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Film Formation

11.1 THERMAL OXIDATION
11.2 DIELECTRIC DEOPOSITION
11.3 POLYSILICON DEPOSITION
11.4 METALLIZATION
SUMMARY

¥FVVvVYVFPVY

To fabricate discrete devices and integrated circuits, we use many different kinds of thin
films. We can classify thin films into four groups: thermal oxides, dielectric layers, poly-
crystalline silicon, and metal films. Figure 1 shows a schematic view of a conventional
silicon n-channel MOSFET (metal-oxide-semiconductor field-effect transitor) that uses
all four groups of films. The first important thin film from the thermal oxide group is the
gate-oxide layer under which a conducting channel can be formed between the source
and the drain. A related layer is the field oxide, which provides isolation from other devices.
Both gate and field oxides generally are grown by a thermal oxidation process because
only thermal oxidation can provide the highest-quality oxides having the lowest interface
trap densities.

Dielectric (SiN)

Source

Gate oxide Polysilicon
gate

[ J

MOSFET

Fig. 1 Schematic cross section of a metal-oxide-semiconductor field-effect transitor
(MOSFET).
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Dielectric layers fsuch as silicon dioxide and silicon nitride are used for insulation
between conducting layers, for diffusion and ion implantation masks, for cappmg_daﬁa
films to prevent the loss of dopants, and fgwto protect devices from impuri-
ties, moisture, and scratches. Polycrystalline silicon, usually referred to as polysilicon, is
used as a gate electrode material in MOS devices, a conductive material for multilevel
metallization, and a contact material for devices with shallow junctions. Metal films such
as aluminum and silicides are used to form low-resistance interconnections, ohmic con-
tacts, and rectifying metal-semiconductor barriers.

Specifically, we cover the following topics:

* The thermal oxidation process to form silicon dioxide (SiO,).

* Deposition techniques to form low—dielectric-constant and high—
dielectric-constant films as well as polysilicon films.

* Deposition techniques to form aluminum and copper interconnections as well
as the related global planarization process.

® Characteristics of these thin films and their compatibility Wlth integrated-
circuit processing.
(

» 11.1 THERMAL OXIDATION oY provss

Semiconductors can be oxidized by various Im(ethods These include thermal oxidation,
electrochemical anodization, and (lasma reaction. Among these methods, thermal oxi-
dation is by far the most important for silicon devices. It is the key process in modern
silicon integrated-circuit technology. For gallium arsenide, however, thermal oxidation
results in generally nonstoichiometric films. The oxides provide poor electrical insula-
tion and semiconductor surface protection; hence, these oxides are rarely used in gal-
lium arsenide technology. Consequently, in this section we concentrate on the thermal
oxidation of silicon.

The basic thermal oxidation setup is shown' in Fig. 2. The reactor consists of a resis-
tance-heated furnace, a cylindrical fused-quartz tube containing the silicon wafers held |
vertically in a slotted quartz boat, and a source of either pure dry oxygen or pure water |
vapor. The loading end of the furnace tube protudes into a vertical flow hood where a -
filtered flow of air is maintained. Flow is directed as shown by the arrow in Fig. 2. The |
hood reduces dust and particulate matters in the air surrounding the wafers and mini- .

. Filtered
Resistance heater air
Ceramic [ ] |
comb 3
support \
0y or ooooooooo\:ooooooooo /Siliconwafers
2
H,0* —é D—» To vent
Carrier <— End cap (quartz)
gas ©000600000000000000
\ Fused quartz
L Fused quartz furnace tube
boat o
YV o¥
Exhaust

Fig.2 Schematic cross section of a resistance-heated oxidation furnace.
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Chapter 11. Film Formation <« 371

mizes contamination during wafer loading. The oxidation temperature is generally in the
range of 900°~1200°C and the typical gas flow rate is about 1 liter/min. The oxidation
system uses microprocessors to regulate the gas flow sequence, to control the automatic
insertion and removal of silicon wafers, to ramp the temperature up (i.e., to increase the
furnace temperature linearly) from a low temperature to the oxidation temperature so
that the wafers will not warp due to sudden temperature change, to maintain the oxida-
tion temperature to within +1°C, and to ramp the temperature down when oxidation is
completed.

11.1.1 Kinetics of Growth

The following chemical reactions describe the thermal oxidation of silicon in oxygen or
water vapor: B

Si (solid) + O, (gas) — SiO, (solid), (1)

Si (solid) + 2H,0 (gas) — SiO, (solid) +2H, (gas). (2)

The silicon-silicon dioxide interface moves into the silicon during the oxidation process.
This creates a fresh interface region, with surface contamination on the original silicon
ending up on the oxide surface. The densities and molecular weights of silicon and sili-
con dioxide are used in the following example to show that growing an oxide of thick-
ness x consumes a layer of silicon 0.44x thick (Fig. 3).

¢

» EXAMPLE 1

If a silicon oxide layer of thickness x is grown by thermal oxidation, what is the thickness of silicon
being consumed? The molecular weight of Si is 28.9 g/mol, and the density of Si is 2.33 g/cm?®,
The corresponding values for SiO, are 60.08 g/mol and 2.21 g/em®.

SOLUTION The volume of 1 mol of silicon is

Molecular weight of Si _ 28.9 g/mole

=12.06 cm®/mol.
Density of Si 2.33 g/cm3 emme

The volume of 1 mol of silicon dioxide is

Molecular weight of SiO, _ 60.08 g/mol
Density of SiO, 2.9 g/cm3

=27.18 em®/mol.

SiO, surface

$i0,

Silicon substrate

Fig.3 Growth of silicon dioxide by thermal oxidation.
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372 p» Chapter 11. Film Formation

Since 1 mol of silicon is converted to 1 mol of silicon dioxide,

Thickness of Si X area _ volume of 1 mol of Si
Thickness of SiO, X area  volume of 1 mol of SiO, ’

Thickness of Si - 12.06 =044
Thickness of Si0, 27.18

Thickness of silicon = 0.44 (thickness of SiO,).

For example, to grow a silicon dioxide layer of 100 nm, a layer of 44 nm of silicon
is consumed. 2 |

The basic structural unit of thermally grown silicon dioxide is a silicon atom surrounded
tetrahedrally by four oxygen atoms, as illustrated! in Fig. 4a. The silicon-to-oxygen inter-
nuclear distance is 1.6 A, and the oxygen-to-oxygen internuclear distance is 2.27 A. These
tetrahedra are joined together at their corners by oxygen bridges in a variety of ways to
form the various phases or structures of silicon dioxide (also called silica). Silica has sev-
eral crystalline structures (e.g., quartz) and an amorphous structure. When silicon is ther-
mally oxidized, the silicon dioxide structure is amorphous. Typically amorphous silica has
a density of 2.21 g/cm3, compared with 2.65 g/cm?® for quartz.

The basic difference between the crystalline and amorphous structures is that the
former is a periodic structure, extending over many molecules, whereas the latter has no
periodic structure at all. Figure 4b is a two-dimensional schematic diagram of a quartz
crystalline structure made up of rings with six silicon atoms. Figure 4c is a two-dimen-
sional schematic diagram of an amorphous structure for comparison. In the amorphous

6T

() (b)

Fig. 4 (a) Basic structural unit of silicon dioxide. (b) Two dimensional representation of a
quartz crystal lattice. (¢) Two-dimensional representation of the amorphous structure of silicon
dioxide.! :
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Chapter 11. Film Formation <« 373

structure there is still a tendency to form characteristic rings with six silicon atoms. Note
that the amorphous structure in Fig. 4c is quite open because only 43% of the space is
occupied by silicon dioxide molecules. The relatively open structure accounts for the lower
density and allows a variety of impurities (such as sodium) ta enter and diffuse readily
through the silicon dioxide layer.
B e kinetics of thermal oxidation of silicon can be studied based on a simple model
illustrated® in Fig. 5. A silicon slice contacts the oxidizing species (oxygen or water vapor),
resulting in a surface concentration of C, molecules/cm? for these species. The magni-
tude of C,equals the equilibrium bulk concentration of the species at the oxidation tem- .
perature. The equilibrium concentration generally is proportional to the partial pressure
of the oxidant adjacent to the oxide surface. At 1000°C and at a pressure of 1 atm, the
concentration C, is 5.2 x 10 molecules/cm? for dry oxygen and 3 x 10'® molecules/cm?
for water vapor.

