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Evaporation

Evaporation and Sputtering (Metalization)

For all devices, there is a need to go from
semiconductor to metal. Thus we need a means to
deposit metals. Many of these techniques used for
metal deposition can be used to deposit other materials
as well.

Several methods are currently used for deposition of
metal layers.

Physical Vapor Deposition techniques (PVD)

1.) Evaporation

2.) Sputtering

3.) Chemical Vapor Deposition (CVD)

4.) Electrochemical techniques

1.) Evaporation:

Advantages: Highest purity (Good for Schottky
contacts) due to low pressures.

Disadvantages: Poor step coverage, forming alloys can
be difficult, lower throughput due to low vacuum.

Evaporation 1s based on the concept that there exists a
finite ““vapor pressure” above any material. The
material either sublimes (direct solid to vapor
transition) or evaporates (liquid to vapor transition).
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Evaporator Systems

Two main types of evaporators: E-beam and filament.

Figure 126 Resisiive evaporator seurces, (a) Simple
waurces including heating the charge tsell amd using a coil
af refractory metal heater coil and a charge rod. (h) More
standard thermal sources including a dimpled boat in &
resistive metdia,
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Evaporator Physics

For evaporation, the vapor pressure is,
AH )

P _ 3x10120_3/2T—1/2e(W N Poe(%j

evaporation

where o is the surface tension of the liquid, N is avagadro’s number, and AH is the enthalpy of evaporation
(the energy required to convert from a liquid to gas phase).

We can define the number of molecules crossing a plane per unit time as, Virtual Source: Point in free space
5 where the pressure drops enough to
P result in molecular flow. Closer to

J = the source viscous flow appli
pplies.
2rkTm
. ) . . Waler
where P is pressure in Pascals, k is Boltzsmans constant, T is absolute
temperature and m is the atomic or molecular mass. -

If the liquid 1s assumed to be at a constant temperature, and the crucible
(container holding the liquid) has a constant area opening, the wafer is located
on a sphere as defined by figure 12-3, the the deposition rate is,

m Pevaporation AV ea
2rkp® Ny harge

Artitrary geometry Spherical surface (2 = ¢&)
1] (B)

R, =

where p is the mass density (kg/m?), Area is the area of the wafer, and r is
the radius of the sphere defined in figure 12-3.

Figure 12-3  The geometry of deposition for a wafer (a)
in an arbitrary position and (b} on the surface of a sphere.
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Evaporation Step Coverage

The step coverage of evaporated films is poor
due to the directional nature of the evaporated
material (shadowing) (see figure 12-5). Heating
(resulting in surface diffusion) and rotating the
substrates (minimizing the shadowing) help with
the step coverage problem, but evaporation can
not form continuous films for aspect ratios
(AR=step height/step width or diameter) greater
than 1.

We need a less directional metalization
scheme====> Higher pressures!

Vi .
Low adatom meohility and
nonrotated

Heated and rotated
(R) (B)

Figure 12-5 (a) Time evolution of the evaporative
coating of a feature with aspect ratio of 1.0, with little
surface atom mobility (i.e., low substrate temperature) and
no rotation. (b) Final profile of deposition on rotated and
heated substrates.

Georgia Tech ECE 6450 - Dr. Alan Doolittle




Sputtering

2.) Sputtering:

Advantages: Better step coverage, less radiation damage than E-beam evaporation, easier to deposit
alloys.

Disadvantages: Some plasma damage including implanted argon. Good for ohmics, not Schottky
diodes.

A plasma at higher pressure is used to “knock metal atoms out of a “target”. These energetic atoms
deposit on a wafer located near the target. The higher pressure produces better step coverage due to
more random angled delivery. The excess energy of the ions also aids in increasing the surface mobility
(movement of atoms on the surface).

Gas
inlet

Figure 12-11  Chamber for a simple parallel plate
sputlering system,
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Sputtering

A threshold energy for the release of an atom from the target T T | I r
exists, below which the atom is not “sputtered”.

This threshold energy is,

Heat of Vaporization 4M M,

E = h =
threshold y(1-7) where 'y (M, + M,)?

