MOSFETs. The high field related phenomena.

must be prevented so that CV scaling can proceed or circumvented by adopting

lower operating voltages in VLSI systems.

wering of the system power supply.

15



2.2 High Field Effects in Conventional MOSFETs

The high field effects most relevant to the design of VLSI MOSFETs are gen-

erally classified as follows

Geometry- and bias-dependent electrical parameters: as devices
are scaled, the most important electrical parameters become geometry
and bias dependent. These phenomena include the short channel effect
(SCE) on VT and drain voltage dependence of VT (also known as drain-
induced barrier lowering, DIBL), the narrow width effect (NAVE) on VT,

channel length- and width-dependent sensitivity of VT on substrate bias,
bulk punchthrough when the source and drain regions are close enough
to merge their depletion regions and generate weakly gated injection
from source to drain.

Hot-carrier-related instability of the electrical parameters: high-
energy carriers can be emitted from the semiconductor into the gate di-
electric. A small fraction of these injected carriers can be trapped in the
oxide or can indirectly create excess surface states, which will shift the
device threshold and transconductance during the normal operating life
of the transistor. Energetic carriers can be generated by carrier acceler-
ation in very high electric fields (in excess of 100 kV/cm) and, under this
condition, energy relaxation by impact ionization of the semiconductor
atoms becomes an important mechanism. As a result, the generation
of impact ionization current is directly correlated with the incidence of
oxide degradation during device operation. Low-level impact ionization
and hot carrier injection into the dielectric are processes that aid in the
understanding of substrate and gate currents in MOSFETs.

Saturation of the drift velocity of mobile channel charge: the
scaling relationships in Table 2.1 neglect the nonlinear and saturating
behavior of carrier velocity under high fields. Electrons in silicon reach
their scattering-limited maximum velocity at uniform electric fields in
excess of EcRIT 15kV/cm. Submicron VLSI devices are expected to
operate at (Irani bias above 1 V, which makes carrier velocity saturation
a major limitation on device performance. This limitation is reflected
in reduced current drive as the channel current saturates as a result of
large longitudinal fields.

The geometrical dependence of the transistor parameters, not predicted by clas-

- sical one-dimensional NIOSFET theory, is the consequence of two-dimensional field

effects that have been reported extensively in the literature. The short and narrow
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[2.34].

channel effects have been studied through simple analytical models [2.14]-[2.29] to

predict VT dependence on Lef f Wef f xi, t„, — SUB, VD, s and Irsus or through

empirical fitting of this dependence to experimental or two-dimensional simulated

I-V data [2.30]-[2.33]. The understanding of these two-dimensional effects is corn-

plete enough so that it is possible to design MOSFETs with Leif < 0.25p/m and

still exhibit long-channel behavior. Tailoring the channel implants and their use

as punchthrough stoppers can contain the short channel effects within acceptable

bounds.

The following effects impose major constraints on the constant-voltage scaling

of conventional MOSFETs.

2.2.1 Hot-Carrier-Related Phenomena

Figure 2.4 [2.34] shows the two-dimensional distribution of the electric field

intensity in an n-channel enhancement-mode MOSFET biased in saturation af
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VGS = 3 V and VDS= 6 V. The effective channel length is 0.9 pm. Under these

conditions, the field reaches a maximum of 6 x 10 5 V/cm just inside the drain n+

diffusion. Fields in the drain region with a strength exceeding 100 kV/cm are in-

herent to the operation of VLSI devices. Such intense fields, however, can degrade

the performance of small-geometry MOSFETs. Channel carriers traversing the high

field region are heated far above their thermal equilibrium, thereby producing phe-

nomena known in the literature as hot carrier effects. The energy and momentum

gained by the electron population are lost through various scattering processes and

impact ionization. The actual electron energy distribution function (DF) under

nonequilibrium conditions in high fields will reflect the nature of these scattering

and ionization processes.

Hot carrier effects can be assessed through their impact on the device charac-

teristics such as the generation of gate and substrate currents and the instabilities

of such parameters as threshold voltage and transconductance. The terminal cur-

rents generated by hot carriers and the subsequent instabilities resulting from these

carriers are discussed below.

2.2.1.1 Substrate Current

Of the many generation-recombination processes that can account for the energy

and momentum balance of hot carriers, impact ionization is one of the most signif-

icant. The impact ionization occurring in the intense field region of a MOSFET is

illustrated in Fig. 2.5. An electron-hole pair is created by the energetic electron,

and low-level avalanche multiplication (with possible secondary ionization events)

occurs under normal device operation. Except for a negligible hot hole current that

may be injected into the oxide, the majority of the holes produced in the avalanche

process are collected in the substrate and become the substrate current. Because

the electron ionization rate is larger than the hole ionization rate in silicon, the

magnitude of the substrate current is greater in n-channel than in p-channel MOS

transistors of the same scaling generation.

In a device with Le f f = 1.25 pm, typical of 2 pm NMOS technology with 400 A
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oxide, the measured substrate current characteristics (T\--SUB vs•VGS) are plotted in

Fig. 2.6. The fabrication of these devices are detailed in Chapter 4. The substrate

current increases exponentially with gate voltage as the drain current is turned on

in the subthreshold regime. For gate biases above threshold, the substrate current

reaches a peak at any given Vas and then decreases with VG' s as the device enters

its linear mode of operation; this current depends exponentially on the dc Vas bias.

The ratio of peak substrate current to drain current is plotted in Fig. 2.7 as a

function of 17/19-1 for devices with varying channel lengths built on the same chip

with the 2 Tim NMOS technology described in Chapter 4. This ratio indicates the

intensity of the impact ionization process. Only a slight dependence on channel

length can be seen in the maximum of the substrate current; in contrast, the ratio

has an exponential dependence on drain voltage expressed as

-1-SU BA! Ax p
1-DS CX 

ex	
"VDS

(2.3)
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where V° varies from 27V (for low VDS) to 44 V (for high Vag)-

The substrate current generated by impact ionization has been modeled in two

ways. The first relates substrate current density to channel current density by the

empirical Chynoweth ionization integral along the current path [2.35,2.36].

JSUB = Jc I A exp [ 
E(Bx)
	 ]dx	 (2.4)

and quantitative models for substrate current at room temperature were proposed

[2.37]-[2.40] based on this approach. The second model accounts for the tem-

perature behavior of substrate current and was successfully implemented in two-

dimensional device simulators [2.41]-[2.42]. This model is based on Shockley's

"lucky" electron model [2.43] and takes into account the energy distribution of

hot electrons determined by a field-dependent electron temperature. ,Shockley's

model assumes that the energy of a hot electron is obtained from the electric field

by traveling a path / without inelastic collisions. The likelihood of this occurring

is modeled through a Poisson distribution of scattering events; the rate of carrier

heating is proportional to exp (-I/I/A T), where AT is the total mean free path after

accounting for all inelastic scattering mechanisms. Suitable to he implemented in

device simulators, this model demonstrates that only the fraction of the channel

current that passes through the high field region contributes to substrate current

generation through impact ionization [2.41].

2.2.1.2 Gate Current

Both the substrate and gate currents are the result of the high energy acquired

by the channel carriers in the high field region in the drain end of the device. The

measured gate current in two n-channel MOSFETs of different scaling generations

is plotted in Fig. 2.S. Both have an 1.5 pin effective channel length. The device

with a thinner gate oxide was fabricated and measured by Saks [2.44], and the

400 A device was fabricated with 2pm technology as part of this work. Both were

measured by the gate current measurement technique described in Chapter 4.

Two distinct regimes of gate current can be seen in the I G vs VGS plot. At
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low Vas bias, when substrate current generation through impact ionization is at

a maximum, the gate current is composed of drain avalanche-induced hot carriers

(DAHC in Fig. 2.8) that are injected into the gate oxide. At higher Vas, the channel

hot electrons [2.45,2.46] are injected and produce a bell-shaped gate current (CITE

in Fig. 2.8) that reaches a maximum when Vas — VT VDS-

At low Vas , the gate current is comprised of holes collected in the gate electrode

and, just above threshold, the field from the gate to drain favors hole injection.

At an intermediate VGs, the total gate current passes through a null as the hole

gate current is canceled by the electron current. As the MOSFET channel current

is turned on, the generation of holes through impact ionization produces to the

substrate current. A very small fraction of the holes generated in the process is

injected over the Si/Si°, barrier for the biases that create an attractive gate field

for holes in the drain end of the channel. In very thin gate oxides, the hole gate

current is detectable even at the moderate drain voltages under which VLSI devices

operate [2.44,2.47]; peak hole gate current, for the same structure and Vas bias, is

approximately two orders of magnitude lower than the peak electron gate current

in the CHE region because of the high energy barrier to hole injection (4.9 eV vs

3.2 eV for electron injection from silicon into Si02).

9.2.1.3 Device Reliability

Hot-carrier-induced n-channel MOSFET degradation is a major concern in de-

vice scaling. Energetic, carriers in the channel of the MOSFET lead to long-term

drift of the device characteristics [2.48142.53]. The degradation of the electrical

properties of the gate oxide and of the Si/Si02 interface [2.54,2.55] explain the

drifting of the measured characteristics. The n-channel device characteristics be-

fore and after degradation induced by de stress are plotted in Fig. 2.9 [2.56] where

degradation is described in terms of the shift in the linear region threshold voltage

(Fig. 2.9b) and in terms of device transconductance reduction (Fig. 2.9a). The first

can be explained by the build-up of trappped charge in the gate oxide, and the sec-

ond by an increase in the Si/Si02 interface state density. Both fixed and interface
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state trapped charge can further decrease the transconductance by reducing the low

longitudinal field mobility of channel carriers.

The degradation of the Si/SiO2interface is nonuniform along the channel length

because carrier heating is more intense in the high field region on the drain side.

Electron heating in the intense field region were calculated by applying classical ki-

netic theory to the energy-transport problem [2.57,2.58]. The electron temperature-

dependent energy relaxation time (Te) and drift velocity v(T) were derived through

Monte Carlo simulation combined with experimental high-field velocity-overshoot

data and were used in the numerical computation of the electron temperature 71,,

which is higher than the lattice temperature T,

dT, 2 [e.E, 3	 Te — T
(2.5)

dx 5	 k 2 v(Te)r (lie)

Here, electron temperature Te(x) is proportional to the average energy of the

electron distribution at each point in the device. The field-dependent temperature

thereby obtained can then be applied to compute the emission of carriers into the

Si/Si02 barrier [2.58]. A thermionic emission calculation approximates the electron

DF to a Boltzmann distribution with an average energy determined by the effective

electron temperature calculated in Eq. (2.5). The electron flux at the Si/Si02

interface obtained by two-dimensional simulation is shown in Fig. 2.10 [2.34] for

the device with the bias and field distribution in Fig. 2.4. The injection of hot

carriers is highly peaked at the n+ /p drain metalurgical junction and is maximum

at few hundred A inside the n+ diffusion. The physical mechanisms involved in the

process of degradation caused by hot electrons are the direct emission of channel hot

carriers into the oxide, emission of carriers (both electrons and holes) generated by

low-level impact ionization, emission of secondary electrons, and photon emission

by brehmsstrahlung or intcrband transition.

Experiments on device aging accelerate the degradation process through the

application of stress bias. Both de and ac [2.59,2.00] stress experiments revealed a

positive correlation between device lifetime and substrate current. Device lifetime

is normally defined as the length of time required for the threshold voltage, or
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FACE. Two-dimensional simulation results of electron injection [2.34].

saturated current, or low field transconductance to shift by an arbitrary value (AVT)

or percentage, typically AVT	10 mV and 10 percent degradation of either the

current or transconductance. These values are useful in comparing similarly stressed

and measured devices.

Figure 2.11 plots the lifetime of a submicron conventional N1OSFET stressed

under the gate bias that maximizes substrate current at the stress drain voltage
vp=o.iv[2.61]. Here, .AVT is defined as AVG	and lifetime is expressed aslipirnA

= To exp (-17D	 (2.6)

over a small VD range. As a result, the operation of deep submicron conventional

MOSFETs under drain voltages as low as 2 V could still be constrained by reliability

problems.

With the maximum substrate current dependence in Eq. (2.3), it is possible

to determine empirically that device lifetime is correlated to the impact ionization

substrate current such that

CC (ISUBm A X
)-n
	

(2.7)
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where n varies between 3 and 4. Experimental evidence such as in Fig. 2.11 indicates

that degradation and gate current in very short n-channel MOSFETs occur at drain

biases below (C DBe — A(1) 13) [2.61]-[2.63], where ( Be and A(10/3 are the barrier poten-

tial and Schottky barrier lowering, respectively, for electron injection from silicon

into Si02. This evidence verifies that the lucky electron model alone cannot explain

the gate and substrate currents in the devices, and a quasi-thermal-equilibrium ap-

proach that takes into account the field-dependent energy distribution of the carriers

as they drift in the transistor channel is a better model for the hot-carrier-related

currents [2.41,2.42].

Figure 2.12 plots device lifetime as a function of the peak longitudinal elec-

tric field in the drain end of the n-channel MOSFET under stress [2.61]. The

electric field was calculated by the two-dimensional simulator CADDET [2.64]. Be-

cause the 1\40SFET surface electrostatic potential has an exponential spatial de-

pendence along the channel ['I's oc exp(s11,)] [2.65], the x-component of the electric

field is linearly proportional to the electrostatic potential. In the subthreshold re-

gion, the parameter lc is approximately defined by 3t0 	 117c, where TVG, is the

minimum depletion-region width along the channel [2.66]. Analytical aproxima-

tions to the electrostatic boundary-value problem inside the MOSFET indicate that

Ts a D B (VDS — VS B) such that 7 exp (VolVDs) (x.exp

Pseudo two-dimensional models for the electric field at the drain end of pinched-

off conventional MOSFETs have also been developed [2.67,2.68] and verified through

two-dimensional MINIMOS simulations [2.60]. Based on this analysis, the peak

electric field can be written as

( VDS - VDSSAT

lp

) 2

EsAT2 (2.8)

where VDSSAT is the drain-to-source voltage at which carrier velocity saturates, and

lp is an empirical constant. For Vas larger than VDS SAT by approximately 2 V, the

maximum longitudinal electric field is on the order of 100 kV/cm and the second

term in Eq. (2.8) can be neglected such that

VDS VDssAT 
=	 (2.9)

Ip
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Figure 2.12: DEVICE LIFETIME UNDER DC STRESS CONDITIONS THAT

MAXIMIZE SUBSTRATE CURRENT. Expe, is the peak longitudinal electric field

under stress [2.61].
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The MINIMOS two-dimensional simulations for n-channel polysilicon-gate MOS-

FETs [2.69] demonstrated that lp varies in the range of 800 to 2500 A in typical

VLSI devices and that it can be fitted to /p = 0.22t,Wx72; it can also be interpreted

as the distance from the point where E ECRIT to where E = Er k ' 'As a result,pea

the high field drain region endures even higher field intensities as oxide thickness

and junction depth are scaled at constant voltage. The impact of the high fields

on the reliability of the next scaling generation of VLSI MOSFETs is evident in

Fig. 2.12, where device lifetime is plotted as a function of the peak longitudinal

electric field under stress.

2.2.2 Velocity Saturation

The current-drive capability of VLSI devices should increase linearly with the

scaling factor according to first-order CV scaling principles; however, the high fields

in scaled MOS devices result in sublinear gains in the current drive. At least along

the distance lp near the drain end, the carriers drift at their scattering-limited

velocity VSAT. The measured VsAT values for electrons in the inversion layers are

slightly less than 107 cm/sec and are dependent on both longitudinal and transversal

fields. The mobility reduction model is described in Appendix A , and modeling-

parameter-extraction is explained.

The current measurement in Fig. 2.13 illustrates the impact of carrier-velocity

saturation in terms of reducing the drive capability of scaled devices. The mea-

smed drain current characteristics of MOSFETs with varying channel lengths are

normalized to the number of effective squares in the devices. The MOSFETs have

400 A oxide and a full 5 V drive on the gate. The reduction of the drive capability

per square is considerable in short channel devices. The drain voltage at which the

drain current saturates is indicated; it can be seen that the current in micron-sized

VLSI IVIOSFETs under 5 V operating conditions saturates at Vps < 3 V. The crit-

ical field for the onset of velocity saturation in n-channel devices was determined

from I-V data and is approximately 1.7x104 Vcm'. As a result, the carriers in

the inversion layer in saturated micron and submicron MOSFETs are transported
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Figure 2.13: NORMALIZED DRAIN CURRENT CHARACTERISTICS OF CON-

VENTIONAL IVIOSFETS OF VARYING CHANNEL LENGTHS.

at velocities closer to VsAT through a large fraction of the effective channel length.

2.3 LDDFETs Engineered for Reliability

Operation of micron and submicron MOSFETs in the presence of high field ef-

fects has required design innovation to achieve acceptable punchthrough voltage and

long-term reliability as MOSFETs are scaled. The three lightly doped drain (LDD)

structures in Fig. 2.14b,c,d have been studied extensively in the literature and com-

pared as viable substitutes for the conventional n+ arsenic drain (Fig. 2.14a) for use

in VLSI circuits. Careful engineering of the drain region is more important in the

n-channel rather than p-channel devices because electrons in silicon have a higher

impact ionization rate, lower energy barrier to injection into the oxide at the Si/Si02

interface, and drift-velocity saturation at smaller fields than holes. High field ef-

fects, therefore, will greatly reduce n-channel performance and reliability. Lightly

doped drain designs for submicron p-channel devices have also been proposed [2.70],

mostly to prevent punchthrough.



"OUTSIDE" LDD"INSIDE" LDD

CONY. As-DRAIN GRADED As-P
(DDD) 

(b) 

(c) (d)

Figure 2.14: CROSS-SECTION OF N-CHANNEL STRUCTURES. (a) Conven-

tional. (b) Double-diffused drain. (c) "Inside" LDD. (d) "outside" LDD.

In the LDD-FET and the graded S/D or double-diffused drain (DDD) n-channel

structures in Fig. 2.14, the narrow n - regions introduced between the channel and

the n+ source/drain are designed to spread the high electric field at the drain into

then region. The reduction and/or spreading of the peak E-field in self-aligned

LDD structures normally results in an increased reliability insofar as hot-electron

instabilities are concerned. This property made the LDD and DDD MOSFETs the

preferred devices in VLSI MOS technologies in which the minimum effective channel

length for n-channel transistors is below 1.5 pm.

2.3.1 Graded Source/Drain MOSFET

The graded source/drain device [2.71]12.78J in Fig. 2.14b was first proposed

in 1981 as a simple self-aligned LDD structure. Its fabrication process is simpler

than other LDD technologies; it consists of a double implant of a heavy dose of

arsenic ions . and a low dose of phosphorus ions, both self-aligned to the edge of

the polysilicon gate electrode. Because the diffusivity of phosphorus is higher than
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Figure 2.15: CROSS SECTION AND S/D JUNCTION PROFILE OF THE DOU-

BLE-DIFFUSED DRAIN MOSEET.

that of arsenic, a deeper n-lp junction and a shallower high-low n.-Vn-- junction

result after implant annealing. A typical impurity profile for the S/D junction in

the graded S/D device is shown in Fig. 2.15. The phosphorus profile grades the

rather steep junction in conventional n-1- As S/D diffused regions. This steepness is

a high-concentration diffusion effect in the anneal of heavily dosed arsenic implants.

The drain breakdown-voltage and hot-carrrier-related reliability properties of

the DDD-MOSFET are improved because of the reduction and spread of the electric

field intensity in the region of extremely high (> 1 x105 V cm') fields near the drain.

The simulation results in Fig. 9.16 [9.75] compare the longitudinal field intensity and

the two-dimensional txruipotential contours obtained by the CADDET simulator

[2.64] for both the DDD and conventional MOSFETs. For the bias condition of a

saturated device ( V-Gs 1 V , VDs= 6 V , Vsug= —3 V ) there is approximately

a 30 percent reduction in the maximum longitudinal field intensity caused by the

phosphorus grading: of the S/D junction.
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Figure 2.16: EQUIPOTENTIAL CONTOURS IN THE CONVENTIONAL AND

DOUBLE DIFFUSED DRAIN MOSFETS. Longitudinal E-field profile is shown at

the top [2.75].
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Figure 2.17: COMPARISON OF MEASURED SUBSTRATE CURRENT CHAR-

ACTERISTICS IN CONVENTIONAL AND GRADED-DRAIN MOSFETS. Both

devices were fabricated with 2 pm technology.
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Reduction of the intense drain fields decreases the generation of substrate cur-

rent through impact ionization, as illustrated in the IsuB vs VG curves in Fig. 2.17.

The substrate current was measured in conventional and graded drain devices built.

side by side with the 2 pm technology described in Chapter 4. The graded drain

device was implanted with phosphorus (Dose=7.5 x 10'3 crn-2) and annealed at

1050°Cprior to n+ arsenic implant. This anneal resulted in deep (0.7pm) n- junc-

tion. For the same scaling generation, it is possible to reduce the substrate current

by one order of magnitude or more (depending on n- implant dose and annealing

cycle) by using a graded S/D MOSE-TT instead of the conventional arsenic n+ drain.

Optimization studies of the DDD structure revealed that the optimal n- phos-

phorus implant dose, annealed at 1000°C, is in the range of 5x1013 cm' for a

230 A gate oxide [2.79] to 1 x1014 cm-2 for a 350 A gate oxide [2.80]. For a higher

n- concentration, the electric field near the drain edge is not sufficiently reduced

and its hot-carrier-resistant properties are only slightly improved by grading the

highly doped n+ / p junction; lighter doses will lower the substrate current, but the

parasitic source/drain series resistance is increased.