The oxidizing species diffuses through the silicon dioxide layer, resulting in a con-
centration C, at the surface of silicon. The flux F, can be written as -

dC _D(C,~C,)
dx ~ x

where D is the diffusion coefficient of the oxidizing species and x is the thickness of the
oxide layer already present.

At the silicon surface, the oxidizing species reacts chemically with silicon. Assuming
the rate of reaction is proportional to the concentration of the species at the silicon sur-
face, the flux F, is given by

F,=D , 3)

F,=«xC,, 4)

where x is the surface reaction rate constant for oxidation. At the steady state, F; = F, =
F. Combining Egs. 3 and 4 gives

DC,

“ T+ (D/x)’ )

The reaction of the oxidizing species with silicon forms silicon dioxide. Let C; be
the number of molecules of the oxidizing species in a unit volume of the oxide. There
are 2.2 x 10%silicon dioxide molecules/cm? in the oxide, and we add one oxygen molecule

Fig.5 Basic model for the thermal oxidation of silicon.?
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374 » Chapter 11. Film Formation

(O,) to each silicon dioxide molecule, whereas we add two water molecules (H,O) to each
silicon dioxide molecule. Therefore, C, for oxidation in dry oxygen is 2.2 X 10?2 cm™, and
for oxidation in water vapor it is twice this number (4.4 X 1022 cm™). Thus, the growth
rate of the oxide layer thickness is given by

ds _ F _ DC,/C, ®

dt C; «x+ (D/x) (
We can solve this differential equation subject to the initial condition, x(0) = d,, ,where
d, is the initial oxide thickness; d, can also be regarded as the thickness of oxide layer
grown in an earlier oxidation step. Solving Eq. 6 yields the general relationship for the
oxidation of silicon, {
24 B 2DC g, ™

1

where 1t = (d? + 2Dd,/x)C,/2DC, ,which représents a time coordinate shift to account |
for the initial oxide layer d,,.
The oxide thickness after an oxidizing time ¢ is given by

- ;
p=2| 1426k (44| (8) |
k DC,
For small values of t, Eq. 8 reduces to
Cok |
=——(t+71), 9
x C, (t+71) (9)
and for larger values of ¢, it reduces to
2DC, :
x= O (t+1). (10) |

1

During the early stages of oxide growth, when surface reaction is the rate-limiting fac- |
tor, the oxide thickness varies linearly with time. As the oxide layer becomes thicker, the
oxidant must diffuse through the oxide layer to react at the silicon-silicon dioxide inter-
face and the reaction becomes diffusion limited. The oxide growth then becomes pro- |
portional to the square root of the oxidizing time, which results in a parabolic growth |
rate.

Equation 7 is often written in a more compact form:

x%+ Ax = B(t + 7). (11)‘

where A = 2D/k, B = 2DC/C, and B/A = kC/C,. Using this form, Eqgs. 9 and 10 can be
written as

x=§(t+r) (12)

for the linear region and as

TSMC EX1019p. 9



Chapter 11. Film Formation < 375

=Bt + 1) (13)

for the parabolic region. For this reason, the term B/A is referred to as the linear rate
constant and B is the parabolic rate constant. Experimentally measured results agree with
the predictions of this model over a wide range of oxidation conditions. For wet oxida-
tion, the initial oxide thickness d,, is very small, or 7= 0. However for dry oxidation, the
extrapolated value of d; at ¢ = 0 is about 20 nm.

The temperature dependence of the linear rate constant B/A is shown in Fig,. 6 for
both dry and wet oxidation and for (111)- and (100)-oriented silicon wafers.2 The linear
rate constant varies as exp (-E /kT), where the activation energy E, is about 2 eV for both
dry and wet oxidation. This closely agrees with the energy required to break silicon-sil-
icon bonds, 1.83 eV/molecule. Under a given oxidation condition, the linear rate con-
stant depends on crystal orientation. This is because the rate constant is related to the
rate of incorporation of oxygen atoms into the silicon. The rate depends on the surface
bond structure of silicon atoms, making it orientation dependent. Because the density
of available bonds on the (111)-plane is higher than that on the (100)-plane, the linear
rate constant for (111)-silicon is larger.

Figure 7 shows the temperature dependence of the parabolic rate cons
can also be described by exp (=E,/kT). The activation energy E, i§ 1.24
dation. The comparable activation energy for oxygen diffusion in fus :
The corresponding value for wet oxidation, 0.71 eV, compares favorably with the
of 0.79 eV for the activation energy of diffusion of water in fused silica. The parabolic
rate constant is independent of crystal orientation. This independence is expected because

T (°C)
1 1200 1000 900 800 700
10 T N\ T T T T

1001

(111) Si

101} (100) Si

102F  Dry 0, (105 Pa)

Linear rate constant B/A (um/hr)

E,=20eV (111) i
(100) Si
103t
\
104 1 1 ! ] \
0.6 0.7 0.8 0.9 1.0 1.1
1000 / T(K-1)

Fig. 6 Linear rate constant versus temperature.?
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376 » Chapter 11. Film Formation

it is a measure of the diffusion process of the oxidizing species through a randoiit;get-
work layer of amorphous silica.

Although oxides grown in dry oxygen have the best electrical properties, consider-
ably more time is required to grow the same oxide thickness at a given temperature in
dry oxygen than in water vapor. For relatively thin oxides such as the gate oxide in a MOS-
FET (typically < 20 nm), dry oxidation is used. However, for thicker oxides such as field
oxides (220 nm ) in MOS integrated circuits, and for bipolar devices, oxidation in water
vapor (or steam) is used to provide both adequate isolation and passivation.

Figure 8 shows the experimental results of silicon dioxide thickness as a function of
reaction time and temperature for two substrate orientations.® Under a given oxidation
condition, the oxide thickness grown on a (111)-substrate is larger than that grown on a
(100)-substrate because of the larger linear rate constant of the (111)-orientation. Note
that for a give temperature and time, the oxide film obtained using wet oxidation is about
5-10 times thicker than that using dry oxidation.

11.1.2 Thin Oxide Growth

Relative slow growth rates must be used to reproducibly grow thin oxide films of precise -
thickness. Various approaches to achieve such slower growth rates have been reported,
including growth in dry O, at atmospheric pressure and lower temperatures (800°-900°C); -
growth at pressures lower than atmospheric pressure; growth in a reduced partial pres-
sures of O, by using a diluent inert gas, such as N, Ar, or He, together with the gas con-
taining the oxidizing species; and the use of composite oxide films with the gate-oxide
films consisting of a layer of thermally grown SiO, and an overlayer of chemical-vapor

T (°C)
0 w0 T o
Wet oxidation
I H,0 (105 Pa)
o 10l
g 0
g
2 E =07leV
Q a
2 102
5 107 ,
‘g i Dry oxidation
) O, (105 Pa)
2 L
ool
I E,=124eV
104 1 ] ] ]

1
0.7 0.8 0.9 1.0 11 12
1000/ T(X-1)

Fig. 7 Parabolic rate constant versus temperature.?
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Fig.8 Experimental results of silicon dioxide thickness as a function of reaction time and tem-
perature for two substrate orientations. (¢) Growth in dry oxygen. (b) Growth in steam.?

deposition (CVD) SiO,. However, the mainstream approach for gate oxides 10-15 nm
thick is to grow the oxide film at atmospheric pressure and lower temperatures
(800°-900°C). With this approach, processing using modern vertical oxidation furnaces
can grow reproducible, high-quality 10 nm oxides to within 0.1 nm across the wafer.

We noted earlier that for dry oxidation, there is an apparently rapid oxidation that
gives rise to an initial oxide thickness d;, of about 20 nm. Therefore, the simple model
presented in Section 11.1.1 is not valid for dry oxidation with an oxide thickness < 20
nm. For ultralarge-scale integration (ULSI), the ability to grow thin (5 ~ 20 nm), uni-
form, high-quality reproducible gate oxides has become increasingly important. We briefly
consider the growth mechanisms of such thin oxides.