~

The sputter yield (ratio of target atoms expelled to incident
atoms impinging on the target) increases with increasing
energy (plasma power or DC bias). (See 12-13).

r

$ (atoms/ien)

Figure 12-13 Sputter yield as a function of ion energy
for normal incidence argon ions for a variety of material
(after Anderson and Bay, reprinted by permission).
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Sputtering Details

Film Morphology

Deposited films can be: (See 12-20).

1.) Porous and/or Amorphous —> Results from poor surface mobility =low temperature, low ion energy (low
RF power/DC bias or higher pressures=less acceleration between collisions).

2.) “T-zone”: Small grain polycrystalline, dense, smooth and high reflectance (the sweet spot for most
processes) Results from higher surface mobility =higher temperature or ion energy

3.) Further increases in surface mobility result in columnar grains that have rough surfaces. These rough
surfaces lead to poor coverage in later steps.

4.) Still further increases in surface mobility result in large (non-columnar) grains. These grains can be good
for diffusion barriers (less grain boundary diffusion due to fewer grains) but pose problems for lithography due
to light scatter off of large grains, and tend to be more rigid leading to more failures in electrical lines.

Figure 12-20 The three zone model of film deposition as
proposed by Movchan and Demchishin (after Thornton,
reprinted by permission, AIP).
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Sputtering Details

Often, it 1s needed to sputter alloys instead of pure elemental metals (Al+Si+Cu). Consider the problem of
electromigration in Aluminum

Causes:

Electron momentum transfer to the ions in high current density lines.

Solution: Add a small number (typically <3-5%) larger atoms such as copper that “anchor” the aluminum atoms in
place or replace the entire metal line with larger atoms such as copper so that each atom is more difficult to move.

When sputtering Aluminum and Copper alloys, the film on the wafer has more copper than the target. Reason: At
the target, the argon has achieved high enough energy to sputter the Al and Cu evenly. However, in the gas (lower
electric field), the heavier atoms are less effected by light sputter gas. The light Al can gain enough energy to be
above it’s evaporation temperature when it hits the wafer. Thus, the Cu sticks, but the Al does not.

The target material must be tailored to the sputter conditions to get the desired film composition!

[aj (b

FIGURE 13

SEM mnicrogeaphs of clectromizration failue in alominum ronners. for (a) 5-zin mazneiron
deposited AILSS Cu alley and (1) In-source-evaporated AILDS% Cu allay, (Feom Vildea, Frover,
reved Sinha, Ref, 380
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Film stress:

Sputtering Details

Film stress can result in wafer bowing (problems with lithography), film cracking or peeling. There is 2

kinds of films stress:

1.) Extrinsic Stress (forces acting on the wafer due to sources external to the deposited film)

Example: Thermal induced stress:

Youngs Modulus of film Fdepoion

Stress

where a is the thermal expansion coefficient [1/degree].

. = '[ a, —a dT
thermal mismatch 1_ (POiSSOI’lS'S Ratio Of ﬁlm) . ( film wafer)

room

2.) Intrinsic Stress (forces acting on the wafer due to sources internal to the deposited film)
These can be differences in atomic spacing, variations in grain orientation or size, grain growth during
deposition, and even implanted or trapped gaseous impurities such as argon. These depend strongly on the

deposition conditions.

Both of these stresses can lead to a bowed wafer with deflection 6 defined in figure 12-28.

SED*

Stress =
T (- v)3R?

Where E is the films youngs modulus, is the films

poisson ratio, D is the wafer thickness, t is the film

thickness, R is the radius of the wafer bow.
Self aligned Gate Process

See figure Sze 9-6

Multi-level Metalization

See figure Sze 9-17
Georgia Tech
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Figure 12-28 The change in wafer deflection may be
used to measure the stress in a deposited layer. This 1s
typically measured using a reflected laser beam.
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Sputtering Details

Self Aligned Process

[a)

! Multi-Level Metalization
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FIGURE 17
A schematic drawing of a multilevel metallization structure.
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FIGURE &

Showing process steps for self-aligned gate, source. and drain-silicide fommation.
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