2.3.2 LDD MOSFET

The lightly doped drain MOSFET as a VLSI device was first proposed by Saito

[2.81] in 1978. The narrow n- implanted regions were introduced between the chan-

nel and the n+ source/drain region by aligning the n- implant to the gate edges

and the n+ to the offset edges located a few thousand angstroms away from the

gate edges. First generations of LDD devices [2.82]-[2.85] were fabricated by pho-

toengraving a composite film of Si3N4 over polysilicon and then undercutting the

polysilicon gates with wet etchants, using the overlaying nitride as a mask, thereby

developing a self-aligned structure to offset the high-dose implant. An alternative

way used to create a self-aligned offset is the oxidation of highly doped polysili-

con [2.86]; this relies on the enhanced oxidation rates for highly doped polysilicon

to produce a sidewall-spacer oxide. After the poly-silicon oxidation step at low

temperature (< 900°C), a thin oxide is grown over the lightly doped single cr2,-s-
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tal source/drain region and a thicker oxide is grown on the polysilicon and its

sidewalls. A high-dose source/drain implant follows the formation of the sidewall

oxide. The oxide spacer process better controls the offset length ' than does the

polysilicon-undercutting technique. As a result, a more controllable sidewall-oxide

spacer approach was developed [2.87]-[2.S9] and applied for the fabrication of LDD

MOSFETs.

In the LDD structures in Fig. 2.14c,d, the sidewall-oxide spacer is formed by the

conformal deposition of oxide in a low-pressure chemical vapor deposition system,

followed by an anisotropic oxide etch in an RIE or plasma-etching system. In the

"inside" LDD (Fig. 2.14c) the n implant precedes sidewal-oxide formation and, in

the "outside" LDD (Fig. 2.14d), both n+ and TZT are self-aligned to the sidewall-

oxide edge.

The maximum drain voltage for device operation free of hot-carrier-related re-

liability problems, the drain breakdown voltage and the short channel effects are

the major limitations imposed on the scaling of VLSI MOSFETs. Relaxing these

limitations is the principal motivation for using LDDFETs in VLSI circuits. Based

on studies of the "inside" LDD MOSFETs [2.90]42.93], they have the following

advantages over conventional n + arsenic drain devices of comparable dimensions.

Short channel effects are reduced and, as a result, threshold voltage
sensitivity to channel length variations is minimized. These reductions
stern from lighter doping and a shallower 	 junction depth.

Drain junction breakdown and drain-to-source bulk punchthrough volt-
ages are higher. Improvements up to 10 V have been predicted for very
low (< 10' cm') n- doping [2.84].

Impact-ionization-related currents are reduced. Peak substrate and gate
currents can be substantially lowered by the appropriate design of the
lightly doped region.

Endurance against hot-carrier-related instabilities is higher, as measured
under the same stress conditions.

These advantages result from the reduction and spreading of the high field in the

drain pinch-off region of the device. Because of their improved device reliability, the
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Figure 2.18: DEVICE CROSS SECTION AND SIMULATED LONGITUDINAL

ELECTRIC FIELD IN THE LDDFET ALONG THE Si/Si02 INTERFACE. Upper

Ex curve for an optimum n- dose and bottom curve for a lighter dose [2.98J.
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LDD and DDD MOSFETs have become the only viable alternatives for micron-sized

high-density n-channel VLSI transi:Itors operating at 5 V. The LDDFETs, however,

have two major disadvantages.	 all lightly doped drain structures are affected

by reduced transconductance and current drive when compared to conventional

devices with the same effective channel length because of an additional parasitic

source/drain series resistance. Secor..d, if the n- surface doping Ns is too light (Ns <

10 18cm-3 ), the LDDFETs can act ly be less reliable than arsenic-doped 	 S/D

transistors and series resistance will increase. This LDD-related degradation has

been shown to be caused by hot carrier'  injection into the sidewall oxide region [2.94]--

[2.98]. To guarantee acceptable perfoiniance and reliability, therefore, micron-sized

LDDFETs have been the subject of extensive optimization studies.

Figure 2.18 plots the simulation results obtained from the LDD optimization

study by Matto [2.98]. The simulated longitudinal electric field along the Si/Si02

interface of two LDD devices with 	 doses of 10 13 cm- 2 and 2 x10 12 cm- 2 is shown

for VD = 8 V and for low (saturated mode, at VG = 2 V) and high (triode mode,

at VG =10 V) gate bias. For lighter doping (bottom curves) the electric field peaks

under the sidewall oxide in both the saturated and triode modes of operation as the

m region is depleted beyond the gate edge. As a result, the injection of hot carriers

occurs under the sidewall oxide, away from the gate-controlled channel region, as

indicated by process (2) in Fig. 2.18. For higher n- doses (such as 1013 cm- 2 , upper

curves), the electric field peaks under the gate electrode and is reduced as the

gate voltage is raised. Such behavior is similar to that of the conventional device,

for which only injection under the gate electrode occurs as in process (1). At an

optimal It- doping level, process (1) should dominate for reasons of reliability. With

a lighter n- dose, the LDDFET degradation rates are faster than in conventional

designs [2.94,2.95] when stressed at the same substrate current. The proposed

model for the effect of process (2) is the trapped-charge-induced modulation of the

parasitic series resistance, as illustrated in Fig. 2.19, that leads to a more rapid

linear region transconductance degradation. In very lightly doped LDD devices,

this degradation mode correlates with the appearance of "tails" or "humps" in
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Figure 2.19: SERIES RESISTANCE MODELING OF THE TRAPPED

CHARGE-INDUCED DEGRADATION OF LDDFETS.

the log(IsuB) vs ITGs characteristics [2.93,2.98,2.99] as the n- region under the

sidcwall oxide is undepleted and impact ionization is strongest beyond the edge of

the gate electrode. The amount of substrate current reduction in narrow-channel

LDD devices has been shown to depend also on the boron implant dose in the field-

isolation region [2.100]. Higher substrate dopings lead to higher electric fields near

the n+ junction and, therefore, cause higher substrate current. In narrow-channel

MOSFETs, the lateral spread of the field implant encroaches on a fraction of the

drawn channel width, and the resulting higher substrate concentration under the

gate edges further increases electric field strengths at the drain.

Optimal LDD designs have been studied extensively and, for practical junction

depths and S/D annealing temperatures, the optimum Ns is 1 to 2.5 x 1018cm-3

[2.93,2.97] or, alternatively, the optimum n- dose is approximately 1 to 2 x1013 cm-2

for "inside" LDDs in Fig. 2.14c [2.98,2.101,2.79]. Other studies have proposed that

there are better /SUB and device-degradation trade-off for "inside" LDDs with either

a moderately doped (4 to 10 x 1013 cm-2) phosphorus n- region [2.102] or with a

(shallow As)/(n- P) profiled n- region [2.103]. Optimum n- implant doses were

determined to be fl`Z. 5 to 20 x 1013 cm-2 for both "outside" LDDs (Fig. 2.14d),

which are a double-diffused type of structure self-aligned to the oxide spacer [2.104]

and DDD MOSFETs (Fig. 2.14b) [2.79,2.80]. A pseudo two-dimensional analytical

model [2.105,2.106] would predict breakdown-voltage improvements of less than 2

and 1 V for DDD and "inside" LDD devices, respectively, in this practical reliability-

proven range of n- doping levels. The increase in breakdown voltage is less than -
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Figure 2.20: CROSS SECTION OF AN EARLY HIGH-VOLTAGE PMOS DEVICE

[2.107,2.104

the 2 to 10 V improvement over conventional designs that has been realized when

LDD devices of the "inside" type were initially proposed with much lighter doping

[2.S4,2.85].

2.3.3 Other Nonconventional MOSFETs with Lightly Doped Drain

The forerunners of the VLSI LDDFETs were the high-voltage metal-gate PMOS

devices proposed in 1971 [2.107,2.104 as illustrated in Fig. 2.20, with a lightly

doped p- extension of the drain to support the high drain voltages. This structure

has a non-self-aligned lightly doped drain of several tens of microns to achieve drain

breakdown voltages in excess of 200 V. The gate-controlled region of length L is in

series with the drift region of length L R, which can be slightly modulated by the

substrate voltage. Figure 2.21 is the equivalent circuit model for this structure.

Improved LDMOS power devices were designed later to improve the high-voltage

properties of this design.

Other structures  with a non-self-aligned separate gate, buried channel, or lightly

doped S/D have also been proposed [2.109,2.110]. In these devices, the separation
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Figure 2.21: EQUIVALENT CIRCUIT MODEL OF A HIGH-VOLTAGE LDD

PMOS.

between source and drain n+ diffusions is lithographically defined rather than self-

aligned to the edges of the gate electrode. Their characteristics predicted the po-

tential for implementing MOSFETs with very short gate lengths (down to 700 A)

P.114[2.112] and a very low gate capacitance [2.113].

2.4 Summary

Continuing constant-voltage scaling of MOSFETs introduces serious challenges

to device and technology designers. For reasons of compatibility and performance,

the highest possible operating voltage is desirable for systems with micron and sub-

micron devices. From the device design standpoint, the major consequence of CV

scaling is that small devices must be designed to operate under increasingly higher

electric fields. The relevant high field effects that have impacted the prforrnance and

reliability of VLSI MOSFETs have been reviewed and were found to have a severe

impact on the reliability of devices with effective channel lengths below 2 itm. The

heating of carriers in the high fields in the drain pinchoff region raises the gate and

substrate currents and experimental evidence indicates that the magnitude of these

currents correlates directly with device instability. Substrate current is the result of -

43



impact ionization under intense fields. The -1:-..ajection of carriers into the gate oxide

leads to the degradation of device characterir;:ics with time. Both impact ionization

and injection are electric-field activated and depend  strongly on drain voltage; they

also limit the maximum drain voltage for tie operation of micron and submicron

MOSFETs.

Lightly doped drain (LDD) structures 	 spread and reduce the electric field

intensity in the drain end of the channel_ "Their application in n-channel devices

is more important than in p-channel devices because electrons in silicon have a

higher impact ionization rate and a lower enrgy barrier to injection into the oxide

at the Si/Si0 2 interface. The LDD n-channe: MOSFETs are employed in virtually

all circuits containing devices with effective,! channel length below 1.5 pm. This

chapter examined several forms of lightly do7.-.)ang the drain of n-channel MOSFETs;

the simplest forms are the LDDFETs and -;-.he graded S/D FETs. Their major

limitation is that the lightly doped region romst be doped above 10 18cm- 3 to obtain

the advantage of reliability in comparison to conventional MOSFETs.

Channel electrons in micron-sized device:3 are transported from source to drain

at velocities close to their scattering-limited. velocity and, as a result, the drain

current saturates at 1 to 2 V below the 5 V supply voltage. An optimized LDD

device should be able to drop partially the drain voltage outside the sensitive device

area close to the Si/Si0 2 interface, which sho-.ild impact the limitations imposed on

submicron devices by high-field-related reliability problems.
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Chapter 3

J.MOSFFinf: An Alternative VLSI
Structure

3.1 Overview

In this chapter, a new n-MOS LDD structure - the JMOS field effect transistor

- is introduced, and its design, simulation, and principle of operation are stud-

ied. The goal of this design centers on the possibility of operating a submicron

JMOSFET at a 5 V supply voltage by minimizing the voltage limitations imposed

on conventional or other LDD devices. As discussed in Chapter 2, n-channel MOS-

FETs with Leff below 2 pm are affected by high field effects that must be eliminated

to secure reliable 5 V operation. The LDD structures reduce these effects, but they

are more reliable than conventional MOSFETs only if the n- regions have a peak

doping density above 1 x 1018cm-3. To overcome this limitation and to facilitate

constant-voltage scaling of devices down to the submicron regime, the JMOS struc-

ture employs a series drain .11:TT to drop part of the supply voltage. This series

device must be designed to provide a trade-off between the reliability properties and

performance. The design parameters and two-dimensional device-simulation results

are presented to demonstrate the operation of the JMOSFET and its potential for

applications requiring reliable submicron operation under a maximum supply volt-

age. These simulations demonstrate that the JMOS can sustain 5 V operation even

for submicron effective channel lengths because of designer-controlled reduction of

the maximum electrical field in the region under the gate traversed by carriers. This

design should minimize the hot-carrier-related instabilities described in Chapter 2 -
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_by judiciously reducing the field strength only along the Si/Si0 2 interface, in the

direction of carrier flow, where carrier heating potentially can damage the interface

and inject and trap charge in the gate oxide layer. As in all LDD structures, device

reliability can be improved but at the expense of enhanced performance; however,

the advantages of maintaining 5 V operation in micron-sized devices can outweigh

this performance loss.

3.2 JMOSFET and Alternative LDD Designs

As discussed in Chapter 2, it is advantageous, from the point of view of circuit

and system performance and compatibility, to continue constant-voltage scaling

instead of constant electric field scaling. Conventionally designed LDD MOSFETs

were a technologically simple approach to scaling MOSFETs down to the Lef f range

of 1.0 to 1.5 pm without compromising their reliability properties. Reducing the

high field effects inside the active regions of the transistors was the overwhelming

reason for the adoption of n-channel LDDFETs. Operation of micron and submicron

MOSFETs in the presence of high field effects still requires innovative design so

that acceptable punchthrough voltage and long-term reliability are maintained as

MOSFETs are scaled.

The different LDDs reviewed in Chapter 2 have been studied and compared

for use in VLSI circuits as substitutes for the conventional 71+ As-drain. Careful

engineering of the drain region in n-channel transistors is necessary because of their

strong susceptibility to hot-carrier-related device degradation [3.11-13.41. High field

effects are far more deleterious to their performance and reliability, and reducing

the electric field strengths in excess of 100 kV/cm at the drain end of the channel

is crucial.

The reduction and/or spreading of the peak E-field in self-aligned LDDFETs

normally increases reliability insofar as hot-electron-induced instabilities are con-

cerned; however, if the n r- surface doping Ns is too light (Ns < 10 18cm') the

LDDFETs can actually be less reliable than conventional arsenic-doped 71+ S/D

transistors in addition to increased series resistance and higher breakdown voltage.
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Figure 3.1: THE N-TYPE LDD MOSETT. Hot carrier injection occurs either (1)

under the gate or (2) over the n- depleted region under the sidewall oxide when the

light n- dose permits the nonoverlap of the drain depletion edge and gate electrode.

The dashed lines denote depletion edges.

This LDD-related degradation, as described in Chapter 2, is caused by hot

carrier injection into the sidewall oxide region [3.5]-[3.9] [process (2) in Fig. 3.1]

which, in turn, leads to excessive series resistance and degradation rates faster than

in conventional designs. [3.5,3.6]. At an optimal n- doping level, process (1) in

Fig. 3.1 should dominate as the longitudinal electric field peaks under the gate.

The optimal LDD structures are limited to dropping the entire drain voltage across

the device and under the gate active region because the n- region under the sidewall

oxide must still remain undepleted for the above reliability reasons.

To obtain reliable VLSI MOSFETs, it is important to recognize the benefits

of reducing high fields inside the device and keeping the high fields as far away as

possible from the sensitive Si/Si02 interface because most instabilities are the result

of damage to the gate oxide. In. the JFET-MOSFET (JNIOS) structure [3.10,3.11]

in Fig. 3.2, the peak field can be forced to occur away from the region under the
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Figure 3.2: CROSS SECTION OF THE N-CHANNEL JMOSFET,

gate and the electron current flows below the surface in the critical high-field region

near the drain, which should minimize hot carrier trapping in the gate or sidewall-

spacer Si0 2 regions. It has been reported LDDs can perform even more reliably by

diverting the channel current away from the Si0 2 interface in the high-field drain

region. Techniques developed to accomplish this include either a buried-channel

device with a lightly doped drain [3.12] (Fig. 3.3) or a retrogade n profile for

the LDD region [3.13] (Fig. 3.4), Other MOSFETs have been proposed, such as

the buried drain DMOSFET [3.14] whose reliability potential in VLSI has not yet

been assessed. As illustrated in Fig. 3.5, the current path from source to drain

is considerably two-dimensional because the 72, 4- drain in this DMOSFET is buried

under the field oxide and the channel current must drift into the bulk, Gate action

occurs at the laterally diffused p region that comprises the DMOS transistor where

channel current is mostly constrained at the surface; this current is diverted by the

drain fields into the bulk at the very lightly doped w region.

By construction, the JMOS circumvents the reliability problems associated with

carrier injection into the sidewall oxide in more lightly doped LDD devices. The
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Figure 3.3: CROSS SECTION OF THE BURIED-CHANNEL DEVICE WITH A

LIGHTLY DOPED DRAIN [3.12].

JMOS current is diverted into the bulk at the drain end as it drifts through the

JFET n- channel. The electron current is then buried away from the sidcwall
•

oxide to prevent carrier injection into it. The proposed n-MOS in Fig. 3.2 has

a Short-channel JFET at the drain end. The JFET action is the result of a p+

region functioning as the JFET gate above the n- drain region (Fig. 3.2). The

p+ implant connects electrically to the substrate by overlapping the channel-stop

implant in the transverse direction, and the substrate bias then functions as a gate

bias for the drain JFET. The circuit model of this device (Fig. 3.6) comprises a

cascode-connected JFET in series with the intrinsic surface-channel MOST:TT.

In addition to effectively shielding possible injection under the sidewall oxide,

the role of the n-JFET is to limit the voltage applied to the drain of the intrinsic

MOSFET which, in terms of a circuit model, is equivalent to limiting the voltage

VD, in Fig. 3.6. The evidence presented in Chapter 2 indicates that reducing the

drain voltage in conventional VLSI MOSFETs has a greatly favorable impact on

their reliability.

Limitations on VLSI devices set by hot-carrier-related instabilities required the -
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Figure 3.6: EQUIVALENT CIRCUIT MODEL OF THE JMOSFET.

adoption of LDDs as the micron-sized n-channel VLSI devices operating at 5 V. The

same limitations are further requiring a lower supply-voltage standard for digital

VLSI circuits which would reduce the speed performance because the gate drive

would be lower. In the JMOS in Fig. 3.6, the drain voltage VD, can be limited to

a maximum value that is independent of the power supply chosen for the circuit

in which the JMOS is embedded. As a result, the correct design of the JMOS

can effectively implement down-scaling the drain voltage of the intrinsic MOSFET

without forfeiting the full VDD drive on the gate of the MOSFET. Because this

property is not shared by the other LDDs, the JMOS has the potential to extend

the limits of constant-voltage scaling to channel lengths even shorter than those in

the current LDDFETs. The field-reduction properties resulting from 7)- diffusion is

one of the advantages of both the LDDFET and the double-diffused lightly doped

drain FETs and is equally shared by the JMOS. Gate oxide reliability is improved

by reducing the intensity of the drain electric fields in the JMOS in two ways: by

lowering the effective drain voltage and grading the drain junction. After gate oxide

reliability is guaranteed by this designer-controlled "scaling" of drain bias, power
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supply can be increased or the MOSFET channel length can be reduced at a given

supply voltage to further enhance performance.

In the JMOS, the JFET under the sidewall oxide is fully merged into the MOS-

FET structure and does not need additional silicon area; however, it does require a

minimum of one extra mask in the process. The area under the sidewall where the

JFET is located is normally a parasitic region that comprises part of the design-

rule specified distance S between the gate electrode and the source/drain contact

openings as illustrated in Fig. 3.7a. The actual gate length LG and gate-to-contact

separation S — A (Fig. 3.7b) include the effects of mask-to-wafer pattern transfer

such as resist exposure and development, gate-electrode and source-drain oxide-

etching bias, and interlayer lithographic-registration errors.

In summary, one of the advantages of the JNIOS over the conventional As-drain

MOSFET is the reduction of the drain fields through drain junction grading. The

possibility of designer-controlled reduction of the effective drain bias VD, is also

a major advantage of the JMOS over other LDD and conventional designs; such

reduction can be accomplished independent of the power-supply voltage chosen.
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The asymmetry of the ;MOS with respect to source and drain diffusions, which

is not present in conventional and lightly doped drain devices, has simultaneous

advantages and disadvantages. The advantage is the potential reliability improve-

ment through the above VD reduction, and, with heavily doped source diffusion,

this reduction is accomplished without lowering the effective gate-to-source volt-

age drive. Lightly doping the source and drain of symmetric LDDFETs results in

transconductance degradation caused by the series source resistance that reduces

the effective VGs drive. The major disadvantages are the additional complexity of

the JMOS fabrication process and reduced circuit performance as a bidirectional

switch or pass transistor.

The drain region of the JMOSFET must be designed to take advantage of

the saturating properties of the JFET while minimizing the performance reduction

resulting from this series device. The following section demonstrates the appropri-

ateness of the model in Fig. 3.6 via circuit and two-dimensional device simulations

and describes the principles of operation that will impact its VLSI applications.

3.3 JMOS Device Simulation

3.3.1 Circuit Simulation

The JMOS circuit model in Fig. 3.6 was simulated via SPICE, and the transfer

function VD vs Vas is plotted in Fig. 3.8 for VGs = 1,5 V and VT, = —1, —3, —5 V,

where VT, is the JFET threshold voltage, VD, is the effective drain bias on the

intrinsic MOSFET, and VDs is the externally applied drain bias. Both source and

substrate are grounded. The MOSFET TIPSPICE and JFET parameters are listed

in Table 3.1. The MOSFET parameters were extracted from measurements of

conventional devices fabricated with 2 pm technology; the experimental procedures

for model parameter extraction are outlined in Appendix A. The voltage-saturating

properties of three JFET devices are illustrated in Fig. 3.8. For drain voltages larger

than Vsu B —VT.0 the JFET current saturates as does the JMOS current. As a result,

VD, on the intrinsic MOST:TT is pinned at a value below the Vas bias externally
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applied to the JMOS and is limited to a maximum value as the flat portions of the

curves labeled JFET2 and JFET1 indicate in Fig. 3.8. This maximum VD, decreases

as the MOSFET gate bias increases. The electrical parameters for the three JFETs

in Fig. 3.8 are shown in Table 3.1; these devices are modeled in SPICE by only three

parameters: 17T,, the transconductance factor 0, and the channel-length modulation

factor. The transconductance factor is proportional to the low field conductance

and the width/length ratio of the channel region in the series JFET. The smaller

the IVTA, the lower the JFET low field conductance, and the larger the ef fect of

the JFET on the linear-region ON-resistance of the JMOS. The optimization of

the JFET pinchoff voltage Vp (Vp VT — Obi) and of the low field conductance is

discussed in Chapter 5.

