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ABSTRACT

Advances in microlithography, dry etching, scaling
of devices, ion-implantation, process control, and computer
aid design brought the integrated circuit technology into
the era of VLSI circuits. Those circuits are characterized
by high packing density, improved performance, complex
circuits, and large chip sizes. Interconnects and their
spacing dominate the chip area of VLSI circuits and they
degrade the circuit performance through the unacceptable
high time delays. Multilayer metallization enables shorter
interconnects, ease of design and yet higher packing density
for VLSI circuits. It was shown in this dissertation that,
tungsten films deposited in a cold-wall LPCVD reactor offer
viable solution to the problems of VLSI multilayer
interconnects.

Experiments showed that LPCVD tungsten films have
good uniformity, high purity, low resistivity, low stress,
good adherence and are readily patterned into high
resolution lines. Moreover, a multilayer interconnect
system consisting of three layers of tungsten metallization
followed by a fourth layer of aluminum metallization has
been designed, fabricated and tested. The interlevel
dielectric used to separate the metal layers was CVD

XV



xvi
phosphorus doped silicon dioxide. Low ohmic contacts were
achieved for heavily doped silicon. Also, low resist- ance
tungsten-tungsten intermetallic contacts were obtained. In
addition to excellent step coverage, high electro- migration
resistance of interconnects was realized. Finally, CMQS
devices and logic gates were successfully fabricated and

tested using tungsten multilayer metallization schemes.



CHAPTER 1
INTRODUCTION

An integrated circuit (IC) consists of active de-
vices, passive elements, and interconnects. Interconnects
and tﬁeir spacing dominate most of the chip area of very
large scale integrated (VLSI) circuits [1,2,3]. One way to
conserve chip area while achieving highly complex circuits
is to employ multilayer interconnections [4,5,6,7,8,9].
Moreover, the properties of interconnects can dominate the
overall performance of VLSI circuits. The most widely
reported effect is the signal delay introduced by long
resistive interconnects (1,3,8,10,11]. New materials and
processes are required to cut down these signal delays [12,
13,14,15). Multilevel metallizations using highly
conductive materials with hign melting points such as
refractory metals and self-aligned-gate CMOS process with
trench isolations offer viable solutions to the problem of

VLSI circuits.

1.1 Objectives

The main objective of this dissertation is to inves-

tigate the suitability of low pressure chemical vapor

1



deposited (LPCVD) tungsten films for multilevel metalliza-
tion of very large scale integrated circuits. The specific

objectives are:

1. Determination of the general requirements for the
multilevel metallization of VLSI.

2. Characterization of the cold-wall LPCVD tungsten films
as a function of the deposition parameters.

3. Investigation of the multilevel interconnect proper-
ties of tungsten films.

4. Determination of the electrical and dielectric prop-
erties of the insulator used to separate the different
layers of tungsten interconnects.

5. Design and fabrication of a tungsten self-aligned-gate
CMOS process with tungsten multilevel interconnec-

tions.

1.2 Results
Briefly stated, the most important results of this

dissertation are:

1. Measurements showed that tungsten films produced by
LPCVD have good uniformity, high purity, low resis-
tivity (9 £ 1 pue cm), low stress, good adherence to
IC materials and are readily patterned into high

resolution lines.



2.

3

A multilayer interconnect system consisting of three
layers of tungsten metallization followed by a fourth

layer of aluminum metallization has been designed and

2

fabricated. Low ohmic contacts (3-8 x 10"7 Q-cm
were achieved for both types of doped silicomn. Also,
low resistance tungsten-tungsten intermetallic
contacts of 0.13 Q/contacts were obtained. 1In
addition to excellent step coverage, high electro-
migration resistance (J = 4.5 x 106 X/cmz) was
obtained.

The interlevel dielectric used to separate the metal
layers, CVD silicon dioxide has a dielectric constant
of 4-4.1, a breakdown field of 3 - 6 x 106 v/cm with
reproducible etched vias.

Complementary MOS devices with 4 micron self-aligned-
tungsten gates have excellent I-V characteristics.
Schottky barrier diodes on lightly doped n- and p-
type silicon with tungsten metal have been success-
fully fabricated.

The basic building blocks of CMOS logic gates have
been fabricated using tungsten multilevel metalliza-

tion. Good voltage transfer characteristics have

been obtained.



1.3 Organization

The dissertation proceeds as follows. Chapter 2 is
a review of the effects of scaling on VLSI devices and
interconnects, the general requirements of the multilevel
metallization materials (conductors and insulators), and the
particular requirements of the MOS gate electrodes. In
addition, it reviews the advantages and limitations of the
traditional metallization schemes and the current trends in
VLST interconnects. It concludes with a discussion of
advantages of refractory metals, especially tungsten films
as interconnect materials.

Chapter 3 discusses the deposition method, the
deposition variables of the cold-wall LPCVD reactor and
their effect on the growth rate of tungsten films. Also, it
includes characterization of the properties of the LPCVD
tungsten f£ilms such as uniformity, composition, structure,
grain size, sheet resistance, stress, adhesion, micro-
hardness, patterning aand oxidation.

In Chapter 4, the design, fabrication, and testing
of a tungsten multilevel metallization system is presented.
It includes a description of the test vehicles and their
parameters and objectives, in addition to measured results.
These are the sheet resistance and resistivity of tungsten
layers, tungsten-to-silicon contact resistance, continuity
of contact strings, tungsten-to-tungsten intermetallic con-

tact resistance, step coverage, maximum current density.
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This chapter also includes the properties of the intermetal-
lic dielectric layers such as the etch rate, dielectric
constant, breakdown voltage and field, and leakage current.

Chapter 5 discusses the importance of the CMOS
process for VLSI circuits and presents the design, fabrica-
tion and testing of an N-well self-aligned tungsten gate
CMOS process. This process is fully ion-implanted and uses
LOCOS isolation with two layers of tungsten interconnects
followed by a third layer of aluminum metallization. Also,
it gives the layout rules, test devices, CMOS process
simulation, CMOS device simulation and fabrication sequence.
The chapter concludes with Schottky diode characteristics.
MOS properties, CMOS device parameters and the logic
characteristics of CMOS gates.

Finally, Chapter 6 éontains a summary of results, a
list of the contribution of this dissertation and a list of

suggestions for future research.



CHAPTER 2
VLSI INTERCONNECTS

2.1 Introduction

The omnipresent goals of integrated circuit tech-
nology (ICT) are improving the performance of devices and
maximizing their packing density. Smaller chip area implies
more chips per wafer, higher yield and lower manufacturing
cost per chip. The continuous efforts to maximize the pack-
ing density brought the ICT to the threshold of very large
scale integration circuits (VLSI) with 100,000 or more
devices fabricated on the same chip [1,6]. This progress
was due to the advances in photolithography techniques, dry
anisotropic etching, ion implantation, tighter process
control, and computer aided design.

VLSI circuits are characterized by the continued
increase of device density and enhancement of the device
performance (fast switching), which are made possible by
scaling down the lateral and vertical dimensions of the
devices. The state-of-the-art VLSI minimum design rules are
one micron line width, junction depths of 0.25 micron, and

contact hole size of the order of 1 x 1 micron square [1].
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Integration of such a large number of components on
a chip with a single level of interconnects requires rela-
tively more area for the interconnects than for the compo-
nents. Also, long resistive interconnects cause signal
delays which adversely affect circuit performance. Multi-
level interconnects (conductor/insulator/conductor) offer a
solution for reducing the signal path to improve perfor-
mance, the potential for a higher packing density, and
flexibility and ease of routing.

Aluminum has been the most widely used metal for
contacts and single level interconnects in both bipolar and
MOS technologies because of its process compatibility and
cost effectiveness [6,16,17,18,19]. However, with the in-
creased complexity of IC designs and device structures,
aluminum metallization no longer meets all the IC multilevel
interconnections requirements. Over the years, a number of
interconnection materials including aluminum alloys, doped
polysilicon, refractory metals and their silicides have been
used.

The sheet resistance of doped polysilicon (20Q/[3) is
acceptable for line widths > 5 microns. However, as the
feature size is reduced toward 1 micron, polysilicon must be
replaced by low resistance materials. A temporary solution
is to reduce the conductivity of polysilicon with a refrac-
tory metal silicide shunt (polycide) which has a sheet re-

sistance of 2-5q@/Q [(20,21,22,24]. The ultimate solution is



the use of refractory metals [6,7,13,14,15,25,26,27,28]
which provides an order of magnitude lower sheet resistance

than that of the polycides.

2.2 Device Scaling and Its Effects

The main driving force for VLSI has been the advant-
ages of device scaling which include higher density, reduced
cost and improved performance. Scaling is achieved by a
transformation in three variables; namely dimension, volt-
age, and impurity concentration [29]. All linear dimen-
sions are reduced by a dimensionless factor K which is
greater than one. This reduction includes vertical as well
as horizontal dimensions. The applied voltages are also
reduced by the factor K, while the substrate doping
concentrations are increased by the same factor K. Tables
2.1 and 2.2 show the effects of scaling on the device/
circuit and interconnection parameters respectively [30].
According to Table 2.1, the gate delay is reduced by a
factor K when the feature size is reduced by a factor K.
This means an improvement in the device performance. Also,
the power dissipation per device is reduced by a factor K2
which permits packing of more devices on a chip.

On the other hand, Table 2.2 indicates that the re-
sistance of an interconnection increases by a factor K and
its capacitance is reduced by the same factor K. Apparently,

this produces the same time constant for the scaled and the



unscaled interconnection. However, the current density of

the scaled interconnection increases by a factor K. This

Table 2.1 Effect of Scaling On Device/Circuit Parameters

Device/Circuit Parameters Scaling Factor
Device dimension (tox’ L, W) 1/K
Doping concentration (Na, Nd) K
Voltage (V) 1/K
Current (I) 1/K
Capacitance (C) 1/K
Delay time (RC) 1/K
Power dissipation (IV) 1/K?
Power density (IV/A) 1

Table 2.2. Effects of Saling On Interconnection Parameters

Interconnection Parameters Scaling Factor
Line resistance (R) K

Line capacitance (C) 1/K
Normalized voltage drop (IR/V) K

Line time constant (RC) 1

Line current density (I/A) K

Line voltage drop (IR) 1
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can introduce severe circuit performance problems such as
eletromigration and decreased noise margins. It should be
noted that this simple scaling principle does not predict
the total effects of scaling on VLSI interconnections. For
example, the resistance of the interconnects will increase
due to longer lengths resulting from increased chip size,
line thinning over steps, and contact resistance which
increases by a factor of K2 as a result of reduction of the
contact area. Also, the capacitance of the interconnect
will increase because of the significant fringing field
contribution, and because of the side wall capacitance of
adjacent metal strips as the minimum features are reduced

toward 1 micron.

2.3 Impact of Device Scaling On VLSI Processes

and Materials

2.3.1 Anisotropic Etching

Reduction of the lateral features requires aniso-
tropic etching for control of feature size and undercutting.
Isotropic wet chemical etching results in feature sizes that
differ from those in the original mask by an amount that is
at least two times the thickness of the film being etched.
Anisotropic etching can be carried out by plasma etching,

reactive sputter etching, or reactive ion beam etching [12].
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2.3.2 Step Coverage

Anisotropic etching can result in almost vertical
steps. Thus, the metallization process should be able to
conformall§ coat these steps. There are relatively few film
deposition processes capable of achieving conformal step
coverage. These are low pressure chemical vapor deposition
(LPCVD) techniques, bias sputtering, and plasma enhanced CVD

[127.

2.3.3 Radiation Damage

The plasma processes used for patterning and for
metal deposition induce various sorts of damage at the Si-
510, interface, some of which cannot be removed by annealing
at temperatures compatible with aluminum metallization. To
remove all the radiation damage, the metallization material

must be capable to annealing at high temperatures (> 600°C).

2.3.4 Small Contact Openings

The contact resistance increases dramatically as the
contact area is reduced. This is due not only to the
obvious reduction in contact area, but also to the oxide re-
growth in the contact opening and the increased effect of
surface contamination. Consequently, it is necessary to
have some kind of in situ clean up just prior to the metal-

lization.
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2.3.5 Spiking Shorts
Very shallow junctions with Al metallization have
serious problems with spiking shorts. The solution to this
problem is the use of a refactory metal as the material in

direct contact with silicon [12].

2.3.6 Electromigration

Transport of mass in a metal when subjected to high
current densities is called electromigration. It occurs in
thin films by grain boundary diffusion and is structure sen-
sitive. Electromigration is enhanced by inhomogeneities in
the microstructure and temperature gradients. Electromigra-
tion leads to hillock formation and voids which finally
translate into open circuits in interconnection lines [31].
As a consequence of the large grain boundary self-diffusion
in aluminum (which is related to its low melting point),
electromigration is a severe problem for aluminum inter-
connects in VLSI circuits [16]. Hence, VLSI metallization
material should have a high electromigration resistance. The
above requirements of the VLSI processes and materials [12]

are summarized in Table 2.3.

2.4 General Requirements

For Multilevel Metallizations

Multilevel interconnect schemes enable shorter

interconnect lengths, relaxed design rules, ease of routing
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Table 2.3. Requirements of the VLSI Processes and Materials.

- All metal and dielectric layers must be anisotropically
etchable

- Deposition processes must produce conformal step

coverage

- Materials must be capable of annealing at high
temperatures.

- Process must provide in situ contact cleaning

- Materials must have a high electromigration resistance.

and yet greater device density for VLSI; at the expense of
increased process complexity [2,15]. 1In order to fabricate
a reliable multilevel interconnection, the deposition pro-
cess for both metal and dielectric must ensure conformal
coverage of the substrate topography. Severe substrate
topography variations should be eliminated or at least
minimized. All the materials (metals, dielectrics) must be
compatible with one another. Clean materials and deposition
methods must be maintained throughout the entire processing
sequence. The physical-chemical material requirements for
the metals used in the multilevel metallization schemes are
given in Table 2.4, |

The primary purpose of an interlayer dielectric is
to provide electrical isolation between the metal lines on

the different levels and on the same level. To achieve this
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isolation the dielectric layer must have the following char-
acteristics, low leakage current, good step coverage, crack
resistance, adhesion to the metals and the capability of
easily forming vias fér contacts. The required physical
chemical properties for an interlayer dielectric are

summarized in Table 2.5.

Table 2.4. Required Physical-Chemical Properties of Metal

Films

- Low resistivity

- Low ohmic contact resistance to doped silicon

- Low resistance for interlevel metal contacts

- Freedom from hillocks, excessive grain size, and stress

- Low susceptibility to electromigration

- Corrosion resistance

- Ease of deposition, patterning and etching

- Minimal chemical interactions with adjacent films

- Metal and deposition process must minimize trapped
charges

- Resistant to spiking shorts

- Bondable

- Adhesion to silicon, polysilicon, silicon dioxide, and
silicon nitride

- Conformal step coverage
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Table 2.5. Required Physical-Chemical Properties of

Dielectric Layers

- High dielectric breakdown strength

- Low dielectric constant

- Low stress

- Minimal chemical interaction with adjacent films
- Ease of deposition, patterning and etching

- Low trapped-charge density

- Crack resistance

- Conformal step coverage

-~ Impurity barrier

- Adhesion to the different materials used in IC

Table 2.6 Metals and Insulators Used in IC Metallization

Metals Insulators
Aluminum Silicon dioxide
Aluminum-alloys Phosphosilicate glass
Polysilicon Borosilicate glass
Refractor metal silicides Silicon nitride
Refractory metals Alumina

Combination of the

above
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Several materials have been used or are under
current investigation for the multilevel metallization
system. Table 2.6 lists the most important metals and

dielectrics used in IC interconnects.

2.5 MOS Gate Requirements

The need for a very large scale self-aligned MOS
technology sets the follo&ing limitations on the low-resis-

tivity materials used as the gate electrode [24].

2,.5.1 High Temperature Process Compatibility

The electrode material must withstand the high
temperatures encountered during integrated circuit proces-
sing and still retain its metallurgical integrity. This
means that its melting point should be much higher than con-

ventional processing temperatures.

2.5.2 Oxidation

Formation of an insulating layer on the top surface
of the gate electrode and the interconnection layer is
necessary so as to isolate it from subsequent deposited
conducting layers. Chemical vapor-~-deposited SiO2 and Si3N4
can be used for this application, however, thermally grown

SiO2 is generally of superior quality.
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2.5.3 Chemical Resistance
The electrode material should not be affected by the
chemicals used in the fabrication of ICs <H2304» NHd3, HCL,
HF, H3PO). It must also be able to withstand the common

cleaning regents for Silicon.

2.5.4 Stability to Final Metallization

Aluminum is widely used as the top most layer to
provide electrical interconnections in multilayer struc-
tures. The final step in the Al metallization process is to
anneal the wafers at 400°C to 500°C. This improves the
ohmic contact of Al to Si, removes oxide damage caused
during metal evaporation, and reduces the density of surface
state at the oxide/silicon interface. The electrode
materially should be metallurgically compatible with Al at

these sintering temperatures.

2.5.5 Small Grains

When a material with small grains is subjected to
the high temperature processes, grain growth may occur.
Larger grains will cause difficulties in lithography and
uniform etching of the material. It is evident, therefore,
that the selected electrodes, wherein grain growth is
minimal and grain size is small, will facilitate etching of
lines in the micrometer range which is essential for higher

packing density.
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2.5.6 MOS Electrical Properties

The electrode material must be compatible with cur-
rent fabrication process. MOS devices fabricated from such
materials should exhibit good SiOz/Si interface properties
(low QSS and Qm). The work function will differ from that
of aluminum/silicon and the process must be modified to
obtain circuit-compatible threshold voltages for the MOS
transistors. The above mentioned requirements of the gate

level metal are summarized in Table 2.7.