In the early stage of growth in dry oxidation, there is a large compressive stress in
the oxide layer that reduces the oxygen diffusion coefficient in the oxide. As the oxide
becomes thicker, the stress will be reduced due to the viscous flow of silica and the dif-
fusion coefficient will approach its stress-free value. Therefore, for thin oxides, the value
of D/x may be sufficiently small that we can neglect the term Ax in Eq. 11 and obtain

x2 —dy? = Bt, (14)

TSMC EX1019 p. 12



378 » Chapter 11. Film Formation

where d,) is equal to V2DC,%/C,, which is the initial oxide thickness when time is ém:ap-
olated to zero, and B is the parabolic rate constant defined previously. We therefore expect
the initial growth in dry oxidation to follow a parabolic form.

» 11.2 DIELECTRIC DEPOSITION

Deposited dielectric films are used mainly for insulation and passivation of discrete devices
and integrated circuits. There are three commonly used deposition methods: atmospheric-
pressure CVD, low-pressure CVD (LPCVD), and plasma-enhanced chemical vapor depo-
sition (PECVD, or plasma deposition). PECVD is an energy-enhanced CVD method, in
which plasma energy is added to the thermal energy of a conventional CVD system.
Considerations in selecting a deposition process are the substrate temperature, the depo-
sition rate and film uniformity, the morphology, the electrical and mechanical proper-
ties, and the chemical composition of the dielectric films.

The reactor for atmospheric-pressure CVD is similar to the one shown in Fig. 2, except
that different gases are used at the gas inlet. In a hot-wall, reduced-pressure reactor as
shown in Fig. 9a, the quartz tube is heated by a three-zone furnace, and gas is introduced
at one end and pumped out at the opposite end. The semiconductor wafers are held ver-
tically in a slotted quartz boat.* The quartz tube wall is hot because it is adjacent to the |

Pressure
sensor

—//1
LT =
'4\—\%:2

Wafers

Load Gas
door inlet
(a)
Insulated rf input Wafers
I ] Glass
. ||+~ cylinder
Plasma N
an.
] Aluminum.
] electrodes

! ' A

Gas Pump Gas
inlet inlet
Heated
sample
holder
(b)

Fig.9 Schematic diagrams of chemical-vapor deposition reactors. (¢) Hot-wall, reduced-pres-
sure reactor. (b) Parallel-plate plasma deposition reactor.* rf, radio frequency.
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furnace, in contrast to a cold-wall reactor such as the horizontal epitaxial reactor that uses . .

radio frequency (rf) heating.

The parallel-plate, radial-flow, PECVD reactor shown in Fig. 9b consists of a cylin-
drical glass or aluminum chamber sealed with aluminum endplates. Inside are two par-
allel aluminum electrodes. An rf voltage is applied to the upper electrode, whereas the
lower electrode is grounded. The rf voltage causes a plasma discharge between the elec-
trodes. Wafers are placed on the lower electrode, which is heated between 100° and 400°C
by resistance heaters. The reaction gases flow through the discharge from outlets located
along the circumference of the lower electrode. The main advantage of this reactor is its
low deposition temperature. However, its capacity is limited, especially for large-diam-
eter wafers, and the wafers may become contaminated if loosely adhering deposits fall
on them.

11.2.1 Silicon Dioxide

CVD silicon dioxide does not replace thermally grown oxides because the best electri-
cal properties are obtained with thermally grown films. CVD oxides are used instead to
complement the thermal oxides. A layer of undoped silicon dioxide is used to insulate
multilevel metallization, to mask ion implantation and diffusion, and to increase the thick-
ness of thermally grown field oxides. Phosphorus-doped silicon dioxide is used both as
an insulator between metal layers and as a final passivation layer over devices. Oxides
doped with phosphorus, arsenic, or boron are used occasionally as diffusion sources.

Deposition Methods

Silicon dioxide films can be deposited by several methods. For low-temperature depo-
sition (300°-500°C), the films are formed by reacting silane, dopant, and oxygen. The
chemical reactions for phosphorus-doped oxides are

SiH, +0, —2%€ 5 5i0, + 2H,, (15)
4PH, + 50, —C ; 9P,0, +6H,. (16)

The deposition process can be performed either at atmospheric pressure in a CVD reac-
tor or at reduced pressure in an LPCVD reactor (Fig. 9a). The low deposition temper-
ature of the silane-oxygen reaction makes it a suitable process when films must be deposited
over a layer of aluminum.

For intermediate-temperature deposition (500°-800°C), silicon dioxide can be formed
by decomposing tetraethylorthosilicate, Si(OC,Hj),, in an LPCVD reactor. The compound,
abbreviated TEOS, is vaporized from a liquid source. The TEOS compound decomposes
as follows:

Si(OC,Hg ), —=° Si0, +by - products, 17

forming both SiO, and a mixture of organic and organosilicon by-products. Although the
higher temperature required for the reaction prevents its use over aluminum, it is suit-
able for polysilicon gates requiring a uniform insulating layer with good step coverage.
The good step coverage is a result of enhanced surface mobility at higher temperatures.
The oxides can be doped by adding small amounts of the dopant hydrides (phosphines,
arsine, or diborane), similar to the process in epitaxial growth.

The deposition rate as a function of temperature varies as e 4T, where E, is the acti-
vation energy. The E, of the silane-oxygen reaction is quite low: about 0.6 eV for undoped
oxides and almost zero for phosphorus doped oxide. In contrast, E, for the TEOS reaction

TSMC EX1019 p. 14



380 p Chapter 11. Film Formation

is much higher: about 1.9 eV for undoped oxide and 1.4 eV when phosphorus-daping
compounds are present. The dependence of the deposition rate on TEOS partial pres-
sure is proportional to (1 — e??), where P is the TEOS partial pressure and P, is about
30 Pa. At low TEOS partial pressures, the deposition rate is determined by the rate of |
the surface reaction. At high partial pressures, the surface becomes nearly saturated with
adsorbed TEOS and the deposition rate becomes essentially independent of TEOS
pressure.? :
. Recently, atmospheric-pressure and low-temperature CVD processes using TEOS

and ozone (Oj;) have been proposed,® as shown in Fig. 10. This CVD technology pro- |
duces oxide films with high conformality and low viscosity under low deposition tem- |
perature. In addition, the shrinkage of oxide film during annealing is also a function of
ozone concentration, as shown in Fig, 11. Because of their porosity, O,-TEOS CVD oxides
are often accompanied by plasma-assisted oxides to permit planarization in ULSI |
processing.

For high-temperature deposition (900°C), silicon dioxide is formed by reacting
dichlorosilane, SiC1,H,, with nitrous oxide at reduced pressure:

SiC1,H, +2N,0—2%C , 50, + 2N, +2HCI. (18) |

This deposition gives excellent film uniformity and is sometimes used to deposit insu-
lating layers over polysilicon. '

Properties of Silicon Dioxide
Deposition methods and properties of silicon dioxide films are listed*in Table 1. In gen-
eral, there is a direct correlation between deposition temperature and film quality. At
higher temperatures, deposited oxide films are structurally similar to silicon dioxide that
has been thermally grown.

The lower densities occur in films deposited below 500°C. Heating deposited sili-
con dioxide at temperatures between 600° and 1000°C causes densification, during which
the oxide thickness decreases, whereas the density increases to 2.2 g/cm?®. The refractive
index of silicon dioxide is 1.46 at a wavelength of 0.6328 pm. Oxides with lower indices
are porous, such as the oxide from the silane-oxygen deposition, which has a refractive
index of 1.44. The porous nature of the oxide also is responsible for the lower dielectric:
strength, which is the applied electric field that will cause a high current to flow in the
oxide film. The etch rates of oxides in a hydrofluoric acid solution depend on deposition

» Si substrate, vacuum-chucked

| Dispersion head

Exhaust

2

OzoniZer Phosphorus  Boron TEOS
source source

Fig. 10 Experimental apparatus for the O,~TEOS chemical-vapor deposition (CVD) system.
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Fig. 11 Dependence of the shrinkage of the O;~-TEOS CVD film on ozone concentration using
annealing. (Courtesy of SAMCO Company, Japan.)

temperature, annealing history, and dopant concentration. Usually higher-quality oxides
are etched at lower rates.