The effect of varying the MOSFET channel length is plotted in Fig. 3.9 when
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the MOSFET has VG s := 5 V; the parameters are those of the JFET2 in Table 3.1. It

can be seen in Fig. 3.9 that, as the intrinsic MOSFET conductance is increased by

shortening its gate length, the saturated VD, becomes smaller. The effective drain

voltage when the MOSFET has a 5 V gate bias and Leff = 1.25 pm is limited to

1.2 V by the JFET2. The circuit-simulation results indicate that, by appropriately

choosing the JFET pinchoff voltage VP , the device designer can limit the maximum

drain bias across the surface-channel MOSFET. Such voltage limiting implies that

the current-drive capability of the JMOS is less than it would be with a conventional

MOSFET having same Leff and to,. The potential advantage of the JMOS is based

on its drain voltage-limiting property because micron-sized conventional MOSFET

cannot operate reliably at a 5 V drain bias.

As a result, the JMOS device provides a means of minimizing hot carrier prob-.
lems imposed by constant voltage scaling [3.3] because the series JFET can be

designed to support part of the drain supply. When the MOSFET channel is con-

ducting current, the inequality

VD, < (I Vpl — bi IVSU BD VSU B Vrj
	

(3.1)

holds, where fi b, is the p+ ir junction built-in potential. In practical n-channel

JMOS designs, VP , VT Vsu B < 0 V. Limiting VD, could also be accomplished by

reducing (most likely to 3 or 3.3 V) the supply voltage. As discussed in Chapter 2,

lowering VD, is important from the MOSFET reliability point of view given that the

reliability measurements are empirically determined to be dependent exponentially

on the drain voltage in conventional and LDD structures. The maximum applicable

drain voltage in submicron devices is then expected to be determined by the drain

structure used in the design. The alternative of lowering the supply voltage in the

entire integrated system has important drawbacks because such a reduction leads

to compatibility problems, smaller noise margins, and reduced VG s — VT MOSFET

drive. Less gate drive often implies slower circuits. The presence of a series drain

JFET in the JMOS device enables the use of the full supply on the VD and VG

terminals while the internal voltage of the reliability-sensitive node (the MOSFET

drain) is reduced. Conventionally designed micron-sized n-MOSFETs actually re-
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Table 3.1: SPICE DEVICE PARAMETERS

MOSFET PARAMETERS

Nanle S 11711,bol Value Unit

Low field mobility Po 665 crn2V-isec-1

Oxide thickness t, 393 A

Transconductance factor Kp 58.5

Threshold voltage VT, 0.32 V

Effective substrate doping A' SU B 9.1 x 1015 CM-3

Body factor 7 0.515

(Lmask — Le f JO L D 0.25 p777

Gate-field mobility factor 0 (VINV) RA f) 0.061 v-i

Longitudinal field mob. factor ETRA 7.3 x 104 V cm'

Critical field ECRIT 1.7 x 10'1 V c7ri-1

Saturated drain conductance DESAT 7.9 X 109 V cm-2

JFET PARAMETERS

Threshold voltage VT, —1, —3, —5 V

Transconductance factor 0 20, 40, 50 * milV'

Channel-length modulation A 0.05 V'

* JFE'I71, JFET2, JFET 3

quire drain biases of less than 3 V to saturate the channel current in the practical

range 0 < (VG — VT) < 5 V, as shown in Fig. 3.10. This is simply the effect of sat-

uration of the channel electron average velocity (v). Submicron devices operating

in this saturated-velocity regime will have a drain saturation current of

= TV (v) Cox(Vcs — VT)
	

(3.2)

where (v)	 vg (optical phonon scattering-limited drift velocity for bulk transport).

After it pinches off, the drain JFET limits the JMOS current approximately to
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Figure 3.10: SATURATION DRAIN VOLTAGE DEPENDENCE ON VGS — VT IN

A CONVENTIONAL N-CHANNEL MOSFET.

its first order pinchoff limit I. [3.15],

IP =	 [1	 bi + VD; + IVS71 B I  )] 
2

(3.3)
117p1

IV I
I = 	 P	 (3.4)

P° npsLsw

where n(2 < n < 3) accounts for the nonuniform doping profile in the 72, — JFET

channel, p,(C2/q) is buried it- sheet resistivity, W j is JFET channel width, L s „, is

sidewall spacer width (an approximate measure of the JFET effective electrical chan-

nel length), and VD; (17G s) is the gate voltage-dependent effective MOSFET drain

or effective JFET source voltage according to the lumped circuit model proposed

to describe the JMOS. The transconcluctance factor of the JFET SPICE model is

# 	
V2

(3.5)

Equation (3.3) neglects the short JFET clianuel-length effects which are more

important when n- doping is lighter or, alternatively, when p, is larger. The 40

5S



value in A/fan width depends on the technology design of the vertical impurity

profile of the drain JFET and the sidewall spacer width; the shortest width that

still forms a JFET under the sidewall oxide should be used to minimize current-drive

loss.

3.3.2 Two-Dimensional Device Simulation

The JMOS was simulated by the PISCES two-dimensional program [3.16,3.17]

coupled to impurity profiles simulated in one dimension by SUPREM-III [3.14

Two-dimensional device simulations have been widely employed as useful tools to

guide and better understand the design of LDDs [3.19]. Figure 3.11 presents the
-equipotential contours for the conventional, LDD, and JMOS devices under satura-

tion bias conditions ( VD =	 , VG = 2 V VS = VSU B = 0 V). As discussed in Chap-

ter 2, under these conditions, the maximum generation of substrate current through

impact ionization occurs in the high field region near the drain. Oxide thickness is

400 A in the conventional device and 200 A in the others. Substrate doping has been

adjusted to obtain enhancement transistors with 0.3 to 0.5 V threshold voltages in

all three devices. The simulated equipotentials in 'Fig. 3.11 provide valuable insight

into the inner operation of the proposed JMOS when compared to other MOSFET

designs. The two-dimensional field distribution in the drain region of the JMOS can

vary considerably from that of the conventional and LDD designs that develop the

high fields in the pinchoff region near the drain; the LDDs spread and somewhat

reduce the field intensity. For reliability reasons, the depletion region in the LDD

cannot extend beyond the gate edge. In the JMOSFET in Fig. 3.11 the p4-/n-

region is designed such that the JFET pinches off the drain equipotentials under

the p+ HET gate. The high field region is then buried away from the sensitive

Si-Si02 interface, on which hot carriers may impinge, and the drain current is di-

verted into the bulk in the drain end of the surface-channel device. In this example,

VT=-1.6 V, as obtained from PISCES simulations. The JFET pinchoff voltage

and low field conductance are the design parameters, in addition to those of con-

ventional MOSFETs, that
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insofar as current transport is governed by two field-effect devices in series.

3.3.2.1 JMOS with Low PinchOff Voltage

A JMOS device with a submicrometer effective MOSFET channel length and a

200 A gate oxide was simulated in the PISCES simulator to extract its I-V charac-

teristics. The oxide thickness chosen is typical of that required for correctly scaled

submicrometer technologies. Figure 3.12 shows the equipotential contours for the

JMOS under a bias condition in which both the JFET under the sidewall oxide

and the surface MOSFET are in their linear region of operation. In this mode, the

n- region behaves like a series pinched resistor or a buried LDD structure, and the

linear region ON-resistance for the JMOS then becomes the series association of the

MOSFET and JFET ON-resistances.

The gaussian impurity profiles for the JMOS simulation in Fig. 3.12 are shown

in Figs. 3.13 and 3.14 for the channel and JFET regions, respectively, and are

P.

3.0
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analytically specified for the device simulator. The MOSFET channel-region doping

of the simulated device has a boron peak concentration of 3.4 xl0mcm-3. The net

impurity profile of the 77.-- JFET channel has a peak doping of 2.8 x 1017cm-3 and

a total net dose of 3.6 x 1012 ern'. For such a small net dose, the JFET pinchoff

voltage is low. The threshold voltage, defined as the JFET gate (or MOSFET

substrate) voltage for which /Ds = 0.1 ttA/jtm at VGs = 5 V and 'tips= 0.1 V, was

obtained by PISCES as VT,== --1.6 V. The p+/n- junction depth is xip+ = 0.11 /cm

and the	 p junction depth is x	 = 0.34 pm. As demonstrated in the following

process simulation results, it is very difficult to achieve such shallow junction depths,

especially when higher pinchoff voltages are required. The deep boron implant in

Fig. 3.14 (2 x 1012 at 160keV) was added to limit the x__ junction depth and to

serve as a punchthrough stopper to constrain the drain fields from encroaching into

the MOSFET -channel region.

For the bias condition in Fig. 3.15, the saturation properties of the drain JFET
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are illustrated. For the biases in which the JFET is ON and pinched off, that is,

(VDs VSUB) � 1VTJI
	

(3.6)

the saturated JFET limits the current to the value of .1-1,(17Gs) in Eq. (3.3).	 The

simulated device in Fig. 3.15 with VT ,= —1.6 V is biased at VDS= 5 V VsuB = 0 V.

The JFET pinchoff region then supports most of the 5V drain bias in this JMOS

design, and the surface-channel MOSFET supports less than 1 V, As indicated in

the simulated field pattern under the SiO 2 /Si interface, this will result in a large

reduction in impact ionization under the MOSFET gate, as will be demonstrated

experimentally.

The electron and net donor densities and the electrostatic potential along the

JMOS Si/SiO 2 interface (A — A') are plotted in Fig. 3.16 for VGS = 1 V, VDS= 5 V,
and VSUB	 —1 V. Because most of the drain potential drops along the 71 — JFET

channel, an effectively low drain bias VD, appears to drive the MOSFET inversion

layer. This bias can be inferred from the electron quasi-Fermi potential in the elec-

tron accumulation layer that forms in the it— region under the MOSFET polysilicon
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electrode. This accumulation layer occurs at the n - surface region around the co-
,

ordinate x	 1.6 ILM as illustrated in Fig. 3.16a. Except for a small work-function

difference between n- and n+ diffusions, the quasi Fermi potential at this accu-

mulation layer is equivalent to the effective drain potential VD, introduced in the

equivalent circuit model in Fig. cktmodel. With the small n - dose defined in the

simulation of this low Vp JMOS, it is possible to constrain the peak longitudinal

E-field at the gate Si0 2 /Si interface to below 5 x 10 4 V/cm. This intensity is one

order of magnitude smaller than typical peak fields at the drain-end of pinched off

conventional VLSI MOSFETs [3.20]-[3.221.

The PISCES-simulated I-V characteristics are plotted in Fig. 3.17 for the JMOS-

FET in Fig. 3.15. In this device, the onset of saturation is independent of VGS

because the drain JFET pinches off at the drain voltages for which Eq. (3.6) is an

equality. The gating action of the JFET through the application of substrate bias

is illustrated by the reduction of drain current at lower substrate voltages and at

constant lips and VGS in Fig. 3.17. Here, the JFET operates as a current-limiting

active device fully merged into the LDD region.

The PISCES-simulated transfer function / p/W vs VGS is plotted in Fig. 3.18
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for VDS = 1.5 and 5 V. A JFET short-channel effect is responsible for the output

conductance in Fig. 3.17 and the variation off (VGs) with VDS in Fig. 3.18. This

effect is apparent in the equipotentials in Fig. 3,15 as the drain field encroaches

under the entire length of the p JFET gate and depletes most of the n- JFET

channel.

Figure 3.19 shows the same device under bias conditions that turn the JMOS-

FET off through the application of substrate bias while the MOSFET surface is

strongly inverted; here, VGs= 5 V and ( VSUB VD,) < Vrj (the drain JFET region is

OFF and the MOSFET is ON); it is possible, therefore, to turn off all JMOSFETs

on a chip through the appropriate substrate bias. The operation of the JFET in its

subthreshold regime is evident in the simulated subthreshold log(rDs)-1/Gs charac-

teristics in Fig. 3.20. The drain current when VGS	 flattens to a value that

depends exponentially on VSUB in the regime where Vsu B < VT.,. The operation of

the drain JFET in the subthreshold is qualitatively similar to the static-induction

transistor in which a diffused region is biased such that it controls the flow of ma-
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Figure 3.20: PISCES-SIMULATED SUBTIIRESHOLD CHARACTERISTICS

FOR THE JMOSFET STRUCTURE IN Fig. 3.12.

jority carrier current over a potential barrier in a space-charge region.

The /Ds — VDs simulated characteristics of the low Vp JMOS in Fig. 3.17 are

compared to those of the conventional n+ As drain MOS with a submicrometer

channel length (Leff = 0.6 pm) in Fig. 3.21. Both devices have the same oxide

thickness (t 	 200 A) and MOSFET channel doping. The substrate bias is 0 V.

The PISCES-simulated low Vp characteristics (dashed lines) are shown for VGs=1,

3, 5 V. The conventional device characteristics (solid lines) in Fig. 3.21 for VGs=1

and 3 V illustrate the considerable drive penalty imposed by the low Vp JFET which

demonstrates that, although the surface fields in the MOSFET can be minimized by

a JMOS design with low Vp, this effect is accompanied by a reduced current-drive

capability.

In addition to demonstrating the basic operation of the device, the PISCES

simulations for the submicrometer JMOS with low 11 also identified two important

design aspects. First, the profile of the JFET should be designed for a minimum

performance penalty but still maintain an acceptable high-field pattern. Second,

the two-dimensional merging of the JFET and MOSFET channels requires an ac-

curate model for the two-dimensional spreading of the impurity profile. The two- -
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Figure 3.22: SUPRA-SIMULATED PROFILE OF THE DRAIN JFET. Deep n-

phosphorus implant annealed at 950°C for 30 min.

dimensional current path in the drain JFET region of the JMOS is affected by

the lateral distribution of n- and p+ impurities. For the PISCES simulations of

the low VI JMOS, analytical profiles were specified and were then extended later-

ally by PISCES; this procedure may not accurately represent the two-dimensional

distribution of impurities in the structure.

3.3.2.2 Two-Dimensional SUPRA Simulations

The merging of the MOSFET surface channel with the JFET n- channel impu-

rity profile in the lateral direction was studied in a two-dimensional process simula-

tor SUPRA [3.23] and a two-dimensional device simulator GEMINI [3.24] suitable

for analysis of nonplanar structures. GEMINI accepts two dimensional impurity

distributions from SUPRA to obtain a solution of the Poisson equation.

For a VLSI implementation of the JMOS, only low-temperature diffusions (be-

low 950°C) are recommended. Because this has been the trend in VLSI pro-

cesses, shallow junction depths according to the scaling rules are possible. A low-

temperature JMOS profile for the drain JFET, as studied with SUPRA, is triple
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Figure 3.23: SUPRA-SIMULATED IMPURITY CONTOURS OF THE JFET IN

Fig. 3.22. The boron contours are indicated by the solid lines, phosphorus contours

by the short-dashed lines ( - - -), and arsenic contours by the long-dashed lines (—
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implanted with a p+ boron implant, a deep boron stopper implant, and a deep

200 keV phosphorus implant. The one-dimensional profile across the drain JFET

region, after a 30 min inert ambient anneal at 950°C is plotted in Fig. 3.22. The

resulting impurity contours in the drain JFET region are shown in Fig: 3.23 for the

boron, phosphorus, and arsenic chemical concentrations. The JFET n- region does

not merge with the MOSFET Si/Si02 interface channel in such HET profile with

a deep phosphorus implant annealed at low temperature. The SUPRA-simulated

two-dimensional profile was used as input to the Poisson-equation solver GEMINI

[3.24]. Figure 3.24 shows the equipotential lines, metallurgical junctions, and de-

pletion edges in the JMOS with the JFET profiles in Fig. 3.23. Here, the n- region

does not reach toward the surface of the MOSFET when the JFET has a deep phos-

phorus implant annealed at 950°C. As a consequence, the JMOS does not operate

properly because no effective drain connection exists for the surface channel as can

be seen in Fig. 3.24 where the surface MOS-gate-induced depletion layer does not

merge with the plin- depletion layer.

Additional SUPRA simulations revealed that a retrograde n.- phosphorus profile

annealed simultaneously with the p+ implant at temperatures below 1000°C did

not result in a satisfactory merging of the JFET and surface channel MOSFET.

An alternative profile, simulated by SUPRA, consisted of a phosphorus implant

annealed at 1050°C to provide enough lateral diffusion followed by a p+ implant

annealed at 900°C. The resultant merging of the JFET n region with the MOSFET

is illustrated in Fig. 3.25 for I/Ds= 5 V. The two-dimensional profiles for the GEMINI

simulation in Fig. 3.25 were obtained by SUPRA simulation of the 1030°C JFET

process. The GEMINI solution for the two-dimensional potential in Fig. 3.25 is

incorrect, however, because GEMINI does not solve the carrier-continuity equations,

and the inversion and accumulation layers along the surface, (PISCES simulation

in Fig. 3.16) cannot be modeled by the GEMINI Poisson-equation solver.

The SUPRA simulations verified the adequate thermal cycling used in the imple-

mentation of the JMOSFETs to be described in Chapter 4. The major drawbacks

of the 1050°C thermal cycle were that it resulted in deep n-/substra.te junction
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Figure 3.24: GEMINI SIMULATION SHOWING THE EQUIPOTENTIALS IN

AN INCOMPLETELY MERGED JFET. The MOSFET surface depletion region

does riot merge with the JFET drain. Drain bias VDS = 5 V, V SU B —1 V.
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Figure 3.25: GEMINI SIMULATION OF THE LOW Vp JMOS SIMULATED BY

SUPRA. The n- implant was annealed at 1050°C. The equipotentials show an

adequate merging of the MOSFET and JFET depletion regions.

depths (> 0.5 pm) and spread the MOSFET channel threshold-adjusting implant.

This annealing was employed in the implementation of both low and high Vp JMOS

designs; the High VI) JMOS profiles are described in Chapter 4.

Through extensive GEMINI simulations of the JMOS, the electrical character-

istics of the JMOSFETs were found to be very sensitive to the two-dimensional

impurity distribution in the drain JFET region. As a result, the JMOS could wc11

serve as a vehicle to test electrically the two-dimensional impurity-diffusion models.

The two-dimensional process simulator SUPRA implements numerical models for

the implantation and diffusion steps that may not be physically accurate. The verti-

cal distribution of implanted ions is assumed to be gaussian, and the distribution in

the lateral direction is weighted by an erf c (x11r) dependence where a is the

lateral standard-deviation constant used in the modeling. Two-dimensional diffu-

sion phenomena relevant for JMOS lateral diffusion are not modeled, as the Si/Si02

interface generation and recombination of point defects. The models implemented

7ase:.
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by SUPRA. are simple enough to provide a fast simulator with first-order models.

3.4 Summary

The operation and design parameters of a modified LDD structure, the proposed

JMOSFET, were illustrated in this chapter through a circuit model and circuit

and device simulations. The lump circuit model of a cascode-connectea JFET

and a MOSFET proved to be adequate, and device simulations demonstrated its

operation. The low Vp or low 77,- dose JMOS device displayed the impact of the

JFET on the I-V performance of a 200 A submicrometer device. Optimization

of the JMOS performance will require higher n- doses. Two-dimensional process

simulations indicated a thermal cycling that would guarantee the operation of the

JMOSFET as a merged JFET-MOSFET structure. The encroachment of high fields

under the gate of the MOSFET can be controlled through correct design of the LDD

region by adjusting the pinchoff voltage in the JFET region to maximize current

drive while constraining the short channel effects and hot carrier injection into the

gate oxide to within tolerable limits.

The JMOSFET provides device designers with performance trade-offs some-

what different than do the conventional LDDs, The JMOS can be optimized for a

given minimum effective channel length, oxide thickness, and supply voltage. The

PISCES-simulated two-dimensional potential distribution suggested that the JMOS

can be designed with peak 77,- doping densities below 1 x 10 13crn', contrary to the

LDDFETs whose reliability is degraded by injection under the sidewall. This in-

jection mode can be avoided in the JMOSFET design. By keeping the longitudinal

E-field peak away from the gate Si0 2 /Si interface, the JMOSFET should minimize

hot carrier injection into the oxide. These results imply that, by optimizing the

drain JFET, this new structure can meet the need for reduced drain supply voltage

in submicron channel length MOSFETs while maintaining the hot-carrier-resistant

properties in 5 V external supply circuits. The advantage of 5 V operation in micron-

sized devices can outweigh the drive loss caused by the series JFET device.
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Chapter 4

1A;xperimental Results

4.1 Overview

The JMOS device proposed and simulated in Chapter 3 was fabricated in a 2 jun

NMOS process along with the other better known LDD MOSFETs studied in Chap-

ter 2. This chapter discusses the experimental results obtained from the different

JMOS designs investigated, and these results confirm the JFET operation predicted

by the simulations described in Chapter 3 Both the substrate and gate current char-

acteristics substantiate the voltage-limiting properties of the drain JFET embedded

in the JMOS transistor. The fabrication technology employed is first explained, and

the results of the dc characterization of the fabricated devices are then presented.

The major 'experimental finding is that the JMOS can sustain 5 V operation even

for submicron effective channel lengths because of designer-controlled reduction of

the maximum electrical field in the region under the gate traversed by carriers. The

results indicate several approaches to optimizing the device for reliable 5 V oper-

ation and to avoiding the LDD-rclated modes of degradation for very low doping

concentrations in the n- region (n- surface doping below 1018cm-3) for which tho

LDDFETs are actually less reliable than conventional arsenic-doped n+ S/D tran-

sistors. As with all LDD structures, hot-carrier-related gate and substrate currents

have been improved but at the expense of some performance as evidenced by dc

device characteristics and ring-oscillator speed comparisons. The correct design of

the JMOS, however, can ensure 5 V operation in micron-sized devices. This 3 V ca-

pability can extend the limits of CV scaling beyond those possible with con vent iows
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The fabrication process is a standard 2 pm n-MOS based on LOCOS isolation,

a 400 A gate oxide, and n4" polysilicon gates. The starting material was (100) 20 to

25 .Q-cm, boron-doped silicon. A 900 A Si3N 4 on a 400 A Si02 mask was used during

local oxidation. The boron field implant dose was 1.5 x 10 13 cm' at 120keV, Field

oxide was grown in steam at 1000°Cfor 200 min.