2.6. Multilevel Interconnect Materials for VLSI

2.6.1 Aluminum

Aluminum has been in use since the early days of IC
manufacturing because it has several desirable properties.
These include ease of deposition by evaporation (thermal and
e-beam) and sputtering techniques, ability to be defined
into high resolution patterns, high conductivity, good ad-
herence to silicon and silicon dioxide, low ohmic contact
resistance to heavily doped p- and n-type silicon, in
addition to good bondability, easy availability and low
cost. However, aluminum films have some disadvantages and
limitations which impact its value for VLSI metallization.’
These include low melting point, low electromigration resis-
tance, inadaquate step coverage and high reactivity with

silicon and silicon dioxide.
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Table 2.7. Requirements of the Gate Level Interconnect

- Low series resistance

- Stable interface to gate dielectric (MOS properties)
- Adhesion to silicon and dielectric materials

- Ability to withstand high temperature cycles

- Capability to form a protective layer

- Stable ohmic contact to silicon

- Chemical resistance

- Stability to final metallization

- Minimum penetration into silicon

- Ability to be patterned into high resolution lines

(small grain size)

Aluminum films are classified as low-temperature
metallization schemes because the Al-Si eutectic temperature
is 577°C. Therefore, it is not safe to heat the metallized
devices above 525°C. This is a serious limitation because it
prevents the use of the favlorable self-aligned gate design
for VLSI. Also, the structural and dielectric qualities of
Al metallized devices are inferior because the passivation
and interlevel layers must be deposited at low temperatures

after metallic contacts and/or first level metallization.
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Low-temperature (420°C) deposition of insulation layers
generally result in non-dense, porous films containing pin
holes with poorly defined etching characteristics and low
dielectric strength. However, deposited dielectric layers
are markedly improved in quality when demnsified at high
temperatures (1000°C). Thus, it would be advantageous to
employ a metallization scheme capable of withstanding high-
temperatures such as refractory metals [4].

Another limitation with Al comes from the preferen-
tial diffusion of Si from the substrate into the pure Al
metallization during annealing at places where Al comes in
contact with the substrate [2,6]. The consumption of Si in
Al films is enhanced by the polycrystalline nature of Al
films, due to the fact that the diffusion in thin films
occurs mainly along the grain boundaries. Al will fill the
region from which Si is consumed, which can lead to spikes
in the case of Al contact to shallow junctions [16]. 1In
order to prevent contact shorts, it is necessary to use
either an Al-Si alloy or a refractory metal diffusion
barrier, or a sacrificial diffusion barrier of CVD
polysilicon between the Al and the diffused silicon [2].

Aluminum reduction of silicon dioxide proceeds

according to the chemical equation

3 S10, + 4A1 » 3 Si + 2A1203 (2.1)
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Sintering of Al metallized devices at 420°C is used to
reduce the residual Si02 in the contact areas in order to
produce ohmic contacts and better adhesion. However, too
much heating during this process or during bonding is likely
to destory the dielectric integrity of very thin gate
oxides. The use of inert gate electrodes alleviates this
problem [32,18].

Electromigration in Al films has been identified as
one of the primary failure mechanisms limiting the relia-
bility of Al interconnects (2,5,6,31]. Electromigration in
Al films is due to the low activation energy for self
diffusion which is related to its low melting point, as well
as the large grain boundaries. Electromigration of Al films
can be improved by adding 0.5-47 Cu to the Al conductor.

One of the drawbacks of Al/Cu alloy is the incompatibility
with plasma etching and increased susceptibility to
corrosion in the presence of chlorine.

Al films deposited by evaporation or sputtering
suffer from inadequate step coverage (thinning of Al
deposits) at steps of VLSI topographies due to shadowing by
topographic features and self shadowing by the growing film
[5,14,19]. This thinning results in the formation of
microcracks and discontinuities at the corners of deep
steps, in addition to increasing the total Al alloy resis-

tance significantly. Bias sputtering has been reported to
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improve the step coverage [64], but it leads to the incorp-
oration of argon gas and other defects which result in a
high sheet resistance. Also, pronounced surface roughening
was observed in bias sputtering. Little has been published
regarding LPCVD aluminum [18] which results in conformal
coating of steps. However, drawbacks of all the known
deposition techniques of Al films appear to be in its
structure-related properties, namely, electromigration
resistance and Al-Si diffusion [19].

Al is very prone to corrosion even during vacuum
deposition. Corrosion of first-layer of Al film at vias
during device processing can cause excessive contact resist-
ance. It has been generally established that interlevel
reactions are minimized when refractory metals are used [5].
In terms of lowering interlevel contact resistance, refrac-
tory metals have the unique advantage of having a very
volatile oxide. Thus, the surface oxides at vias can be
removed very effectively by heat treatment in vacuum prior

to deposition.

2.6.2 Doped Polysilicon

Doped polycrystalline silicon (polysilicon) has many
desirable properties including excellent step coverage, good
adhesion, good oxidation characteristics, mechanical sta-
bility at high temperatures, and well known stable interface

to silicon dioxide. However, conventional n-channel
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silicon-gate MOS technology faces limitations due to the low
conductivity, difficulty in patterning especially heavily
doped films, and from consideration of the overall scaled
MOS process compatibility.

When polysilicon lines are used as interconnects,
such as for data lines, the high resistance of the lines
combined with their distributed capacitance contribute
significantly to the propagation delay. Signal propagation
delay through interconnects is expected to be a limiting
factor in VLSI circuits where individual device delays are
optimized by scaling and the use of higher performance
processes. Polysilicon films of about 5000 A thickness used
as gates and interconnects typically have a sheet resistance
of 20-30@/Q (26,33]. Thus, performance of such films will
worsen as lateral dimensions shrink and line lengths
increase.

Conventional patterning using isotropic etches such
as wet etching as well as CFQ plasma etching results in poor
definition of doped polysilicon films with implantation
damage. Doping polysilicon films, as well as removing
implantation damage, to improve performance requires high
temperature treatment which results in an undersirable
significant grain size growth [33].

Shallow source/drain junctions require ion implan-
tation or doped oxide sources which in a self-aligned gate

process further increase the sheet resistance of the



polysilicon used as gate and interconnect (100-150 @/0).
Sheet resistance of the diffused layers and associated
junction capacitance also increase due to the shallow
junctions and increased substrates doping, thus leading to

further degrad- ation in the speed performance.

2.6.3 Refractory Metal Silicides

Silicides have been proposed as alternatives to
polysilicon for gate electrode or interconnect metallization
of VLSI MOS devices [20,21,22,23,24). This trend had
evolved as a consequence of the prohibitive value of
resistance encountered in conventional polysilicon gate
technology. A refractory silicide can be used as the gate/
interconnect material either by itself or in shunt with
polysilicon to maintain the same MOS electrical properties.
The refractory metal silicides have been deposited by direct
sputtering (MOSI,, WSi,), cosputtering (TaSi,, TiSi,),
co-evaporation (TiSiz, WiSiz) and chemical vapor deposition
[2]. The as-deposited metal-silicon alloys are amorphus
with high resistivities. Annealing at 800°C-1000°C is
required to form the disilicide, the resulting sheet
resistance is 2-5q@/(J. The silicides have good oxidation
characteristics, good chemical resistance and can be

patterned by dry etching processes.
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The major problem associated with silicides has been
the deposition technique resulting in problems with IC pro-
cessing [33]. Co-evaporation has tended to produce films
with marginal step coverage and significant shrinking during
annealing causing adhesion problems. Co-sputtered films have
resulted in better step coverage but a significant amount of
argon is included in the film with resultant shrinkage
during aﬂnealing. One significant problem with silicides is
the relatively high level of contaminants (e.g. oxygen,
carbon, and alkalies) presently found in composite, hot-
pressed sputtering targets. These contaminants not only
alter device characteristics irreversibly, but also may
result in loss of film integrity during subsequent high
temperature (1000°C) device processing steps [34]. Another
potential problem with silicides may be the high levels of
intrinsic film stress often found in these films. Intrinsic
stress is associated with the different thermal expansion
coefficients of silicon and silicide, usually create mech-
anical stability problems [35]. Some investigators found
that the silicide/polysilicon structure has a serious dis-
advantage of dielectric degradation of the gate oxide when
the polysilicon layer is less than 200 nm [36], in addition
to the problem of achieving a high selectivity etching ratio

of the silicide, polysilicon, and silicon dioxide [37].
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2.6.4 Refractory Metals

Refractory metals offer superior performance poten-
tial considering the above limitations of aluminum, poly-
silicon, and silicides. Although a large number of pure
refractory metals are commonly used in the semiconductor
technology, requirements of high conductivity, fine
patternability, high reliability and compatibility with
other semiconductor processing narrow the list considerably
(W, Mo). In the early years of MOS technology development,
refractory metals were investigated and characterized
(32,38]. However, their advantages were more than offset by
the process simplicity and passivation capability of the
silicon-gate technology. Now, the high conductivity, high
melting point, high electromigration resistance, and fine-
line patternability of these metals make them attractive
materials for VLSI gates and interconnects. For examples,
tungsten of comparable film thickness, offers a 50 to 100
times improvement in sheet resistance over doped polysilicon
layers. Tungsten films have been patterned into micron and
submicron finelines using CF4 plasma [39]. Tungsten film
compatibility for scaled MOS devices appears comparable to
polysilicon technology, however, availability of a lower
resistivity gate material allows added process flexibility
in self-aligned MOS device fabrication [14,26,27,40]. The
refractory metals, however, do present a processing

disadvantage since it is not possible to passivate



refractory metals by thermal oxidation, as it is the case
with polysilicon. A number of process and material options
are considered to overcome this limitation.

The above facts have suggested trends for VLSI

metallization which are summarized in Table 2.8a and b [41].

2.6.5 Tungsten Metallization

Tungsten offers a number of advantages as a contact/
interconnect metallization material for VLSI silicon devices
and circuits. Tungsten films are readily deposited on
silicon and silicon dioxide by low pressure chemical vapor
deposition employing the reduction of tungsten hexaflouride
by hydrogen. The as-deposited films are not amorphous (i.e.
do not need annealing) and can be defined into high resolu-
tion patterns. Tungsten films have good adherence to Si and
510, and their sheet resistance is about an order of
magnitude lower than the silicides. The tungsten-silicon
eutectic point is greater than 1400°C, and the thermal
coefficient of expansion of tungsten closely matches that of
silicon as shown in Table 2.9 [42]. Tungsten is not
attacked readily by aqueous HF, phosphoric or sulfuric acid,
and atmospheic constituents. Moreover, tungsten forms ohmic
contact to heavily doped p- and n-type silicon. The
activation energy of tungsten for self diffusion is one of
the highest known for metals which means that tungsten has a

high resistance to electromigration. In addition, LPCVD
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tungsten can be deposited conformally with virtually no
thinning over VLSI steps. Also, tungsten does not diffuse
readily into silicon, at the same time it is a good barrier
to aluminum diffusion, thus it prevents spiking of shallow
junctions. Finally, tungsten can be used as a mask for ion
implantation and as an etching mask for Si0, and Si3N4'

However, tungsten does have some limitations includ-
ing the fact that tungsten is not readily bonded and is not

wet by solder. This limitation can be overcome by using Al

Table 2.9. Characteristics of Metals Used for Silicon

Metallization
Metal Temp. Linear M.P. of Bulk M.P. of
Range Coefficient  Metal Resistivity Silicon
(°C) of Thermal (°C) (ohm-cm at Eutectic
Expansion 20°C)
b1 og-1
1
si  0- 50 4.15 x 107% 1430
Si  25-600 3.6 x 107°
AL 0-600 22.5 x10°% 600  2.26 x 107%  577.2
Pt -150-600 8.8 x 10" 1755 10.5 x 10°® 830
Ni  0-550 15.7 x 10°° 1452 9 x 1078 964
W 25-500  4.46 x 10”9 3370 5 x 10°% 1400
Mo  25-500 5.5 x 10°° 2620 4.8 x 10°% 1400
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for the last interconnect layer. Secondly, tungsten oxides
at T > 300°C in an oxidizing ambient and tungsten oxide is
volatile, so it should be cooled before breaking the vacuum.
Thirdly, tungsten does not form a protective passivation
layer. But fortunately, CVD and plasma enhanced CVD SiOz
and Si3N4 provide adequate insulator and passivation for

tungsten films.

2.6.6 Conclusion

From the above discussion, it is clear that tungsten
films offer a potential solution for VLSI interconnects.
Hence, the next chapters will explore the usage of LPCVD

tungsten multi-level metallization for VLSI systems.



CHAPTER 3
CHARACTERIZATION OF TUNGSTEN FILMS

Thin films for integrated circuit (IC) processing
should exhibit certain properties for successful continuous
fabrication of devices. Those desirable characteristics
include reliability, repeatability, stability, purity,
patternability and adherence. 1In addition, thin films used
for interconnects should have high conductivity, high elec-
tromigration resistance, and conformal step coverage of
severe topographies. In this chapter we examine the diff-
erent deposition techniques for tungsten thin films and
especially the properties of cold-wall low pressure chemical
vapor deposited tungsten films by hydrogen reduction of
tungsten hexafluoride because this process gives very good
results.

In IC technology numerous deposition techniques have
evolved, including evaporation, sputtering, and chemical
vapor deposition. Of course, each method has its advantages
and disadvantages. Moreover, each method may be suitable for
a certain type of application. The choice of a particular
method depends on the following factors. Ease of deposition,
purity, adhesion of the deposited film, uniformity of the

31
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film on the wafer and from wafer to wafer, the percentage of
step coverage, throughput capability, growth rate, amount of
inherent stress, microhardness, electrical characteristics,

and of course the economics of the process.

3.1 General Principles of Evaporation,

Sputtering, and CVD

3.1.1 Evaporation

The most widely used method for deposition of thin
films consists of heating solid materials in vacuum (> 10_7
torr) to the temperature at which the vapor pressure is >
10'2 torr, and condensing the vapor on a cooler substrate.
The most common method for heating the source is resistance
heating. Usually, the heaters are made of refractory metals
like tungsten, molybdenum, and tantalum. Another approach
for thermal evaporation is the use of an electron beam as
the heat source. Electron beam evaporation results in bet-
ter film qualities than thermal heating techniques. How-
ever, having a rotating planetary substrate holder is essen-
tial in both cases to get better step coverage. The rate of
deposition of films depends on many factors, such as includ-
ing the separating distance from source to substrate, rela-
tive angular position of the source to the substrate, the
geometry of the source, and the condensation coefficient of

the evaporated species.
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3.1.2 Sputtering

The process of removing surface atoms or molecules
from the surface of a material by bombardment with energetic
ions is called sputtering. Different types of sputtering
systems are used for microelectronic deposition including
DC, RF and magnetron. Sputtering is performed in vacuum
equipment, but with pressures in the range 2-25X10"3 torr.
In DC sputtering systems the ionizing energy is suppled from
a high voltage dc power supply. The material to be deposited
is called the target and forms the cathode of the system,
whereas the substrates are placed on the anode which is
spaced between 1-12 cm from the cathode. After pumping the
chamber to a high-vacuum condition, it is back-filled with
ultra-high-purity argon to the desired sputtering pressure.
The atoms sputtered from the target fall on the substrates
and form a thin film whose thickness is dependent on the
energy of the bombarding ions and the ion current.

In RF sputtering an RF field is applied between the
anode and the cathode. To confine the gas discharge to the
target area, coils are placed around the bell jar to create
an axial magnetic field. The deposition rate of a DC
sputtering system can be significantly improved by using
magnetic fields to intensify the gas discharge. Permanent
magnets are used to produce magnetic fields which are

approximately parallel to the exposed surface of the target.
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3.1.3 Chemical Vapor Deposition (CVD)

The process in which a film is deposited by a
chémical reaction of one or more gas phase reactants on the
surface of a substrate is called chemical vapor deposition
(CVD). Some CVD reactors operate at atmospheric pressure
while others operate at low pressures in the range 0.1-25
torr. However, low pressure chemical vapor depositions
require lower flow rates and result in better uniformity.
Hot-wall reactors use resistive heating while cold-wall
reactors use RF heating or other forms of indirect heating.
In the case of cold-wall reactors, the wafers are placed on
a horizontal RF heated susceptor, whereas in the case of a
hot-wall reactor the substrates are mounted vertically in a

quartz boat.

3.2 Advantages and Disadvantages

of Each Deposition Method

Tungsten films have been deposited by electron-beam
evaporation [26,43], sputtering [25,7,36,44], and CVD (14,
27,42,45]. Each approach has its advantages and disadvant-
ages. The main advantage of a sputtering process is that it
is possible to sputter almost any material. However, films
produced by sputtering have less than conformal step
coverage and are often stressed. Also the sputtering gas is

usually incorporated in the sputtered films. Evaporation



35
has many of the deficiencies associated with sputtering.
The step coverage is poor, and the films have adherence
problems [26, 43]. Chemical vapor deposition of tungsten
offers advantages over sputtering and evaporation. CVD
tungsten can provide good step coverage and high purity
deposits. Therefore, we examine the different types of CVD
techniques in some detail in order to choose the best one

for our application.

3.3 Types of CVD Reactors

3.3.1 Atmospheric CVD

Tungsten films were deposited in 1974 at atmospheric
pressure from tungsten hexafluoride and tungsten hexachlo-
ride [45]. The tungsten hexachloride saturator and gas
lines leading to the reactor chamber have to be heated to
150°C. Some of the problems associated with using an
atmospheric CVD reactor are the toxic nature of the tungsten
hexafluoride, the level of impurity found in the f£ilm, poor
adherence, and the possibility of oxidizing the deposited

tungsten films.

3.3.2 Low Pressure CVD Reactors
There are two primary types of low pressure chemical

deposition reactors; hot-wall and cold-wall reactors. How-
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ever, plasma enhanced CVD of tungsten films has been
reported [46] but little is known about the technique.