Step Coverage
Step coverage relates the surface topography of a deposited film to the various steps on
the semiconductor substrate. In the illustration of ideal, or conformal, step coverage shown
in Fig. 124, film thickness is uniform along all surfaces of the step. The uniformity of the
film thickness, regardless of topography, is due to the rapid migration of reactants after
adsorption on the step surfaces.®

Figure 12b shows an example of nonconformal step coverage, which results when
the reactants adsorb and react without significant surface migration. In this instance, the
deposition rate is proportional to the arrival angle of the gas molecules. Reactants arriv-
ing along the top horizontal surface come from many different angles and ¢,, the arrival

TABLE1 Properties of Si0, Films

Property Thermally grown SiH, + O, TEOS SiCLH, + N,O
at 1000°C at 450°C at 700°C at 900°C

Composition SiO, SiO, (H) SiO, SiOy(Cl)
Density (g/cm?) 2.2 2.1 2.2 2.2
Refractive index 1.46 1.44 1.46 1.46
Dielectric strength

(108 V/cm) >10 8 10 10
Etch rate (A /min)

(100:1 H,O:HF) 30 60 30 30
Etch rate (A /min)

(buffered HF) 440 1200 450 450
Step coverage - Nonconformal Conformal  Conformal
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382 B Chapter 11. Film Formation

Fig.12  Step coverage of deposited films. (a) Conformal step coverage. (b) Nonconformal step
coverage.*

angle, varies in two dimensions, from 0 to 180°, whereas reactants arriving at the top of |
a vertical wall have an arrival angle ¢, that varies from 0° to 90°. Thus, the film thick-
ness on the top surface is double that of a wall surface. Further down the wall, ¢, is related
to the width of the opening, and the film thickness is proportional to

0y = arctan?, (19)

where [ is the distance from the top surface and W is the width of the opening. This type
of step coverage is thin along the vertical walls, with a possible crack at the bottom of
step caused by self-shadowing.

Silicon dioxide formed by TEOS decomposition at reduced pressure gives a nearly
conformal coverage due to rapid surface migration. Similarly, the high-temperature |
dichlorosilane-nitrous oxide reaction also results in conformal coverage. However, dur-
ing silane-oxygen deposition, no surface migration takes place and the step coverage is
determined by the arrival angle. Most evaporated or sputtered materials have a step cov-
erage similar to that in Fig. 12b.

P-Glass Flow

A smooth topography is usually required for the deposited silicon dioxide used as an insu-
lator between metal layers. If the oxide used to cover the lower metal layer is concave,
circuit failure may result from an opening that may occur in the upper metal layer dur-
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ing deposition. Because phosphorus-doped silicon dioxide (P-glass) deposited at low tem==;.
peratures becomes soft and flows upon heating, it provides a smooth surface and is often
used to insulate adjacent metal layers. This process is called P-glass flow.

Figure 13 shows four cross sections of scanning electron microscope photographs
of P-glass covering a polysilicon step.® All samples are heated in steam at 1100°C for 20
min. Figure 13a shows a sample of glass that contains a negligibly small amount of phos-
phorus and does not flow. Note the concavity of the film and that the corresponding angle
6 is about 120°. Figures 13b, 13¢, and 13d show samples of P-glass with progressively
higher phosphorus contents up to 7.2 wt% (weight percent). In these samples the decreas-
ing step angles of the P-glass layer indicate how flow increases with phosphorus con-
centration. P-glass flow depends on annealing time, temperature, phosphorus
concentration, and the annealing ambient.

(a) (b)

(c) (d)

Fig. 13 Scanning-electron micrographs (10,000x) of samples annealed in steam at 1100°C for
20 minutes for the following weight percent of phosphorus.® (a) 0 wt%; (b) 2.2 wt%; (c) 4.6
wt%; and (d) 7.2 wt%.
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The angle 6 as a function of weight percent of phosphorus as shown in Fig. l#}‘can
be approximated by -

0= 120°[ (20)

10- wt% )
If we want an angle smaller than 45° we require a phosphorus concentration larger than |
6 wt%. However, at concentrations above 8 wt% , the metal film (e.g., aluminum) may |
be corroded by the acid products formed during the reaction between the phosphorus |
in the oxide and atmospheric moisture. Therefore, the P-glass flow process uses phos- |
phorus concentrations of 6-8 wt%.

11.2.2 Silicon Nitride

It is difficult to grow silicon nitride by thermal nitridation (e.g., with ammonia, NH,)
because of its low growth rate and high growth temperature. However, silicon nitride films |
can be deposited by an intermediate-temperature (750°C) LPCVD process or a low-tem- 3
perature (300°C) plasma-assisted CVD process.” The LPCVD films are of stoichiometric |
composition (Si;N,) with high density (2.9-3.1 g/cm®). These films can be used to pas-
sivate devices because they serve as good barriers to the diffusion of water and sodium.
The films also can be used as masks for the selective oxidation of silicon because silicon
nitride oxidizes very slowly and prevents the underlying silicon from oxidizing. The films
deposited by plasma-assisted CVD are not stoichiometric and have a lower density (2.4-2.8 |
g/cm®). Because of the low deposition temperature, silicon nitride films can be deposited
over fabricated devices and serve as their final passivation. The plasma-deposited nitride
provides excellent scratch protection, serves as a moisture barrier, and prevents sodium
diffusion.

In the LPCVD process, dichlorosilane and ammonia react at reduced pressure to |
deposit silicon nitride at temperatures between 700° and 800°C. The reaction is

3SiClyH, +4NH; — %€ 36i.N, + 6HCL + 6H,. (1)

Good film uniformity and high wafer throughout (the number of wafers processed per |
hour) are advantages of the reduced-pressure process. As in the case of oxide deposi- |
tion, silicon nitride deposition is controlled by temperature, pressure, and reactant con-
centration. The activation energy for deposition is about 1.8 €V. The deposition rate |
increases with increasing total pressure or dichlorosilane partial pressure and decreases -
with an increasing ammonia-to-dichlorosilane ratio.

Silicon nitride deposited by LPCVD is an amorphous dielectric containing up to 8
atomic percent (at %) hydrogen. The etch rate in buffered HF is less than 1 nm/min. |
The film has a very high tensile stress of approximately 10 dynes/cm?, which is nearly |
10 times that of TEOS-deposited SiO,. Films thicker than 200 nm may crack because of
the very high stress. The resistivity of silicon nitride at room temperature is about 10%
Q-cm. Its dielectric constant is 7 and its dielectric strength is 107 V/em.

In the plasma-assisted CVD process, silicon nitride is formed either by reacting silane |
and ammonia in an argon plasma or by reacting silane in a nitrogen discharge. The reac- |
tions are as follows:

SiH, + NH; —2C ,SiNH + 3H,, (22a)

2SiH, + Ny —2C 5 9GiNH + 3H,. (22b)
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The products depend strongly on deposition conditions. The radial-flow, parallel-plate * -
reactor (Fig. 9b) is used to deposit the films. The deposition rate generally increases with
increasing temperature, power input, and reactant gas pressure.

Large concentrations of hydrogen are contained in plasma-deposited films. The plasma
nitride (also referred to as SiN) used in semiconductor processing generally contains 20-25
at % hydrogen. Films with low tensile stress (~2 x 10° dynes/cm?) can be prepared by
plasma deposition. Film resistivities range from 10° to 102! Q-cm, depending on silicon-
to-nitrogen ratio, whereas dielectric strengths are between 1 x 108 and 6 x 10° V/cm.

11.23 Low-Dielectric-Constant Materials

As devices continue to scale down to the deep submicron region, they require multilevel
interconnection architecture to minimize the time delay due to parasitic resistance (R)
and capacitance (C). The gain in device speed at the gate level will be offset by the prop-
agation delay at the metal interconnects because of the increased RC time constant, as
shown in Fig. 14. For example, in devices with gate length of 250 nm or less, up to 50%
of the time delay is due to the RC delay of long interconnections.® Therefore, the device
interconnection network becomes a limiting factor in determining chip performance such
as device speed, cross talk, and power consumption of ULSI circuits.