Both conventional n-MOS and LDD n-MOS devices with five variations in the

source/drain regions were fabricated side by side to test experimentally the JNIOS

along with other better known LDD-MOSFETs. The six S/D structures fabricated

(Fig. 4.1) are the conventional As source/drain, double-diffused source/drain, sym-
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Figure 4.1: CROSS SECTION OF SIX STRUCTURES FABRICATED ON THE

SAME CHIP. (a) Conventional 7/ 12 As S/D. (b) Double-diffused S/D (DDD). (c)

Lightly doped S/D (LDD). (d) Asymmetric LDD. (e) JMOSFET, (f) Symmetrical

JMOSFET.

LDDs, and the resulting advantages can outweigh the performance loss.

4.2 Device Fabrication
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Table 4.1: MASKING STEPS IN THE JMOS PROCESS.

Mask Process Step Standard NM OS

1 Active area patterning (LOCOS) X
9 Depletion ion implantation X

3 Buried polysiliconisilicon contact X

4 Polysilicon gate patterning X

5 Pho,,,Thorus n- ion implantation MasklessT

6 Boron p+ ion implantation

7 Arsenic (I) n+ ion implantation Maskless

8 Arsenic (II) n+ ion implantation

9 Metal- (poly)silicon contact .:

10 Metal layer patterning xi

f LDD process

metrical LDD, asymmetric LDD (n+As source and lightly doped drain), JMOSFET,

and the symmetrical JMOSFET (JFET in both source and drain ends).

Table 4.1 lists the photolithography steps followed to implement the devices

and MOS circuits in enhancement-depletion logic; the steps normally appearing in

the standard NMOS processes are marked. The processing steps are the same for

both the JMOS and the conventional process until polysilicon-gate patterning is

completed. Several implants then follow to form the drain structures. By suitable

combinations of the masked implants, all drain structures, including the symmetri-

cal JMOS and larger geometry JFETs, are fabricated side by side on the same chip.

To implement both conventional m+As and LDD-like transistors on the same chip,

an additional As implant [arsenic (II)] was introduced into the process.

Major fabrication steps for the JMOS are described in Fig. 4.2. The polysilicon

is heavily doped with a POC13 dopant source and then patterned with mask 4

(Table 4.1) to form the gate electrodes. The LDD process steps follow - first

consisting of an it phosphorus masked implant. Mask 5 protects the source region
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Figure 4.3: LAYOUT OF THE JMOS. DRAWN WIL = 5/5 pm.

of the asymmetric JMOS in addition to the other n.+As-only S/D regions of the

structures in Fig. 4.1. The LDD n- implant is then annealed at a high temperature

(1050°C) for 60 min. A shallow 100 keV p+ BF2 implant follows to form the

substrate-connected JFET gate on the JMOS devices. The 1030°C anneal ensures

sufficient lateral diffusion of the n- implant so that, in the annealing steps to follow

the p+ implant, the lateral diffusion of boron will not compromise the contact of the

n- region to the MOSFET channel. As described in Chapter 3, the two-dimensional

process simulator SUPRA [4.1] assisted in the JMOS process design for the lateral

diffusion of the diffused n- and p+ layers so that the merging of the JFET channel

with the MOSFET surface channel region could be assured. Prior to sidewall oxide

formation, a heavy n+As masked implant forms the source junction of the JMOS.

The sidewall oxide formation is the next step during which a furnace anneal for

LPCVD oxide densification is done at 900°C for 30 min. After the sidewall oxide is
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defined, an unmasked heavy n + As implant forms the JMOS 71+ drain followed by

two 900°C anneals for a total time of 60 min. The final MOSFET channel region

boron surface concentration is 1.3 x 10 16cm-3 . These JMOS processing steps are

further detailed in Appendix B.

The asymmetric JMOS in Fig. 4.1e can be fabricated with only one extra mask-

ing step in addition to the conventional NMOS process if LDD-type source and

JFET drain structures are to be chosen. Lightly doped source structures should

either be doped above 5 x 10 18cm- 3 or be completely avoided if transconductance

reduction caused by series source resistance [4.2]14.5] is to remain low. Lighter

doping levels on the drain are necessary, however, to resolve the high field prob-

lem. Figure 4.3 is a top view of the masking levels for the JMOS transistor. The

three nonconventional masks used in the sequence in Fig. 4.2 and the conventional

n-MOS LOCOS, polysilicon, contact, and metal layers are shown. The nonconven-

tional masks 5, 6, and 7 are aligned' to the polysilicon mask and, in the channel-

length direction, a AL' registration tolerance is allowable. The minimum tolerance

is AL' = Lgatc /2 when the polysilicon gate has a minimum feature size. The char-

acteristics of the JMOS are insensitive to the absolute value of the registration

accuracy if the 3o spread in the alignment process is less than half the minimum

polysilicon linewidth. Then- implant mask 5 is undersized by an amount OW' with

respect to the drawn channel width in the LOCOS mask. This design rule was added

to ensure electrical contact between the p+ JFET gate with the boron channel-stop

implant in the channel-width direction. In conventional processes using LOCOS iso-

lation, the actual channel width is smaller than that of the drawn channel because

of field-oxide encroachment under the silicon-nitride mask during field oxidation. A

reduction ATV = TV D RAW N	 f f = 0.9 pm was measured in conventional MOS-

FETs built in the 2 pm process. As a result, the rule ATV' = 0.75 pm was adopted

for the layout design so that it could accept 0.5 pm of field oxide encroachment on

each side of the channel and also 0.25 p It— lateral diffusion. This lateral diffusion

rule is tolerant to registration errors between the LOCOS mask and mask 5 because

the the registration run-out in the z-direction enables a p+ JFET gate connection
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Table 4.2: JMOS PROCESS PARAMETERS

Parameter Low VP Medium VP High VP Unit

N- phosphorus dose 2 X 10" 5 x 10" 7.5 x 10" cm-2

Net N - channel dose 4.9 X 1012 9.8 X 10" 1.4 X 1013 C111-2

P3' surface conc. (Ns) S x 1017 2 x 10" 3 x 10" CM-3

P + 13 F2 dose 6 x 10" 1.5 x i.o" 2.9 x 1014 cm-2

N- sheet resistance (p5) 850 450 410 CVO

Pinched N- ps 5.S 1.7 1.2 k Q /0

N+ JMOS source ps 34 34 34 9/0

N+ JMOS drain p, 61 110 GS Q/o

N+	 polysilicon As 27 97 27

Oxide thickness (tox) 400 400 400 A

Sidewall width (L,„,) 0.4 0.4 0.4 pill

to the substrate from at least one side of the channel.

The three n- phosphorus implant doses used in the fabricated JMOS and the

other relevant process parameters for the three designs here referred to as high,

medium, and low Vp JNIOS are summarized in Table 4.2. The implant dose pa-

rameters Were chosen through one-dimensional SUPREM III process simulations

to yield net n- doses Qflet in the JFET channels in the 4 to 15 x1012 cm-2 range.

The low dose JMOS has a net phosphorus dose close to that of the low Vp JMOS

simulated in Chapter 3 (Q, = 3.6 X 1012 cm', VT, = —1.6), and the medium and

high Vp have a Q„t close to the optimal dose in conventional LDDs. The p+ implant

dose was also varied in each JMOS so that shallow p+ junction could be formed.

Simulated surface concentrations in the 7/- region were S X 1017cm-3 for low Vp,

2 X 1018cm-3 for medium Vp, and 3 X 1018cm' for high V, JFET after the 60 min

1050°C drive-in of the phosphorus implant. The sheet resistances measured in van

der Pauw test. structures built on the same chip for both the n- and pinched 7/-

layers are listed in Table 4.2. The n+ As sheet resistance p, measured for the JNIOS

source layer is half of the p„ in the JMOS drain n+ diffusion because the source -
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Figure 4.4: PROCESS STEPS IN THE SIDEWALL OXIDE DEFINITION,

layer is heavily implanted twice, as shown in the process sequence in Fig. 4.2.

The sidewall-spacer technology' [4.6,4.7] defines the LDD regions and is pre-

ferred over the polysilicon overetch [4.8] and polysilicon oxidation [4.9] because of its

better controllability. The process sequence for sidewall oxide formation is shown in

Fig. 4.4. A conformal oxide layer is deposited after polysilicon gate patterning. The

oxide is then anisotropically etched down to the silicon surface, leaving a sidewall

spacer having width Lsu, as illustrated in Fig. 4.4. The critical process variables are

the deposited oxide conformality and the anisotropic properties of both the polysil-

icon and oxide etchings. These variables must be determined for the equipment

and process used. An ideally conformal oxide deposition should obtain the same

film thickness over both planar horizontal and planar vertical (a = 90° in Fig. 4.4)

surfaces. The C 2 C1F 5 :SF6 plasma-etching process chosen for polysilicon patterning

can produce nearly vertical polysilicon sidewalls if the polysilicon is undoped at the

1 J. Riseman, U.S. Patent # 4234362, November 18, 1980
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Figure 4.5: DEPENDENCE OF FINAL SIDEWALL-SPACER WIDTH ON INI-

TIAL DEPOSITED OXIDE TIIICKNESS [4.10].

time of patterning. When patterned in the same process, heavily phosphorus-doped

polysilicon yields sidewalls with slightly smaller slopes (a =-- 79°). Figure 4.5 is a

plot of the resulting sidewall-spacer width 1,3,„ measured by scanning electron mi-

croscopy, as a function of the deposited oxide thickness for the process used in the

Stanford Integrated Circuits Laboratory [4.10]. Polysilicon thickness is 0.5 pm. In

the undoped polysilicon (a = 90°), L3,,, is approximately 67 percent of the initial

deposited oxide thickness over planar horizontal surfaces as a result of the non ideal

conformality (less than 70 percent) of the LPCVD oxide deposition used. The final

spacer width depends on the slope a of the polysilicon gate edge as illustrated in

Fig. 4.5,for the heavily doped polysilicon gates. An approximately 10° deviation

from the vertical walls resulted in the polysilicon etch. This deviation accounts for

a 20 percent reduction in L,,, when compared to the vertical sidewalls. This reduc-

tion caused by the slope of the sidewalls is in agreement with the sidewall-spacer

modeling of Tsang [4.7] who predicted a reduction of 17 percent in the final sidewall

oxide width solely because of the slope of the polysilicon lines.

For the devices fabricated in the JMOS process, an 8000 A LPCVD oxide was

deposited, followed by a 30 min 900°Coxide densification and plasma etch. Final -
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Figure 4.6: SUPREM SIMULATED IMPURITY PROFILES FOR HIGH AND

LOW Vp JFET DESIGNS.

spacer widths of 4100 to 4600 A were obtained, as measured by top-view SEMs of

the actual devices during fabrication.

SUPREM-III simulated profiles after all anneals for the high and low Vp JFET

designs, and for the n + As drain profile are shown in Fig. 4.6. The p+ and n-

doping levels for the medium Vp design are in between the two designs illustrated

in Fig. 4.6. The high-temperature anneal of the n- implant resulted in fairly deep

junctions, considering that shallow junctions of less than 3000 A are normally used

in VLSI MOS devices. The deepest x	 junction for the high Vp is 0.7 itm(solid

line in Fig. 4.7). The boron stopper in the JFET drain was not implemented. A

0.7 /cm thick polysilicon electrode should be applied to mask the deep boron im-

plant illustrated in Fig. 4.7 instead of the 0.42 ,um polysilicon used in this process.

The low Vp JMOS PISCES simulations in Chapter 3 indicated that the boron stop-

per can reduce the short channel effects (SCE) by constraining the drain-junction
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Figure 4.7: SUPREM SIMULATED IMPURITY PROFILES OF THE HIGH

Vp JFET WITH (SOLID LINE) AND WITHOUT (- - -) A DEEP

BORON-STOPPER IMPLANT OF 1013 cm' AND AN ENERGY OF 180keV.

field penetration in the lateral direction. A p- boron stopper could reduce x

to 0.46 pm.- Although its introduction in the process is advantageous in terms of

reducing the SCE, the higher backgate dose in the JFET drain degrades ac perfor-

mance because of the higher drain/substrate bottom junction capacitance. Addi-

tional drain/substrate junction capacitance was introduced in the JMOS through

the sidewall p+ /n+ junction.

4.3 Experimental Results and Comparisons

4.3.1 Device Characteristics

Figure 4.8 plots the measured log(Is) — 17Gs characteristics (solid lines) for a

low Ti,, JMOS with TY/L 50/10 at VDs= 0.1 V; both the JFET and NIOSFET

subthreshold regimes are illustrated. The drain current exhibits the expected ex- -
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steps AVSU B = —0.25 V from 0 to —1.75 V. Simulated subthreshold characteristics

are denoted by the dashed lines.
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Figure 4.9: EQUIVALENT CIRCUIT MODEL OF THE JMOS DEVICE.

VSUB VD, is the effective JFET gate-to-source voltage.

ponential turn-on [4.11] in the MOSFET subthreshold regime; however, because

of the drain JETT gating action, the drain current can be turned off by setting

(Vsu B VD,) < VTJ, as demonstrated in the circuit and device simulations de-

scribed in Chapter 3. The fiat characteristics in Fig. 4.8 indicate the exponential

turn-off of the drain current by the substrate bias. The equivalent circuit in Fig. 4.9

shows that the gate-to-source voltage drive in the series JFET is (VsuB— VD;) which

is VsUB for the MOSFET linear bias condition VDS < (VGS VT) in the JFET

subthreshold region in Fig. 4.8.

The long-channel zero backgate-bias MOSFET threshold voltage is VT =0.32 V,

as extracted by TECAP 2 [4.12] fitting of the measured conventional device linear

region IDS — VGs characteristics at several substrate biases. The linear region ex-

trapolation of these characteristics at Vsu B = 0 V simulated with PISCES yielded

VT =0.38 V. The 60 mV difference between the simulated and measured MOSFET

threshold values is a result of an overestimation of VT when linear extrapolation is

used for the above-threshold characteristics. Fitting to the measured I-V character-

istics yields the threshold voltage at the onset of inversion at the MOSFET virtual
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cathode, at which point the surface potential is a minimum and equal to Is 20f.,

Conventional MOSFET parameters obtained by curve fitting the conventional 1140S

device I—V characteristics are listed in Table A.1.

For this low Vp design, the measured JFET threshold voltage is VT,.= — ( 1 I/A -- Obi)

= —0.8 V. This VT, parameter was previoulsy defined as the substrate bias at which

IDS	 0.1 itAhim at VGS= 5 V and VDS = 0.1 V. The PISCES two-dimensional

device simulation for this low ) predicts VT, = —0.5 V. The PISCES-simulated

subthreshold device characteristics for low Vp with an Leff = 1,3 and TV = 50 pm

are plotted in Fig. 4.8 for comparison (dashed lines). The measured subthreshold

behavior of the JMOS in the JFET subthreshold region is in qualitative agreement

with the simulations. The rates of JMOSFET turn-off, however, differ greatly; the

PISCES-simulated JFET turn-off with substrate bias is much slower (1.1 V/decade

at Vcs=5 V) than the measured rate (0.17 V/decade) for low drain bias. The simu-
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lated and measured values are in better agreement for the MOSFET subthreshold

slope (108 and 90 mV/decade, respectively, at VSU B = V). The measured V 	 in

disagreement with the one-dimensional SUPREM electrical simulation of pinched

n- sheet conductivity; SUP REM predicts Vrj= —6.5 V if VT, is assumed to be the

value at which the n- pinched-layer sheet conductance is 1 percent of its value at

zero substrate bias.

The extent of the disagreement between the simulated and measured character-

istics of the low Vp JMOS can be seen in Fig. 4.10 where the measured I-V (solid

line) and the simulated PISCES results for VG's= 1 V and 3 V (dashed line) are

shown. This low Vp JMOS has a 2 pm drawn channel length, measured Leff	 1.3

pm, and tor = 393 A. For low gate bias (VGs= 1 V), the simulated current is ap-

proximately 17 percent smaller than the measured current. Agreement will improve

if the mobility-reduction parameter 13, in the longitudinal field-dependent mobility

equation used in PISCES

Peff(E) =
1 

1 	 ) (3'
VTlIct

(4.1)

is adjusted to a value higher than 1. In the simulation in Fig. 4.10, /3, =1 and

the low-field surface mobility for electrons is po = 665 cm2/Vsec . The measured

mobility-reduction parameters are presented in Appendix A.

The lack of agreement between the simulated and measured values in Fig. 4.10 at

VGS= 3 V can only be explained by the inaccuracy of the two-dimensional profiles

input to the device simulator. In the measured data the JFET pinch-off effect

is apparent in the low drain bias subthreshold characteristics in Fig. 4.8 and in

the above-threshold saturation characteristics in Fig. 4.10. The low Vp simulations

revealed that a smaller VT, = — 0.5 V has two consequences in terms of the electrical

characteristics. First, it leads to weaker substrate voltage control over current flow

in the JFET subthreshold at low drain bias, as indicated by the poor turn-off rate

(1.1 V/decade) in Fig. 4.8 (dashed lines). Second, the JFET channel cannot be

pinched off at large VT's, even for drain bias above SU B VT„ as demonstrated by

the simulated curve for Vs= 3 V in Fig. 4.10. Sizable control of the drain bias over

:=71'
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the subthreshold characteristics of the simulated low V JMOS confirmed the short

channel behavior of the device. The drain voltage is sufficient, therefore, to punch

through the lightly doped JFET channel region, and the more adequate series device

model for the n region is a space-charge region for current drift. Transport through

this region, as simulated in Fig. 4.10 (broken line), is nonlinear at low drain bias

(VDS < 0.5 V) because current transport through then region shifts from high-

resistance ohmic behavior for VDS < VSUB Vri to a space-charge-limited regime

for larger drain biases. In this regime, no JFET-induced current saturation can

occur, as indicated by the simulated data in Fig. 4.10.

The disagreement between the simulated results and measurements in Fig. 4.10

are related, therefore, to a lighter dose predicted in the one-dimensional process

simulation or to the inaccurate estimation of the two-dimensional distributions of

71- and p+ impurities. The PISCES results were obtained from the one-dimensional

low Vp impurity profile in Fig. 4.6 extended analytically to the lateral dimension.

Two-dimensional implantation and diffusion models and simulators will yield better

agreement between measurement and simulation. The electrical characteristics of

the low Vp JMOS are sensitive to the two-dimensional distribution of the n- and p+

diffusions in Fig. 4.11. Simple cylindrical aproximations to this distribution may not

reflect the physical diffusion effects present in the JMOS two-dimensional channel.

As the low Vp two-dimensional device simulations in Chapter 3 indicated, a low

Vp JMOS can exhibit considerable JFET short-channel effects, as is apparent in

Fig. 4.10 where the measured output conductance of the saturated JMOS at large

VGs bias is the result of the draM potential punching through the JFET channel.

This can be explained by the fact that most of the applied drain bias drops along

the short length of the n- region at large 17-GS . Given the low doping in the channel

of the low Vp JFET; this punclithrough is to be expected. The JFET channel length

can be estimated as

— (fi x jn +	 f2X
	 (4.2)

where the lateral junction depths in Fig. 4.11 are a fraction fi and f, of the vertical

junction depths of the n + and p+ diffused layers, respectively. As discussed in Chap-

92



;,,V7gleri•k7s,

Figure 4.11: CROSS SECTION OF THE JFET DRAIN REGION.

ter 3, simulation results obtained from the analytical models of SUPRA indicated

that fi is in the 0.4 to 0.5 range because the boron concentration at the JFET sur-

face is higher than the background ir concentration in the n+ I p- source junction

and that f2	 0.6. The JMOS technology ensures that x.in, > x4+ as shown in

Fig. 4.6; otherwise, an n-p-n bipolar transistor would impede current flow out of the

JMOS drain. Based on SUPREM estimates of x j„,_ and a! Jo_ for the devices herein

reported, the correction factor inside the parenthesis in Eq.( 4.2) should be less than

800 Aso that the JFET channel length Lj is in the range of 0.3 to 0.4 pm. Because

Lj is less than twice the p+ and n+ junction depths, the JFET-controlled current

path in the drain region is highly two-dimensional as indicated in the geometry of

the IL- region in Fig. 4.11. This geometry assigns a two-dimensional character to

the electrical effective JFET channel length and pinchoff voltage.

The measured data in Fig. 4.10 are in qualitative agreement with the simula-

tions of the low Vp device discussed in Chapter 3. At large VGs, the JMOS drain

current saturates as a result of the limitation of the pinched-off JFET current ca-

pability. The JFET pinchoff current Ip reaches a maximum	 experimentally

determined for devices with Lgate = 2 pm. At VsuB 0 V and VGs = Vas =5 V,

93



this saturated JMOSFET 'Ds is	 241LAAtm and is virtually independent of

the intrinsic MOSFET channel length or polysilicon gate bias so that the JFET

acts like a current limiter in the device structure. This current-limiting action is

qualitatively the same as described in Chapter 3 for the simulated low Vp device

with tor = 200 A and VT, = —1.6 V; at (VT, — VsuB) = —0.6 V the PISCES result for

this low Vp JMOSFET is /Ds,.., 37pA/pm. Because, as discussed in Chapter 3,

-I-VD, ( VGS) 4° I VSUB I 2P	  OC I Vp i [1

1Obi — VT/
(4.3)

the 50 percent difference between the measured and simulated .4 reflects mostly

the 50 percent higher IVA (2.6 V) for the low Vp device simulated in Chapter 3 than

for the experimental WA	 1.6 V of the fabricated low Vp device. Both structures

have similar Q„ t , and the sidewall length is 500 A shorter in the simulation, The

structural differences (thinner gate oxide, higher substrate doping for the simulated

device) do not have as strong impact on the maximum drive in the low Vp JMOS

design as the JFET pinchoff voltage and n- net impurity dose in the JFET channel.

A W/L = 50/2 low Vp JMOS is compared to a conventional MOSFET of the

same drawn gate length in Fig. 4.12. The JMOS effective channel length is 	 pm

shorter than the measured length of its conventional counterpart on the same chip.

The low Vp JMOS characteristics (dashed lines) show the reduced current-drive

capability caused by the introduction of the drain JFET with low pinchoff voltage.