Hot-wall reactors use resistive heating like oxida-
tion furnaces. Deposition temperatures are typically below
600°C. The deposition reaction is surface-controlled or
temperature-limited where the deposition rate is controlled
by the dissociation of H, molecules on the substrate surface
[27,47]). The surface-controlled reaction deposition rate is
strongly affected by the temperature, while the flow rates
of the reactants have limited effects on the deposition
rates. This reaction requires critical temperature control
and large amounts of reactants. It has the advantage of
coating a large number of wafers with good uniformity, but
the film thickness is dependent on the number of wafers
being coated. The deposited films have polycrystalline
structure with high resistivities. Annealing at high
temperatures is required to reduce the resistivities to
acceptable values. Another disadvantage of hot-wall
deposited films is their poor adherence to silicon dioxide
[14,27].

The cold-wall, low pressure, chemical vapor reactor
uses RF heating. The deposition temperatures are above
650°C. The surface reaction is mass-controlled or diffusion-
controlled which does not require critical temperature
control and uses small amounts of reactants. In this case

the deposition rate is limited by the rate at which the
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reactants (WF6 + HZ) arrive at the substrate surface.
Deposition rate is strongly affected by the gas flow
conditions and system geometry, while temperature variations
have limited effects. The film uniformity and thickness is
independent of the number of wafers being coated. Cold-wall
reactors have the disadvantage of requiring critical control
of mass-flow and coating a small number of wafers per run.
The deposited films have a preferred orientation in addition
to low resistivities, so that annealing is not required.
Moreover, tungsten films deposited in a cold-wall reactor
have good adherence to silicon, silicon dioxide, and silicon
nitride. Also, the cold-wall reactor can be used for
deposition of multiple materials like polysilicon nitride,

silicon dioxide, and tungsten silicide.

3.3.3 Chemical Reactions

Tungsten hexafluoride (WF6) is usually used as the
source for tungsten because it is a gas under a pressure of
15 psi at room temperature (b.p. 17.3°C) making its handling
easy. No heating or temperature control for the source or
lines is necessary to prevent the condensation of the gas.
Tungsten hexafluoride is readily available in high purity,
at low cost, and in large quantities. Moreover the
chemistry of tungsten hexafluoride is known [47].

Tungsten films can be deposited on silicon wafers by

reducing tungsten hexafluoride with silicon in an inert
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atmosphere such as helium at temperatures above 400°C

according to the primary reaction:
2 WF6 + 3 Si~+ 3 SiF4+ + Wy (3.1)

The reaction proceeds until a limiting tungsten thickness of
300-400°A is reached [42]. When the contact windows of a
silicon device are opened and ready for metallization, the
device is exposed to dilute tungsten hexafluoride at about
700°C. The silicon regions quickly and selectively become
coated with tungsten. In addition, the silicon dioxide
regions will be slightly etched. This mild vapor etching
helps to remove any thin oxide layers from the contact
windows, cleans the oxide surface, and ensures that the
tungsten film, subsequently deposited on the oxide, will be
adherent.

In the presence of hydrogen, tungsten hexafluoride
is reduced to metallic tungsten at temperatures in the

neighborhood of 700°C according to the primary reaction:
WF6 + 3H2 + W+ + 6HF+ (3.2)

In this case, hydrogen acts as the reducing agent as well as
the carrier gas. This reaction is employed to deposit tung-
sten uniformly on silicon, silicon dioxide, silicon nitride

and tungsten metallized silicon contacts.
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3.4 Deposition Variables

The formation of thin films on a substrate by CVD
deposition is basically a phase change phenomenon involving
nucleation and growth. 1In general, the important variables
that can be controlled in a deposition are vacuum (pres-
sure), deposition rate, substrate temperature and substrate
structure. A proper choice of these variables is crucial
for the film to be deposited properly. Specification of the
variables must come from an understanding of their effect on
film nucleation and growth. Table 3.1 shows a simple rela-
tionship between the deposition variables and the parameters
of nucleation and growth [48]. Lowering the pressure
improves the purity of the film. Supersaturation increases
with deposition rate, but undercooling increases with

decreasing substrate temperature. The substrate

Table 3.1. Relationship Between Deposition Variables and the

Nucleation and Growth Parameters of Thin Films.

Deposition Variables Parameters of Growth and
Nucleation
Pressure Impurity Content
Deposition Rate Supersaturation
Substrate Temperature Undercooling

Substrate Structure Interfacial Energy
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structure should be selected to minimize the film - sub-
strate interfacial energy. However, the film thickness is
also a function of the flow rate of the reactant and carrier
gases, gas ratios, and deposition time. It is difficult to
find a straightforward relation between the growth rate and
all variables. Nevertheless, we can find experimentally a
reasonable range of values for the different variables to
obtain a realistic growth rate. Table 3.2 gives the
important variables and their respective range of values.
Experimentally it was not possible to change the pressure
because the pump rate was fixed. Each of the variables was
varied while keeping the others fixed, in order to find its
effects on the growth rate of tungsten films. The results
are shown in the series of Figures 3.2 - 3.5.

The temperature dependence of the deposition rate
shown in Figure 3.2 can be rationalized as follows. At low
temperatures the reaction behaves as a normal thermally de-
pendent surface reaction. As the substrate temperature is
raised, the deposition rate becomes more and more limited by
gas diffusion of the reactants to the substrate surface, and
consequently approaches a region of temperature indepen-
dence. A further increase in the temperature results in de-
crease of the deposition rate. This could be a résult of
the combined effects of the onset of a homogenous gas-phase
reaction and deposition on the walls of the reaction

chamber.
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Table 3.2. Practical Ranges of the Deposition Variables.

Variables Range
Pressure 0.5 - 5 Torr
Temperature 650 - 800°C
Flow Rate of WF6 5 - 10 CC/min
Flow Rate of H, 0.5 - 1 L/min
Flow Rate of He 1 - 2 L/min
Time 1l - 5 min

The dependence of the deposition rate on hydrogen
flow shown in Figure 3.3 is explained as follows. At low
hydrogen flow the deposition rate is small, when the hydro-
gen rate increases the growth rate increases too, reflecting
the fact that the mode of operation is mass transport diffu-
sion. At a certain value of hydrogen flow the deposition
rate reaches a maximum. Increasing the hydrogen flow beyond
this value cause a decrease in the deposition rate which
could be a result of the etching effect of the hydrogen
fluorid by-product.

The dependence of growth rate on tungsten hexafluo-
rid flow rate is linear as shown in Figure 3.4, indicating
the increase of the film growth as the flow rate is in-
creased. This means that the film thickness is proportional
to the mass of tungsten hexafluorid introduced into the
reactor in agreement with the mass controlled mode of

operation.
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The film growth relationship to time shown in Figure
3.5 is also linear. 1In the rest of this dissertation, all
the tungsten films were deposited with deposition variables

having the nominal values shown in Table 3.3.

Table 3.3. Nominal Values Used for the Deposition Variables.

Variable Normal Value
Pressure 1l torr
Temperature 740 £ 10°C
WF6 Flow Rate 10 £ 1 ce/min
H, Flow Rate .75 £ .05 L/min
He Flow Rate 1.5+ .5 L/min
Time 3 min
Film thickness 600 = 200 X
Growth Rate 2000 £ 70 X/min

3.5 Characterization of LPCVD Tungsten Films

Tungsten films deposited under the conditions
mentioned in the last section are dense, specular, uniform,
and adherent. Mpreover they have low sheet resistance, high
electromigration resistance, high scratch resistance, good
step coverage and show no shrinking during thermal cycles.
Also, they were readily patterned into high resolution
lines. 1In the following sections we examine these

properties in some detail.
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3.5.1. Uniformity
The uniformity of the deposited films on the same
wafer and from wafer to another is very important for the
successful fabrication of IC devices. The uniformity of the
tungsten films was determined by two methods:
A - Electrical measurement: Here the sheet resistance was
measured by a four-point probe (Matheson Model RTM-100).°
B - Mechanical method: Here the step height was measured
with an Alpha-Step-100 profilometer from Tencor
Corporation.
In both methods many measurements were taken and
averaged. The results indicate a uniformity within 5-107
variation on the same wafer and from wafer-to-wafer, which

is within the accepted range of IC fabrication requirements.

3.5.2 Composition

Thin films used in IC applications are expected to
have a high purity level. Impurities present in the film
will increase its sheet resistance, and will contaminate
other surfaces or alter their impurity doping level. Auger
electron spectroscopy (AES) and Rutherford backscattering
(RBS) are two usual analysis tools used to determine the

chemical composition of thin films.
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Auger analysis was carried out in the following way.
A few hundred angstroms of tungsten were deposited on 2000 2
of polysilicon deposited on 800 X of thermal silicon dioxide
grown on p-type <100> silicon substrate. The Auger spectrum
[49] of LPCVD tungsten film is shown in Figure 3.6. From
this spectrum it is concluded that there is no silicon
diffusion into the tungsten film. However, the transition
interface is not very sharp. At the interface the concen-
tration of tungsten starts to decrease and at the same time
the silicon concentration starts to increase as a function of
the vertical distance from the surface. The oxygen concen-
tration in the film is negligible since the oxygen spectrum
is way down in the background level.

Rutherford back scattering was carried out in the
following way. A five thousand angstroms film of tungsten
was developed on 5000 E of thermal silicon dioxide grown on
a p- type <111> silicon substrate. A Van der Graff
generator supplied the high energy helium beam (1892Kev)
used for the Rutherford backscattering analysis. The
backscattering measurement system consists of a 1024 channel
analyzer using a solid state detector with a solid angle of
0.78}{10-3 sr. Figure 3.7 shows the Rutherford backscattering
spectrum of LPCVD tungsten film. The backscattering factor
K defined as the ratio of the scattered energy to the

incident energy is found to be 0.92. This value of K
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corresponds to tungsten metal according to the '"Backscatter-
ing Spectrometry' textbook [50]. The absence of significant
peaks in the Rutherford spectrum above 300 channel number is
an indication of the high purity cf the tungsten film.

In general the impurity concentrations incorporated
into the tungsten films depends on the impurity level of the
reactant gases and the vacuum pressure. Possible impurities
in this case are oxygen, hydrogen, carbon, fluorine and
molybdenum. Further investigation of impurity concentration
in the tungsten films was considered unnecessary at this
point because of the high purity of the reactant gases and
the low sheet resistance of the deposited film as will be

shown later in this chapter.

3.5.3. Structure of Tungsten Films

Information regarding the preferred crystal orienta-
tion, homogeneous stress and structure is usually found from
x-ray diffraction spectra. The x-ray diffraction spectra of
tungsten films were obtained using a General Electric XRD-5
diffractrometer having a Bragg-Brento geometry. Ni filtered
Cu ka radiation was used with divergence and receiving slits
of 3 and .2 degrees respectively. Medium resolution
detectors were inserted in the path of the incident and
diffracted beams. The diffractometer was operated in a
continuous scan mode with different radial speeds in order

to get normal and extended spectra.
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The spectra of tungsten films (4000 %) deposited on
bare p-type <111> silicon wafers, and a tungsten powder sam-
ple were determined and are shown in Figures 3.8A and B. The
agreement between the two spectra is almost ideal. All of
the lines of the tungsten film are present at almost the ex-
act positions with almost the right intensities compared to
those of the tungsten powder sample as shown in Table 3.4A
and B. The only deviétion from the ideal spectrum is in the
intensity of the third peak which should be greater than the
intensity of the second peak, indicating the presence of
stress along the <211> plane. The conclusion is that as-
deposited tungsten films have a crystalline order with <110>
as the preferred orientation.

Table 3.4A. X-ray Diffraction Spectra of Tungsten Powder

Sample.
Peak Plane Angle Relative
[ hKL] 29 Intensity
1 110 40.26 100
2 200 58.27 15
3 211 73.20 23
4 220 87.02 8

Table 3.4B: X-ray Diffraction Spectra of Tungsten Films.

Peak Plane Angle Relative
[ hKL] 20 Intensity
1 110 40.30 100
2 200 58.30 28
3 211 73.30 27.8
4 220 87.20 7
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3.5.4, Surface Quality and Grain Size

In order to delineate thin films in high resolution
patterns, it is imperative to have smooth films with small
grain size. Increased surface roughness will cause
excessive scattering of the it U.V. incident light during
photolithography, and thus degrade the pattern definition.
Large grains can also cause problems during the etching of
the patterns. The surface of LPCVD tungsten films up to 0.5
microns in thickness is specular, corresponding to that of
the substrate, At a thickness of about 1 micron or more,
the surface becomes slightly matte but is still very smooth.
The grain size, measured with a scanning electron microscope
(SEM), has an average value of 1000 X for a film thickness
of 3000 X. The grain size was observed to increase with
increasing film thickness. Similar results were found by
other investigators [42,45]. 1In addition, the x-ray
diffraction showed no appreciable difference in the line
width of the tungsten films and the tungsten powder spectra,
as shown in Figures 3.8A and B, indicating that there was no

unusual grain size growth in the deposited tungsten films.

3.5.5 Sheet Resistance and Resistivity of Tungsten Films
A four terminal resistor was used to determine the
sheet resistance Rs’ which is related to the resistance R by

the equation:
R =R % (3.3)
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where L and W are the length and width of the resistor. The
resistance value was calculated from ohm's Law (R = V/I).
Figure 3.9 shows the variation of the sheet resistance as a
function of the tungsten film thickness. The range of
values obtained (.1-.5@/[0) is in good agreement with
published data [27].

The resistivity, p, of tungsten films was calculated
from the relation

p = R t (3.4)

where t is the thickness of the resistor measured by the a-
step profilometer. The resulting values are plotted in
Figure 3.10. There are two remarks concerning these
results. First, the average computed value of resistivity
(8-10 u@-cm) is almost twice that of bulk tungsten. The
second remark is that the resistivity varies only slightly
with thickness for films less than one micron thick. Both
observations have been noted by other investigators [27,54].
These deviations from the properties of bulk tungsten could
be a function of structure, composition, and grain size
effects.

A few samples were subjected to annealing in H, at
1000°C for 30 minutes in order to monitor any changes in the
size, resistance, and thickness of the deposited. No
observable changes of sheet resistance or thickness were

detected within the experimental accuracy of the measure-
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ments. These results indicate that the as-deposited films
are dense. It should be noted that silicides suffer from
volume skrinkage during annealing cycles which are necessary
to lower their sheet resistance to acceptable values.
Moreover, volume shrinkage would cause stress and cracking
in thin films. The absence of volume shrinking in LPCVD
tungsten films is another advantage for their use in IC

processing.

3.5.6 Stress in Tungsten Films

Stresses in metallization films result in a number
of problems including open circuits, hillock growth,
susceptibility to electromigration and adherence failures.
Therefore, it is imperative to use films with low total
stress levels. Stress is defined as the force per unit area
producing or tending to produce deformation in the film.
The stress may be determined from the measurement of changes
of lattice parameters and the resulting line broadening
which occurs in x-ray and electron diffraction techniques.
A higher accuracy is obtained by x-ray diffraction due to
the presence of larger Bragg angles (A = 2d sine). The

stress' (assumed isotropic) is given by the formula [51]:
d-d
0

dO

- E
S = 77 * (3.5)

6

where E is the Young's modulus (50x10° psi for W), V the

Poisson ration (0.289 for W), do and d are the lattice
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constants of the bulk material and the stressed film,
respectively. Positive stress indicates that the film is in
compression while negative stress means a tensional stress.
Table 3.5 shows the theoretical and experimental values of
the interplanar distance d, in addition to the computed
values of stress in the different planes. The average
stress is quite small, and agrees with the published values
for CVD tungsten [5,45]. However, sputtered tungsten films
are heavily stressed (1-5 x 1010)dynes/cm2), while in
electron-beam-evaporated tungsten the stress depends mainly

on the substrate temperature during evaporation [5].

Table 3.5. Theoretical and Experimental Values of the
Interplanar Distance of Tungsten and the Stress

in the Different Planes.

Plane [hKL] <110> <200> <211> <220>
Theoretical dO(A) 2.238 1.582 1.292 1.118
Tungsten film d 2.236 1.581 1.290 1.117
Tungsten powder d 2.236 1.581 1.290 1.117
Stress (10%dyne/em®) 5.424  3.836  9.395 5,429

3.5.7 Adhesion of Tungsten Films
Good film adhesion is necessary for IC processing.
Poor adhesion can result in lifting, peeling, and cracking

of metal lines. Adhesion depends on the coefficient of
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expansion of both the films and the substrates, the surface
quality, and the level of stress in the deposited films. No
adhesion problem was observed during two years of processing
wafers for different purposes with different tungsten film
thickness and with many layers of electronic materials
stacked over each other. The common test for adhesion used
in the IC industry is the so called "scotch tape test'" [27].
It was found that LPCVD tungsten films deposited omn silicon,
silicon dioxide, and silicon nitride pass the scotch tape
test. It should be noted that some reports [14,27] claim
that tungsten films do not adhere very well to silicon

dioxide.

3.5.8 Microhardness of Tungsten Films

Refractory metals are known for their hardness,
whereas aluminum is soft. This hardness results in high
scratch resistance which is another advantage for their use
in integrated circuits because of reduced physical
sensitivity to handling. The relative hardness of tungsten
films and silicon substrates were measured using a standard
Knoop indentation system (DURIMET). According to the Knoop

formula, the Knoop hardness HK in Kg/sqmm is given by [52]:

_ 14230 P
HK = —=%— (3.6)

L
where, p is the load in grains, and L is the length of the

longer diagonal of the indentation in microns. Different
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loads were used to determine the Knoop hardness. The
average values for silicon wafers and tungsten films and
their relative Knoop hardness are listed in Table 3.6. The
Knoop hardness of tungsten films relative to silicon
substrates is about 0.6. This shows that LPCVD tungsten
films have a good hardness compared to the very hard and

thick silicon wafer.

Table 3.6. Average Knoop Hardness of Silicon Substrates and

Tungsten Films.