In order to reduce the RC time constant of ULSI circuits, interconnection materi-
als with low resistivity and interlayer films with low capacitance are required. On the low-
capacitance topic (C =gA/d, where ¢, is the dielecric permittivity, A the area, and d the
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Fig. 14 Calculated gate and interconnect delay versus technology generation. The dielectric
constant for the low-k material is 2.0. Both Al and Cu interconnects are 0.8 um thick and 43 pm
long.
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1124 High-Dielectric-Constant Materials \ T

High-k materials are required for ULSI circuits, especially for dynamic random access
memory (DRAM). The storage capacitor in a DRAM has to maintain a certain value of
capacitance for proper operation (e.g., 40 fF). For a given capacitance (gA/d), usually a
minimum d is selected to meet the conditions of the maximum allowed leakage current
and the minimum required breakdown voltage. The area of the capacitor can be increased
by using stacked or trench structures. These structures are considered in Chapter 14.
However, for a planar structure, area A is reduced with increasing DRAM density.
Therefore, the dielectric constant of the film must be increased.

Several high-k materials have been proposed, such as barium strontium titanate (BST)
and lead zirconium titanate (PZT). They are shown in Table 3. In addition, there are
titanates doped with one or more acceptors, such as alkaline earth metals, or doped with
one or more donors, such as rare earth elements. The tantalum oxide (Ta,O5) has a dielec-
tric constant in a range of 20-30. As a reference, the dielectric constant of Si;N,is in a
range of 6-7 and that for SiO, is 3.9. A Ta,O; film can be deposited by a CVD process
using gaseous TaCl; and Oy as the starting materials.

b EXAMPLE 3

A DRAM capacitor has the following parameters: capacitance C = 40 {F, cell size A = 1.28 um?,
and dielectric constant k = 3.9 for silicon dioxide. If we replace SiO, with Ta,O5 (k = 25) without
changing thickness, what is the equivalent cell area of the capacitor?

SOLUTION
&4
7
3.9x128 25xA
d d ’
. . 3.9 .
- Equivalent cell size A = e 1.28=0.2 pm*. <

TABLE3 High-k Materials

Materials Dielectric constant
Binary Ta,0O5 25
TiO, 40
Y,0, 17
SiN, 7
Paraelectric perovskite SrTiO, (STO) 140
(Ba,,Sr,) TiO4(BST) 300500
Ba(Ti,  Zr,)O,(BZT) 300
(P, La,)(Zr, ,Ti,)O4( PLZT) 800-1000
Pb(Mg, ;Nb,;)O5(PMN) 1000-2000
Ferroelectric perovskite Pb(Zr, 4 Tiy55)O4(PZT) >1000
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» 11.3 POLYSILICON DEPOSITION

Using polysilicon as the gate electrode in MOS devices is a significant development in
MOS technology. One important reason is that polysilicon surpasses aluminum for elec-
trode reliability. Figure 15 shows the maximum time to breakdown for capacitors with
both polysilicon and aluminum electrodes.® The polysilicon is clearly superior, especially
for thinner gate oxides. The inferior time to breakdown of aluminum electrode is due to
the migration of aluminum atoms into the thin oxide under an electrical field. Polysilicon
is also used as a diffusion source to create shallow junctions and to ensure ohmic con-
tact to crystalline silicon. Additional uses include the manufacture of conductors and high-
value resistors.

A low-pressure reactor (Fig. 9a) operated between 600° and 650°C is used to deposit
polysilicon by pyrolyzing silane according to the following reaction.

SiH, —2¥C ;5i + 2H,. (23)

Of the two most common low-pressure processes one operates at a pressure of 25-130
Pa using 100% silane, whereas the other process involves a diluted mixture of 20%-30%
silane in nitrogen at the same total pressure. Both processes can deposit polysilicon on
hundreds of wafers per run with good uniformity (i.e., thickness within 5%)

Figure 16 shows the deposition rate at four deposition temperatures. At low silane
partial pressure, the deposition rate is proportional to the silane pressure. At higher silane
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Fig. 15 Maximum time to breakdown versus oxide thickness for a polysilicon electrode and an
aluminum electrode.!?

TSMC EX1019 p. 23



Chapter 11. Film Formation ¢ 389

80 T T
698°C
£ 6o} 4
Ei
5 o
S 674°C
8 L J
g 40 .
£ 656°C
&
A 20 4
628°C
0 I !
0 10 20 30

Silane partial pressure (Pa)

Fig. 16 Effect of silane concentration on the polysilicon deposition rate.*

concentrations, saturation of the deposition rate occurs. Deposition at reduced pressure
is generally limited to temperatures between 600° and 650°C. In this temperature range,
the deposition rate varies as exp (=E,/kT), where the activation energy E, is 1.7 eV, which
is essentially independent of the total pressure in the reactor. At higher temperatures,
gas-phase reactions that result in a rough, loosely adhering deposit become significant
and silane depletion will occur, causing poor uniformity. At temperatures much lower
than 600°C, the deposition rate is too slow to be practical.

Process parameters that affect the polysilicon structure are deposition temperature,
dopants, and the heat cycle applied following the deposition step. A columnar structure
results when polysilicon is deposited at a temperature of 600°~650°C. This structure is
comprised of polycrystalline grains ranging in size from 0.03 to 0.3 pm at a preferred ori-
entation of (110). When phosphorus is diffused at 950°C, the structure changes to crys-
tallite and grain size increases to a size between 0.5 and 1.0 pm. When temperature is
increased to 1050°C during oxidation, the grains reach a final size of 1-3 um. Although
the initially deposited film appears amorphous when deposition occurs below 600°C,
growth characteristics similar to the polycrystalline-grain columnar structure are
observed after doping and heating,

Polysilicon can be doped by diffusion, ion implantation, or the addition of dopant
gases during deposition, referred to as in situ doping. The implantation method is most
commonly used because of its lower processing temperatures. Figure 17 shows the sheet
resistance of single crystal silicon and of 500 nm polysilicon doped with phosphorus and
antimony using ion implantation.!! The ion implantation process is considered in Chapter
13. Implant dose, annealing temperature, and annealing time all influence the sheet resis-
tance of implanted polysilicon. Carrier traps at the grain boundaries cause a very high
resistance in the lightly implanted polysilicon. As Fig. 17 illustrates, resistance drops rapidly,
approaching that of implanted single crystal silicon, as the carrier traps become saturated
with dopants.
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Fig. 17 Sheet resistance versus ion dose into 500 nm polysilicon at 30 keV.!!

P 11.4 METALLIZATION
11.41 Physical-Vapor Deposition

The most common methods of physical-vapor deposition (PVD) of metals are evapora-
tion, e-beam evaporation, plasma spray deposition, and sputtering. Metals and metal com-
pounds such as Ti, Al, Cu, TiN, and TaN can be deposited by PVD. Evaporation occurs
when a source material is heated above its melting point in an evacuated chamber. The
evaporated atoms then travel at high velocity in straight-line trajectories. The source can
be molten by resistance heating, by rf heating, or with a focused electron beam. Evaporation
and e-beam evaporation were used extensively in earlier generations of integrated cir-
cuits, but they have been replaced by sputtering for ULSI circuits.

In jon-beam sputtering, a source of ions is accelerated toward the target and impinged
on its surface. Figure 18a shows the standard sputtering system. The sputtered material
deposits on a wafer that is placed facing the target. The ion current and energy can be
independently adjusted. Since the target and wafer are placed in a chamber that has lower
pressure, more target material and less contamination are transferred to the wafer.

One method to increase the ion density and, hence, the sputter-deposition rate is to
use a third electrode that provides more electrons for ionization. Another method is to
use a magnetic field, such as electron cyclotron resonance (ECR), to capture and spiral
electrons, increasing their ionizing efficiency in the vicinity of the sputtering target. This
technique, referred to as magnetron sputtering, has found widespread applications for
the deposition of aluminum and its alloys at a rate that can approach | pm/min.