Comparing these two devices, the maximum current drive in the JMOS device at

Vcs = VDS = 5 V is observed to be comparable to the current drive in a conventional

device at VGS = VDS = 1 V. The comparison is based on the shortest NIOSFET

channel length used in a 2 pm (minimum rule) technology for which the impact of

the series JFET in terms of the current-drive capability is the greatest. The degree

of current limiting by the JFET in the low Vp design implemented in the experiment

is more than would be desired in an actual VLSI application. Its characteristics are

shown here to illustrate the JFET action as the two active devices are merged into

a single LDD-like drain structure.

Figure 4.13 plots the effect of JFET saturation on the measured transconduc-
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Figure 4.12: COMPARISON OF MEASURED	 — Vas' CHARACTERISTICS

OF A LOW Vp AND A CONVENTIONAL DEVICE. Both have the same drawn

(TV/L) = (50/2).

tance of short-channel JI\40S transistors by comparing; their transconductance/gate-

voltage characteristics to those in the conventional MOS transistor. The transcon-

ductance of devices with the same drawn channel length is measured in saturation

at Vas = 6 V. The low Vp JMOS has an n- channel region of high sheet resistance

(.-__-_ 5.8 kS-2/o measured value) and, therefore, a low pinchoff current. Saturated

transconductance reaches a maximum at low VGs and drops at higher VGs. At in-

creased gate voltages, JMOS transconductance is negligible which reflects the sat-

uration of the drain JFET and its current-limiting characteristics. In the medium

Vp JMOS design with a measured n- sheet resistance of 	 1.7 kS-2/0, the current-

carrying capability of the drain JFET increases and transconductance is maximum

at larger I/GS. Its saturated transconductance at Vs= 5 V is still approximately

half of the conventional device transconductance for the same channel geometry, as

illustrated in Fig. 4.13. The effect of reduced transconductance on the I-V charac-
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Figure 4.13: COMPARISON OF SATURATION REGION TRANSCONDUC-

TANCE AT VDS = 6 V IN TWO JMOS DESIGNS AND A CONVENTIONAL

DEVICE. Low Vp	 and medium VP (- - -) design. Devices have the same

drawn (W/L) = (50/1.73),
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teristics of a medium VI, structure with a drawn channel length of 2 pm can be seen

in Fig. 4.14, where the medium Vp LAT is compared to that of a conventional device

of same drawn channel length. For gate voltages up to 3 V , both have approximately

the same current-drive capability.

Velocity saturation in micron-sized transistors is responsible for transconduc-

tance saturation in the conventional device at large drain bias. This phenomenon

has an important impact on VLSI performance. The gm-176s curve for the conven-

tional device with Lef f = 1.25 pm (solid line in Fig. 4.13) deviates considerably

from the first-order linear dependence on IrGs—VT at gate voltages as low as 1 V

and reaches a maximum at VG'S = 5 V. The theoretical limit for MOSFET saturated

transconductance is

20
gnisAT	 .147.1.t Cox (v)	 toz(	 A) (mS/pm)	 (4.4)

where the average carrier velocity in the channel (v) is	 6 x 106 cm/sec and

t„ is measured in angstroms. For correctly designed VLSI MOS transistors, the

longitudinal fields along the current path must be low enough compared to the

gate-induced fields to maintain long-channel behavior. Under normal operating

conditions, therefore, the average saturated velocity limit in Eq.(4.4) seldom reaches

the bulk scattering-limited velocity, because the channel carriers are not accelerated

by fields with an intensity larger than the critical field EcniT for velocity saturation

over the entire channel length. In the channel end closer to the drain, the field

intensities under saturation bias are much larger than EcRIT and rapidly fall off

toward the source end. Measurements of gm in a deep submicron device (L DRAWN

0.75 pm, Lef f = 0.3 + 0.1 pm) saturated at VDS = 5V yielded (v) = 7 x 106

cm/sec for a measured saturated transconductance of 61 pS/pm width. Such a

device, however, exhibits considerable short-channel effects as a result of the lateral

encroachment of the drain field under the MOSFET channel because the 2 pm

400 A technology is not properly scaled for submicron effective channel lengths.

The saturation transconductance in a correctly scaled conventional device with

Leff = 1.25 pm ( solid line in Fig. 4.13) reaches close to the limit of 2.5 rnS predicted

in Eq.(4.4) before beginning to decrease at large gate bias because of the effect of
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Figure 4.14: COMPARISON OF MEASURED IDS VDS CHARACTERISTICS

FOR A MEDIUM Vp JMOSFET AND CONVENTIONAL DEVICE. Both have the

same drawn (WI L) = (50/2),

series source resistance at larger drain currents.

The IDS VDS characteristics of a high Vp JMOSFET are compared in Fig. 4.15

to those of its conventional counterpart on the same chip. The medium and high Vp

JMOSFETs have /pm., = 200 and 320 itAbtm width, respectively. This maximum

pinchoff current is measured at large VGs bias (VGS = 12 V, VDS = 5 V) where JMOS-

FET transconductance becomes negligible as the JFET current-carrying limit is

reached by pinning the JFET gate-to-source drive at a value [ VSUB — VD ( VG S Leff )].

In the high 1 p design in Fig. 4.15, /p„,ax is larger than the best-case 200 ILA/ ,um

current-drive capability of the conventional enhancement-mode n-MOS devices built

with a 400 A gate oxide, 2 tan technology, and operating at 5 V. This current

drive was measured in a conventional device with a 1.5 Ian effective channel length

and biased at 17Gs=-- VDs =5 V. For larg

JMOSFET saturation-current limit is determined by the velocity saturation of the

e Vas bias in a short-channel MOSFET, the
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Figure 4.16: PISCES-SIMULATED EQUIPOTENTIAL CONTOURS OF THE

HIGH Vp JMOS DEVICE. Effective channel length Leff 0.8 pm and t„. 400 A.

The JMOSFET is biased in saturation at VGS= 4V and VDS = 5 V.

inversion carriers, as in the conventional devices.

In the high Vp structure in Fig. 4.15, IDS., is the same for both conventional

and JMOSFET devices. Here, the drain JFET operates in its linear region and the

device serves as a buried LDD region. Figure 4.16 shows the equipotential contours

of a high Vp device with Leff 0.8 pm biased in saturation at VGS = 4 V and VDS

5 V. The JFET n- region is not pinched off, and the 72.- p+ depletion-region edge

extends onto the surface under the MOSFET gate. Current saturation is the result

of velocity saturation in the MOSFET channel as it is in conventional micron-sized

devices. The considerable series-resistance contribution of the cylindrical portion of

the JFET channel is indicated by the thinning of the neutral region in the lateral

11. — region.

In Fig. 4.17, the simulated I-V characteristics in a high Vp JMOSFET with

L DRAW N = 1.5 pm are compared to those measured in a high Vp JMOSFET of

the same drawn channel length. In the low drain-bias region, where the series

JFET resistance most strongly affects the current drive, the simulated I-V under-

estimates the current by as much as 50 percent. In the saturation region where the

current-limiting effect is the velocity saturation in the MOSFET channel region, the
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LATED (DASHED LINES) I-V CHARACTERISTICS OF A HIGH Vp DEVICE
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	 aA

-disagreement between simulated and measured data is somewhat less; they agree

on the value of saturated transconductance for high drain bias which is insensitive

to the actual JFET profile when device current saturation is related to carrier ve-

locity saturation. The comparison indicates that the actual 	 doping profile in the

two-dimensional JFET region is higher than that used in the simulation. A lighter

n- dose increases the linear region ON-resistance of the buried LDD region, as the

simulated data indicate in the low drain-bias region in Fig. 4.17.

In the comparison of the data from the high Vp JMOS and the conventional

device in Fig. 4.15, the saturated transconductance of the high Vp JMOS up to a

5 V gate bias is not degraded by the series drain resistance in comparison to the con-

ventional device because only the source series resistance can actually influence the

saturated transconductance. This resistance is equally low for both the conventional

and the JMOS structure with asymmetric S/D. The linear region transconductance

is affected by both the drain and source series resistances. It can be seen in Fig. 4.15

that the increase of ON-resistance in the high Vp JMOS considerably degrades the

linear region characteristics of the JMOS (dashed line), when compared to its con-

ventional counterpart (solid line). Drain series resistance in the high Vp JMOS was

determined to be 10kQ1un in excess of the conventional transistor series resistance,

by using the measurement procedure of Suciu [4.13]. In the simulated device in

Fig. 4.17, such series resistance is much higher (35kRtim) and, as a result of this

discrepancy, the simulated current drive is lower than in the experimental high Vp

JMOS. The measured sheet resistance of large-geometry 71- pinched resistors in the

high Vp process is 1.2 k.C2/q , as shown in Table 4.2, For an estimated JFET length

of 0.4 ,um, the total calculated series resistance is approximately p,Li = 480 Qi/771.

It can be concluded, therefore, that the n- buried LDD contribution to the series

drain resistance does not account for the series resistance increase in Fig. 4.15. The

major contribution to ON-resistance originates in the lateral n- region.

To probe further into the effect of the series JFET both the JMOS and JFET-

MOSFET devices with mask-defined JFET channel lengths were fabricated on the

same chip, using mask S (Table 4.1) to define the JFET length with the arsenic
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Figure 4.18: I-V CHARACTERISTICS OF A MASK DEFINED JFET-MOSFET.

Drawn geometric ratios in the insert are in microns; MOSFET VGs steps from 0 to

5V, AVGs = 1V.

(II) n+ implantation. The length Lj for the mask-defined JFET-MOSFET is not

determined by self-alignment to the sidewall edge, as illustrated in Fig. 4.11, but

is set by mask layout. In other respects, the sidewall merging of the JFET and

MOSFET is identical in these test devices and in the self-aligned JMOS. The I-V

characteristics for a mask-defined JFET-MOSFET are shown in Fig. 4.18 where its

equivalent circuit, biased at VsuB = 0 V, appears in the insert. The mask-defined

JFET has a long Lj = 50 pm, and the MOSFET drawn gate length is 1.5 pm;

both have the same channel width. At high VGs, the output resistance saturates

at Rj Rm, where the N1OSFET equivalent resistance Rm 140 Q was estimated

from measurements in a conventional MOSFET with L = 1.5 pm on the same chip.

The resistance attributable to the square (50/50) high Vp JFET was extracted

from the I-V characteristics in Fig. 4.18 as Rj = (DVD/O/Div.„) — Rm 2k.Q.

Because the output conductance of the mask-defined JFET-MOSFET is constant at
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VGS VT, the long square JFET contribution to the mask-defined JFET-MOSFET

output resistance is approximately the value of its measured p,. Based on van

der Pauw measurements of the sheet resistance p, of the pinched- resistors, the

parasitic series resistance contributed by the sum of the contact resistance and the

resistance of the cylindrical portion of the JFET channel in Fig. 4.11 can be as

high as 800 f x 50 pm = 40 kQpm. Parasitic resistances measured in small JMOS

devices that incorporate a JFET under the sidewall gate were lower by a factor of

4 to 5 because, in the mask-defined JFET-MOSFET with a 50 pm JFET channel

length, the drain bias is truly decoupled from the source side of the JFET. This does

not occur in the in the short drain JFET in the JMOS devices where considerable

short-channel effects intervene.

The high-dose (2.2 x 10 11 cm') p+ JFET gate implant could increase -series resis-

tance beyond that of the pinched n- series JFET through two possible mechanisms.

First, a higher compensation of then region in the lateral direction increases the

series resistance; such an increase due to the cylindrical portion of the series JFET

(Fig. 4.11) cannot be accounted for in the n - p, measurements in large-geometry

test structures. In this region, the n - doping could be lighter than predicted by the

one-dimensional or two-dimensional SUPRA diffusion models. Two-dimensional dif-

fusion effects that occur during the 900°C anneals that follow the p+ implant could

lead to overcompensation of the JFET n- cylindrical channel region. The second

possible mechanism to explain the high JMOS series resistance in the high Vp case

is the increase of the contact resistance of aluminum(1%Si) metallization to the n+

drain diffused layer. The n+ arsenic-drain is implanted after the p+ region so as to

compensate the p+ boron doping and to form the conventional low-resistance drain

diffusion. The simulated SUPREM profile for this JFET drain, after compensation

through n+ As ion implantation, is shown in Fig. 4.6. The high-close boron diffusion

is only 1000 A shallower than the As n + diffusion. The actual mechanism by which

the metal contacts to this double-implanted layer could be degraded is not known.

Most of the devices, even conventional n+ As drain MOSFETs, fabricated in the

high VI, JMOS experiment had higher contact resistance than devices from wafers
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Figure 4.19: LINEAR REGION THRESHOLD SHIFT AS A FUNCTION OF EF-

FECTIVE CHANNEL LENGTH. VT extrapolation measurement at Vas=100mV.

in the low Vp experiment.

The 1050°C n- drive-in step results in a fairly deep n- junction in the high Vp

structure	 0.7prn based on the simulation results in Fig. 4.6). Considerable diffu-

sion of the channel implants for VT adjustment and punchthrough suppression also

occurs. Scaling indicates that the S/D junction depths should be as shallow as tech-

nologically possible and provided that the diffused-region series resistance is held

under acceptable limits. A JMOS optimized for technologies with Leff < litm

must use shallower junctions. The threshold-voltage shift in the short-channel

regime, in turn, should be controlled by an appropriate choice of oxide thickness

(I Y ig	 5

BIBLICTECA
VD/PGCC
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and punchtrough-suppression implant close. For the technologies chosen in this ex-.
periment, all devices displayed a linear region short-channel VT shift of less than 100

mV down to Leff 1.25 pm as shown in Fig. 4.19 for conventional (•), high Vp (o),

and graded S/D (d) devices. The effect of higher junction depths in the JMOS and

graded S/D devices on the short-channel threshold shift is of second order. This

is expected for the linear region threshold measured under strong inversion, where

drain bias is low and the electrostatic potential varies gradually along the channel.

The threshold shifts measured in the linear region follow a AVT a Leif dependence

down to 1 [cm effective channel lengths, which is in agreement with Nguyen's [4.14]

theoretical model for which
estor

VT = 	 	 (4.5)
FoxLef f

where rci, is a proportionality constant. The VT measurement in Fig. 4.19 assumes

that threshold voltage is obtained by linear region (VDS = 0.1 V) extrapolation of

the Ips — VGS curves at maximum transconductance gm = d-rDs/ dVGs . This is an

arbitrary but useful definition of a strong-inversion threshold. The effective channel

lengths were measured according to the procedure described in Appendix A, with an

error of +500 A. The linear dependence on L e-flf observed by fitting the data points

(clashed line in Fig. 4.19 ) is verified for effective channel lengths down to 1 fan. For

shorter lengths, the encroachment of the built-in source and drain fields accounts

for the greatly reduced threshold voltage. In this region, VT becomes very sensitive

to Leff , thereby resulting in a larger spread of the threshold-voltage distribution.

4.3.2 Substrate Current

Figure. 4.20 compares the lod/su B ) vs VGS characteristics of a conventional and

a low j p JMOSFET (same device as in Fig. 4.12), both with drawn WI L = 50/1.5.

The normal substrate current characteristics [4.15] are observed in the conventional

MOSFET. Its bell-like shape indicates that the substrate current is mostly the

result of holes generated by impact ionization occurring as carriers traverse the

high-field region under the gate in the drain end of the device. The JMOSFET

substrate current is almost independent of gate voltage, is not triggered by channel
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Figure 4.20: SUBSTRATE CURRENT VS Vas IN CONVENTIONAL (SOLID

LINE) AND LOW V„ JMOS (DASHED LINE) at VDs=3,4,5 V. Drawn

(W/L) = (50/1.5) in both devices. Low Vp Leff = 0.8 pm and conventional

Leff = 1.0 pin.

current, and is more than 2 orders of magnitude lower than the peak value of 'SUB

in the conventional device. Except for the bias regime in which the conventional

MOSFET is well into its linear mode of operation (VGs>VDs, where the inversion

layer extends from source to drain n+ regions and reduces the longitudinal field

strength in the drain end of the channel), the JMOS IsuB is less than the impact

ionization substrate current in the conventional MOSFET.

Drain diodes fabricated on the same chip with different area/perimeter ratios

confirmed that the JN1OS substrate current in Fig. 4.20 is predominantly p +/n+

sidei,vall diode leakage. Because the drain-substrate leakage is fairly independent of

channel current, it is independent of poly-silicon gate length and MOSFET gate bias

and scales with device width to a typical room temperature value of —300 pA/pm

at a drain-to-substrate bias VDB = 5 V. In JMOS designs with higher n- and p+
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Figure 4.21: COMPARISON OF REVERSE CHARACTERISTICS OF

SOURCE/DRAIN DIODES IN JMOS DEVICES. Drain diodes of high, medium,

and low Vp devices are indicated by curves A, B, and C, respectively. The JMOS is

in the MOSFET subthreshold regime. Channel width is 50 pm.
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doping densities, zener leakage under the same conditions can increase by orders of

magnitude when tunneling becomes important and can reach a typical maximum

of 500 nA/pm when both sides of the sidewall junction are degenerately doped.

Figure 4.21 compares the n+/substrate leakage of the diode on the source side of

the high Vp JMOS with no sidewall it+ I p+ junction and of the diode on the drain-

JFET side of the high 17p JMOS (curve A), both in the same transistor structure.

All transistors have a 50 pm channel width. The sidewall junction increases the

leakage by many orders of magnitude and, in the drain end, it leads to the "soft"

leakage characteristics of low reverse biases in the three JMOS designs studied

(curves A, B, and C) caused by the field emission of carriers in the high fields of

heavily doped junctions. High sensitivity to p+ doping levels are expected in shallow

n+(arsenic)/p(boron) junctions with p-doping levels above 1018cm-3 [4.16]. Curve

A in Fig. 4.21 denotes the drain diode of the high 17p JMOS with the highest p+

doping level, and curves B and C represent the JMOS with medium and low 17p,

respectively. These measurements confirm the sensitivity of the leakage current to

p+ doping and verify that an optimal JMOS design must pay particular attention

to the p+ doping profile if substrate current is to be minimized.

The impact of the p+h+sidewall junction in the drain breakdown voltage of

micron-sized JMOS devices is illustrated in Fig. 4.22. In the conventional device

(dashed line) with a 0.5 pm effective channel length, the drain breaks down at

VDB =7.5 V and, in the high V. device with the same Leff , the breakdown occurs at

VDB = 6 V. There is considerable punchthrough current in the conventional device

beyond 6 V because of its short channel. Drain-induced barrier lowering in both

short-channel devices is indicated by the drain output conductance at VGs= 0 ,-1 V.

The JMOS has a more characteristic junction breakdown as a result of the p+ 72,+

sidewall junction. True junction breakdown in MOSFETs is indicated by sharp

"knees" at the drain breakdown voltage VBD and by the slight increase in VBD with

VGs caused by the spreading of the drain fields in the pinchoff region as the gate

voltage increases.

Device simulations with GEMINI and SUPRA profiles predicted sidewall-junction
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Figure 4.23: GEMINI SIMULATED EQUIPOTENTIAL CONTOURS AT THE n+

DRAIN TO p+ SUBSTRATE SIDEWALL JUNCTION AT BREAKDOWN.

breakdown at 6 V, which is in close agreement with the experimental results. The

equipotential contours (solid lines) at the sidewall junction under breakdown bias

(VGs = 0 V, VDS = 5 V, VSUB —1V) are shown in Fig. 4.23. Field intensities in

excess of 600kV/cm leading to breakdown develop in the Th+ drain to p+ substrate

sidewall junction.

4.3.3 Gate Current

Very sensitive gate current measurements were obtained at the wafer level by

utilizing a floating-gate-induced drain-current relaxation technique [4.17] as illus-

trated in Fig. 4.24. The MOSFET is probed and biased. At time i = 0, the gate

probe is lifted which leaves the gate electrode floating. The decay of the source-

drain current with time is monitored by the ampercmeter while the drain bias is

held constant. The typical ID decay with time in Fig. 4.25 indicates the discharge

of the gate-electrode capacitance. Applying this technique, the hot-carrier-induced

current collected at the gate electrode can be measured. 'When the electron current
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Figure 4.24: SETUP FOR THE FLOATING -GATE INDUCED DRAIN CUR-

RENT RELAXATION MEASUREMENT. Lifting the gate probe opens the switch,

and ID (t) is monitored.

originating in the high-field region in the drain is collected at the floating gate, the

drain current decays with time. Hot-hole gate current has also been measured in a

conventional n-MOS biased at low VGS just above threshold [4.18,4.19]; in this case

ID (t) actually increases instead of decaying as illustrated in Fig. 4.25.

The relation
dVG	 dVG dID

CG 	 = C	 (4.6)
dt	 dID

enables the determination of IG (t) from the decay ID (t) at any given Vas bias after

the functional dependencies CGT (VG ) and /Ds(VGs)11,,,, are measured; here, CGT

is the total capacitance on the gate electrode. The characteristics /Ds(Vas)ivps

in a conventional device with IV/L eff = 50/1.5 are plotted in Fig. 4.26. In small

transistors, the total capacitance of the gate electrode is

CGT ( VG) CGATE	 Cp CC°	 (4.7)

where CGATE is the MOSFET polysilicon-gate capacitance and C„ is the parasitic

capacitance of the gate electrode, consisting of the pad and the wiring capacitance.
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Figure 4.26: DRAIN CURRENT AND TRANSCONDUCTANCE DEPENDENCE

ON VG s . These characteristics were measured to obtain the value of gm° used to

estimate the gate current IG(t 0).
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In the short-channel test transistors, Cc,. is nearly gate-voltage independent because

of the dominance of Cp over the capacitance of the polysilicon gate over thin oxide.

In the device in Fig. 4.25, Cp	 0.16 pF and CG0 f-'2. 0.21 pF. Equation (4.6) can

be rewritten in two convenient forms to yield the gate current at the initial bias

condition (VDS ,VGQ ) at time t = 0,

Ico	 ddit t 0	 VG° VGINT
/Get = 0) = CGo	 CG'o

gm° 	TO
(4.8)

where gmo and VG,,,,T are the measured transconductance and gate-voltage axis

intercept, respectively, as shown in Fig. 4.26, and To is the measured time constant

in Fig. 4.25.