Thickness HK
(um) (kg/sqmm)

Silicon 500 980
Substrate
Tungsten .3 600
film
Tungsten/
Silicon 61074 0.61

3.5.9 Tungsten Film Putterning

LPCVD tungsten films are readily delineated into
high resolution lines by standard microlithographic
techniques. No special steps are needed for this purpose.
The details of pattern definition are presented in Appendix
A. Tungsten films can be etched by chemical as well as
plasma methods. Chemical etching uses solutions of ethylen-

diamine and potassium ferricynide, ammonium persulfate, hot
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hydrogen peroxide, and mixtures of nitric and hydrofluoric
acid [53]. 1In general, chemical etching suffers from severe
problems such as photoresist undercutting, poor pattern
definition, and non-reproducibility of the etching.

It is well known that plasma etching which is aniso-
tropic, and results in sharply defined lines with good re-
peatability and controllability even for sub-micron dimen-
sions [39]. An LFE Corporation, Model PDE/PDS-301, barrel
plasma etcher was used to etch the tungsten films with a
PDE-100 gas supplied by Matheson Gas Products. The gas is a
mixture of freon-14 and oxygen with a composition ratio of
CF4/02 : 83/17. The etch rate for tungsten was 400 X/min
with a power level of 150 watts and a total pressure of 1.0
Torr.

After etching the tungsten films, the photoresist
stripping was accomplished with either an organic stripper
such as 712-D or hot sulfuric acid (H2804). Hot sulfuric
acid (90°C) does not attack the tungsten film as long as

there is no hydrogen peroxide (H,0,) in the solution.
272

3.5.10 Oxidation of Tungsten Films

Tungsten films start to oxidize at temperatures
greater than 300°C., The oxidation rate increases with in-
creasing temperature. At high temperatures, the oxide of
tungsten is volatile. Therefore, exposing hot tungsten

metallized wafers to an oxidizing ambient has the effect of
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decreasing the film thickness and increasing its sheet re-
sistance. Hence, care must be taken to ensure that the
tungsten metallized wafers are cooled down below 300°C
before exposing them to an oxidizing atmosphere. However, it
is possible to coat tungsten films with a layer of CVD sili-
con dioxide and/or silicon nitride without oxidizing the
tungsten films. Moreover, it is possible to heat such films
in an oxidizing atmosphere without any oxidation of the
sealed tungsten films. Hence, it was experimentally
possible to reflow and densify the phosphosilicate glass
(PSG) deposited on tungsten films without any deleterious

effect on the sealed tungsten films.

3.6 Conclusion

This chapter was devoted to studying the deposition
methods and parameters and the characterization of tungsten
films. It was shown that cold-wall LPCVD tungsten films
offer many advantages over films deposited by other methods.
It was demonstrated that LPCVD tungsten films have good uni-
formity, high purity, <110> preferred orientation, specular
surface, acceptable grain size, low sheet resistance, low
resistivity, low stress, good adhesion, and are readily pat-
terned in to high resolution lines. Those properties make
the LPCVD tungsten film a very attractive metal for the
metallization of VLSI systems. This objective is examined

in the next chapter.



CHAPTER 4

TUNGSTEN MULTILAYER METALLIZATION

New materials and processes are needed for VLSI
metallization technology [15,36]. Utilizing multilevel
metallization schemes (metal/insulator/metal) is a must for
VLSI systems (1,7]. This chapter is devoted to character-
ization of tungsten multilayer metallization properties for
VLSI technology. As was discussed in chapter two, the
specific properties of tungsten which should be studied are
electrical conductivity, contact resistance to doped-
silicon, continuity and reproducibility of ohmic contacts,
inter-metallic contact resistance, step coverage, and
electromigration resistance of tungsten interconnectors.
The other important material of a multilayer metallization
system is the intermetallic dielectric layer which separates
the different layers of tungsten interconnects. Phosphorus-
doped CVD silicon dioxide was used for this purpose. As was
discussed in chapter two, the dielectric properties which
should be examined are etching of vias, electrical
conduction, dielectric constant, breakdown voltage and

leakage current.
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4.1 Design and Fabrication of Test Vehicles

In order to study the above mentioned multilayer
properties of tungsten and CVD silicon diéxide a set of test
vehicles was designed, fabricated, and tested. The overall
goal was to fabricate three metallization levels of tungsten
interconnects followed by a fourth aluminum metallization
"level. Active devices were not included in this phase in
order to minimize the number of variables under
investigation. Special care was exercised to ensure that
it is possible to re-evaluate the parameters of a previous
metallization level to monitor any changes in those
parameters due to further processing steps. The test
vehicles and their purposes are discussed in the following

paragraphs.

4.1.1 Diffused-Region Sheet Resistance

Figure 4.1 shows the pattern used to measure the
sheet resistance of the silicon diffused regions. The
contact pads to the diffused silicon are made of tungsten.
The probe pad windows are opened at each contact-window mask

level of the diffused resistor.

4.1.2 Metal Sheet Resistance
The pattern shown in Figure 4.2 is etched in every

level of tungsten metallization and the contacts are opened
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after each dielectric layer to allow monitoring of the sheet

resistance of all the previous metallization levels.

4.,1.3 Silicon-Metal Contact Resistance

Figure 4.3 shows the pattern used to measure the
silicon-to-tungsten contact resistance. This configuration
is repeated for each metallization level. Contact area of
10um x 10um and 5um x Sum are opened to p->and n-type
silicon. Here again the contact windows are etched through
each dielectric layer over the probe pads so that the
contact resistance may be checked after each processing

step.

4.1.4 Contact Strings

In order to test the reliability of the silicon-
tungsten contacts and the reproducibility of the vias in the
CVD silicon dioxide three contact strings were designed, one
associated with each tungsten metallization level. Each
string consists of 55 rectangular diffused regions (100um x
50um) connected by tungsten strips (110um x 30um). This
provides 110 metal-to-silicon contacts, each having a
contact of 10wm x 10um. Each string is terminated by two
metal probe pads as shown in Figure 4.4. The contact
strings of the second and the third levels were divided into
two sections such that half of the contacts were etched to

the substrate with each window masking step, and the other
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half of the contacts were opened only before their
particular metallization level. This pattern is used to
compare the effect of opening contact windows through
multiple dielectric layers with contacts opened at each

etching step.

4.1,5 Metal-to-Metal Contact String

To test the reliability of contacts from one layer
of tungsten to other layers, three strings of tungsten-to-
tungsten contacts were included in the mask design. Metal-
to-metal contacts are formed between the different combina-
tions of the three tungsten metallization levels. Each
string consists of ten strips of metal (110um x 30um) con-
nected in series via metal strips (70um x 30um) of the next
metal level as shown in Figure 4.5. This provides 20 metal-
to-metal contacts, and each has a contact area of 10um x
10uym which is used to calculate the average value of the
metal-to-metal contact resistance. In addition, the
contacts are used to evaluate the vias and the etching

processes of the dielectric.

4.1.6 Resistor Maze

A pair of serpentine parallel resistors was
fabricated in the first and second layer of tungsten, in
addition to a similar pair in the third layer of tungsten

making right angles with the first two pairs as shown in
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Figure 4.6. Each resistor has approximately 1000 squares
and more than 100 steps as illustrated in Figure 4.7. The
steps are created by etching windows the field oxide. A
gate oxide is grown in the windows in order to isolate the
metal from the silicon. The height of the steps can be
varied by controlling the thickness of the field oxide
and/or the gate oxide thickness. The metal resistors of the
first and second layers are aligned over each other except
for their probe pads in order to test the worst case design
of running metal resistors exactly over each other.

The electrical characterization of these maze
resistors can aid significantly in the development of the
multilayer metallization system, especially in evaluating
the step coverage and electromigration resistance of
tungsten interconnects crossing severe topographies. The
following series of electrical measurements is made using

the maze resistors.

1. Resistance of each metal maze resistor.

2. Leakage current between resistors from the same
metal level.

3. Breakdown voltage of the dielectric between parallel
resistors in the same layer.

4. Leakage current between resistors in different metal

levels.
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5. Breakdown voltages of the dielectric between two
different metal levels.
6. Capacitance between resistors.
7. Electromigration and current density tests.

8. Step coverage.

4.,1.7 Multilayer Capacitor

Each layer of metal forms a plate of a multilayer
capacitor as shown in Figure 4.8. The area of each plate is
600um x 600um. This pattern is used to calculate the
dielectric constant, breakdown voltage, leakage current, and
conductivity of the dielectric material.

Additional patterns are also included on the masks

for alignment, identification, and etch control purposes.

4,2 Fabrication of the Test Patterns

The starting silicon wafers were <111> orientation,
2.0 in. diameter, and 20 mil thickness. The wafers were
boron~doped p-type with a resistivity in the range of 5.0 -
15.0 Q@-cm. After cleaning the wafers a wet field oxide was
grown, followed by a phosphorus diffusion equivalent to that
of the emitter of a bipolar transistor. The next step was
to create oxide steps in the field oxide followed by an
oxide growth equivalent to a gate oxide over the silicon
substrate in the step windows. At this point contacts were

opened to the diffusion areas. This was followed by the
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deposition of the first LPCVD tungsten layer. After
delineating the tungsten film, phosphorus-doped CVD silicon
dioxide was deposited at atmospheric pressure and then
reflowed. The contact opening, tungsten deposition and
delineation, and the dielectric deposition were repeated to
achieve three tungsten metallization levels separated by the
dielectric. The last cycle was to evaporate aluminum on the
wafers followed by sintering, delineation, passivation and
opening contact windows to the probe pads. The detailed

processing sequence is given in Appendix A.

4.3;Measurements and Results

Excellent results were obtained from the fabricated
multilayer metallization system using LPCVD tungsten and low
temperature CVD phosphorus-doped oxide at atmospheric
pressure. In the following paragraphs, a summary of the
results for the important parameters of the multilayer
interconnect system is given. A short description of the

measurement methods is given in Appendix B.

4.3.1. Diffusion Sheet Resistance

Measurement of the resistance of the diffused
resistor (Figure 4.1) was repeated after every metal layer
and no appreciable change in the value of the resistor was

noticed. The value of the diffused resistor R was

calculated from the relation R = %, and the average value
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was 64 * 1@, The designed aspect ratio % was 8, thus the

sheet resistance, R_, of the diffused region was computed

from the relation RS - R to be 8 £ .5Q/0. These results are

listed in Table 4.1.

4.3.2 Tungsten Resistivity and Sheet Resistance

The resistance of the metal resistor shown in Figure
4.2 was measured for the three layers of tungsten when each
one was deposited, in addition to repeating the measurement
after each successive processing step. Again no appreciable
change in the value of the metal resistor was detected as
the process proceedéd. The average resistance value for any
layer was found to be 1.45 + .15Q. Knowing that the aspect
ratio of the pattern is 8, then the average sheet resistance
of all the tungsten layers is 0.18 + 0.02a/0. The average
thickness of the tungsten layers was 5000 2, therefore the
resistivity of the tungsten layers is 9+luQ-cm. These
results are shown in Table 4.1. This value for the
resistivity of tungsten films is in good agreement with the

published values of other investigators [26,27,45].

4.3.3 Silicon-Tungsten Contact Resistance

The contact resistance between tungsten layers and.
doped silicon was measured using the pattern of Figure 4.3.
Contacts to lightly doped silicon (RS = 60 o/0) have a diode

behavior as shown in Figure 4.9, while contacts to heavily
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Table 4.1. Sheet Resistance and Resistivity of Doped

Silicon and Tungsten Layers.

Resistance L/W Sheet Thickness Resistivity
Resistance
(2) (2/0) (um) (uf-cm)
Doped- 64 + 1 8 8 £ 5 2 1600 £ 100
Silicon
Tungsten 1.45 *.15 8 0.18 + 0.02 .5 9 + 1

doped silicon (RS < 40@/0) had an ohmic behavior as shown in
Figure 4.10. The ohmic contacts of each layer did not show
any appreciable change upon further processing. The specific
contact resistance was defined as the product of the contact
resistance and the area of the contact window. Table 4.2
lists the countact resistaiice and specific contact resistance
of each tungsten layer. It was noticed that the contact
resistance showed a decrease in the second and third layer.
This decrease could be due to an increase in the area of the
contact caused by over etching since those contacts are
opened whenever other contacts are etched. The range of
specific contact resistance values obtained is in good
agreement with the values published by other researchers
[14,35,45,54]. The tungsten silicon contact problem will be

discussed further in next chapter.
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LPCVD tungsten offers improvement over the silicide/
Ti-W contact barriers for VLSI. The tungsten contact
barriers protect underlying junctions from aluminum spikes,
improving the electromigration resistance of the contact.
The use of a tungsten barrier increases the time to failure
by a factor of three in comparison with AL-Si/Si contacts

[14].

Table 4.2. The Contact Resistance and Specific Contact
Resistance of the Different Layers of Tungsten

to Doped-Silcion.

Tungsten Contact Resistance Specific Contact Resistance
Layer () (10'7 Q-cmz)

First 0.80 £ 0.05 8

Second 0.40 £ 0.05 4

Third 0.30 £ 0.05 3

4.3.4 Continuity of Contact Strings

The continuity of the contact strings shown in
Figure 4.4 was tested by measuring the resistance of each
string. Table 4.3 lists the average resistance values of
these strings with the corresponding number of contacts for
each tungsten layer to the doped silicon. This resistance
represents the series resistance of the diffused regions,

the tungsten strips, and the tungsten-silicon contacts. The
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absence of excessive values of resistance is a good indica-
tion of the continuity of the three strings corresponding to
the three layers of tungsten. This test proves the ability
of tungsten to interconnect a large number of devices at any
level of metallization. Moreover, this test proves that
there is no difference between the contacts which are etched
one time or several times. This means that the designer has
the option of etching the contacts just before they are
needed at any metallization level or etching them at every
contact mask. This test vehicle shows the reliability of
the tungsten contacts to silicon, and the reproductibility
of the vias in the phosphorus doped silicon dioxide used as

the intermetallic dielectric layer.

Table 4.3. The Resistance and the Number of Contacts of the
Three Levels of Tungsten Contact Strings to

Doped Silicion.

Tungsten Layer Numerical Contacts String Resistance(Q)

First 114 . 700 £ 10
Second 114 700 £ 10
Third 96 600 + 10

4,3,5 Intermetallic Contact Resistance
The intermetallic contact resistance was calculated

from the difference between the resistance of Figure 4.5 and
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the resistance of a similar pattern made up of a single
layer of tungsten with no contacts. The resistance of a
single intermetallic contact is equal to that difference
divided by the number of contacts. Table 4.4 shows the
total intermetallic resistance, the number of intermetallic
contacts, and the average intermetallic contact resistance.
The calculated low value for the intermetallic contact
resistance is an indication of the ability of LPCVD tungsten
to form intimate contacts due to the etching action of
tungsten hexafluoride on any thin silicon dioxide residues,
and to the fact that tungsten oxides are reduced to metal at
the deposition conditions employed. This test shows the
reliability of the tungsten-to-tungsten contacts, and the
reproducibility of the etched vias in the different

dielectric layers used.

Table 4.4. The Total Intermetallic Resistance, the Number
of Intermetallic Contacts, and the Average

Intermetallic Contact Resistance.

Tungsten Total No. of Resistance/Contact
Interlayers Resistance Contacts ()
3-2 20 £ 1@ 20 0.130 £ 0.005
3-1 20 £ 1@ 20 0.125 + 0.005
2-1 20 £ 1@ 20 0.130 £ 0.005
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4.3.6 Step Coverage
In general, interconnects covering steps and

contacts are more susceptable to metallization failures than
interconnects over flat regions of oxide. The primary
reason for this failure is the inability of the metalliza-
tion deposition method to provide conformal coverage over
the contacts and steps.- For this reason, it is essential to
have a good evaluation of the percentage of step coverage.
The mere fact that LPCVD method is employed to deposit the
tungsten films in addition to the high range of temperatures
being used is a good guarantee of achieving conformal step
coverage. The step coverage is evaluated by two methods;
visual and electrical. Figure 4.11 shows a micrograph of
the tungsten step coverage obtained by scanning electron
microscopy (SEM). It is clear from this micrograph that the
step coverage is almost perfect for a step height of .6um
which is a typical step for VLSI system. However, it is
possible to get good coverages on steps of up to 1.5um in
height. The electrical evaluation of the step coverage is
obtained from the maze resistor configurations crossing more
than 100 steps (see Figures 4.6 and 4.7). The fact that no
excessive resistance and/or failures were detected in
testing those configurations is an indication of the
conformal step coverage of the LPCVD tungsten films. Table
4.5 is a list of the number of squares, surface area and

average resistance of the maze resistors.
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Table 4.5. The Number of Squares, Surface Area and Average
Resistance of the Maze Resistors Corresponding

to the Three Tungsten Layers.

Tungsten No. of Surface Area Average Resistance
Layer Squares (cmz) (@)

1 1000 10-3 200 £ 20

2 1000 " 10-3 200 = 20

3 1200 1.2 x 1073 250 + 20

4.3.7 Maximum Current Density

In order to determine the maximum current density of
tungsten interconnects crossing more than 100 steps, a
current was forced into the maze resistor configurations by
connecting the probe pads to a Heafthkit IP-32 power supply.
The current flowing in the resistor was measured by a Fluke
8600A digital ammeter. Applying 100 volts across the
resistor resulted in a current of 250 mg without creating an
open circuit even after two hours of stress. For a cross-
sectional area of 5 x 10“8 cmz, the maximum current density

is 5 x 106 g/cm2 at 100 volts. There was no other power

supply available to provide more current or voltage.
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4.3.8 Resistance-Temperature Dependence
It was noticed that applying a high voltage to the
maze resistor has the effect of increasing its resistance
value due to the increase in its temperature as a result of
the heat dissipation in the resistor. Thus tungsten

resistors can be used as thermometers. For example,

applying 50 volts produces a resistance change A% = 0.2,

therefore the temperature change AT can be calculated from

the equation
AR (4.1)

ICR = 77

where TCR is the temperature coefficient of resistance. The
value of TCR for drawn tungsten is 0.0045/°C [55]. Hence,
if we assume the same TCR for the deposited tungsten film,
the temperature change in this case is AT = 44.4°C and the

actual temperature is 64.4°C.