Long-throw sputtering is another technique used to control the angular distribution.
Figure 18b shows the long throw-sputtering system. In standard sputtering configura-
tions there are two primary reasons for a wide angular distribution of incident flux at the
surface: the use of a small target to substrate separation, d,,, and scattering of the flux
by the working gas as the flux travels from the target to the substrate. These two factors
are linked because a small d,, is needed to achieve good throughput, uniformity, and film
properties when there is substantial gas scattering. A solution to this problem is to
sputter at very low pressures, a capability that has been developed using a variety of sys-
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Fig. 18 (a) Standard sputtering, (b) long-throw sputtering, and (c) sputtering with a
collimator.

tems, which can sustain the magnetron plasma under more rarefied conditions. These
systems allow for sputtering at working pressures of less than 0.1 Pa. At these pressures,
gas scattering is less important, and the target-to-substrate distance can be greatly increased.
From a simple geometrical argument, this allows the angular distribution to be greatly
narrowed, which permits more deposition at the bottom of high-aspect features such as
contact holes.

Contact holes with large aspect ratio are difficult to fill with material, mainly because
scattering events cause the top opening of the hole to seal before appreciable material
has deposited on its floor. This problem can be overcome by collimating the sputtered
atoms by placing an array of collimating tubes just above the wafer to restrict the deposit-
ing flux to normal +5°. Sputtering with a collimator is shown in Fig. 18¢c. Atoms whose
trajectory is more than 5° from normal are deposited on the inner surface of the colli-
mators.

1142 Chemical-Vapor Deposition

CVD is attractive for metallization because it offers coatings that are conformal, has good
step coverage, and can coat a large number of wafers at a time. The basic CVD setup is
the same as that used for deposition of dielectrics and polysilicon (see Fig. 9a). Low-pres-
sure CVD (LPCVD) is capable of producing conformal step coverage over a wide range
of topographical profiles, often with lower electrical resistivity than that from PVD.

One of the major new applications of CVD metal deposition for integrated circuit
production is in the area of refractory-metal deposition. For example, tungsten’s low elec-
trical resistivity (5.3 uQ-cm) and its refractory nature make it a desirable metal for use
in integrated circuit fabrication.

CVD-w

Tungsten is used both as a contact plug and as a first-level metal. Tungsten can be deposited
by using WF as the W source gas, since it is a liquid that boils at room temperature.
WF; can be reduced by silicon, hydrogen, or silane. The basic chemistry for CVD-W is
as follows:

WF; + 3H, » W + 6HF (hydrogen reduction), (24)
2WF + 3Si = 2W + 3SiF, (silicon reduction), (25)
2WF, + 3SiH, — 2W + 3SiF, + 6H, (silane reduction). (26)
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On a Si contact, the selective process starts from a silicon reduction process: This
process provides a nucleation layer of W grown on Si but not on SiO,. The hydrogen reduc-
tion process can deposit W rapidly on the nucleation layer, forming the plug. The hydro-
gen reduction process provides excellent conformal coverage of the topography. This
process, however, does not have perfect selectivity, and the HF gas by-product of the
reaction is responsible for the encroachment of the oxide, as well as for the rough sur-
face of deposited W films.

The silane reduction process gives a high deposition rate and much smaller W grain
size than that obtained with the hydrogen reduction process. In addition, the problems
of encroachment and rough W surface are eliminated because there is no HF by-prod-
uct generation. Usually, a silane reduction process is used as the first step in blanket W
deposition to serve as a nucleation layer and to reduce junction damage. After the silane
reduction, hydrogen reduction is used to grow the blanket W layer.

CVD TiN

TiN is widely used as a diffusion barrier-metal layer in metallization and can be deposited
by sputtering from a compound target or by CVD. The CVD TiN can provide better step
coverage than PVD methods in deep submicron technology. CVD TiN can be
deposited, !> using TiC1, with NH,, Hy/N,, or NHy/H,:

6TiCl,+ 8NH, — 6 TiN + 24HCI + N, 27)
2TiCl, + N, + 4H, — 2TiN + 8HCI, (28)
2TiCl,+ 2NH, + H, - 2 TiN + 8HCL. (29)

The deposition temperature is about 400°-700°C for NHj reduction and is higher than
700°C for the No/H, reaction. The higher the deposition temperature, the better the TiN
film and the less Cl incorporated in TiN (~5%).

11.43 Aluminum Metallization

Aluminum and its alloys are used extensively for metallization in integrated circuits. The
Al film can be deposited by a PVD or CVD method. Because aluminum and its alloys
have low resistivities, 2.7 uQ-cm for Al and up to 3.5 uQ-cm for its alloys, these metals
satisfy the low-resistance requirements. Aluminum also adheres well to silicon dioxide.
However, the use of aluminum in integratéd circuits with shallow junctions often cre-
ates problems, such as spiking and eletromigration. We consider the problems of alu-
minum metallization and their solutions in this section.

Junction Spiking
Figure 19 shows the phase diagram of the A1-Si system at 1 atm.!® The phase diagram
relates these two components as a function of temperature. The A1-Si system exhibits
eutectic characteristics; that is, the addition of either component lowers the system’s melt- ]
ing point below that of either metal. Here, the minimum melting temperature, called
eutectic temperature, is 577°C, corresponding tomﬂﬁm
mgﬁlma‘me silicon are 660°C and 1412°C, respec-
tively. Because of the eutectic characteristics, during aluminum deposition the temper- |
ature on the silicon substrate must be limited to less than 577°C.

The inset of Fig. 19 also shows the solid solubility of silicon in aluminum. For exam-
ple, the solubility of silicon in aluminum is 0.25 wt% at 400°C, 0.5 wt% at 450°C, and
0.8 wt% at 500°C. Therefore, wherever aluminum contacts silicon, the silicon will dis-
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Fig. 19 Phase diagram of the aluminum-silicon system.!3

solve into the aluminum during annealing. The amount of silicon dissolved will depend
not only on the solubility at the annealing temperature but also on the volume of alu-
minum to be saturated with silicon. Consider a long aluminum metal line in contact with
an area ZL of silicon as shown in Fig. 20. After an annealing time t, the silicon will dif-
fuse a distance of approximately VDt along the aluminum line from the edge of the con-
tact, where D is the diffusion coefficient given by 4 x 10-2exp(-0.92/kT) for silicon diffusion
in deposited aluminum films. Assuming that this length of aluminum is completely sat-
urated with silicon, the volume of silicon consumed is then

Vol = 24Dt (HZ)S (‘;—M), (30)
Si

where p,; and pg; are the densities of aluminum and silicon, respectively, and S is the sol-
ubility of silicon in aluminum at the annealing temperature.’® If the consumption takes
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Fig. 20 Diffusion of silicon in aluminum metallization.'®

place uniformly over the contact area A (where A = ZL for uniform dissolution), the depth
to which silicon would be consumed is

b=2VDr [ﬁf]s(ﬂ]. (31)

Si

i EXAMPLE 4

For T = 500°C, ¢ = 30 min, ZL = 16 pm?, Z = 5 pm, and H = 1 pm,
Find the depth b, assuming uniform dissolution.

SOLUTION The diffusion coefficient of silicon in aluminum at 500°C is about 2 X 10-8 cm%/s; thus,
VDt is 60 pm. The density ratio is 2.7/2.33 = 1.16.

At 500°C, S is 0.8 wt%. From Eq. 31 we have

b=2x 60(1—;65)0.8% % 1.16 = 0.35 pum.
Aluminum will fill a depth of b = 0.35 pm from which silicon is consumed. If at the contact
point there is a shallow junction whose depth is less than b, the diffusion of silicon into alu-
minum can short-circuit the junction. -

In a practical situation, the dissolution of silicon does not take place uniformly but
rather at only a few points. The effective area in Eq. 31 is less than the actual contact
area; hence b is much larger. Figure 21 illustrates the actual situation in the p—n junc-
tion area of aluminum penetrating the silicon at only the few points where spikes are
formed. One way to minimize aluminum spiking is to add silicon to the aluminum by
coevaporation until the amount of silicon contained by the alloy satisfies the solubility
requirement. Another method is to introduce a barrier metal layer between the aluminum
and the silicon substrate (Fig, 22). This barrier metal layer must meet the following require-
ments: it forms low contact resistance with silicon, it will not react with aluminum, and
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Fig.21 Schematic view of aluminum films contacting silicon. Note the aluminum spiking in the
silicon.

Fig.22 Cross-sectional view of a MOSFET with a barrier metal between the aluminum and sil-
icon and a composite gate electrode of silicide and polysilicon.

its deposition and formation are compatible with the overall process. Barrier metals such
as titanium nitride (TiN) have been evaluated and found to be stable for contact anneal-
ing temperatures up to 550°C for 30 min.