Resolution below 10- 18A is possible with this technique if CG0 is kept small

and the slow drain-current decay rates can be measured down to 10- 9 "A/sec. To

measure the low drain-current decay rates, even small variations in the contact

resistance over several minutes must be minimized in the probe-to-wafer source and

drain contacts. This can be accomplished by reducing the mechanical vibrations in

the probe station during ID(t) measurements.

The gate currents of transistors fabricated side by side on the same chip are

compared here because small structural or doping variations can lead to invalid

comparisons. Figure 4.27 compares the gate currents measured as a function of

Vos in a conventional device and in the low tip JMOSFET in Fig, 4.12 on the

same chip. The characteristic bell-shaped peak formed by the conventional device

curve has been attributed to lucky channel hot carriers (CHE) [4.20,4.211 while the

JMOSFET gate current is below the noise level in the measuring apparatus. This

extreme reduction in gate current in the low Vp JMOS is the result of the lower

internal drain voltage VD, in the MOSFET because of the presence of the series

JFET even though the external VDS was 7 V in this measurement. In Fig. 4.27, the

gate current in. the graded S/D device on the same chip is an indication of reduced

impact ionization caused by drain profile grading only. The drop in JMOSFET

gate current is clearly the result of a lower VD in addition to junction grading.

This is consistent with the I-V characteristics in Fig. 4.12 and the substrate current
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DEVICES. Both have drawn (WM = (50/2). Conventional Leff = 1.5 itrn,

JMOS Leff = 1.3 pm; VDs=7 V and VSUB = 0 V. The graded S/D device with

Leff -= 1.1 pm is also shown.
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characteristics in Fig. 4.20; both of which indicated that the JFET drain supported

most of the drain bias and that impact ionization was negligible under the gate of

the low Vp JMOSFET, respectively.

Figure 4.28 compared the gate currents of devices on the same chip of a high Vp

wafer measured at VDS= 6 V. This drain bias is a few hundred mV lower than VBD

in the high Vp transistor, as indicated in Fig. 4.22. Effective channel lengths are

1.25 pm in the conventional MOSFET and 1.0 pm in the JMOSFET. In the CHE

IG peak (at VG	 D s) the reduction obtained by the high Vp JMOS is relatively

small. At lower gate voltages where impact ionization is more intense in conventional

devices, however, there is an approximately one order of magnitude decrease in /G

measured in the JMOS structure. It is clear in Figs. 4.27 and 4.28 that, as the

JFET pinchoff voltage is lowered, the JFET increasingly limits the overall device

current but improves the gate current resulting from hot carriers.

4.3.4 Speed Performance

Ring oscillators with fan-in=fan-out=1 were built on the same chip to bench-.

mark the speed performance of the two JMOSFET designs vs conventional devices.

The 21 inverter stages were n-channel enhancement-mode / depletion-mode types.

Depletion- and enhancement-mode JMOSFETs were employed in the JMOS in-

verter stages. All ring oscillators had the same drawn geometries ( 12/3 drivers,

8/8 loads). Figure 4.29 plots the oscillation period as a function of supply voltage

in two wafers. The speed performance of the low V, design (dashed line) is much de-

graded compared to the speed of the conventional device ( q ). This degradation is

expected because the drive capability of the JMOS inverter stage is severely limited

by the low Vp drain JFET as demonstrated in Fig. 4.12.

The speed of the high Vp JMOS ring oscillator (solid line) is comparable to the

conventional design on the same chip (o). The slight speed-up of this JMOSFET

is solely attributable to the smaller Leff of the transistors	 0.25 pm shorter)

and is within the wafer-to-wafer variation of the speed performance of conventional

devices; wafers in the low Vp experiment had better contact resistance than those
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in the high Vp experiment, which resulted in slightly improved speed performance,

as indicated in the data points marked ( q ) vs (o) in Fig. 4.29. In E/D circuits, the

average pull-up output current normally increases sublinearly with supply voltage.

For this reason, the larger logic swing at higher supply voltages results in a slower

ring-oscillator speed as VDD increases as illustrated in Fig. 4.29.

The introduction of the p+ region in the JMOSFET drain has the positive effect

of reducing the gate-to-n+ -drain feedback capacitance CGD but at the expense of

increasing both drain-to-substrate junction capacitance CDB and gate-to-p+ over-

lap/fringing capacitance CGSUB-

4.4 JMOS Structure Evaluation

The JMOS structures studied have demonstrated the basic advantages of this

design. First, the maximum effective MOSFET drain bias can be set, independent

of the maximum externally applied drain and gate bias that can be set at effectively

higher voltages. This property is advantageous because of the pressing need, caused
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by hot carrier effects, for voltage reduction in conventional submicron MOSFETs.

Second, the JMOSFET lightly doped drain region can be engineered without the

normal reliability constraint imposed on conventional LDDFETs because of hot car-

rier injection under the sidewall; reliable LDDFETs require Ns > 1018cm-3 in the

n- region, and the buried it- region in the JMOSFET can be more lightly doped to

meet the designer's choice of JFET V. Third, the advantages of channel longitu-

dinal field reduction by drain junction grading are common to all LDD structures;

they are also common to the JMOSFET plus the additional advantage of driving

the channel current away from the Si/Si02 interface in the high-field drain region.

These three features also further minimize charge injection, trapping, and insta-

bilities associated with the gate oxide. Based on the proven correlation between

gate and substrate currents and device reliability in both conventional and LDD

devices, submicron JMOSFETs are expected to have good endurance under hot

carrier stress.

The implementations of the JMOSFET device have revealed other areas that

require further improvement so as to address the detrimental effects of a shallow p+

implant in the drain n- region. First, the breakdown voltage of the sidewall n+ p+

junction at 6.5 V and the associated junction leakage observed at 5 V make drain-

to-substrate leakage unacceptable for dynamic circuit applications. A phosphorus

n+ region self-aligned to the sidewall oxide or a slight	 0.2pm) anisotropic silicon

etch-back prior to arsenic n+ implant to grade or eliminate the n+ p+ sidewall

junction are possible technology implementations that could resolve this problem.

The alternative of a silicon etch-back to remove the p+ diffusion after sidewall

formation also prevents other potential problems caused by the compensation of

the p+ DF2 implanted layer on the resistance of the metal to the 7-1,+ drain contact.

Second, a symmetrical JMOSFET is negatively affected by a further reduction of

effective transconductance resulting from an increase in series source resistance Rs

because
gyn,

gmaym = 1 +
(4.9)

where gY71.7 and gni,„, are the JMOSFET and symmetrical JMOSFET effective
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transconductances, respectively. This implies that an additional mask is required to

eliminate the p+ region on the source side. Third, process complexity and control

are relevant factors in the comparison of the JMOSFET and more conventional de-

signs. A self-aligned active device under the oxide spacer that controls the current

drive of the JMOSFET makes oxide spacer process control even more necessary.

Cross-sectional scanning electron microscopy is not a pratical process monitor, and

test structures have been developed only recently to monitor electrically the effective

sidewall-spacer width [4.22]. The addition of at least one extra masking step with

worst-case alignment tolerance of L gate /2 is another drawback of the JMOSFET in

its asymmetric implementation.

4.5 Summary

The JMOSFET, a modified LDD structure, has been successfully implemented

and experimentally demonstrated. It provides device designers with performance

tradeoffs somewhat different than earlier LDD devices. The comparison of measured

and simulated results revealed that the critical parameter in optimizing the JMOS

is the doping profile of the drain JFET region. Although low Vp devices with light

71,- dose show poorer do and ac performance, they substantially reduce the high--

field-related currents. Experimental higher Vp JMOS devices share the advantages

of the LDDFETs in terms of junction grading, and they also bury the drain current

away from the Si/Si0 2 interface. By constraining the longitudinal E-field peak away

from the Si0 2 /Si interface, the JMOSFET minimizes hot carrier injection into the

oxide (evident in the gate and substrate current characteristics) and should reduce

also the reliability problems associated with that injection.

The JMOS can be optimized for a given minimum effective channel length, oxide

thickness, and supply voltage. It resolves some of the reliability problems in LDD

devices with peak doping densities below 1 x 10'cin- 3 related to injection into the

sidewall oxide.

The results indicate that, with optimization of the drain JFET, this new device

can perform well in VLSI applications and can maintain its hot-carrier-resistant
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properties in submicron 5 V supply circuits. An improved JMOS structure should

address the need for a shallower JFET and for the elimination of the sidewall

substrate leakage. As in all LDD structures, improved device reliability has been

achieved but at some expense in performance. There are advantages in maintaining

5 V operation in micron-sized devices, however, and the advantages of CV scaling

can then outweigh this performance loss.
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Chapter 5

JMOSii	 Optimization

5.1 Overview

The experimental results described in Chapter 4 demonstrated that the JMOS-

FET minimizes hot carrier injection into the oxide. The earlier experimental devices

proved that the JMOSFET can be designed to virtually eliminate gate current at

a substantial cost in performance or to moderately reduce it at a minimal cost,

compared to similarly fabricated conventional devices. It is important, therefore,

that the JMOSFET be designed for the most favorable trade-off between reliability

and performance for any given scaled technology and supply voltage. This chapter

introduces methods developed to maximize the benefits of the drain voltage-limiting

properties and performance of JMOSFETs as they are scaled to submicron channel

lengths.

5.2 Optimization Methodology

The first step in the optimization procedure is the selection of MOSFET param-

eters in accordance with known constant-voltage scaling principles. The technology

constraints normally imposed on VLSI MOSFETs to ensure their correct long-

channel behavior are taken into account. The second step is to design the JMOS in

such a way as to optimize its reliability and performance for the gate oxide thickness,

minimum gate length, and supply voltage selected in the first step. As indicated

by the experimental and simulation results, the two basic do indic ators of JMOS
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performance are its saturated-current capability and its linear region ON-resistance.

The two parameters to be optimized are the JFET Vp and the pinchoff current /po;

they are dependent on the impurity profile N(y) in the JFET channel, the side-

wall oxide length, and the two-dimensional distribution of impurities in the lateral

portion of the JFET. The reliability of MOSFETs is strongly correlated to the max-

imum electric field strength in the current path of channel carriers in the vicinity of

the Si/Si02 interface; the field strengths in excesss of 100kV/cm are proportional

to (VDs — VDss.t) in saturated MOSFETs. Based on these empirical findings, the

purpose of optimization is to reduce the electric fields close to the MOSFET drain

by limiting its effective drain bias VD% at a small cost in performance.

This second step in the optimization process has two points of departure. First,

the one-dimensional JFET profile is optimized by determining the maximum current

capability for a given V. Second, the one-dimensional profile that yields good JFET

characteristics must be tested in two-dimensional device simulations to verify the

effect of the two-dimensional distribution of the n- profile on the current capability

and ON-resistance of the JMOS.

5.3 Scaling of MOSFET Parameters

The MOSFET parameters must be scaled appropriately to satisfy the require-

ment of long-channel behavior for devices with a minimum effective channel length;

These parameters are t„, Nsu 13, and xj. In the JMOS, the drain n- p- junction

is deeper than the source junction. The maximum n- junction depth must be a

fraction fj of the minimum effective channel length to minimize two-dimensional

field effects; that is,

ix < f2„- — (5.1)

The practical values for fj in VLSI devices range from 0.1. to 0.5. The n-

junction depths in the experimental JMOS discussed in Chapter 4 are particularly

deep because of the 1050°C m phosphorus drive-in step. The requirement for a

p+ JFET gate on top of the lightly doped n- region in the JMOS drain leads to
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deeper 17 in _ than those in conventional LDDFETs. Creating shallow p+ junctions

is difficult with conventional implant and furnace-anneal technologies and, for this

reason, fj in JMOS devices ranges from 0.4 to 0.5. The experimental data for

short channel threshold shifts and effective channel lengths measured in Chapter 4

yielded	 = 0.53 for the deepest junction (high I 7p design). Heavily doped shallow

p+ and 71+ junctions where si < 0.1 pm and with device-worthy sheet resistance

and leakage properties can be achieved with rapid thermal annealing or with more

recently developed techniques such as laser doping [5.1,5.2]. These techniques could

reduce considerably the Li parameter in the JMOSFETs

The maximum gate oxide thickness should be a fraction of the bulk depletion-

region depth in the virtual-cathode plane of the device under strong inversion, and

this depth depends on the effective channel length, channel doping, S/D depletion-

region width, and the depth of the S/D junctions. As a result, the maximum

VsB and VBB biases, substrate doping, junction depth, and oxide thickness must

be established at any given scaling generation to ensure long-channel behavior.

The empirical scaling rule of Brews [5.3] presented in Chapter 2 sets the minimum

effective channel length as a function of the technology-driven parameters at

Lorin = Aki ox(d.is	 did ) 2 } 1/3	
(5.2)

This relationship was empirically fitted to simulated and measured data in conven-

tional MOSFETs. The definition of acceptable short-channel behavior is somewhat

arbitrary; in Eq. (5.2) its principal definition is the IDS — VGs shift in the sub-

threshold characteristics. Using a less stringent definition of Lmir, below which

short-channel behavior is unacceptable, the empirical constant A was recalculated.

Based on 'the linear region Al7T = 100 mV criterium instead of the subthresh-

old current-shift criterion, A = 0.25 23I -1/3 fits the data point L min = 1.25 pm,

tor = 395 A, xi = 0.3 ,um (the 2 pm technology parameters of the process described

in Chapter 4). The AVT data for this 2 ,um technology and the computer-simulated

values for di, and d.id determined limin = 1.25 pm in Eq. (5.2). Effective substrate

doping Nsus can be used to calculate the depletion-region widths in n-channel
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where (1's73 = Obi + Vsg is the electrostatic potential difference between the

and substrate, and (4,bi is the source/drain n+/substrate junction built-in potential.

The empirical scaling rule in Eq. (5.2) can be rewritten for the AVT 	 MV

criterion as a function of Vsg and VDB and taking into account the worst-case

(maximum) did when VDB = VSB VDD

where _Erni, and x; are in microns, and t0x is in angstroms.

Technology scaling under constant supply voltage constraints dictates the choices

of tox, fj, and Nsug that enable transistors with a minimum effective channel length

to maintain long-channel behavior. The value of Lmin in Eq. (5.5) as a function of

the toxINsug ratio is plotted in Fig. 5.1 for two VDD values. In the calculation in

Fig. 5.1 the set of curves A assumes a deep-junction process in which xa LminI2

f j = 0.5 in Eq. (5.1)), such that an upper bound for Lmin is estimated. The

set of curves B assume a shallow junction process ( fj = 0.2 in Eq. (5.1)). The

solid lines denote VDD = 5 V, and the dashed lines represent VDD = 3 V. Experi-

mental Lrni„ values are indicated by the points in Fig. 5.1, for three technologies

with Leff = 0.25 itm [5.4]45.6] and two technologies with Leff = 1.25 itm. Their

parameters are listed in Table 5.1. As a general rule, the empirical relationship in

Eq. (5.5) yields a conservative estimate of Lmin for the short channel effects.

The maximum VDD applicable in micron- and submicron-sized conventional and

LDD devices is not limited, however, by DIBL phenomena; instead, it is determined

by the hot-carrier-induced instabilities [5.7] that depend strongly on applied drain

bias. The maxinnun VDD that tolerates hot-carrier instabilities in the quarter-

micron technologies listed in Table 5.1 for conventional devices is not known. These

hot-carrier problems are compounded by raising NsUg and scaling the lateral and
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Table 5.1: TECHNOLOGY PARAMETERS

Author Lmin(itm) to, (A) ivsuB (cm-3) II

This work 1.25 400 9 x 1015 0.22

Baccarani [5.4] 1.3 250 3 x 1015 0.27

Klaassen [5.5] 0.25 100 5 x 1016 0.36

Baccarani [5.4] 0.25 50 3 x 1016 0.40

Kobayashi [5.6] 0.28 50 3 x 1017 0.54

vertical dimensions. Limited short channel effects were obtained for 5 V [5.5] and

4 V [5.6] drain biases at the small effective channel lengths listed in Table 5.1.

5.4 JFET Profile Optimization

5.4.1 One-Dimensional Profile

For an arbitrary JFET channel impurity profile, the pinchoff current Ipo (=WI.)

can be written as

Ip0 = gma.VpI	 (5.6)

where gmaz is the maximum low-field conductance of the undepleted m JFET chan-

nel region. For a JFET with a WilLj aspect ratio and (it) effective carrier mobility,

OID 
grnax — atir)

	

iv,	 1717,
= Lj	

q (p) (27Tet	 — (c2/0)'
max	 -

(5.7)  

Here, rj Ljlq(a) Qnet is the undepleted-channel HET resistance normalized per

unit width.

For a given JFET Vi,, the primary concern in the design of the one-dimensional

profile is the maximization of gm„. and Ipc, based on Eq. (5.6). This requirement

minimizes the series ON-resistance of the JFET at the drain end of the JMOS. The

pinchoff voltage is dependent on the channel charge density and on the first moment

of the channel charge distribution [5.8]; for an n-channel HET,
q

v,=--- fa N(Y)(111
€5
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where a =	 — I J+ ) is the width of the buried diffused n- region under the

gate. Equation (5.8) incurs a small error caused by neglecting the JFET back

bias that slightly reduces V. The effective carrier mobility in the JFET channel is

expressed as

Qnet

and the total net impurity dose (Qnet) in the JFET channel is

Qnet joa ATMCIY	 (5.10)

Equation (5.8) can be rewritten in terms of the design parameters of an equiva-

lent uniformly doped JFET channel having doping density A -TDe f f and channel width

toff and with the same net impurity dose in the channel
a

Qnet=N(y )dy -Ar Dcf f ief f
	 (5.11)

0

such that Eq. (5.8) becomes

VP — Vpo (Y)	 (5.12)
a

where Vp. is the pinchoff voltage of the equivalent uniformly doped channel JFET,

and (y) is the first moment of the channel impurity distribution. V po is given by

Or De f f t e2 f f 
=

	

	 (5.13)Vpo 
2e,

Equations (5.7), (5.12), and (5.13) provide the two basic JFET profile design

parameters to be optimized to maximize the product of Eq. ( 5 - 6 ) — Qnet in the

channel and the first moment of the channel impurity distribution

fo YN(Y)dY 
(Y)	 (5.14)

Q net

As demonstrated through simulations and experiments in Chapters 3 and 4, the

series JFET serves as a current and voltage limiter thereby drastically reducing the

high-field-induced phenomena. Device performance in terms of drive and speed is

affected by the series JFET, as demonstrated in the low Vp results in Chapter 4.

A rise in the JFET pinchoff voltage requires either increasing the distance (y) by

using a retrograde profile [Eq. (5.12)], raising the n- impurity dose [Eq. (5.13)], or

increasing both; this voltage increase has the following implications.

fo NAT)Ar(OdY 
(it) = (5.9)
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6 Short channel effects. The heavier the n- doping, the deeper the
lp junction depth. The short channel effects (SCE) will be higher

in deeper junctions. A practical limit on Lmin dictated by SCE would
- be Lira, = 2x; and, as a result, xi,_ should be less that 0.5 iimin the

submicron JMOS.

• Device drive. The saturated JFET current increases, and the n- sheet
resistance decreases with rising JFET pinchoff voltage. The lower the
n- sheet resistance, therefore, the less current limiting.

An ideal series device should have voltage-limiting properties and impose no

current-drive penalty, which is equivalent to requiring a saturating device with zero

ON-resistance (a device with finite Vp and infinite I po) . Because the JFET and

MOSFET have the same channel width, the JFET pinchoff current per unit width

I 	 be maximized. Based on Eq. (5.6), the maximum 'Po is obtained by

maximizing the low-field conductance of the JFET channel profile. It is possible to

raise gmar (or (2) while maintaining the same V. by using shallower n- profiles

with higher ArDeff (reducing teff and (y) simultaneously with increases in NDeff),

The technological limitations of ion implantation and annealing set a practical limit

on how large the ND,' Itef f ratio can be.

As a general scaling rule, S/D junctions of MOSFETs should be as shallow as

possible. It is recommended that the JFET profiles in the JMOS devices be imple-

mented at the lowest implant energies and annealed at a cost of minimum diffusion.

Two SLTPREM-simulated JFET profiles are compared in Fig. 5.2. Here, HT indi-

cates the high-temperature (1050°C) annealed phosphorus n- low-Vp profile used

in the experiment in Chapter 4, and LT is the low-temperature (900°C) annealed

arsenic n- low-Vp profile. The LT process avoids the n- drive-in step by implanting

n- arsenic at high acceleration (400 keV). The HT and LT process parameters are

summarized in Table 5.2. Their net n- doses are 4.2 x 1012 and 4.3 x 1012 cm-2,

respectively. It can be seen that, for the same Tip as the HT profile, the LT profile

has a shallower	 (0.45 inn) and a lower p+ peak concentration, which should

lead to better SCE characteristics and lower n+ p+ leakage as indicated by the

reverse-diode characteristics described in Chapter 4.
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Figure 5.3: ONE-DIMENSIONAL SUPR.EM SIMULATED LOW FIELD SHEET

CONDUCTANCE gDo FOR THE HT AND LT PROFILES.

An additional advantage of the LT profile is improved low field one-dimensional

conductance. For (VDs VD) < (VSUB — VDi -E- Chi), the linear region conductance

of the JFET is

— (gDo	 g 171UX 1
)VD, — VSUB + Chbi 

IVP1
(5.15)  

Figure 5.3 is the one-dimensional SUPREM-simulated conductance for the two

profiles plotted against the substrate-to-m- reverse bias VD, —Vsug. This is the zero

field value of gDo calculated in one dimension (that is, Vas = VD;). The maximum

gDo of the LT profile (at zero reverse bias) is 19 percent higher than in the HT profile.