4.3.9 Electromigration

The transport of mass in metals when stressed at
high current densities is called electromigration. In
general, the susceptibility to electromigration failure is
inversely proportional to the melting point of the metal
[31]. Consequently there is no real problem with this
phenomena in the refractory metal systems [5]. No specific
experiment was done to test the electromigration resistance
of tungsten interconnects except the related tests of step

coverage and maximum current density mentioned above. The
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reason for not covering this important property is that this
topic was studied thoroughly by Black et. al., [54]. They

found that the critical current densities for thin tungsten

o
films are in the range of 4.5 x 106 A/cm2 for films

o
passivated with 1000 R of silicon nitride to 5.7 x 106A/cm2

for hydrogen annealed material.

. 4.4 Dielectric Layer Properties

Low temperature CVD phosphosilicate glass (PSG) was
used as the dielectric material separating the different
layers of tungsten metallization. PSG is obtained by the
chemical vapor deposition of silane (SiHa) plus phosphine
(PH3) plus oxygen at 420°C under atmospheric pressure using
a Unicorp, Inc. Rotox 60 reactor. The percentage composi-
tion of phosphorus is in the range of 4-107 by weight. PSG
is in wide use in the microelectronic industry because it
has several advantages over non doped glass. It has the
ability to reflow within the silicon device compatible
temperature range (1000°C) thereby reducing the topography
variations over silicon dioxide and metal electrodes, and
tapering the profiles of contacts and vias [5,56,57]. This
reflow property enables reliable metal interconnect step
coverage. It is also known that a layer of phosphosilicate
glass acts as a getter for Na' ions and as a barrier to
their entrance from the environment to the wafer. Moreover,

its as-deposited low tensil stress (1x109 dyne/cmz)
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increases its cracking resistance compared to non-doped
glass. The deposition rate of PSG is about 100 nm/min, with
a uniformity of £107. The etch rate in buffered HF (NHaF/HF

10/1) of the as-deposited PSG films is 150 X/Sec., while
the etch rate of the densified film is IOOX/sec. and its
density is 2.21 g/cm2 [57]. The remaining important
parameters of the dielectric layer are the dielectric
constant, the breakdown voltage, the leakage current, and
the conductivity. A brief discussion of the measurement
methods of these parameters and a summary of the results is

given in the following paragraphs.

4.4,1 PSG Dielectric Constant
The dielectric constant is computed from the

parallel plate capacitor formula:

€ €
c--% .04 (4.2)
where C is the capacitance in Farads, € ox is the dielectric
-14

constant of PSG, €5 (8.85x10 F/cm) is the dielectric
constant of free space, A is the area of the capacitor and t
is the thickness of the dielectric layer. The capacitance
value was measured by an HP 4262A LCR meter. Table 4.6 shows
the oxide thickness, plate area, the measured value of the
multilayer capacitor at 10KHz, and the calculated value for
the dielectric constant of PSG. The computed value of €op =

4.1 is in good agreement with the published value of 4.0

[57]7.
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Table 4.6. The Interlayer Capacitors, Oxide Thickness,
Plate Area and the Computed Values for the

Dielectric Constant.

Interlayer Oxide Plate Capacitance € ox
Capacitor Thickness(A) Area (cmz) (PF)
Cyyg 6000 36 x 107% 22 £ 1 4.1
Cq, 6000 36 x 1074 22 £ 1 4.1
c31 12000 36 x 107° 11 = 1 5.1

]

4.4.2 PSG Breakdown Voltage and Electric Field

The breakdown voltage of the PSG between the
capacitor plates and between the maze resistors was measured
by the circuit shown in Figure B.3 of Appendix B. Table 4.7
shows the thickness of the dielectric layer, the breakdown
voltage and the breakdown field of different test devices.
The calculated breakdown field of 3 x 106 V/cm is half the
published value of 6 x 106 V/cm.

4.4.3 Leakage Current and Conductivity of PSG

The leakage current of the dielectric layers was
measured using the circuit configuration of Figure B.4 in
Appendix B. The leakage current is defined as the current
forced to flow through the dielectric under the action of a

large voltage (150V) applied across the terminals of the
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Table 4.7. The Average Oxide Thickness, Breakdown Voltage,

and Breakdown Field for Different Test Devices.

Test Oxide Breakdown Breakdown
Vehicle Thickness(A) Voltage (V) Field (V/cm)
Cq; 12000 360 3 x 10°

N 6

C32 6000 180 3 x 10
Co1 6000 180 3 x 10°
Ry; 12000 360 3 x 100
0

R32 6000 180 3 x 10
Ryt 6000 180 3 x 10°

test device. The conductivity o is defined as the inverse
of the resistivity p of the insulator confined between the
two terminals of the test device. The resistivity is

calculated from the relation

o =RI¢ (4.3)

where R is resistance, % is the aspect ratio, and t is the

thickness of the dielectric layer. The resistance of the
dielectric is assumed to be given by the ratio of the
applied voltage divided by the measured leakage current.
Table 4.8 gives the leakage current, conductivity, and the
dimensions of the so called dielectric resistor for

different test vehicles. Very low values of leakage current
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and conductivity were obtained in the presence of high

applied voltages as expected.

Table 4.8. The Leakage Current, Conductivity, and the
Dimensions of the Dielectric Resistor for Two

Test Patterns.

Test Dimensions Applied Leakage Conductivity
Pattern of the Voltage(V) Current (2-cm) ~*
Dielectric(um) (nA/cmz)
L=1.2
-15
013 150 5.5 4.4 x 10
W=t=600
L=.6
= i -14
Roq W=10 150 40 1.6 x 10
t = 1000

4.5 Conclusion
The design, fabrication, and testing of a multilayer
metallization system has been successfully demonstrated.
The metallization system consisted of three layers of LPCVD
tungsten and .a fourth aluminum metallization layer. The
metal layers were separated by the compatible CVD phos-
phosilicate glass. It was shown that the tungsten inter-

connects have a resistivity of 9 + lyQ-cm, a maximum



97
specific contact resistance of 8 x 10—7 n-cmz, an inter-
metallic contact resistance of 0.132, good step coverage,
and a high electromigration resistance. Also, it was
demonstrated that the dielectric layers of CVD PSG have a
dielectric constant of 4.1, a breakdown field greater than 3
X 106 V/cm, a low leakage current, and reproducible etched
vias. The next step is to employ this multilayer metalliza-
tion scheme in the design and fabrication of a standard
integrated circuit process consistent with the future
requirements of the VLSI products. This task is the subject

of the next chapter.



CHAPTER 5

ISC-PLANER CMOS WITH TUNGSTEN MULTILAYER METALLIZATION

NMOS has been the major LSI technology, largely due.
to process simplicity, high packing density and ease of de-
sign. However, with the transition to the VLSI era, a num-
ber of disadvantages of the NMOS process have become appar-
ent from a circuit designer's standpoint which caused a turn
tc the CMOS technology [58,60]. CMOS has proven to be as re-
liable and cost competitive as its rival NMOS and bipolar
technologies, with the added advantage of low power consump-
tion and great ease of circuit design [59]. The race between
CMOS and other technologies continues but the growth of CMOS
is evident as more and more companies convert their NMOS and
bipolar product lines to CMOS [61].

The most critical disadvantage of NMOS is the large
power-delay product indicating that high speed circuits will
have large power dissipation. Also NMOS is becoming more
and more susceptible to bulk silicon defects as the capaci-
tive storage elements and electrical signals diminish in
size. In addition, NMOS is susceptible to alpha-particle
radiation, a reliability problem. These difficulties coupled
with the increasing complexity of NMOS VLSI processes are

causing growing interest in CMOS technology [15].

98
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5.1 CMOS Process

The increasing popularity of the CMOS process is

due to the following factors.

1.
2.
3.

The need to control and reduce power dissipation.
Lower chip operating temperature of CMOS circuits.
Reduce susceptibility of CMOS to single-event soft

error.

. NMOS growing process and design complexity, thereby

making CMOS more competitive.

. Better noise margins for CMOS.

Simpler and reduced clocking complexity.

. Flexibility of implementing analog as well as digital

functions.

The short comings of the CMOS process are due to the

following factors.

1.

Lt & W N

Larger chip area than NMOS.

. Lower speed than NMOS.
. Voltage transfer characteristic (VTC) shift.

. Rise time not equal to fall time.

Susceptibility to latchup.

5.1.1 Improved CMOS Process

The area required by conventional CMOS circuits is

greatly reduced by using local oxidiation or trench

isolation to replace guard rings. Speed improvement is
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achieved by using self-aligned refractory metal gates allow-
ing reduction of the gate resistance and parasite capaci-
tance. The voltage transfer curve shift and the difference
between the rise time and fall time is reduced by employing
buffered CMOS gates. Finally, the latch up problem seems to
be controllable [15].

From the above discussion it is clear that CMOS is
becoming a vitally important process for VLSI systems.
Therefore, we chose to design and fabricate the second set
of test devices using CMOS process. However, our designs,
processes and materials are compatible with bipolar IC
technology, but we have selected the CMOS process because it
imposes the most stringent requirements of the two techno-

logies.

5.1.2 Isoplaner CMOS

We have designed, fabricated and tested an N-well
self-aligned tungsten gate CMOS process which is fully ion-
implanted and uses LOCOS technology with two-layers of
tungsten interconnections followed by a third layer of
aluminum metallization. N-well CMOS technology is compat-
ible with NMOS technologies where the starting material is a
p-type silicon substrate. This is used to fabricate n-
channel MOS devices and an ion-implanted N-well is used to

fabricate p-channel MOS devices.
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In addition to the inherent advantages of CMOS, this

process has the following outstanding features.

. Local oxidation technology is used for isolation

instead of guard rings and channel stoppers. This
method makes the CMOS area only 20 to 257 larger than
the NMOS.

Self-aligned gates are necessary for optimization of
short channel devices for reliable high performance
and are used to overcome photolithography equipment
limitations. Self-aligned gates improve the switching
speed by reducing the parasitic capacitances.

A tungsten electrode is used as the gate metal,
replacing doped polysilicon and achieving at least two
orders of magnitude reduction in the sheet resistance
of the gate metal. This decreases the delay time and
enhances the switching speed.

Four ion-implants are used to achieve the N-well,
threshold adjust, and source and drain of the p- and
n-channel devices. Ion implantation enables a better
control of the impurity concentration and junction

depths.

. N-well CMOS circuits are superior to P-well CMOS

because, the substrate bias effect on the threshold
voltage, and the parasitic capacitances of source/

drain in both n- and p-channel devices, become lower.
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This is because of the low impurity concentrations in
both p-substrate and N-well. Moreover, the p- and
n-channel threshold voltages as well as the field
threshold voltage can be adjusted simultaneously in a
single boron ion-implant step. This eliminates one
photolithography step and one implant step.

6. Multilevel interconnects allow the relaxation of the
design rules, make the devices more compact, and allow
shorter interconnects.

. The minimum-line-width geometry used for the channel

~J

length is 4 microns due to equipment limitations in
our lab. It could possibly be scaled down to 2-3
micron line width geometry.

8. The gate dielectric is a thermally grown silicon

o
dioxide with a thickness of 1000 A.

5.2 Layout Design Rules

The basic building block of the digital CMOS
circuits is the inverter, which consists of a p-channel
MOSFET connected in series with an n-channel MOSFET. In
order to increase the switching speed of the inverter, the
speed of the p-channel device should be comparable to that
of the n-channel device. Since the mobility of electrons
(ue) is roughly 2.5 times as high as the mobility of holes
(uh), then a comparable speed of the two devices is achieved

by letting
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W

W, _ "e _
(—L-)p /(T_")n—-;l:l-— 2.5 (5.1)

where W and L are the width and length of the MOS channel.

And the p and n subscripts denote the p- and n-channel

respectively. Thus we need

W -
(f)p = 2.5 (

The design of a CMOS logic gate follows that of an

), (5.2)

=

inverter [62]. If a CMOS NAND gate with m-inputs is to be

designed, then

W W
(Dp nanD 2 (f)p Inverter (5.3)

and W W
(f)n NaAND = [ (f)n Inverter (5.4)

On the other hand, if a CMOS NOR gate with m-inputs is to be
designed then

W

W
(f)p NOR 2 ™ (f)p Inverter (5.3)
and
W W
(©n wor 2 ©a Inverter (5.6)

From the above design rules it is clear that NAND gates
consume less surface area then NOR gates for the same
performance and the same number of inputs. Hence CMOS NAND
gates are used more than NOR gates. Nevertheless, ratioless

W

CMOS logic functions ((+)_ = (H) ) have good performance
L'p L'n

and they are very attractive for automated design when speed

is not the primary concern.
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5.3 Test Devices

The set of masks designed according to the above

design rules contains the following test vehicles. All

dimensions are in micrometers.

1.

10.

11.

12.

. Two n-channel MOSFETs with geometrical ratio (%)n= 10

p~ and n-channel MOSFETs with geometrical ratio

Wy _ 10
= .

20.

. Two p-channel MOSFETs with geometrical ratio (%)p= %%'

. A CMOS inverter with (%)n = %% and (%)p - %%.

. A 2-input NAND gate with (%)n = %% and (%)p = %%.
. A 2-input NOR gate with (%)n = %% and (%)p - %%.
. A 3-input NAND gate with (%)n = %% and (-‘g—)p %g

. One capacitor in the p-substrate and another in the lN-

well with identical areas of 600 x 600.

. A sheet resistance test device for each of the N-well,

p+ and n+ source/drain ion-implants.

A test device to measure the contact resistance
between tungsten and each of the p+ and oo ion-
implants.

A test device to measure the sheet resistance of the
gate metal and the interconnect metal layers.

Schottly diodes in the p-substrate and the N-well.
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13. Alignment marks, identification numbers, and etch

control patterns.

Schematic diagrams of the CMOS inverter, 2-input NAND
gate, 2-input NOR gate, and 3-input NAND gate are shown in
Figure 5.1. A sample layout of the 2-input NOR gate is

included in Figure 5.2.

5.4 Device Fabrication

Figure 5.3 shows the cross-section of a complemen-
tary pair of MOS devices at the main processiﬁg steps. The
starting wafers were p-type silicon with 10-20 Q2-cm resis-
tivity and <100> orientation, having a silicon nitride layer
(2000 X) on the top of a thin layer of silicon dioxide
(400 2). A one micron silicon dioxide is grown in the field
region (Figure 5.3.b) followed by the formation of the HN-
well (Figure 5.3.c). Then a gate oxide is grown (1000 X) in
the active areas after etching the silicon nitride and the
thin oxide (Figure 5.3.e). LPCVD tungsten film is next
deposited and patterned to form the gate electrodes (Figure
5.3.f). After that heavily doped source and drain regions
are formed by ion-implantation (Figure 5.3.g). Then a layer
of CVD phosphosilicate glass is deposited and contact
windows are opened to the terminals of zach device. The
next step is to deposit a second layer of LPCVD tungsten to

provide the first level of interconnects (Figure 5.3.1).
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Table 5.1. Summary of the Results of the Process Simulation

by SUPREM-II.

Doping Level Sheet Resistance  Junction
(em™3) (/0 Depth (um)
p-substrate Ny = 5.8x1014
N-well N, = 1.7x1016 1540 456
n* /D Ny = 1.37x10%C 33 6
»* s/ N, = 1.25x101° 35 .8

1.07 volts for n-channel MOSFET

Threshold voltage

- 1.02 volts for p-channel MOSFET

Field oxide thickness = 12500 A.

5.6 Device Simulation

The I-V characteristics of the p- and n-channel
devices, the voltage transfer curves and the transient
responses of the CMOS logic gates are simulated by a general
purpose circuit simulation program called '"SPICE-2G"
developed at the University of California in Berkeley.
Appendix E lists the main programs usad for the device
simulation. Simulated characteristics of the MOSFET devices
are shown in conjunction with the experimental curves in
Figure 5.4. The experimental MOSFET output characteristics
(ID versus VD; VG as parameter) are obtained using a
Tektronix type 575 curve tracer. It is clear from Figure

5.4 that the agreement between the simulated and
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experimental output characteristic of the different MOSFETs

is very good.

5.7 Experimental Results

This section give a summary of the measured values
for the various parameters of the fabricated test devices.
These parameters include the sheet resistance, contact
resistance, Schottky diode characteristics, MOS character-
istics, MOS device parameters and the properties of the Cbi0OS
logic gates. The measurement methods are discussed in

Appendix F.

5.7.1 Sheet Resistance

The measured value for the sheet resistance Ry of
the p-type substrate, N-well, p+- and n+- source/drain,
tungsten gate electrode, and the tungsten interconnections
are given in Table 5.2. The sheet resistance of the N-well
was lower than expected (1500 2/0) whereas the rest of the

values fell within their expected range.

5.7.2 Tungsten-Silicon Contact Resistance

Patterns of the tﬁngsten-silicon contact resistance
were repeated in this set of masks in order to verify the
results obtained in Chapter four. The measured values of
the tungsten specific contacts to p+ and ot heavily doped

silicon are listed in Table 5.3. Those values are in good
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Table 5.2. Measured Values of Sheet Resistance.

Rg(2/0) Thickness (um) Doping (cm™)
p-type substrate 250 - 1 x 1012
N-well 210 6 3 x 10%0
pt s/D 25 1.2 2 x 1020
at s/D 25 1.3 2 x 1020
Tungsten gates .2 .5 o
Tungsten
Interconnect .15 .6

agreement with the values obtained in Chapter four and the
published data in the references [14,35,37,44]. 1In
addition, those values fall quite well within the range of

acceptable values of VLSI contacts.

5.7.3 Schottky Diodes

When a metal comes into intimate contact with a
semiconductor of light doping such as the silicon substrate,
the resulting junction takes on diode characteristics and is
called a Schottky barrier diode. When an external voltage
VA is applied across the terminals of the Schottky diode,
the current I flowing through the junction is related to Va

by the ideal diode equation:
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Table 5.3. Computed Value of the Specific Resistance of

Tungsten-Silicon Contacts.