Electromigration
In Chapter 6 we discussed scaled-down devices. As the device becomes smaller, the cor-
responding current density becomes larger. High current densities can cause device fail-
ure due to electromigration. The term electromigration refers to the transport of mass
(i.e., atoms) in metals under the influence of current. It occurs by the transfer of momen-
tum from the electrons to the positive metal ions. When a high current passes through
thin metal conductors in integrated circuits, metal ions in some regions will pile up and
voids will form in other regions. The pileup can short-circuit adjacent conductors, whereas
the voids can result in an open circuit.

The mean time to failure (MTF) of a conductor due to electromigration can be related
to the current density | and the activation energy E, by

1 E,
MTF ~]2 exp[kT j (32)
Experimentally, a value of E, = 0.5 eV is obtained for deposited aluminum. This indicates
that low-temperature, grain-boundary diffusion is the primary vehicle of material trans-
port, since E, = 1.4 eV would characterize the self-diffusion of single-crystal aluminum.
The electromigration resistance of aluminum conductors can be increased by using sev-
eral techniques. These techniques include alloying with copper (e.g., Al with 0.5% Cu),
encapsulating the conductor in a dielectric, or incorporating oxygen during film deposition.
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11.43 Copper Metallization

It is well known that both high conductivity wiring and low-dielectric-constant insula-
tors are required to lower the RC time delay of the interconnect network. Copper is the
obvious choice for a new interconnection metallization because it has higher conductiv-
ity and higher electromigration resistance than aluminum. Copper can be deposited by
PVD, CVD, and electrochemical methods. However, the use of Cu as an alternative mate-
rial to Al in ULSI circuits has drawbacks, such as its tendency to corrode under standard
chip manufacture conditions, its lack of a feasible dry-etching method or a stable self-

passivating oxide similar to AL,O, on Al, and its poor adhesion to dielectric materials, suc

as SiO, and low-k polymers. In this section, we discuss the copper metallization tech-
niques.

Several different techniques for fabrication of multilevel Cu interconnects have been
reported.!”18 The first method is a conventional method to pattern the metal lines fol-
lowed by dielectric deposition. The second method is to pattern the dielectric layer first
and fill copper metal into trenches. This step is followed by chemical mechanical pol-
ishing, discussed in Section 11.4.5, to remove the excess metal on the top surface of dielec-
tric and leave Cu material in the holes and trenches. This method is also known as a
damascene process.

Damascene technology
The approach for fabricating a copper/low-k dielectric interconnect structure is by the
“damascene” or “dual damascene.” Figure 23 shows the dual damascene sequence for
an advanced Cu interconnection structure. For a typical damascene structure, trenches
for metal lines are defined and etched in the interlayer dielectric (ILD) and then fol-
lowed by metal deposition of TaN/Cu . The TaN layer serves as a diffusion barrier layer
and prevents copper from penetrating the low-k dielectric. The excess copper metal on
the surface is removed to obtain a planar structure with metal inlays in the dielectric.
For the dual damascene process, the vias and trenches in the dielectric are defined
using two lithography and reactive ion etching (RIE) steps before depositing the Cu metal
(Fig. 23a—c). Then a Cu chemical-mechanical polishing process is used to remove the
metal on the top surface, leaving the planarized wiring and via imbedded in the insula-
tor.’® One special benefit of dual damascene is that the via plug is now of the same mate-
rial as the metal line and the risk of via electromigration failure is reduced.

b= EXAMPLE 5

If we replace Al with Cu wire associated with some low-k dielectric (k = 2.6) instead of SiO, layer,
what percentage of reduction of RC time constant will be achieved? (The resistivity of Al is 2.7
uQ-cm, and the resistivity of Cu is 1.7 pQ-cm.)

SOLUTION

=
I

w28 5 100% = 42%. <
39

o
a

1145 Chemical-Mechanical Polishing

In recent years, the development of chemical-mechanical polishing (CMP) has become
increasingly important for multilevel interconnection because it is the only technology
that allows global planarization (i.e., to make a flat surface across the whole wafer). It
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SiN,
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Fig. 23 Process sequence used to fabricate a Cu line-stud structure using dual damascene. (a)
Resist stencil applied; (b) reactive ion etching dielectric and resist patterning; , (c) trench and
via definition; and (d) Cu depositions followed by chemical-mechanical polishing (CMP).

that allows global planarization (i.e., to make a flat surface across the whole wafer). It
offers many advantages over other types of technologies—better global planarization over
large or small structures, reduced defect density, and the avoidance of plasma damage.
Three CMP approaches are summarized in Table 4.

The CMP process consists of moving the sample surface against a pad that carries
slurry between the sample surface and the pad. Abrasive particles in the slurry cause
mechanical damage on the sample surface, loosening the material for enhanced chemi-
cal attack or fracturing off the pieces of surface into a slurry where they dissolve or are
swept away. The process is tailored to provide an enhanced material removal rate from

TABLE4 Three Methods of Chemical-Mechanical Polishing (CMP)

Method Wafer facing Platen movement Slurry feeding
Rotary CMP Down Rotary against rotating wafer carrier ~ Dripping to pad surface
Orbital CMP Down Orbital against rotating wafer carrier Through the pad surface
Linear CMP Down Linear against rotating wafer carrier ~ Dripping to pad surface
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high points on surfaces, thus affecting the planarization because most chemical agtions {
are isotropic. Mechanical grinding alone, theoretically, may achieve the desired pla- |
narization but is not desirable because of extensive associated damage to the material |
surfaces. There are three main parts of the process: the surface to be polished, the pad— |
the key media enabling the transfer of mechanical action to the surface being polished, |
and the slurry—which provides both chemical and mechanical effects. Figure 24 shows |
the CMP setup. 2

» EXAMPLE 6

The oxide removal rate and the removal rate of a layer underneath the oxide (called a stop layer) |
are 1r and 0.1, respectively. To remove 1 pm oxide and 0.01 pm stop layer, the total removal time |
is 5.5 min. Find the oxide removal rate. '

SOLUTION

L + o =55

Ir 0.1r

1.1 .

——=55 r=02um/min. « |
1r 1

1146 Silicide

Silicon forms many stable metallic and semiconducting compounds with metals. Several |
metal silicides show low resisivity and high thermal stability, making them suitable for
ULSI application. Silicides such as TiSi, and CoSi, have reasonably low resistivities and
are generally compatible with integrated-circuit processing. Silicides become important |
metallization materials as devices become smaller. One important application of silicide |
is for the MOSFET gate electrode either alone or with doped polysilicon (polycide) above |
the gate oxide. Table 5 shows a comparison of titanium silicide and cobalt silicide.

Metal silicides have been used to reduce the contact resistance of the source and
drain, the gate electrodes, and the interconnections. The self-aligned metal silicide tech- |
nology (salicide) has been proven to be a highly attractive technique for improving the
performance of submicron devices and circuits. The self-aligned process uses the sili-
cide gate electrode as the mask to form the source and drain electrodes of a MOSFET
(e.g., by ion implantation, considered in Chapter 13). This process can minimize the over-
laps of these electrodes and thus reduce the parasitic capacitances.