This indicates that Ipo in the LT profile is also slightly larger than in the equivalent

HT profile with the same pinchoff voltage. The advantage of the 71.- LT profile in

terms of gDo is the result its retrograde characteristics. From a one-dimensional

standpoint, the HT type used in the implementation described in Chapter 4 is not
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Table 5.2: PROFILE PARAMETERS FOR HT AND LT JFETS

Parameter HT Profile LT Profile Unit

Qnet 4. 9 x 10' 4.3 x 10 12 C M — 2

n- Dose 2 x 10 13( P 3I ) 6 x 10 12 (Asm ) CM-2

B F2 17+ Dose 6 x 10" 100KeV 1.S x 10" 50kcV cm.-2

0.60 0.45 R111

71, — anneal 1050°C/60 min. None °C

p+ 7Z — anneal 900°C/90 min. 900°C/90 min. °C

optimum. Implementation of the low Vp JMOS yielded experimental values for

V. and gDo that are in disagreement with the simulated HT curve in Fig. 5.2. The

relative merits of these profiles with respect to their low-field conductance properties

are illustrated, however, by the simulated values.

5.4.2 Two-Dimensional Profile Optimization

Implementation of a low-temperature JMOS with the shallower profile in Fig. 5.2

requires careful consideration of the two-dimensional n - arsenic and p+ boron dis-

tributions. Based on SUPRA simulations discussed in Chapter 3, it is difficult to

ensure the merging of the JFET and MOSFET channels for a retrograde n- profile

of the LT type shown in Fig. 5.2. In addition to the energy and doses of then and

p+ implants, the actual two-dimensional distribution will depend on the edge profile

of the gate electrode that self-aligns the drain implants to the MOSFET gate and

the temperature of the anneals that follow these implants. The diffusion of these

impurities can be affected also by the high doping diffusion effects that occur during

the anneal of the 72+ drain.

Accurate physical models are necessary to account for these two-dimensional

effects. The SUPRA simulator is limited in its ability to model the lateral distribu-

tion of implanted impurities. A full two-dimensional Boltzmann-transport model _

for the implant steps would provide the necessary insight to optimize the JFET
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design in two dimensions. A low-temperature JNIOS process would need to rely as

much as possible on the two-dimensional distribution of as-implanted ions to merge

the n- region to the MOS surface channel. One-dimensional profile optimization

alone may produce profiles with insufficiently low series resistance when the lateral

n- region is considered. In a two-dimensional JFET design suitable for submicron

JIVIOSFETs, n- arsenic and p+ implants should be very shallow. The lateral spread

of the p+ implant must be minimum and enable the n- region to reach toward the

Si/Si02 interface in the lateral direction.

A more complex low-temperature JMOS process can also guarantee the merging

of the JFET and IVIOSFET channels, which would require the formation of a thin

sidewall oxide (less than 1500 A) after the n- implant and prior to the p+ implant.

In this structure, thermal cycling can be maintained low, the slow-diffusing arsenic is

offset from the fast-diffusing p-type impurity in the lateral direction, and the lateral

n- region resistance is minimized. Although this approach adds more complexity

to the JMOS process, it does reduce the parasitic effects caused by the lateral n-

region. A second sidewall formation would still be necessary prior to the n+ implant.

5.5 JMOS Design Optimization

The choice of optimal JFET g Do and Vp is determined by two criteria for maxi-

mum performance degradation caused by the series device. The first is the reduction

in the saturated current capability, which was determined to be minimum in the

experimental JMOS when Q„et 1013 cm' (the medium and high Vp devices dis-

cussed in Chapter 4). The second is the increase in the ON-resistance of the JNIOS

when compared to its conventional counterpart; the experimental data indicated

that this criterion is more difficult to meet and requires detailed optimization.

5.5.1 Saturation Current Considerations

The optimization of the JMOS with respect to its saturation current-drive ca-

pability is described in this Section, and the method is summarized as follows.
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c Given a choice of VDD , VsB , and Ln„-„, Eq. (5.5) is used to determine
the ratio .fj t„INsuB that guarantees long-channel behavior and drain
junction breakdown voltage VBD higher than VDD. The value of VBD

should not be a limiting factor because it can be maintained above 5 V
for very thin (> 60 À) gate oxides and high NSUB [5•9]•

© The saturation voltage model of Moll and Sun [5.10] is used to determine
the maximum drain saturation voltage in conventional MOSFETs with
a minimum channel length.

17.1) .5s ( 7(3S.mx ) = f ( VC'S ) I V6s-VDD
	 (5.16)

e The JFET parameters gnia, and Vp are chosen such that the saturation
current for the minimum channel length is determined by MOSFET ve-
locity saturation; that is equivalent to imposing a minimum VD, voltage
at a given MOSFET VGS drive.

VD, ( L M171. VGS ) > VDS.5.t(VGS)
	

(5.17)

This method establishes the values for the JFET parameters gmax and Vp that

maximize current drive. The one-dimensional profile is then calculated and the max-

imum longitudinal peak field derived through computer simulations. The reliability

constraint can be evaluated either through the magnitude of the resulting substrate

current or through the magnitude of Expeak , the first is the better approach. As

a simple rule, an upper limit on Es„, guarantees that impact ionization is con-

tained tuider a threshold value. The empirical substrate current model of Tam [5.11]

predicts that in conventional devices, (1- IDS)	 1.3 x 10' at a peak field

intensitity ofEr^ak = 2 x 105 V/cm. This maximum substrate current generation

is approximately the maximum IsuB generation level measured in the conventional

devices operating at Vas, = 5 V and with an effective channel length of 1.5 itm

The relationship of substrate current to	 however, is expected to be structure

dependent.

In the JMOSFETs, the effective VD, is a measure of the reduction of peak field

intensity in the MOSFET channel region. Figures 5.4 and 5.5 show the equipo-

tential contours and current density vectors for the low and high Vp structures,

respectively, as described in Chapter 4. Both devices are biased under conditions
•
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Figure 5.4: EQUIPOTENTIAL CONTOURS FOR LOW Vp JMOS. Vectors indi-

cate current density, and the cross-hatched area is the region where E„, is larger than

100kV/cm; VGS= 1 V, VDS= 5 V and VSUB OV Electrostatic potential contours

appear in 0.5 V steps.

Figure 5.5: EQUIPOTENTIAL CONTOURS FOR HIGH Vp JAWS. Vectors indi-

cate current density, and the cross-hatched area is the region where Er is larger

than 100KV/cm. VGs= 1 V, VDs=-- 5 V, VsuB 	 OV. Electrostatic potential con-

tours appear in 1 V steps.
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that normally create intense fields in the pinchoff region of conventional devices

(VGs, 1 V and VDS = 5 V). The low Vp JMOS limits VD, to 2 V only. Under this

condition, Er,“, = 110kV/cm occurs 0.3/tm away from the oxide/silicon interface.

The region over which Ex is larger than 100kV/cm is cross-hatched in Figs. 5.4

and 5.5. For the effective VD, potential applied in the MOSFET channel region

(2 V in Fig. 5.4 and 4 V in Fig. 5.5), the channel current is already saturated. In

the high Vp JMOS in Fig. 5.5, the peak field has moved to the interface and has

reached Esp,a, = 450kV/cm because of the higher effective VD,. Most of the current

still flows through the bulk region where Ex,„, is between 100 and 200 kV/cm. Al-

though increasing with VD„ Ex,, may not be an adequate parameter for comparing

the reliability improvement of the JMOS to other devices because the current path

is structure dependent and only the fraction of the current that flows through the

higher intensity field region contributes significantly to impact ionization.

To the extent that VD, is a measure of the intensity of the drain fields, it can

be correlated to the hot-carrier-related phenomena experienced by the JMOS. The

VD, potential in excess of VDssot is the parameter to gauge any improvement in the

high-field effects. The peak field intensity in the MOSFET drain was described in

Chapter 2 as -7DS —VDS sat )! 1 p in the saturation region where Vas = VD, in JMOS

transistors..

The empirical model of Moll and Sun [5.10] for "DSsat in MOSFETs is

(
Vass., = LeffECRIT \ 1 + VGS — VT) 1 r,

Leff LCRIT
(5.18)

where Ec RFT is the critical field for mobility degradation. This expression can be

rewritten [5.12] in terms of effective MOS channel mobility and vsat as

(5.19)

as plotted in Fig. 5.6 as a function of VGS for two mobility-degradation models. The

solid lines take into account the mobility degradation related to gate-induced fields

by computing li ef f = 11,1(1+ O(VGs — VT )). The dashed lines represent a two-region _

approximation of the velocity-field characteristics of the MOSFET that does not
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Figure 5.6: DEPENDENCE OF THE MOSFET DRAIN/SOURCE SATURATION

VOLTAGE ON VGs. Equation (5.19) is plotted in solid lines. A simpler two-region

approximation to the electron v — E dependence results in VDss.t shown in dashed

lines. The data points are measured in conventional devices with t„ = 400 A.

account for gate-induced mobility reduction; effective mobility is item = p/(1

VDs/(Leff —TRA))• The parameters Flo, 0, EGRIT, and ETRA are determined for the

conventional devices in Appendix A. The measured points of VDSsot for two effective

channel lengths are also shown in Fig. 5.6. Neglecting mobility degradation caused

by the transversal field leads to an underestimation of VDssat or an overestimation

of EcRIT in Eq. (3.1S). Empirically Eq. (3.19) is a reasonable approximation of the

saturation voltage resulting from velocity saturation; for the maximum Vos,..t in

the device with a minimum channel length, it becomes

(VDss,„ -=---- LininECRIT   1)  

2(VG s — Vr)

LminECRIT
V6S =VD D

(5.20)     
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(rnAl pra)	 (5.22)
18 VDD

4"14', 479r-uitv-,2=:

The MOSFET saturation current in devices with length Lmin is determined by

the velocity-saturation limit which is only weakly dependent on L,Thi „. An estimate

of the maximum saturation current 1"Dss., = gmsAT( VGs — VT) is used in the design

of the JMOSFET. Based on the average channel carrier velocity, this is expressed

as

=TT7( (v) (VGs — VT)	 (5.20

It was shown in Chapter 4 that an average channel carrier velocity (v) = G x 10c

cm/sec in a conventional MOSFET results in a	 20/t„ (mS/Rm), where t„

is in angstrom; this establishes an upper bound on IDssn , at VT = VDD /10 :

Optimization of JMOS current drive mandates that the MOSFET with //min

must have an effective VD, greater than VDSsot in Eq. (5.20). The JMOS saturation

current determined by the JFET pinchoff was defined in Chapter 3 as

=	 {1 (Obi + VD; — VSUB)] 2

IVA
(5.23)

for (Obi + VD; — VSUB) < I Vp l and can be rewritten by substituting for I po given in

Eqs. (5.6)- (5.7) as

	

4=7 Lj
- 

Wj
g',	 (1 (°bi-F VD; --Vsut

2

	

a	 Vp I

where gm' ar = q (R) Q net from Eq. (5.7).

The reduction of carrier heating in MOSFETs, as indicated by substrate current

measurements, has been correlated to the lower excess drain bias beyond VDssa,

[5.13]. Experimental results indicated that in the JMOS devices where the JFET is

pinched off, there is a reduction in the currents generated through impact ionization.

This is the effect of lowering the effective drain bias VD, . To improve the reliability

of an optimal JMOS over its operating-voltage range ( VDS < VDD) therefore, JFET

DS,„,. This is equivalent-and MOSFET saturation arc required to occur at Ds = T

to requiring that the JFET pinchoff current Ip in Eq. (5.24) at VD, = VDssa , be

(5.24)
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Table 5.3: DESIGN PARAMETERS IN Fig. 5.7

CURVE L,,,,, (PM) tor (A) pc, (cm2117.sec)

A 0.5 150 350

B 0.75 200 600

C 1.5 400 665

equal to the MOSFET saturation current in the short-channel regime as predicted

in Eq. (5.21); that is,

IDSs.t(VGS)= IPIVD,=VDss.,(VGS) (5.25)

2

WCo.r (v) (VGS — VT)
VSUB)](Obi +VD; —

gm	 IVPI[1 (5.26)
L.1	 IVA

Vpi=1/DS's“t

Because large-width JMOS devices have the same JFET and MOSFET widths such

that W =Wi, the above condition can be rearranged as

Li1177,1
ri = 	 	 	  [1	 (5. 7)(Obi VDss,,t(VGs) — VsuB	

2
)] 2

gimax	 (VGS VT) (v)

where VDss“t(VGs) is the relationship in Eq. (5.19) for the MOSFET saturation

voltage as a function of Lef f and gate bias, and ri is the undepleted-channel JFET

resistance noimalized per unit width as defined in Eq. (5.7). The condition ex-

pressed in Eq. (5.27) determines, for the JFET parameters g ax, Li, and Vp, the

values of Vs	 L(Leff) for which the saturation of the short channel MOS and

JFET occur simultaneously. In the design of an optimal JMOS, the JFET param-

eters should be chosen such that VT < f s(1-1 min) < VDD. The larger fs(Lmin), the

smaller the penalty for the current-drive capability of the minimum-size JMOS.

The dependence of rj on the pinchoff voltage in Eqs. (5.19) and (5.27) is illus-

trated in Fig. 5.7 for three different Lmi, The parameters for the scaled devices

are listed in Table 5.3. Curves A, B, and C are for Lmi„ = 0.5, 0.75, arid 1.5

pm, respectively. The parameters gi 	 and Li are obtained from the Vp values

determined from the following saturation current considerations. The set of curves

labeled liGs = 2 V indicates the r j(Vp) for which JFET pinchofF and MOS saturation
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Curves are for L j varying from 0.1 to 0.5pm.

both occur at the MOSFET saturation current given by IDSsae lv,=2 v. The JMOS

current drive is then limited by setting the maximum VD, = VDSso,t at a 2 V gate

bias. Although this design undermines the JMOS current capability, the effective

VA is low enough to reduce carrier heating in the drain. The set of curves labeled

VGs 5 V represents the designs that lead to a maximum VA 7= VDSs,“ iv„=5v-•

	

According to Eq. (5.7), there is a limited range of r 	 = LJ/(q	 Q net) in

Fig. 5.7 that is practical to implement in VLSI JMOS. .Assuming that the sidewall

oxide lengths range from 0.2 to 0.5 Le f f (given that submicron polysilicon thickness

is employed in conventional silicon-gate VLSI MOS technology), Lj will range from

0.1 to 0.5 pmfor micron-sized L min. Figure (5.8) plots the required n- doses as a

function of rj for different L.	 Linear region reistance and short channel effects

prevent the use of light net dose (Q,) and short-channel n- regions.	 Unless ex-

- tremely shallow highly doped n- regions are used to implement low-dose JFETs,

the n- region is punched through and no JFET saturation can occur, as assumed
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in the model.

The JMOS designer must select the degree of current limitation permitted in

the device: The curves in Figs. 5.7 and 5.8 determine Lj and Q„, t . The one-

dimensional model for Tip and Q net , however, does not predict the contribution of

lateral it— resistance; to minimize it, x4+ must be shallow and the n - lateral region

needs to be adequately designed.

5.5.2 Linear Region ON-Resistance Considerations

fg

The second criterion of performance for which the JMOSFET must be opti-

mized is device ON-resistance. The values of iv should be low enough to guarantee

acceptable linear region characteristics. Optimization proceeds by setting a maxi-

mum ratio fg for the MOSFET linear region output conductance gDm to the JFET

gDo ; that is, fg gpm I g Do . This implies that the linear region ON-resistance of the

JMOS will be 100f9 percent larger than that of the conventional device. Substitut-

ing Eq. (5.7) into Eq. (5.15),

gnat 
gDo

, TV IL, f f P ef f (v„,v )Cox (Vcs — VT — 1/123 )(

1,17j/Li
g7riax (1	

rr),—VSLT13+4,bt)

I vp1

(5.28)

The worst case (larger) f9 occurs at VGs > VT; in this mode and for a very low

drain bias, the following approximations apply: VD,(VGs) < [ 6, bi, ( VGS — VT)] and

iteff( VGS) VD;)	 Poi(' 9(Vcs — VT )). Taking TV = Wi , Eq. (5.28) can then be

rewritten for the minimum MOSFET effective channel length as

( 	tiocox(vGs — VT)
fg = 	 	 (5.29)

	

Lmin) (1 + O( Vcs — VT)) q ( p ) Q net (1 	 'iv' ;1'
The worst-case fg is the ratio of the low-field conductance of the minimum channel

length MOSFET to the JFET low-field conductance.

Equations (5.27) and (5.20) can be used to determine the design parameters

that satisfy the requirements on both the saturation current and ON-resistance

degradation. By substituting Eq. (5.27) into Eq. (5.20), the conductance reduction
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Figure 5.9: DEPENDENCE OF THE LINEAR CONDUCTANCE-REDUCTION

FACTOR ON V. f, is in percent. The corresponding rj for the criterion in

Eq. (5.27) at VGs 3 V is also plotted (KS-2pm scale at the right).

factor for the minimum channel length JMOS is

1.101Vp1[1	
(dbi-1-1/Dss"(Vcs,f,,,)_vsuili 2

fg =

	

	
11/A 

Lmi, (v) (1 + O ( VGs — VT)) (1 \/ Obi —17FU B 
(5.30)

Figure 5.9 plots fc, vs the pinchaff voltage for the three L7ni„ (A,B,C) listed in

Table 5.3; the r j that satisfies the saturation current criterion (VD, = VDS5"11/„.„.=314

in Eq. (5.27) is also plotted in Fig. 5.9. This criterion would lead to a JMOS design

with as good a current drive as in the conventional devices operating at a 3 V sup-

ply voltage. Figure 5.9 demonstrates that, as the MOSFET parameters are scaled,

some important practical constraints make it difficult to meet both the linear region

criterion of, for example, a 20 percent increase in ON-resistance, and the satura-

tion voltage criterion of limiting VD, to ensure reliability. First, the ON-resistance

increase becomes more sensitive to the the pinchoff voltage (1 percent/lOinV
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Lmi„ = 0.5pm, vs 0.4 percent/10mV at L inin = 1.5pm) and, second, the WET rj

must be severely reduced (15052/im at L„ , in = 0.5/im, vs 1.1kS2 1im at L inin = 1.5pm)

to meet the 20 percent criterion. This series resistance requirement is very difficult

to meet as JMOSFETs are scaled to submicron dimensions because of the practical

limitations on grading the n - profile; such a requirement translates into shorter Lj

for the same (2„ t or higher Q flet for the same Lj (Fig. 5.8). Considering the need

for shallow junctions at shorter L min and the optimal n,- dose that grades the drain

junction fields, Lj should be reduced and (2,,, t increased simultaneously to meet the

rj required for JMOS scaling.

Obtaining rj below 500 Cipm for V, < 5 V requires highly doped medium-dose

> 10' cm-2 n- profiles and shallow ;y in _ ( very steep profiles and, therefore, low

S/D annealing temperatures are a necessity). Scaling the parasitic resistances is

equally difficult for submicron LDDFETs. The self-aligned silicided or refractory-

metal-covered S/D process is a solution to the scaling of 7/-1- series resistance that

can be implemented in LDD and JMOS technologies using sidewall spacers [5.14]-

[5.14 The same need to reduce the 71- region length and junction depth and to

increase n- (2 7,ei for series resistance scaling also applies to the submicron scaling of

LDD technologies. Meeting the shallow junction requirements is easier, however, in

submicron LDDFETs than in JMOS given the double-diffused nature of the JMOS.

5.6 Summary

The methodology developed to optimize of the JMOS devices revealed the short-

comings of scaling the JMOS to submicron L min . Low-temperature retrograded

shallow n- profiles enhance performance and facilitate scaling. Two-dimensional

process design is essential to guarantee adequate JMOS operation. The performance

criteria for the design of the JFET profile and its associated low-field conductance,

pinchoff voltage, and channel length are based on the current-drive capability of the

minimum-sized JMOS and on low drain-bias conductance reduction. Reducing VD,

results in less impact ionization under the NIOSFET gate, and Vp and rj are cho-

sen such that the MOSFET effective drain bias is limited to Voss., as determined
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1237 the designer. Scaling the JFET parameters to a half-micron technology while

maintaining its saturation properties and low series resistance is difficult. To mini-

mize degradation of the linear region conductance when compared to conventional

MOSFETs, a medium 71.-- sheet charge density is required; this, in turn, must be

confined to a very thin (< 0.1//m) layer. Technological innovations in rapid thermal

processing may be necessary to scale the JFET drain and MOSFET parameters

at the same pace. Another significant consideration is two-dimensional profile opti-

mization through process simulation. Improved two-dimensional process simulation

models and tools are essential in the design of the JMOS because of the sensitivity

of its electrical parameters to the impurity distributions in the drain end of the

device.
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions

The drain region of VLSI MOSFETs should be engineered in such a way as to

minimize the high field effects that result from the scaling of transistors under a

constant supply voltage. Lightly doped drain (LDD) structures are necessary to

reduce the harmful effects of intense drain fields. The reliability improvement in

the LDD devices over conventional transistors is solely attributable to the reduc-

tion of these fields, which concomitantly leads to lower gate and substrate currents

associated with hot carriers.

The major contributions of this research are summarized as follows.

The JMOS transistor is a new lightly doped drain structure developed to
overcome the limitations of conventional LDD devices with very low n-
drain doping density. It was designed to avoid the undesirable heating
of carriers close to the gate oxide/silicon interface because damage to
this interface leads to device degradation during its operation.

The design of the JMOS was accomplished with the development of an
equivalent circuit model that was simulated to demonstrate the abil-
ity of the JMOS to limit the effective drain voltage applied across the
surface channel MOSFET. The ensuing reduction of drain fields was
substantiated by two-dimensional simulation of submicron devices that
demonstrated the reliability potential of the transistor. Both circuit and
device simulations identified the principles of operation and the critical
parameters of the proposed design.
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JMOS transistors were implemented with 2 pm NMOS technology. By
varying the degrees of light doping, the trade-offs between high field ef-
fects and performance were identified. Reducing these field effects low-.
ered the impact ionization substrate and gate injection currents but at
the expense of limiting the current capability of the JMOS. The short-
comings of the structure in teims of series resistance and increased drain-
to-substrate leakage were experimentally examined,

The ability of the JMOS to sustain a 5 V supply with reduced fields is a
property controlled by the device designer. The design of the drain JFET
region was identified as critical to both the advantages and disadvantages
of the structure when compared to conventional devices. The JFET
structure parameters were optimized to observe the trade-off between
the current-carrying capability and the attenuation of high field effects.