Doped Silicon Contact Resistance Specific
Size (um’) (2) Resistance
(10”7 g-cm?)
p+ 5x5 2.40 = .05 6.0 £ 0.5
10 x 10 0.45 £ .05 4.5 £ 0.5
ot 5x5 2.60 £ 0.05 6.5 £+ 0.5
10 x 10 0.50 £ 0.05 5.0 £ 0.5
qV,
I =1, lexp(gg) - 1] (5.7)

where I  is called the saturation current and represents the
reverse-bias leakage current of the junction and is given by

the formula

2 q¢p

I =A A* T° exp(- ) (5.8)

o}

.

where A is the cross sectional area of the diode, A" denotes

2,2

%
the Richardson constant (A = 110 A/cm®.K° for electrons

%
while A = 30 A/cmz.K2

for holes), and op is the barrier
height. Fabrication of the Schottky diode was accomplished
by depositing tungsten metal directly onto the the p-type
silicon substrate and the N-well through contact windows of
area 10 x 10 microns. The layout of the two types of
Schottky diodes are shown in Figure 5.5. Typical I-V

characteristics and leakage current curves under reverse-

bias conditions for both devices are given in Figures 5.6
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and 5.7, respectively. A summary of the important para-
meters of both devices is given in Table 5.4. The calculated
values of the tungsten-silicon system barrier height ¢p are

in good agreement with those published in reference [37].

Table 5.4. Important Parameters of Schottky Diodes.

Forward Break-down ¢B(V) Leakage Current

Voltage(V) Voltage (V) at V = 6 Volts
p-substrate .3 8 .645 1 uAa
N-well .2 7 .655 1 uA

5.7.4 MOS Characteristics

The MOS characteristics of tungsten gates deposited
on 1000°A thermally grown silicon dioxide are determined by
using two MOS capacitors (600 wum x 600 um) fabricated on the
p-substrate and the N-well regions respectively. Table 5.5
lists the theoretical and experimental value of these
capacitors. A sample set of voltage breakdown curves of the
gate oxide is shown in Figure 5.8. For a gate oxide thick-
ness of 1000 X the average break-down field is calculated to
be greater or equal to 6 x 106 V/cm which is a typical

value.



123

p-subs

(V) 1

+2

N-Well
: +1

(W) I

v

Fig. 5.6 I-V characteristic of Schottky diodes



I(Aa)

124

Fig.

5

.7

v(V)

Leakage current of Schottky diodes



125

SoN 50

37.5

- 25

Volts

12.5

Devices

Fig. 5.8 Gate oxide breakdown curves



126
Table 5.5. Calculated and Measured Values of the Fabricated

Capacitance Per Unit Area.

Capacitor Calculated Measurement
Capacitance Capacitance
(10”%F/cn?) (10™°F/cn?)
p-substrate 34.5 33.5 £ 1.0
N-well 34.5 33.5 £ 1.0

Capacitance-voltage plots are also generated for
these test devices before and after voltage bias and
temperature stress. Under a bias of +10 volts, heating the
MOS capacitor to 2000°C for 10 minutes resulted in voltage
shifts of typically 300 mv [54] as shown in Figure 5.9. The
flat-band voltage VFB of an MOS structure is given by the

formula

L

q QSS m
= ¢ - - —— (5.9)
FB MS CO CO

v

where dMs is the difference between the work function of
tungsten and silicon, QSS in the interface charge between
silicon and silicon dioxide, Qm is the mobile charge in the
silicon dioxide, and C0 (35 nF/cm) is the gate capacitance
per unit area. Using the experimental value oy = 4.5 v for
the work function of tungsten [4] together with the doping
levels of the p-substrate and the N-well, the work function

difference ¢MS is calculated and the results are shown in
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Table 5.6. The values of st and Qm are calculated using
the measured values of the flat-band voltages from the C-V
curves and the shift in the C-V curves, respectively.
Typical results are listed in Table 5.7. It is noticed that
the computed values of QSS and Qm are higher than the
expected values for a <100> substrate. This has the effect
of increasing the absolute value of the threshold voltage of

the MOSFETs. The values of QSS and Qm can be reduced by

improving the gate oxidation process.

Table 5.6. Computation of the Work Function Difference ous

of the Tungsten-Silicon System.

Doping Bulk Silicon Tungsten dpg=tM~¢g
Level Potential Work Work (V)
(atoms/ (V) Function Function
cm3) bg=b.7-¢(V) op (V)
p-substrate 1x101  -0.29 4.99 4.5 -0.49
N-well 3x101® 40,38 4.32 4.5 +0.18

Table 5.7. Computed Values of QSS and Qm’

Capacitor Veg (V) Qg Q,
2
(charge/cmz) (charge/cm®)
p-substrate -1.27 1.72 x 1011 6.6 x 1010

N-well - .67 1.86 x 1011 6.5 x 1010




129

5.7.5 CMOS Device Parameters

The important parameters of an MOS device are the
threshold voltage VT’ gain factor K', carrier surface
mobility Mg OF u, transconductance 8 body effect vy,
channel length modulation A, break-down voltage BV, Leakage
current, and the channel width to length ratio W/L. The
measured values of the above parameters for the fabricated
n- and p-channel devices are listed in Table 5.8. It is
noticed that the measured values of the threshold voltage of
both types of devices are higher in absolute value than what
is expected. This shift is easily eliminated by an ion-
implant step for threshold voltage tailoring, However, the
values of the rest of the parameters are quite acceptable

for digital and/or analog applications.

5.7.6 Logic Characteristics of CMOS Gates

The DC behavior of CMOS inverters, 2-input NAND
gates, 2-input NOR gate, and 3-input NAND gate is simulated
using "SPICE~2G" program. In the case of NAND gates, one
input is varied linearly from 0 to 5 volts, while the other
inputs are held at 5 volts. 1In the case of NOR gates one
input is varied linearly from 0 to 5 volts, while the other
inputs are held at 0 volts. Typical results of the DC
simulation are shown in Figure 5.10. The experimental
voltage transfer characteristics (VTC) of the fabricated

CMOS gates are presented in Figure 5.11. Here again a good
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Table 5.8. Measured Device Parameters.
Device Parameters
N-channel P-channel
L/W(um/um) 4/10 10/20 4/10 10/40
Vp (V) 1.75 2.75 -2.5 =3.0
K' (uA/V2) 17.5  14.5 7.5  6.25
w(em?/V.s) 490 420 215 180
-1
gm(uﬁ ) 56 50 24 20
VDs = 5V
Y 0.5 0.5 0.5 0.5
A(1/V) 0.02 0.01 0.02 ©0.01
Bv(V) 14 19 15 20
Leakage
I(uA) 1 1 .5 .5
@ VDS = 6V

agreement is found between the simulated and experimental DC

behavior of the CMOS gates.

The transient characteristics of logic circuits are

described by the parameters of Figure 5.12 which are defined

as follows [63].
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1. tr,tf: Rise and fall times defined between 10 and 907

points of the total voltage transition at the input of a

gate.

tyn tog’ High-low and low-high transition times at the
output of a gate defined between 10 and 907 points.

3. tpaL: CpLE® Propagation delay times from input to output
defined between 507 points of the input and output pulse
waveforms.

Simulations of the transieat characteristics for the
fabricated CMOS gates are also generated by "SPICE-2G". A
pluse signal is used as the input to the gates. The pulse
has a rise time and a fall time of luys. A 30 pF load
capacitor was assumed at the output node of each gate
corresponding to the input capacitance of the oscilloscope
used in the experimental measurements. Table 5.9 lists the
simulated and the measured transient parameters of the
different CMOS gates. Once more, there is a good agreement

between the simulated and the experimental transient

responses of the CMOS gates.

5.8 Conclusion
In this disseration, it has been shown that the
improved isoplaner CMOS technology is suitable for VLSI. The
discussion was focused on the design, fabrication,
simulation and testing of p- and n-channel MOSFET devices in

addition to the basic building blocks of logic circuits
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Simulated (S) and Measured (M) Transient

Parameters of CMOS Logic Gates.

Inverter  2-input NAND  2-ipput NOR  3-input NAND

M S M S M S M

TPHL 2 1.4 1.6 1 2 2 2.2
(us)
TPLH 2 2.2 2.5 2.4 2.5 2 2.2
(us)
THL 4 2.4 2.5 1.5 2 4 4,2
(us)
TLH 4 3.8 4 3.9 4 3.6 4
(us)

Vin lus lus lus bus 12us)

CL 30 PF

R
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using a self-aligned N-well CMOS process with tungsten gate
electrodes and tungsten interconnects. Excellent properties
of tungsten-silicon contacts were obtained. 1In addition
acceptable MOS properties of the tungsten-silicon dioxide
system and good sheet resistances of the gate electrodes and
interconnects were demonstrated. It was shown that there is
a good agreement between the expected and the measured
characteristics and parameters of all the fabricated test
devices. Therefore, we conclude that it is feasible to use
LPCVD tungsten films in multilayer metallization for VLSI at
the interconnect level as well as the gate level, especially
in an industrial environment where a better control of the
processing parameter is available in comparison to the
limitations faced in the Microelectronics Lab at the

University of Arizona.



CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Achieved Objectives

This dissertation showed that LPCVD tungsten films

deposited in a cold-well reactor are suitable for multilevel

metallization of VLSI circuits. The following specific

objectives were achieved:

1.

Requirements on VLSI processes and materials are
shown in Table 2.3.

Table 2.4 lists the physical-chemical requirements
on the interconnect materials for VLSI.

The general physical-chemical properties of the
inter layer dielectric films are presented in Table
2.5.

Current trends in VLSI interconnects are given in
Table 2.8.

Properties of LPCVD tungsten films are given in
Table 6.1.

A multi-layer metallization scheme consisting of
three interconnect layers of tungsten separated by
CVD doped silicon dioxide was designed, fabricated
and tested. Aluminum was used as the fourth layer

141
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Table 6.1. Summary of the Properties of LPCVD Tungsten

Films

VARIABLE VALUE/PROPERTY COMMENTS
Chemical reactants WF6 + H2 For interconnect
WF6 + Si For contacts
Temperature 650 - 850°C
Pressure 1-5 Torr
H2 flow 0.5-1.2 L/min
WF, 5-10 cc/min
Deposition rate 1500-2000 A/min
Uniformity + 57 Sheet resistance
Purity High Auger & Rutherford
Structure Preferred orientation <110> x~-ray
diffraction
Surface Quality Smooth & Spectacular Haze € lum
Grain Size .2-.3 um Thickness 5000 2
Sheet Resistance 1-.5 /0 8000-2000 3
Resistivity 9 + 1 po-cm 8000-2000 &
Stress 5x 109 dynes/cm3 Compression
Adhesion Good Si,SiOz,Si3N4
Microhardness Good
Etch Rate 350° Z/miu Plasma
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The detailed processing

sequence is given in Appendix A. Table 6.2. gives

the important properties of this multi-layer

system.

Table 6.2. Summary of the Tungsten Multi-Level

Interconnection System

VARIABLE PROPERTIES
Doped-Silicon Xj = 1.5 um
R . =8=+1¢/0
S -4
‘ p =12 x 10
Tungsten Metal t = 5000 &
Ry = 0.18 + 0.02 /0
p =9 + 1 uQ-cm
Tungsten-Silicon contact Specific contact
resistance
7 2

=3 -8 x 10 "Q-cm

Tungsten-Silicon
Contact string

Continuous, i.e.

Contact are reproducible

Tungsten-tungsten
intermetallic contacts

R=0.125-0.132/contact
reproducible low contacts

Step coverage

Excellent

Electromigration resistance

Very high

Maximum current density

4-5 x 10° 8/cm® at 100 V
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Properties of the intermetallic CVD doped-silicon
dioxide are shown in Table 6.3.
An N-well self-aligned tungsten gate CMOS process
was designed, fabricated, and tested. This process
is fully ion-implanted, uses LOCOS technology. Also
it has a multi-layer metallization system
consisting of two interconnect layers of tungsten
and a final layer of aluminum metallization. The
detailed sequence of this process is shown in
Appendix C. Measured parameters of the CMOS
process are given in Table 6.4.
Process simulations by '"SUPREM-II" and device
simulation by "SPICE' are given in Appendices D and
E respectively.
Complementary MOS devices with 4 micron self-
aligned tungsten gates were successfully fabri-
cated. These devices have excellent I-V character-
istics. The measured parameters of these devices
are given in Table 5.8.
CMOS Logic gates (inverters, 2-input NAND, 3-input
NAND, and 2-input NOR) were also successfully
fabricated. Table 5.9 lists the simulated and

measured transient parameters of these gates.
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Table 6.3. Summary of the Properties of CVD Phosphosilicate

Glass

Properties of CVD PSG

NOMINAL VALUES

Reactant gases

SiH4 + PH3 + 02

Temperature

420° C

Pressure

760 Torr

Phosphorus percentage

4 - 107 by weight

Deposition rate

o
1000 A/min

Etch rate

o
50 A/sec (as deposited)
35 A/sec (densified)

Index of refraction

1.46

Step coverage

good (densified)

Stress

1 - 4 x 107 (tensile)

Crack resistance

strong (densified)

Dielectric Constant

4.0 - 4.1

Breakdown field

3-6 x 10° v/em

Leakage current

°© 2
5.5 40 nA/cm

Conductivity

1.6 x 10°Y4-4.4 x 10717 (g-cm) L
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Table 6.4 Measured Parameters of the N-Well CMOS Process

PARAMETER MEASURED VALUES
p-type substrate Ry = 250 a/0, Ny = 1l x lOls/cm3
N-well Ry = 210 /0, x; = 6um, Ny = 3x10'%/cn’
Pt s/p Ry = 25 /0, x; = 1.2um, N, = 2x10°"/ca’
ot s/D Rg = 25 /0, x; = 1.3um, Ny = 2x10°7/ca’
Tungsten Gate Ry = .2 /0. £t = .5um
W Interconnects R. = .15 @/0, t = .6um

3

W - P+-Si Contact

(5 x5 umz)
2 (10 x 10 wm?)

6 x 10-7 Q-cm2
4.5 x 10"7 Q-cm

W - n+-Si Contact

7 Q-cm2 (5 x5 pmz)

2 (10 x 10 wm?)

6.5 x 10~
5.0 x 1077 a-cm

Barrier height

°p

.645 (p-substrate)
.655 (N-well)

W - Si Work
Function dMs

-.49 V (p-substrate)
+.18 V (N-well)

Flat Band -1.27 V (p-substrate)

Voltage Vep -.67 V (N-well)

Interface charge 1.72 x 1011/cm2 (p-substrate)
Q 11, 2

SS

1.86 x 107" /cm (N-well)

Mobile charges

Q

m

6.56 x 1010/cm2
2

(p-substrate)

6.56 x 10°%/cm?  (N-well)
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6.2. Contributions of the Dissertation

The original contributions of this dissertation are

summarized as follows:

1.

areas:

1.

[

Characterization of LPCVD tungsten films produced
in cold-wall reactor.

Designing, fabrication, and testing of a tungsten
multi-layer metallization scheme for VLSI.
Designing, fabrication, and testing of an N-well
self-aligned tungsten CMOS process with tungsten
multi-layer interconnections.

Use of one metal (tungsten) to achieve ohmic
contacts, gate elecfrodes, Schottky barrier diodes,
ion-implant masking, and multi-level interconnects

simultaneously.

6.3 Recommendations for Future Work

Future research is recommended in the following

Experimental verification of the results of this
work for minimum line width of one micron.

Use of tungsten multi-level interconnect in bipolar
technologies.

Investigation of the effect of the reactants and

products on very thin gate oxides.
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4., A detailed study of the interface layer between
tungsten and silicon at high temperatures and its
effect on the contact resistance.

5. An extensive evaluation of the tungsten-silicon
dioxide interface and its MOS properties.

6. Determination of the oxidation properties of
tungsten films.

7. Investigation of the use of LPCVD silicon dioxide,
silicon nitride, and/or a combination of the two
dielectrics as an insulator between the different
layer of tungsten interconnects.

8. Determination of the deposition parameters and
properties of selective LPCVD tungsten deposition

in a cold-wall reactor.



APPENDIX A

PROCESSING SEQUENCE FOR THE TUNGSTEN
MULTILAYER METALLIZATION

Starting wafers:

Orientation <111>, Diameter 2.0'

Type:p , Dopant : Boron
Resistivity: 5 - 15 Q@-cm

Sheet resistance: 270 - 300 @/0

Thickness: 0.016 - 0.018 mil

1 - Wafer Cleaning

Ultrasonic in acetone for 5 minutes

a

b Rinse in DI water for 5 minutes

¢ - Pirana clean (H2804 : H202 : 10:1) at 90°C for
10 minutes
d - Rinse in DI water for 5 minutes

e - Dip in buffered HF (NHACl : HF : 10:1) for 10

seconds
f - Rinse in DI water for 10 minutes
g - Dip in nitric acid at 90°C for 10 minutes
h - Rinse in DI water for 5 minutes
i - Dip in bqffered HF for 10 seconds

149



150
j - Rinse in DI water for 5 minutes

k - Spin dry

2 - Initial Oxidation
Furnace temperature 1100°C
a - Dry oxidation for 10 minutes
b - Wet oxidation for 90 minutes
¢ - Dry oxidation for 20 minutes

o)
The oxide thickness is 7500 A

3 - Definition of Diffusion Windows
a - Wafer cleaning
b - Dehydration at 140°C for 30 minutes

¢ - Spin KTI HMDS at 4000 rpm for 20 seconds

d - Spin negative photoresist (KTI 752) at 4000 rmp
for seconds

e - Prebake at 85°C for 30 minutes

f - Expose using first mask for 6 seconds

g - Develop in xylene for 30 seconds

h - Blow dry with nitrogen

i - Inspect quality of pattern definition

j - Postbake at 140°C for 30 minutes

4 - Etching of Diffusion Windows

a - Dip in buffered HF for 14 minutes
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b - Rinse in DI water for 5 minutes and spin dry
¢ - Inspect for complete etching
5 - Photoresist Stripping
a - Dip in H,S0, at 90°C for 10 minutes
b - Rinse in DI water for 5 minutes and spin dry
¢ - Inspect for complete removal of photoresist
6 - Doping with n-type Impurities (phosphorus)
a - Predeposition conditions: Temperature 950°C,
Ambient: nitrogen and oxygen, Source: POCl3
Time: 1 minute
b - Drive in conditions: Temperature 950°C,
Ambient: nitrogen; Time 15 minutes
c - Oxidation: Temperature 950°C. Ambient: Dry
oxygen; Time 2 hours
The sheet resistance of the diffused areas = 8 2/0
The junction depth = 1.5u
The oxide thickness = 1200 X
7 - Oxide Steps Definition Using Mask Number 2
a - Repeat Step A.3
b - Repeat Step A.4 (Time = 16 minutes)
c - Repeat Step A.5



8 - Gate Oxidation
Temperature 1000°C, Time 100 min., Ambient:

o
oxygen.Oxide thickness = 1000 A

9 - First Level Contact Definition (Mask #3)
a - Repeat Step A.3
b - Repeat Step A.4 (Time = 4 minutes)

¢ - Repeat Step A.5

10 - LPCVD of First Layer of Tungsten
a - Heat the wafers in a hydrogen ambient up to
700°C

b - Tungsten hexafluoride flow rate = 10cc/minute,
Helium flow rate = 1L/min., Temperatures 740°C,
pressure = 1 Torr, Time = 3 min.