Polishing sk
Wafer carrier clsuing sturry

Slurry supply
<———Polishing pad

<— Rotating platen

Fig. 24 A schematic of a CMP polisher.
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TABLE5 A Comparsion of TiSi, and CoSi, Films

Properties TiSi, CoSi, I
Resistivity 13-16 22-98 i
Silicide/metal ratio 2.37 - 356 }
Silicide/Si ratio 1.04 0.97 ; i
Reactive to native oxide Yes No [
Silicidation temperature (°C) 800-850 550-900 i
Film stress (dyne/cm?) 1.5 x 1010 1.2 x 101

Figure 25 shows the polycide and salicide process. A typical polycide formation
sequence is shown in Fig. 25a. For sputter deposition, a high-temperature, high-purity
compound target is used to ensure the quality of the silicide. The most commonly used i
silicides for the polycide process are WSi,, TaSi,, and MoSi,. They are all refractory, ther-
mally stable, and resistant to processing chemicals. A self-aligned silicide process is illus-
trated in Fig. 25b. In the process, the polysilicon gate is patterned without any silicide,
and a sidewall spacer (silicon oxide or silicon nitride) is formed to prevent shorting the
gate to the source and drain during the silicidation process. A metal layer, either Ti or
Co, is blanket-sputtered on the entire structure, followed by silicide sintering. Silicide is
formed, in principle, only where the metal is in contact with Si. A wet chemical wash
then rinses off the unreacted metal, leaving only the silicide. This technique eliminates

Sidewall
spacer

Polysilicon

N

Sidewall
spacer

(a) (b)

Fig.25 Polycide and salicide processes. (a) Polycide structure: (i) gate oxide; (i) polysilicon and
silicide deposition, (iii) pattern polycide; and (iv) lightly doped drain (LDD) implant, sidewall
formation, and S/D implant. (b) Salicide structure: (i) gate patterning (polysilicon only), LDD,
sidewall, and S/D implant; (ii) metal (Ti,Co) deposition; (iii) anneal to form salicide; and (iv)
selective (wet) etch to remove unreacted metal.
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the need to péttern the composite polycide gate structure and adds silicide to-the
source/drain area to reduce the contact resistance.

The silicides are promising materials for ULSI circuits because of their low resis-
tivity and excellent thermal stability. Cobalt silicide has been widely investigated recently
because of its lowest resistivity and high-temperature thermal stability. However, cobalt
is sensitive to native oxide as well as an oxygen-contained environment, and a large amount
of silicon is consumed during silicidation.

» EXAMPLE 7

Calculate the thickness of the cobalt silicide. For a desired sheet resistance of 0.6 /sq, the resis-
tivity is 18 uQ-cm.

SOLUTION  The resistivity is equal to the product of the sheet resistance and the film thickness:

p =R Xt
Then

-6
13=£=18—X—10—=3><10'5 cm = 300 nm. -
R 0.6

S

»  SUMMARY

Modern semiconductor device fabrication requires the use of thin films. Currently, there
are four important types of films—thermal oxides, dielectric layers, polycrystalline sili-
con, and metal films. The major issues related to film formation are low-temperature pro-
cessing, step coverage, selective deposition, uniformity, film quality, planarization,
throughput, and large-wafer capacity. A

Thermal oxidation offers the best quality for the Si-SiO, interface and has the low-
est interface trap density. Therefore, it is used to form the gate oxide and the field oxide.
LPCVD of dielectrics and polysilicon offer conformal step coverage. In contrast, PVD
and atmospheric-pressure CVD generally result in noncomformal step coverage. CMP
offers global planarization and reduces defect density. Conformal step coverage and pla-
narization are also required for precise pattern transfer at the deep-submicron lithogra-
phy level. Pattern transfer technology is discussed in the next chapter.

To minimize the RC time delay due to parasitic resistance and capacitance, the sili- |
cide process for ohmic contacts, copper metallization for interconnects, and low—dielec-
tric-constant materials for interlayer films are extensively used to meet the requirements
of the multilevel interconnect structures of ULSI circuits. In addition, we have investi-
gated high-dielectric-constant materials to improve the gate insulator performance and
to increase the capacitance per unit area for DRAM.
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» PROBLEMS (* DENOTES DIFFICULT PROBLEMS)

FOR SECTION 11.1 THERMAL OXIDATION

1. A p-type <100>-oriented, silicon wafer with a resistivity of 10 Q-cm is placed in a wet oxi-
dation system to grow a field oxide of 0.45 pm at 1050°C. Determine the time required to
grow the oxide.

*2, After the first oxidation as given in Prob. 1, a window is opened in the oxide to grow a
gate oxide at 1000°C for 20 minutes in dry oxidation. Find the thicknesses of the gate
oxide and the total field oxide.

3. Show that Eq. 11 reduces to x2 = Bt for long times and to x = B/A(¢ + 7) for short
times.

4. Determine the diffusion coefficient D for dry oxidation of <100>-oriented silicon samples
at 980°C and 1 atm.
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FOR SECTION 11.2 DIELECTRIC DEPOSITION
5.

(a) In a plasma-deposited silicon nitride that contains 20 at% hydrogen and has a silicon-
to-nitrogen ratio (Si/N) of 1.2, find x and y in the empirical formula of SiNxHy. (b) If the
variation of film resistivity with Si/N ratio is given by 5 x 102 exp(-33.3y) for 2 > 7> 0.8,
where yis the ratio, find the resistivity of the film in (a).

. The dielectric constants of SiO,, SizN,, and Ta,O; are about 3.9, 7.6, and 25, respectively.

What is the capacitance ratio for the capacitors with the Ta,0O5 and oxide/nitride/oxide
dielectrics for the same dielectric thickness, provided the oxide/nitride/oxide has thickness
ratio 1:1:1 for the oxide to the nitride?

. In Prob. 6, if BST with a dielectric constant of 500 is chosen to replace Ta,Oj, calculate

the area reduction ratio to maintain the same capacitance if the two films have the same

thickness.

. In Prob. 6, calculate the equivalent thickness of the Ta,Os in terms of SiO, thickness if

both have the same capacitance. Assume the actual thickness of Ta,Oj is 3t.

. In a silane-oxygen reaction to deposit undoped SiO, film, the deposition rate is 15

nm/min at 425°C. What temperature is required to double the deposition rate?

The P-glass flow process requires temperatures above 1000°C. As device dimensions
become smaller in ULSI, we must use lower temperatures. Suggest methods to obtain a
smooth topography at < 900°C for deposited silicon dioxide that can be used as an insula-
tor between metal layers.

FOR SECTION 11.3 POLYSILICON DEPOSITION
11.
12.

Why is silane more often used for polysilicon deposition than silicon chloride?

Explain why the deposition temperature for polysilicon films is moderately low, usually
between 600°-650°C.

FOR SECTION 11.4 METALLIZATION
13.

An e-beam evaporation system is used to deposit aluminum to form MOS capacitors. If
the flatband voltage of the capacitance is shifted by 0.5 V because of e-beam radiation,
find the number of fixed oxide charges (the silicon dioxide thickness is 50 nm). How can
these charges be removed?

A metal line (L = 20 um, W = 0.25 um) has a sheet resistance 5 Q/sq. Calculate the resis-
tance of the metal line.

Calculate the thickness of the TiSi, and CoSi,, where the initial Ti and Co film thickness
are 30 nm.

Compare the advantages and disadvantages of TiSi; and CoSi, for salicide applications.

A dielectric material is placed between the two parallel metal lines. The length L = 1 cm,
width W = 0.28 pm, thickness T = 0.3 pm, and spacing S = 0.36 um. (a) Calculate the RC
time delay. The metal is Al with a resistivity of 2.67 pQ-cm and the dielectric is oxide with
dielectric constant 3.9. (b) Calculate the RC time delay. The metal is Cu with a resistivity
of 1.7 uQ-cm and the dielectric is organic polymer with dielectric constant 2.8. (c)
Compare the results in (a) and (b). How much can we decrease the RC time delay?

Repeat Prob. 17 (a) and (b) if the fringing factor for the capacitors is 3. The fringing fac-
tor is due to the spreading of the electric-field lines beyond the length and the width of
the metal lines.

To avoid electromigration problems, the maximum allowed current density in an alu-
minum runner is about 5 x 10° A/cm? If the runner is 2 mm long, 1 pm wide, and nomi-
nally 1 um thick, and if 20% of the runner length passes over steps and is only 0.5 pm
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thick there, find the total resistance of the runner if the resistivity is 3 x 10 Q-cm. Find.
the maximum voltage that can be applied across the runner. ’

*20. To use Cu for wiring one must overcome several obstacles: the diffusion of Cu through
Si0,, adhesion of Cu to SiO,, and corrosion of Cu. One way to overcome these obstacles
is to use a cladding/adhesion layer (e.g. Ta or TiN) to protect the Cu wires. Consider a
cladded Cu wire with a square cross section of 0.5 pm x 0.5 pm and compare it with a
layered TiN/AV/TiN wire of the same size, with the top and bottom TiN layers 40 nm and
60 nm thick, respectively. What is the maximum thickness of the cladding layer if the
resistance of the cladded Cu wire and the TiN/AV/TiN wire is the same?
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