6.2 Recommendations

The following areas that could potentially enhance the understanding of

JMOS operation were not addressed in this investigation,

Two-dimensional models that would more closely describe the electrical
characteristics of the drain JFET should be developed. As indicated by
the simulation and experimental results, the short and two-dimensional
distributions of the JFET channel are important in describing its action.
A cylindrical plus a horizontal short-channel series JFET would be a
possible lumped model for this work.

The ac capacitance trade-offs of the JMOS should be investigated. Cor-
rect design of the drain can further minimize the Miller feedback capac-
itance and improve ac performance.

The test of JMOS reliability under bias stresses that accelerate device
aging by imposing stringent fields could further support the experimen-
tal evidence obtained from the gate and substrate characteristics that
the J.MOS indeed can reduce the high field effects to secure reliable sub-
micron operation.

Additional experimental work on the implementation of LDD transistors could

further extend the limits of constant voltage scaling and is described below.

a The implementation of a JFET with a shallower channel/substrate junc-
tion and higher doping densities would enhance the experimental results.

1=IS
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Achieving such densities would require the grading or elimination of the
71 -1--p+ junction through highly two-dimensional process techniques. This
structure should use shorter and lower temperature thermal cycles and
would rely on two-dimensional implantation and diffusion effects to en-
sure the merging of the JFET and MOSFET channels. The results could
lead to an even more suitable submicron device.

• An extremely lightly doped (< 10 15 cm') bulk-distributed drain has the
potential of eliminating the problems associated with highly localized
and peaked drain-induced fields. This approach is applied in power
DMOS and LDMOS that require high drain-to-source isolation; a loss
in circuit packing density could result. The buried-drain MOS transistor
with a DMOS source has some of the positive aspects of this distributed-
drain approach and should merit further investigation.

As the scaling of device dimensions continues, the need for accurate two-dimen-

sional process models increases. The electrical characteristics of the JFET-MOSFET

are sensitive to the lateral-diffusion profile in the region where the JFET and MOS-

FET channels merge. Because of this property, the JMOS could also be used as a

test structure to experimentally ascertain the accuracy of two-dimensional diffusion,

gate etching, and implantation process models.
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Appendix A

MOSFIA;T Model-Parameter
Measurements

This appendix describes the NIOSFET model parameters in this study and the

procedure for extracting them from measured data. Because the goal was to obtain

parameters suitable as input into a circuit simulator such as SPICE, the model

chosen is the HPSPICE .MOSFET. It consists of the classical MOS model to which

several secondary effects (such as velocity saturation, mobility reduction, channel-

length modulation, and short-channel threshold shift) are added.

A.1 Conventional MOSFET Model

In a conventional long channel MOSFET, the threshold voltage VT is defined as

where

VT = VT0 ± 7 (NA2C5f - VsuB I - V2147I1) (A.1)     

Here, VFB is flatband voltage in the gate-oxide-silicon system, Es is the semicon-

ductor dielectric constant, and Cor = COX tOr is the oxide capacitance per unit

area. Most VLSI MOSFETs have threshold voltage adjustment ion implants in

their channel region. Because substrate doping is depth-dependent, an effective

substrate doping concentration NsuB is used in the Eq. (A.3), where the ± de-

notes the n-channel (p-channel) MOSFETs. The Fermi potential in the bulk of the
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semiconductor Of is referred to the bulk intrinsic Fermi potential as

Ef —
= 	

q

A.2 Mobility-Reduction Model

The MOSFET drain current [A.1] takes the form of

l"Vef f	 2	 r

ID =	 1Cox[(VGS 20f VFB 1719S)VDS —	 [(I VDs + 2¢ M 3/2 — ( 2 146 M311]
Lief f	 2

where the source is assumed to be at ground potential, p eff is the effective inver-

sion layer carrier mobility, and Wel f and Leff are the effective channel width and

length, respectively. The effective mobility is an average over the inversion layer

that extends into the bulk from the oxide/semiconductor interface at y = 0,

it(y)n(y)dy
Lteff =-	 iQmi (A.6)

where ft(y) and n(y) are the mobility and density, respectively, of mobile carriers

at a depth y from the interface, and IQ,' is the total absolute mobile charge per
unit area in the inversion layer.

The mobility of carriers is a function Of the transversal fields in the inversion

layer because E(y)l y=c, corresponds to a unique distribution of mobile carriers n(y).

The proximity to coulomb centers in the interface and the roughness of the inter-

face play a role in reducing the effective mobility as obtained from device current

measurements [A.2]. An empirical relationship [A.3] describes effective mobility

reduction as a function of an effective transversal field in the inversion layer Eel f

[A.4]
)C1

EO 
l`ef f 	 (Eef f	 (A.7)

where Q B

Eel!	 els ( (29"' Q B)	 (A.S)

is the bulk depleted charge, it o is the low field mobility, and Eo and Ci
are empirical constants that depend on the substrate doping. Typically, C I is on

the order of 0.2-0.3 [A.2]. Under strong inversion Q B < (2,„, and Eq. (A.S) can be
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Figure A.1: Drift velocity as a function of longitudinal field for electrons on (100)

silicon inversion layer at room temperature. Measured on MOS structures with

tax = 0.1 1.1172 [A.6].

Cox „
Eef f	 (VGs — VT)2cs

For circuit modeling purposes, it is more convenient to express the effective
mobility reduction in terms of the gate electrode voltage. As a result, an empirical

relationship is used by circuit simulators such as SPICE2 [A.5] to model surface
mobility reduction caused by the transversal field as

Po 
i'eff — 1	 ( VGS — VT)	

(A .10)

where 0 is an empirical constant. The hyperbolic form of Eq.( A.10) has no physical

meaning, but provides a reasonably simple and computationally fast approach to

modeling the mobility reduction due to the gate-induced field which is transversal

to carrier flow in the inversion layer.

The drift velocity of electrons in inversion layers increases sublinearly with lon-

gitudinal fields when their strength exceeds a few kV/cm. For fields larger than

approximated by

(A.9)
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Es UCRIT	 	
rxP

1.--'0x /V — VT UTRA VDS)
h eft — Por, 

TGS
r (A.13)

the critical field ECRIT, as shown in Fig. A.1 for n-channel devices, carrier veloc-_
ity nearly saturates. The velocity-field relation in Fig. A.1 was measured by a

time-of-flight technique for electrons in the silicon (100) inversion layers [A.6]. The

normal field strength corresponds to the effective field calculated using Eq.( A.8).

The mobility reduction in the intermediate range of longitudinal fields is modeled

empirically [A.7] as
Pe f f 

Pef f	
1 + 	

E	 (A.11)
VMAX

where E is the electric field in the direction of current flow, and VmAx is an empirical

constant whose value is on the same order as the scattering-limited carrier velocity.

In the triode region of operation, the electric field in Eq. (A.11) is assumed to be

uniform along the current path and given by VDSI fief f , such that Eqs.A.10—A.11

can be rewritten as

Ito
Pef f	 	1+ 0(VGs — VT) 1 b., VDS,

f f
•

(A.12)

where ETRA = V MAX/I to is an empirical constant. Eq. (A.12) is useful for device

simulation because [ten' is an explicit function of terminal voltages VGS and VDs.

An alternative empirical formulation [A.3]

is also widely used by circuit simulators to model mobility reduction, The three

empirical factors in this expression are Uc my, UTRA, and UExp. In the parame-

ter extraction procedure, Eq. (A.12) was used in which only two empirical factors

appear.

A.3 Saturation Parameters

The model parameters that describe the saturation behavior of the transistors

are ECRIT and DESAT . In short channel transistors the drain current saturates at

a drain voltage VDssAT for which the following equality holds: 

dID III 

= Leff	
(.1.14)  RIT-(11/DS     
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This yields the definition of EcRIT which can then be extracted iteratively from the

measured characteristics of short channel devices.

The drain current beyond the onset of saturation is given by

IDsAT ID( VDSSAT)	 L 
)	 (A.15)

where D 1 is nonzero if Vips > n-	 AT and zero otherwise. The parameter DEsAT

models the channel length modulation and the drain bias static induction that leads

to the drain output conductance beyond saturation, by means of the expression

VDS VDSsAT	 ECRIT  
2

DESAT	 2D ESAT

EC RIT (A.16)
2DEsAT

A.4 Parameter Measurement and Extraction

The set of long channel parameters that is first extracted contains: the oxide
thickness (t„), effective substrate doping (NsuB), zero back gate bias threshold

voltage VT0, low-field mobility (//,), and transversal-field mobility reduction pa-

rameter (0). The oxide thickness and the depletion edge doping concentration are

measured over large area capacitors using the high frequency C—V technique. The

test chips with capacitors and transistors of varying sizes enabled full parameter
extraction.

The parameter extraction based on transistor measurements uses the oxide

thickness from C—V measurements as an input parameter. First, the linear region
characteristics Ips — VGs of a large geometry MOSFET (50/50 ,um) are measured

for various Vsu B. In a large-geometry device the effects of longitudinal drain fields,

parasitic series resistances, and electrical channel length uncertainty are minimized.

The four long channel parameters (NSUB,SUB, VT„, pa, and 0) were obtained by a si-

multaneous least-squares-fit optimization using the measured characteristics by the

program TECAP2 [A.8].

The short channel parameters that model the threshold voltage fall off, the

effective channel length, and the parasitic source and drain resistances are extracted

by measuring similar linear region characteristics of short channel devices. Least

squares fit to short channel device characteristics for a single channel length results

in the extraction of Lef f and series source-drain resistances that are not as sound-
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Table A.1: SPICE MOSFET PARAMETERS

Name Symbol Value •	 Unit
Low field mobility Po 665 cm2V-'sec-1

Oxide thickness t„ 393 A

Transconductance factor Ii p 58.5 ILAV'
Threshold voltage VTo 0.32 V

Effective substrate doping NSUB 9.1 x 10' C111-3

Body factor 7 0.515 v-1/2

(L mask - Leff)/2 LD 0.25 pm
Gate-field mobility factor 0 ( VJ'V) R ft f) 0.061 V-1

Longitudinal field mob. factor ETRA 7.3 x 10 4 V cm'

Critical field ECRIT 1.7 x 10 4 V cm'
Saturated drain conductance DESAT 7.9 x 10 9 V cm'

as the values extracted for these parameters by the technique to be described in the
next section. The saturation parameters are extracted last by using the IDS — Vas

characteristics of short channel transistors. From the least squares fit to these

characteristics one optimizes simultaneously for the parameters ETRA, ECRIT and

D EsAT•

Table A.1 lists the n-channel MOSFET parameters extracted using the proce-

dure explained. The transconductance factor, given by Kp = it o C„, and the body

factor (7) defined in Eq. (A.3) are derived from the extracted parameters. The

agreement between the measured and the simulated MOSFET I-V characteristics

is illustrated in Fig. A.2.

A.5 Effective Channel Length and Series Resistance Ex-

traction

An MOS transistor is represented in Fig. A.3 with the parasitic series source

and drain resistances associated with the intrinsic device. For tht linear regions

bias, assuming that V Di s < VT, and VD' s < 21c3/ 1, the device current in Eq. (A.5)
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Figure A.2: Comparison of measured vs SPICE simulated MOSFET I—V character-

istics for a conventional device. Measured model parameters used in the simulation

are those of Table A.1.

VD
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Figure A.3: Circuit model of the MOS transistor with series source-drain resistance.
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can be approximated by

ID	
130

= (A.17)
1 + e(V .9 — VT ) (*5	 VLS

where the longitudinal field mobility reduction of Eq. (A.12) is negligible for vLs <
ETRALeff and can be omitted from the approximation above. The constant 00 is

the geometry dependent low field transconductance factor given by

Wef f
	 Neff (A.1S)

Leff
= Pouox	 = lip

  Leff

From the circuit model above,

Vs	 VGS	 IDRS

VLs = VDS	 IDRT

RT = RS + RD

Substituting Eqs, A .19-A .21 into Eq. (A.17), and assuming that (1 7Gs VT)R2, >>

VDsRs, it results

	

o° = o + RTP.	 (A.23)

If the parasitic source series conductance is much larger than the transistor channel

	

transconductance, i.e Rs-1	 2i30VDs, then the	 above expression for ID can be

simplified as

= 1 + e i(VGs — VT) 
Gs —VTVT VDS

go 

	

(1 7	 )
	

(A.24)

An adequate extraction of the effective channel length from linear region mea-

surements requires that /30 , and 0' be measured simultaneously for transistors of

various channel lengths. As suggested by [A.9], the linear region plot of the relation

( VGS VT)( VDS I D) vs ( VGS — VT) for similarly fabricated transistors with identical

geometry except for the drawn channel length, yields the values of [3,, and 07 i3o . As

indicated by Eq. (A.24), the value of 0; 1 and of the latter are given by the intercept

and the slope of the curves in Fig. A.4. The plot of the slope (07 /30 ) as a function

ID = 20'Rs
1 + (1Y( VGs — VT) — [1 + 0 / (V.Gs — VT)] 2 — 411 ,50 10,(VGs VT)VDS 
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VGS-VT (V)

Figure A.4: Plot of the linear region (Vs VT)(17DS I ID) vs (VGs —VT) for conven-

tional n-channel transistors of various drawn channel lengths. Extraction of [30 and

0' are indicated. VDs= 0.1 V , W DRAWN = 50/-"n•

500

32
vpo (Kv2/A)

Figure A.5: Plot of 070,, vs 0;1 to extract the value of 0, RT
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Figure A.6: Measurement technique used to extract the electrical channel length
for both conventional and JMOS transistors.

of the intercept /30', as shown in Fig, A.5 yields the value of RT and 0. The value
of the transversal field mobility reduction factor (0) extracted on a large geometry

transistor with the least squares fit procedure outlined in the previous section and

the value extracted with the procedure using multiple channel length transistors

agreed within +4% . Thus, the additional linear region transconductance reduction

for the device has to be accounted for by the parasitic series resistance.

The extraction of the effective channel length is done once the low field 130 is

measured for transistors of different drawn channel lengths, since Eq. (A.1S) can be
rewritten as

=LDRAWN — AL 

f f	
( A .25)

The x-axis intercept in the plot of AT' vs la DRAw N yields AL, which is then an

average reduction factor for the electrical channel length of transistors fabricated

side by side on the same chip. Fig. A.6 illustrates the extrapolation to AL for
the case of both conventional and high VI, JMOS transistors built on the same

11117.912016047
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chip. The larger AL for the high V. JMOSFETs is expected due to the larger

junction depth for the 7t- drain diffused layer. AL is assumed to be a channel

length independent value for any given transistor design. This is a reasonable

assumption provided that the transistors of multiple channel lengths used in the

measurement are closely spaced to minimize unavoidable statistical variations across

the wafer and from wafer to wafer. Thus, as the effective electrical channel length

Lel f is determined from the measurement of the low field transconductance factor

for various transistors, it is important to extract the true low field transconductance

of the devices. This condition imposes the simultaneous extraction of the series

resistance and gate-field mobility reduction factor for the L 1 measurement to be

meaningful.
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Appendix 13

iti l l-la'-MOSFET Fabrication

Starting Material:

p-type, (100), 20 - 25 C2-cm CZ Si, 75 mm diameter

Pad oxidation - 400A.

Dry oxidation, 1000°C/48 minutes.

Si 3N 4 deposition - 900 A

LPCVD deposition 790°C/27 minutes, 250 mTorr.

Si3N 4 densification

Anneal in 02, 950°C/30 minutes.
Field photolithography

Pliotoresist AZ1470J. Align and expose mask #1 with Canon

projection aligner. Positive resist developer, GO sec.

Si0 2 / Si3 N4 etch
50:1 H 2 0:HF Si0 2 etch, 30 sec.

Plasma etch Si3 N 4 , Drytek 100 etcher, CF 4 :02 500W, 7 min.
Channel stop implant

Species:	 B'1

Energy:	 120 keV

Dose:	 1.5 x 1013 cm'

Field oxidation (LOCOS) - 7,600 A

Photoresist stripping. Standard cleaning.

H 2 O oxidation, 1000°C/200 minutes.

Nitride / Pad oxide stripping
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Remove oxidized Si3N4, 6:1 BHF etch, 40 seconds. Hot DI water.

Si3N4 etch, H3PO4 at 155°C, 80 minutes.

Pad oxide strip, 6:1 BIIF etch, 30 seconds.

Clean-up oxidation - 400 A

02-H20-02 cycle oxidation, 900°C/5 min.-12min.-5min.
Enhancement VT adjustment implant

Species:	 B11

Shallow VT implant:

Energy:	 35 keV

Dose:	 5 x 1011 cm'

Deep punchthrough supression implant:

Energy:	 180 keV
Dose:	 4 x 1011 cm'

11. Depletion photolithography

Standard cleaning, no HF dip. PR coat, align and expose mask #2.

PR developer, 60 sec. Descum in 02 plasma, 500W, 2 min.
19. Depletion VT adjustment implant

Species:	 As75

Energy:	 120 keV
Dose:	 2.6 x 10' c -2

Clean-up oxide strip

Resist strip. Si02 etch, 6:1 BHF, 30 sec.
Gate oxidation - 400 A

Dry oxidation, 1000°C/4S minutes.

Oxide test. Gate oxide: 392 ± 4 A. Field oxide: 5,800 ± 40 A.

Buried contact photolithography

PR coat: Align and expose mask #3.

PR developer, 60 sec. Descum in 02 plasma, 500W, 2 min.

Buried contact etch / backside oxide etch

Oxide etch, 6:1 BHF, 70 sec.

17. Polysilicon deposition - 4,300 A

LPCVD deposition 620°C/68 minutes, 500 InTorr.
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Polysilicon 7t+ doping and masking oxidation

POC13 source, 950°C/ 25 minutes.

50:1 11 2 0:11F, 30 sec. Dry oxidation cycle:

N2-02 — N2, 800°C, 5 min.-1 min.-2 min.

Polysilicon gate photolithography

PR coat. Align and expose mask #4. Positive developer, 60 sec.

Polysilicon etch

Masking oxide etch, 50:1 H 2 0:HF, 30 sec.

Descum in 02 plasma, 500W, 90 sec.

Poly plasma etch, C 2 C1F5 :SF6 , 500W, 150 mTorr, 10% overetch.
LDD Phosphorous implant photolithography

PR strip. Standard cleaning, no HF clip, 800°C N2 singe.
PR coat. Align and expose mask #5. Positive developer, 60 sec.

Descum in 02 plasma, 500W, 2 minutes.

7t— LDD implant

Implant through 300 A S/D oxide.

Species:	 P31

Energy:	 60 keV
Dose:	 2, 5, 7.5, 10 x10 13 cm' for JMOS runs.

0.6, 1.2 x10 13 cm' for shallow LDD run.

n Phosphorous drive-in for JMOS runs

PR strip. Standard cleaning, no HF dip.

Argon anneal, 1050°C/60 minutes for JMOS runs.

p+ JMOSFET Boron implant photolithography

PR coat. Align and expose mask #6. Positive developer, 40 - 60 sec.

Descum in 02 plasma, 500W, 2 minutes.

p+ JMOSFET Boron implant

Species:	 I3F(249)

Energy:	 100 keV

Dose:	 0.6, 1.5, 2.2, 3 x10 14 cm-2

26. n+ conventional S/D Arsenic implant photolithography
PR strip. Standard cleaning, no HF dip, 800°C N2 singe.
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PR coat. Align and expose mask #7. Positive developer, 40 - 60 sec.

Resist hardening, CF4 plasma, 500W, 1 min. Resist bake at 150°C/30 min.

Descum in 02 plasma, 500W, 2 minutes.
n+ S/D implant

Species:	 As75

Energy:	 120 keV
Dose:	 1 x 1016 cm-2

Photoresist removal

02 plasma etch, 625W / H2SO4 etch cycles.

Sidewall oxide spacer deposition and densification - 8,200 A

Standard cleaning, no HF dip. LPCVD undoped Si02 deposition.

at 450°C/54 minutes, 240 mTorr.

Si02 densification in Argon, 900°C/30 minutes,

99. Spacer oxide etch

Drytek plasma etcher, Ar:C2F6, 1 Torr.

Silicon clean-up plasma etch, C2C1F5, 45 sec, 150 mTorr.

n+ JMOS drain implant photolithography

Standard cleaning, no HF dip, 800°C N2 singe.

PR coat. Align and expose mask #8. Mask large area JFET gates.

Positive developer, 50 sec.

Resist hardening, CF4 plasma, 500W, 1 min. Resist bake at 150°C/30 min.

Descum in 02 plasma, 500W, 90 sec.

JMOS drain implant

Species:	 As'

Energy:	 120 keV

Dose:	 6 x 1015 cm-2

Photoresist removal

02 plasma etch, 625W / H2SO4 etch cycles.

Implant anneal / oxidation

Standard cleaning, 15 sec. HF clip.

900°C Argon anneal - 15 min., 02 oxidation - 15 min.

Phosphorous glass deposition and densification - 6,200 A
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LPCVD Si0 2 deposition at 450°C, 290 mTorr.

500 A SiO 2 / 5,700 A Si02(77oP)•
si0 2 densification in Argon, 900°C/30 minutes.

Contact photolithography

PR coat. Align and expose mask #9. Positive developer, 40 sec.

Descum in 02 plasma, 500W, 90 sec.

Contact etch

Plasma etch, He:C 2 F6:CHF3 : 0 2 , SOO W, 10 Torr, 50 sec.

Silicon clean-up plasma etch, C 2 C1F5 , 45 sec, 150 mTorr.

Resist bake at 120°C. Contact flash etch, 20:1 H 2 0:HF, 30 sec.

Aluminum sputtering

Standard clean. 50:1 HF

RF sputter etch, 2 min. Al(1% Si) sputtering.

Aluminum photolithography

PR coat. Align and expose mask #10. Positive developer, 50 sec.

Descum in 02 plasma, 500W, 2 min.
Aluminum etch

Wet etch at 40°Cuntil clear. Overetch 2urn.

Plasma freckle removal, SF6 :C2 C1F5 , 30 sec.
Backside oxide removal, 6:1 BHF etch.

Forming gas anneal and sinter

PR strip and cleaning with PRS-1000 solution.

Anneal in N 2 :10% H2, 400°C/45 minutes.
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