¢ - Tungsten hexafluoride 10c¢c/minute, Hydrogen
flow rate = 6 L/min
Temperature = 750°C, pressure = 1 Torr, Time = 3
minutes

The resulting film thickness = 5000 R with a sheet

resistance of .2 /(0.

11 - Delineation of First Layer of Tungsten (Mask #4)
a - Repeat Step A.3
b - Plasma etch in CF4/02, Pressure = 1 Torr, Time =

o
15 minutes. Etch rate = 350 A/min
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¢ - Repeat Step A.5

d - Testing and Measurements

12 - CVD Deposition of Phosphorus Dope Silicon Dioxide
a - Temperature = 420°C, Pressure = 760 Torr, Time =
6 minutes
Reactants: Sijd4 + pH3 + 02
Ambient: Nitrogen
Thickness = 6000 X

b - Reflow at 1000°C for 30 minutes in hydrogen

13 - Definition of Second Level Contacts (Mask #5)
a - Repeat Step A.9

b - Etch time = 6 minutes

14 - LPCVD of Second Tungsten Layer
Same as Step A.10

15 - Delineation of the Second Tungsten Layer (Mask #6)
Similar to Step A.1l

16 - CVD Phophosilicate Glass Deposition

Similar to Step A.1l2
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18

19

20

21

22

23

Definition of the Third Level of Contacts (Mask {#7
Same as Step A.9

Etch time = 8 minutes

LPCVD of the Third Layer of Tungsten

Same as Step A.10

Delineation of the Third Layer of Tungsten (Mask #8)

Same as Step A.1ll

CVD Phophosilicate Glass Deposition

Similar to Step A.12

Definition of the Fourth Level of Contacts (Mask #9)

Similar to Step A.9

Etch time = 10 minutes

Aluminum Evaporation by Electron Beam

Pressure < 107 Torr, Time = 5 min., Thickness

2000 A

Definition of Aluminum
a - Repeat Step A.3
b - Etch in (phosphoric acid + Nitric acid + DI

water) at 60°C for 20 seconds

)
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¢ - Strip photoresist in D-712 at 90°C for 10

minutes

d - Sinter in forming gas at 440°C for 10 minutes

e - Testing and Measurements



APPENDIX B
MEASUREMENT OF TUNGSTEN METALLIZATION PARAMETERS

1 - The resistance of a metal resistor or a diffused
region was measured by forcing a current through the outer
probe pads and measuring the voltage dissipated across the
inner probe pads. The current was measured by a Keithley
480 K digital picoameter, while the voltage was measured by
a Fluk 8600 X digital meter. The circuit configuration is

shown in Figure B.1l.

2 - The contact resistance between tungsten and doped
silicon was measured using the circuit configuration of
Figure B.2. A Current was forced through one tungsten probe
pad and collected at a silicon probe pad. Similarly, the
voltage drop across the contact was measured using the other

tungsten probe pad and the remaining silicon probe pad.

3 - The breakdown voltage of MUS5S capacitor was measured
using the schematic diagram of Figure B.3.

4 - The leakage current of phosphosilicate glass was
measured using the circuit configuration of Figure B.4.
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Fig. B.2 Tungsten-silicon contact resistance setup
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10K

Fig. B4 Leakage current measurement setup



APPENDIX C
ISOPLANAR CMOS FABRICATION PROCEDURE

The starting wafers are p-~type silicon, having a
resistivity of 5 - 15 @-cm, and <100> orientation. The
wafers are coated with a film of silicon nitride (2000 A) on
the top of a (500 X) silicon dioxide film. The processing

steps are:
1 - Wafer Cleaning

2 - First Mask to Define Isolation Moats
i) Nitride plasma etch in a barrel reactor using
CF4 gas for 12 minutes at 150 watts and 1 torr.
ii) Oxide etch using HF solution (1 minute)

iii) Silicon plasma etch for 10 minutes

3 - Local Oxidation:
Temperature = 1106°C, Time = 5 hours,
Wet thermal oxidation. The resulting oxide thick-
ness = 1 micron followed by etching all the remain-
ing silicon nitride
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4 - Second Mask to Define N-well Regions

5 - N-well Ion Implant.
Element phosphorus, Dose = 5 x 1012 ions/cmz, and
Energy = 100 KeV

6 - N-well Drive-in:

Temp = 1100°C, Time = 20 hours, Ambient = Hydrogen.

The junction depth = 7 microns
7 - Third Mask for the Threshold Voltage (VT) Adjust

8 - Threshold Voltage Ion Implant:

012 2

Element = Boron, Dose = 1.3 x 1 ions/em®, and

Energy = 90 KeV

9 - Gate Oxide Growth:
i) Remove the initial thin oxide by HF solution
ii) Dry gate oxidation with HCl, Time = 100 min.,
Temperature = 1000°C. The resulting oxide

o
thickness = 1000 A.

10 - Deposition of Tungsten for Gate Electrodes

Time = 3 minutes, Temperatures = 730°C, Thickness =

5000 A, sheet resistance = .2 9/sq
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12

13

14

15

16

17

18

Fourth Mask to Delineate the Gate Electrode
followed by plasma etch of tungsten: Time = 15

minutes, Pressure = 1 torr, Power = 150 watts
Fifth Mask for Defining the n+ S/D Regions

nt+ S/D Ion Implant:
Element = phosphorus, Dose = 3 x lO15 ions/cmz,

Energy = 100 KeV
Sixth Mask for Defining the p+ S/D Regions

p+ S/D Ion Implant:

15

Element = Boron, Dose = 3 x 10 ion/cmz.

Energy = 100 KeV

Ion Implant Anneal and Drive-in:
Temperature = 1000°C, Time = 30 minutes,

Ambient = Hydrogen

First Interlevel Dielectric:
Low temperature CVD phosphorus doped glass,

Time = 8 minutes, Temperature = 420°C.

Seventh Mask to Define the Contact Windows
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20

21

23

24

25

26

27

28

Deposition of Tungsten for the Second Interconnect

Level

Eighth Mask to Define the Second Level of Metalliza-

tion

Second Interlevel Dielectric:

CVD phosphorus doped oxide

Ninth Mask to Define Contact Windows

Deposition of Tungsten for the Third Interconnect

Level

Tenth Mask to Define the Third Level of Metallization

Third Interlevel Dielectric:

CVD phosphorus doped oxide

Eleventh Mask to Define Contact Window

Deposition of Aluminum Film as the Fourth

Interconnect Level

Twelfth Mask to Define the Fourth Metallization Level
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29 - Passivation Layer

30 - Pad Opening for Probing



APPENDIX D
CMOS PROCESS SIMULATION BY SUPREM-II

1- Suprem Modifications In Order To Consider Tungsten

As The Gate Electrode

*LIMIT 60000
#IDENT NITRIDE
*DELETE NSPRM.11822
+ 2HTU, 2HNG, 2HST, 2HEN,
*DELETE NSPRM.11822
+ 2HTU, 2HNG, 2HST, 2HEN,
+ 2HSU, 2HLI,2HCI, 2HDE,
*DELETE NSPRM.12352
c =2,TUNGSTEN "" e
*DELETE NSPRM.12353
c =3,TUNGSTEN SILICIDE " "
*DELETE NSPRM. 12420
C AL W Ws12
*DELETE NSPRM.12421
DATA PHIM/-.60,-.20.+.10/
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2- CMOS N-WELL SIMULATION (N-MOSFET, GATE SECTION)

GRID DYSI=0.015, DPTH=1.0, YMAX=14

SUBS ORNT=100, ELEM=B, CONC=6Elé4

PRINT HEAD=Y

PLOT TOTL=Y, CMIN=14, NDEC=7, WIND=6

COMM INITIAL OXIDATION

STEP TYPE=0XID, TEMP=1000, TIME=30, MODL=DRYO

coOMM  LOCMOS

STEP TYPE=0XID, TEMP=1100, TIME=240, MODL=NITO

COMM  N-WELL DRIVE-IN

STEP TYPE=0XID, TEMP=1100, TIME=600,MODL=NITO

STEP TYPE=0XID, TEMP=1100, TIME=600,MODL=NITO

COMM  THRESHOLD VOLTAGE ADJUST

MODEL NAME=SPM1,GATE=-, QSSQ=1E11l, CBLK=1l

STEP TYPE=IMPL, ELEM=B, DOSE=1.3E12, AKEV=90
+ MODL=SPM1

STEP TYPE=ETCH, TEMP=25, MODL=SPMl

COMM  GATE OXIDE

STEP TYPE=0XID, TEMP=1000, TIME=100, MODL=DRYO
+ MODL=SPM1

STEP TYPE=0XID, TEMP=1000, TIME=30, MODL=NITO
+ MODL=SPM1

COMM  TUNGSTEN GATE DEPOSITION

STEP TYPE=0XID, TEMP=750, TIME=10, MODL=NITO

COMM CVD SIO02

STEP TYPE=DEPO, TIME=6, GRTE=0.1, ELEM=P

COMM DENSIFICATION OF CVD SIOl

STEP
END

TYPE=0XID, TEMP=750, TIME=10
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3- CMOS N-WELL SIMULATION (P-MOSFET,GATE SECTION)

GRID DYSI=0.015, DPTH=1.0, YMAX=14

SUBS ORNT=100, ELEM=B, CONC=6El4

PRINT HEAD=Y

PLOT TOTL=Y, CMIN=14, NDEC=7, WIND=6

COMM INITIAL OXIDATION

STEP TYPE-OXID, TEMP=1000, TIME=30, MODL=DRYO

COMM  LOCMOS

STEP TYPE=0XID, TEMP=1100, TIME=240, MODL=NITO

coMmM N-WELL ION IMPLANT

STEP TYPE=IMPL, ELEM=P, DOSE=4El12, AKEV=100

COMM  N-WELL DRIVE-IN

STEP TYPE=0XID, TEMP=1100, TIME=30,MODL=NITO

STEP TYPE=0OXID, TEMP=1100, TIME=900,MODL=DRYO0

STEP TYPE=0XID, TMEP=1100, TIME=300,MODL=NITO

STEP TYPE=ETCH, TEMP=25

COMM  TRESHOLD VOLTAGE ADJUST

STEP TYPE=0XID, TEMP=1000, TIME=30, MODL=DRYO

MODEL NAME=SPM1l,GATE=-, QSSQ=1Ell, CBLK=1l

STEP TYPE=IMPL, ELEM=B, DOSE=1.3E12, AKEV=90
+ MODL=SPM1

STEP TYPE=ETCH, TEMP=25, MODL=SPM1

COMM GATE OXIDE

STEP TYPE=0OXID, TEMP=1000, TIME=100, MODL=DRYO
+ MODL=SPM1

STEP TYPE=0XID, TEMP=1000, TIME=30, MODL=NITO
+ MODL=SPM1

COMM  TUNGSTEN GATE DEPOSITION

STEP TYPE=0XID, TEMP=750, TIME=10, MODL=NITOC

COMM SOURCE/DRAIN DRIVE IN

STEP TYPE=0OXID, TEMP=900, TIME=30, MODL=NITO

COMM CVD SIO2

STEP TYPE=DEPO, TIME=6, GRTE=0.1, ELEM=P

COMM DENSIFICATION OF CVD SIO2

STEP

TYPE=OXID, TEMP=750, TIME=10, MODL=NITO
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CMOS N-WELL SIMULATION (P-MOSFET,S/D SECTION)

GRID
SUBS
PRINT
PLOT
COMM
STEP
COMM
STEP
COMM
STEP
COMM
STEP
STEP
STEP
STEP
COMM
STEP
STEP
COMM
STEP
COMM
STEP
cCoMM
STEP
COMM
STEP
COMM
STEP
END

DYSI=0.015, DPTH=1.0, YMAX=14

PRNT=100, ELEM=B, CONC=6El4

HEAD=Y

TOTL=Y, CMIN=14, NDEC=7, WIND=6

INITIAL OXIDATION

TYPE=0XID, TEMP=1000, TIME=30, MODL=DRYO
LOCMOS

TYPE=0XID, TEMP=1100, TIME=240, MODL=NITO
N-WELL ION IMPLANT

TYPE=IMPL, ELEM=P, DOSE=4E12, AKEV=100
N-WELL DRIVE-IN

TYPE=0XID, TEMP=1100, TIME=30, MODL=NITO
TYPE=0XID, TEMP=1100, TIME=900, MODL=DRYO
TYPE=0XID, TEMP=1100, TIME=300, MODL-NITO
TYPE=ETCH, TEMP=25

GATE OXIDE

TYPE=0XID, TEMP=1000, TIME=100, MODL=DRYO
TYPE=0OXID, TEMP=1000, TIME=30, MODL=NITO
TUNGSTEN GATE DEPOSITION

TYPE=0XID, TEMP=750, TIME=10, MODL=NITO
SOURCE/DRAIN ION IMPLANT

TYPE=IMPL, ELEM=B, DOSE=3E1l5, AKEV=100
SOURCE/DRAIN DRIVE-IN

TYPE=0XID, TEMP=900, TIME=30, MODL=NITO
CVD SIO02

TYPE=DEPO, TIME=6, GRTE=0.1, ELEM=P
DENSIFICATION OF CVD SI02

TYPE=0XID, TEMP=750, TIME=10, MODL=NITO
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CMOS N-WELL SIMULATION (N-MOSFET, S/D SECTION)

GRID
SUBS
PRINT
PLOT
COMM
STEP
COoMM
STEP
COMM
STEP
STEP
STEP
COMM
STEP
STEP
COMM
STEP
COMM
STEP
COMM
STEP
COMM
STEP
COMM
STEP
END

DYSI=0.015, DPTH=1.0, YMAX=14

ORNT=100, ELEM=B, CONC=6El4

HEAD=Y

TOTL=Y, CMIN=14, NDEC=7, WIND=6

INITIAL OXIDATION

TYPE=0XID, TEMP=1000, TIME=30, MODL=DRYO
LOCMOS

TYPE=0XID, TEMP=1100, TIME=240, MODL=NITO
N-WELL DRIVE-IN

TYPE=0XID, TEMP=1100, TIME=600, MODL=NITU
TYPE=0XID, TEMP=1100, TIME=600, MODL=NITO
TYPE=ETCH, TEMP=25

GATE OXIDE

TYPE=0XID, TEMP=1000, TIME=100, MODL=DRYO
TYPE=0XID, TEMP=1000, TIME=30, MODL=NITO
TUNGSTEN GATE DEPOSITION

TYPE=0XID, TEMP=750, TIME=10, MODL=NITO
SOURCE/DRAIN ION IMPLANT

TYPE=IMPL, ELEM=P, DOSE=3El5, AKEV=110
SOURCE/DRAIN DRIVE-IN

TYPE=0XID, TEMP=900, TIME=30, MODL=NITO
CVD SIO2

TYPE=DEPO, TIME=6, GRTE=0.l, ELEM=P
DENSIFICATION OF CVD SIO2

TYPE=CXID, TEMP=750, TIME=10



GRID
SUBS
PRINT
PLOT
coMM
STEP
coMM
STEP
CoMM
STEP
STEP
coMM
MODEL
STEP
+ MODL=SPM1
coMM
STEP
COMM
STEP
STEP
COMM
STEP
COMM
STEP
COMM
STEP
COMM
STEP
END

CMOS N-WELL SIMULATION (FIELD AREA)

DYSI=0.015, DPTH=1.0, YMAX=14
ORNT=100, ELEM=B, CONC=6El4

HEAD=Y

TOTL=Y, CMIN=14, NDEC=7. WIND=6

INITIAL OXIDATION

TYPE=0XID, TEMP=1000, TIME=30, MODL=DRYO
LOCMOS

TYPE=0XID, TEMP=1100, TIME=240, MODL=WETO
N-WELL DRIVE-IN

TYPE=0XID, TEMP=1100, TIME=600, MODL=NITO
TYPE=0XID, TEMP=1100, TIME=600, MODL=NITO
THRESHOLD VOLTAGE ADJUST
NAME=SPM1,GATE=~, QSSQ=1E11l, CBLK=1
TYPE=IMPL, ELEM=8, DOSE=1.2E12, AKEV=90

PARTIAL ETCH

TYPE=ETCH, TIME=2, TEMP=25, ERTE=0.05
GATE OXIDE

TYPE=0XID, TEMP=1000, TIME=100, MODL=DRYO
TYPE=0XID, TEMP=1000, TIME=30, MODL=NITO
TUNGSTEN GATE DEPOSITION

TYPE+0OXID, TEMP=750, TIME=10, MODL=NITO
SOURCE/DRAIN DRIVE-IN

TYPE=0XID, TEMP=900, TIME=30, MODL=NITO
CVD SIO2

TYPE=DEPO, TIME=6, GRTE=0.1, ELEM=P
DENSIFICATION OF CVD SIO2

TYPE=0XID, TEMP=750, TIME=10, MODL=NITO
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APPENDIX E

CMOS DEVICE SIMULATION BY SPICE-2G

1- N-CHANNEL MOS TRANSISTOR L/W=4/10 I-V CHARACTERISTICS

.OPTIONS LIMPTS=1000 NOPAGE

VDS 3 0

VGS 2 0

VIDS 3 1

Ml 1 2 0 0 NCH W=10U L=4U AS=200P AD=200P PD=60U
PS=60U NRD=2 NRS=2

.MODEL NCH NMOS LEVEL=2

+VT0=1.5 GAMMA=0.6 PHI=0.6 LAMBDA=0.01 PB=9 CGSP=400P
CGDO=400P CGBO=200P

+CJ=300U MJ=.5 CJSW=1.9N MJSW=.33 TOX=.1lU NSUB=1E1l5
XJ=1.3U LD=.9TU

+U0=425 UCRIT=1E4 UEXP=.3 UTRA=.2 VMAX=3,5E4 NEFF=5
%QC=.2 RSH=25 KP=15U

.DC VDS 0 10 .5 VGS 1 &4 .5

.PLOT DC I(VIDS)

.END
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2- N-CHANNEL MOS TRANSISTOR L/W=10/20 I-V CHARACTERISTICS

.OPTIONS LIMPTS=1000 NOPAGE
VDS 3 0

VGS 2 0

VIDS 3 1

M1 1 2 0 0 NCH W=20U L=10U AS=600P AD=600P PD=100U
PS=100U NRD=1.5 NRS=1.5

.MODEL NCH NMOS LEVEL=2

+VT0=2.5 GAMMA=0.6 PHI=0.6 LAMBDA=0.01 PB=.9
CGSO=400P CGDO=400P CGBO=200P

+CJ=300U MJ=.5 CJSW=1.9N MJSW=.33 TOX=.1U NSUB=1E15
XJ=1.3U LD=.9U

+U0=425 UCRIT=1E4 UEXP=.3 UTRA=.2 VMAX=3.5E4 NEFF=5
XQC=.2 RSH=25 KP=15U

.DC VDS 0 10 .5 VGS 2 7 .5

.PLOT DC I(VIDS)

.END

$
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P-CHANNEL MOS TRANSISTOR L/W=4/10 I-V CHARACTERISTICS
.OPTIONS LIMPTS=1000 NOPAGE
VDS 3 0
VIDS 1 3
VGS 2 0
Ml 12 0 0 PCH W=10U L=5U AS=200P AD=200P PD=60U PS=60U
NRD=2 NRS=2
.MODEL PCH PMOS LEVEL-2
+VTO0=-3 GAMMA=.6 PHI=,6 LAMBDA=.01 PB=.9 CGSO0=400P
CGDO=400P CGBO=200P
+RSH=25 CJ=300U MJ=.5 CJIJSW=1.9N MJSW=.33 TOX=.1lU
NSUB=3E1l6 XJ=1.2U LD=.9U
+U0=175 UCRIT=1E4 UEXP=.3 UTRA=.2 VMAX=3.5E4 NEFF=5
XQC=.2 KP-6U
.bU VDS 0 -10 -.25 VGS -3 -8 -1
.PLOT DC I(VIDS)
.END
$
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P-CHANNEL MOS TRANSISTOR L/W=10/40 I~V CHARACTERISTICS
.OPTIONS LIMPTS=1000 NOPAGE
VDS 3 0
VGS 2 0
VIDS 1 3
M1 12 0 0 PCH W=40U L=10U AS=1200P AD=1200P PD=140U
PS=1400

"NRD=.75 NRS=.75

.MODEL PCH PMOS LEVEL=2

+VT0=-3.0 GAMMA=.6 PHI=.6 LAMBDA=,01 PB=.9 CGSO=400P
CGDO=400P CGBO=200P

+RSH=25 CJ=300U MJ=.5 CJSW=1.9N MJSW=.33 TOX=.1lU
NSUB=3E16 XJ=1.2U LD=.9U

+U0=175 UCRIT=1E4 UEXP=.3 UTRA=.2 VMAX=3.5E4 NEFF=5
XQC=.2 KP=6U

.DC VDS 0 -10 -.25 VSG -3 -8 -1

.PLOT DC I(VIDS)

.END

$
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5~ N-WELL CMOS INVERTER TRANSFER CURVE

.OPTIONS LIMPTS=1000

VDD 1 0 DC 5.0

VIN 2 0 PULSE(OV 5V 1U 1U 1U 4U 12U)

Cl 3 0 30P

R1 3 0 1E6

M1 3 2 0 0 NCH W=10U L=10U AD=300P AS=300P PD=80U PS=80U
NRD=3.0 NRS=3.0

M2 3 2 1 1 PCH W=30U L=10U AD=900P AS=900P AS=900P
PD=120U PS=120U NRD=1.0 NRS=1.0

.MODEL NCH NMOS LEVEL=2

+VT0=2 GAMMA=0.4 PHI=0.6 PB=.9 CGSO=350P CGDO=350P
CGBO=100P

+MJ=.5 CJSW=1.9N MJSW=.33 TOX=.1U NSUB=1E15 XJ=1.3U
LD=.88U CJ=100U

+U0=425 UCRIT=1E4 UEXP=.3 UTRA=.2 VMAX=.2 VMAX.3.S5E4
NEFF=5 XQC=.2 RSH=25 KP=15U

.MODEL PCH PMOS LEVEL=2

+VT0=-2 GAMMA=.46 PHI=.6 PB=.9 CGSO=350P CGDO=350P
CGBO=100P

+RSH=25 MJ=.5 CJSW=1.9N MJSW=.33 TOX=.1U NSUB=3E16
XJ=1.2U LD=.88U CJ=100U

+U0=180 UCRIT=1E4 UEXP=.3 UTRA=.2 VMAX=3.5E4 WEFF=7
%QC=.2 KP=6U

.TRAN .1U 10U

.DC VIN 0 5 .15

.PLOT DC V(3) V(2)

.PLOT TRAN V(3) V(2)

.END
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CMOS 2-INPUT NAND TRANSFER CURVES

VDD 1 0 DC 5.0

VIN1 2 0 PULSE(0 5 1U 1U 1U 4U 12U)

VIN2 3 0 DC 5

Cl 4 0 30P

Rl 4 0 1E6

M1 4 2 1 1 PCH W=30U L=10U AD=900P AS=900P PD=120U
PS120U NRD=1 NRS=1

M2 4 3 1 1 PCH W=30U L=10U AD=900P AS=900P PD=120U
PS=120U NRD=1 NRS=1

M3 4 3 5 0 NCH W=30U L=10U AD=900P AS=900P PD120U
PS=120U NRD=1 NRS=1

M4 5 2 0 0 NCH W=30U L=10U AD=900P AS=900P PD=120U
PS=120U NRD=1 NRS=1

.MODEL NCH NMOS LEVEL=2

+VT0=2 GAMMA=0.6 PHI=0.6 LAMBDA=0.01 PB=.9 CGSO=400P
CGDO=400P CGBO=200P

+CJ=300U MJ=.5 CJSW=1.9N MJSW=.33 TOX.1lU NSUB=1El5
XJ=1.3U LD=.9U

+U0=425 UCRIT=1E4 UEXP=.3 UTRA=.2 VMAX=3.5E4 NEFF=5
XQS=.2 RSH=25 KP=15U

.MODEL PCH PMOS LEVEL=2

+VT0=-2 GAMMA=.6 PHI=.6 LAMBDA=.01 PB=.9 CGSO=400P
CGDO=400P CGBO=200P

+RSH=25 CJ=300U MJ=-.5 CJSW=1.9N MJSW=.33 TOX=.1lU
NSUB=3E16 XJ=1.2U LD=.9U

+U0=175 UCRIT=1E4 UEXP=.3 UTRA=.2 VMAX=3,5E4 NEFF=7
XQC=.2 KP=6U

.OPTIONS LIMPTS=1000 NOPAGE

.TRAN .1U 12U

.DC VIN1 0 5 .15

.PLOT DC V(&) V(2)

.PLOT TRAN V(4) V(2)

.END
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CMOS 2-INPUT NOR TRANSFER CURVE
VDD 1 0 DC 5.0
VINI 2 0 PULSE(O0 5 1U 1U 1U 4U 12U)
VIN2 4 0 DC O
Cl 5 0 30p
R1 5 0 1E6
Ml 3 2 1 1 PCH W=50U L=10U AD=1500P AS=1500P PD=160U
PS=160U NRD=1 NRS=1
M2 5 4 3 1 PCH W=50U L=10U AD=1500P AS=1500P PD=160U
PS=160U NRD=1 NRS=1
M3 5 4 0 0 NCH W=30U L=10U AS=900P AS=900P PD=120U
PS=120U NRD=.6
M4 5 2 0 0 NCH W=30U L=10U AD=900P AS=900P PD=120U

PS=120U NRD=.6 NRS=.6

.MODEL NCH NMOS LEVEL=2

+VT0=2 GAMMA=0.6 PHI=06. LAMBDA=0.01 PB=.9 CGS0=400P
CGDO=400P CGBO=200P

+CJ=300U0 MJ=.5 CJSW=1.9N NJSW=.33 TOX.1lU NSUB=1E1l5
XJ=1.30 LD=.9U

+U0=425 UCRIT=1E4 UEXP=.3 UTRA=.2 VMAX=3,5E4 NLEFF=5
XQC=.2 RSH=25 KP=15U

.MODEL PCH PMOS LEVEL=2

+VT0=-2 GAMMA=.6 PHI=.6 LAMBDA=,01 PB=.9 CGS0=400P
CGDO=400P CGBO=200P

+RSH=25 CJ=300U MJ=.5 CJSW=1.9N MJSW=.33 TOX.1lU
NSUB=3E1l6 XJ=1.2U LD=.9U



+U0=175 UCRIT=1E4 UEXP=.3 UTRA=.2 VMAX=3.5E4 NEFF=7
¥QC=.2 KP=6U

.TRAN .1U 12U

.DC VIN1 0 5 .15

.OPTIONS LIMPTS=1000 NOPAGE

.PLOT DC V(5) V(2)

.PLOT TRAN V(5) V(2)

.END

~!

(Xa)
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8- CMOS 3-INPUT NAND TRANSFER CURVES

vDD 1 0 DC 5.0

VIN1 2 0 PULSE(0 5 1U 1U 1U 4U 12U)

VIN2 4 0 DC 5

VIN3 5 0 DC 5

Cl 3 0 30P

Rl 3 0 1E6

ML 3 2 1 1 PCH W=30U L=10U AD=900P AS=900P PD=120U

PS=120U NRD=1 NRS=1

M2 3 4 1 1 PCH W=30U L=10U AD=900P AS=900P PD=120U

PS=120U NRD=1 NRS=1

M3 3 51 1 PCH W=30U L=10U AD=900P AS=900P PD=120U

PS=120U NRD=1 NRS=1

M4 3 56 0 NCH W=30U L=10U AD=900P AS=900P PD=12Z0U

PS=120U NRD=1 NRS=1

M5 6 4 7 0 NCH W=39U L=10U AD=900P AS=900P PD=120U

PS=120U NRD=1 NRS=1

M6 7 2 0 0 NCH W=30U L-10U AD-900P AS-900P PD=120U

PS=120U NRD=1 NRD=1

.MODEL NCH NMOS LEVEL=2

+VT0=2 GAMMA=0.6 PHI=0.6 LAMBDA=0.01 PB=.9 CGS0=400P

CGDO=400P CGBO=200P

+CJ=300U MJ=.5 CJSW=1.9N MJSW=.33 TOX.1lU NSUB=1El5

XJ=1.3U LD=.9U

+10=425 UCRIT=1E4 UEXP=.2 UTRA=.2 VMAX=3.5E4 NEFF=5

XQC=.2 RSH=25 KP=15U
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.MODEL PCH PMOS LEVEL=2
+VT0=-2 GAMMA=.6 PHI=.6 LAMBDA=.01 PB=.9 CGS0=400P
CGDO=400PCGBO=200P
+RSH=25 CJ=300U0 MJ=.5 CJSW=1.9N MJSW=.33 TOX.1lU
NSUB=3El6 XJ=1.2U LD=.9U
+U0=175 UCRIT=1E4 UEXP=.3 UTRA=.2 VMAX=3.5E4 NEFF=7
XQC=.2 KP=6U
.TRAN .1U 12U
.OPTIONS LIMPTS=1000 NOPAGE
.DC VINI 0 5 .15
.PLOT DC V(3) V(2)
.PLOT TRAN V(3) V(2)
.END



APPENDIX F

MEASUREMENT OF ClMCS DEVICE PARAMETERS

The gate oxide thickuness was found from the step height

measurement technique using the alpha-step machine.

Standard grove and stain techniques were employed to

measure the source-drain junction depth.

The output characteristic of the CMOS devices were

obtained using a Tektronix 555 curve tracer.

Measurement of the Threshold Voltage.
The threshold voltage Vp was determined from the
transfer characteristics (ID versus VG's fixed VD) of
the MOS transistors in the triode region and the

saturation regions.

A. Triode Region:

For VD < VDsat’ the MOSFET drain current ID is
given by the following formula
v
- pt W D
I, =K't Vg =Vp - =) V; (F.1)
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The threshold voltage is obtained by setting

ID = 0 as follows:

\Y
D | (F.2)

Ve = V60 - 2

where VGO = VG(ID = 0). Hence, VT may be found
by extrapolating the Iy versus VG characteristic
until it intersects the gate voltage axis. The
schematic circuit used to determine the In - Vg
curve is shown in Figure F.l. A drain voltage
of 100 mv was selected in order to satisfy the
relation V, < V . Bias conditions of V, =
D Ds S

at

V, = 0 V were also chosen. A Keithley Model 480

B
digital picoammeter was employed to measure the

MOSFET channel current I The analog output of

D
the ammeter was used to drive the y-axis of an
HF Model 7000 A x-y recorder. By sweeping the
gate voltage with a multi-turn potentiometer, a
plot of I, versus Ve is obtained. A tangent is
drawn to the linear portion of the ID - VG

curve. The intersection of the tangent with the

VG axis determines VGO'

)

in the saturation region

B. Saturation Region (VD > VDSat

The drain current IDSat

is given by the well known square-law

expression:



V.= 40.10 v’

D
+10 v y
Multi-curn v
Potentiometer < [H
I
HP 7000A . )
x-y Recorder '
X y
+ - + -
- Keithley 480
A Digical
+ Picoammeter
Analog
Output

Fig. F.1 Clircuit Schematlc for ID versus V. Measurement

v8T
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- W 2
Ipsat = XK' 71 (VG - VT) (F.3)

Thus, the intercept of the IDsat versus VG curve
with the voltage axis gives the threshold
voltage directly. The schematic diagram used to

determine I - Vg curve is shown in Figure

Dsat
F.2.

Calculation of the Gain Factor K'
Two ways were used to calculate the gain factor K'.
The first one employed the IDsat - Vp output character-

istics in the saturation region and the relation

I

Dast (F.4)

K' = -
7 (Vgs - Vp)°
The second method employed the slope (Sq) of the Iy-Veg

curves. The relation between K' and Sp is given by:

9
h—

R' = (sp) At (F.5)

Calculation of the Carrier Mobility u.
The slope (Sq) of the Iy - VG curve in the triode
region is related to the carrier mobility by the

equation:

il (F.6)

w0
—
]
=
O
o
o |
<
o

L 1
7o (F.7)
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7 - Measurement of the Transconductance
The transistor transconductance &m is defined by the

relation

_ D

& = FT— (F.8)
GS v

DS

For an MOS transistor in the saturation region, the

transconductance is given by the equation

y W
g, = K' T (Vgg - V (F.9)

es - V1)
The experimental value of gy Was determined from the

output characteristics (I - VD) using the following

Dsat

expression

AL
= _Dsat (F.10)

m = TAV
GS -

8 - Measurement of the Body Effect
Variations in the threshold voltage resulting from the
source-substrate bias is called the body effect. The
body effect is measured by the y parameter which is

given by the relation

av

VI — (F.11)
/VBS - 2¢ - V2¢
9 - Measurement of the Channel-Length Modulation Effect
For VD > VDsat’ the drain current varies weekly with

VD’ because the end of the chmic channel moves away
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from the drain junction when the drain bias exceeds

v The channel-length modulation effect is

Dsat’
characterized by the y parameter. The modified

expression of the drain current is given by

9
4

D W
I K' 3r (Vogm V) (1 + yVpg) (F.12)

Dsat
The experimental values of y were calculated from the
output characteristics I - V, at a fixed gate voltage
in the saturation region using the relation

I
I

1 + ¢V
=1+yV

D2
D1

D2
D1

(F.13)

10 - Measurement of the Leakage Current

11

The schematic diagrams of the circuit configuratiocns
used to measure the leakage current of the Schottky
diodes and the MOS transistors are shown in Figure F.3a

and b, respectively.

Measurement of the DC and Transient Characteristics of
the CMOS Gates

The DC and pulse input to the CMOS gates were obtained
from an HP 3311A function generator which has an output
resistance of 600 ohms and a transistion time of 100
nsec. The output signal was detected by a Tekrtonix
T922 oscilloscope which has an input resistance of

-12

1 x 106 ohms and an input capacitor of 30 x 10

farad.



SR\

Fig. F.3a Schematic diagram used to measure
the leakage current of Schottky
diodes

Fig. F.3b Schematic diagram used to measure
" the leakage current of MOS devices
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