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Basic Processes:

Wafer Growth Crestion of single-crystal substrate material

Photolithography Definition of regions (through a mask) on wafer for selective processing
Doping Addition of desired impurities near the surface of the wafer

Oxidation Thermal growth of natural dielectric layer (e.g. Si O,)

Deposition Addition of layers of aspecific material (e.g. S N) on the wafer surface
Etching Removal of material from the wafer surface

Epitaxial Growth Reordering of deposited material to form single-crystal material

Wafer Growth:

Semiconductor devices and circuits are formed in thin slices of a material (called a wafer) that servers as the
substrate. For proper operation of the device/circuit, the material must be formed from a single material with the
crystals formed by the atoms all aligned in a specific direction. Such a material is defined as a single-crystal
substrate. The proper alignment of the crystal lattice has a large effect on the material properties of the substrate
including its electrical properties and how it reacts to other materials and chemical processing.

Create large ingots of semiconductor material by heating, twisting, and pulling.
(~ 1-2 meterslong by 10-20 cm diameter)
Entire ingot aligned to the same crystal lattice orientation (single-crystal).
Remove all impurities—> al one element.
Sliceingot into very thin (~400-750mm) discs called wafers.
Some wafer are uniformly doped with specific impurities
(e.g. Boron for p-type wafer with Na = 10 cm®)

Photolithography

Many steps in the semiconductor fabrication process should only affect specific areas of the wafer. To define the
desired areas on the wafer (and block the remaining areas) a series of masking layers are used. The process of
photolithography involves the use of a material called photoresist (PR) to generate a specific pattern on the surface
of the wafer. Photoresist is a light-sensitive material which can be processed into a specific pattern after being
exposed to light energy in the shape of the desired pattern. (The process is somewhat similar to photography where
light energy forms a pattern on the film.) Once the PR has been patterned, the wafer will be covered by PR only in
specific areas while the remainder of the wafer is uncovered. Subsequent process steps will affect only the
uncovered areas where thereis no PR. The process allows us to transfer shapesthat are created using CAD software
onto the surface of the wafer with submicron resolution. Photolithography is useful because it can transfer the
pattern to the wafer surface very quickly. Direct-write methods (similar to those used to create the optical mask)
produce the same results but can take several hours move across the entire surface of the wafer.

- Transfer desired pattern to anoptical mask that is clear except where a pattern/shapeis desired.
- Cover the entire wafer surface with photoresist (~1mm thick).

Expose the wafer to light through the optical mask (takes ~ 1-5 seconds exposure).

Use chemical processing to remove PR only where it has been exposed to light.

(the pattern is now transferred from the optical mask to the wafer surface)
Subsequent process steps (e.g. oxidation, diffusion, deposition, etching) will affect only the areas where there is
no PR and be blocked where the PR remains.

- After all necessary processing through pattern, remove all PR in chemical process.
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Doping

The operation of semiconductor devices requires that specific regions of the substrate be doped n-type of p-typewith
specific dopant concentrations. There are two primary methods used to add impurities (i.e. dope) the substrate:
diffusion, and implantation.

Diffusion

A masking layer (e.g. PR) is used to block the wafer surface except where the dopants are desired. The wafer is
placed in a high-temperature furnace (~1000°C) where the atmosphere contains the desired impurity in gaseous
form. Through the process of diffusion, impurity atoms, which are in high concentration in the atmosphere, will
diffuse into the substrate, where they have a low concentration (initially zero). After some time (~0.5 — 10 hours)
the impurity atoms are uniformly distributed into the exposed wafer surface at a shallow depth (0.5 - 5mm) at a
concentration that can be reliably controlled (~10"%-10*° cm®).

I mplantation

Implantation is functionally similar to diffusion, but here the atoms are “shot” into the wafer at high velocity (across
avery strong electric field) and they embed themselves into the wafer surface. A short (~10min.) annealing step at
elevated temperatures (~800°C) is used to fit the new atoms into the substrate crystal lattice. Implantation is more
uniform across the wafer than diffusion and allows for very precise control of where the impurities will be. In
addition, its peak concentration can be beneath the wafer surface, and it does not required a long period of time at
high temperature (which can be harmful). However, an implanted junction must remain near the surface of the
wafer (~ 0.1 - 2mm) and cannot go as deep as a diffused junction. The impurity concentration profile (concentration
vs. depth) is different for diffusion and implantation, however both are well known and predictable.

Resistance of a doped region
The concentration of impurities in a semiconductor determines a property called resistivity, r , which is given by

r =1/(gmNp) n-typeregion

r =1/(qraNa) p-typeregion

The electrical resistance of aregion which has been doped by impuritiesis given by
R=(r L)/ (Wt)

wheret isthe thickness of the doped region, Wthe thickness, and L the length.

Oxidation

Insulating dielectric layers are a key element in semiconductor fabrication which provide isolation between
conductive layers on the surface of the wafer. In fact, one of the most important reasons Silicon has become such a
successful medium for integrated microelectronics is that has a good native oxide, which means that Silicon oxidizes
(combines with elemental Oxygen) to from a dielectric oxide called silicon dioxide, SO,. SO, is a good insulating
layer and can be created by exposing Si to an O, environment. At elevated temperatures (~1000°C) the oxide grows
quickly, which is another characteristic that makes it useful in semiconductor fabrication. Native oxides grown at
elevated temperatures are referred to as thermal oxides. An advantage of native thermal oxides such as SiO, is that
they have similar material properties (e.g. therma expansion coefficient, lattice size, etc.) of the native material.
This means that oxides can be grown without creating significant stresses in the material which could lead to serious
problems including circuit failure. Thermal oxide grown in Si can be masked by PR, athough better results can be
obtained if SiN is used to mask thermal oxidation.
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- When a Si wafer is exposed to O, at high temperatures (~1000°C) a native oxide is grown on the surface of the
wafer.
Because material (O,) is being added to the wafer, the wafer grows in thickness, and ~ 50% of the oxide grows
beneath the surface and the other half on top of the (original) surface.
Native oxide growth is used in MOS fabrication to grow the FIELD OXIDE (the region outside of the ACTIVE region)
and to create the gate oxide layer, the thickness of which can be well controlled.

Deposition

The addition of material to the top of the wafer to from, for example, interconnects between devices and insulators
between interconnect layers, require process step generally referred to as deposition. A variety of material can be
deposited including conductors, insulators, and semiconductor materials. Several different techniques are employed
for deposition, but the process can generally be thought of as a uniform sprinkling of material on the surface of the
wafer, either over the entire surface or through a masking layer (for deposition on selective areas). Two common
techniques are Chemical Vapor Deposition (CVD) which chemically vaporizes the material to be deposited, and Low
Pressure CVD (LPCVD) which is a similar process done near vacuum. The vaporized material then floats down to
the wafer surface whereit solidifies to form the deposited layer.

Dielectric Deposition

Native oxides are only available when native material is still on the surface. Thus, once a wafer has been covered
with other materials (e.g. metal), a native oxide can no longer be grown. In addition, after some materials (e.g.
metal) have been deposited on the wafer, the wafer can no longer be subjected to high temperatures, which are
required to grow native oxides but can melt other materials used in semiconductor fabrication. Thermal oxides are
also limited to thin layers (< 1 nm). For these three reasons, it is necessary to use deposited dielectrics to cover the
wafer and form insulation layers. Deposited dielectrics offer a wide variety of insulating materials including SiO,
and SiN, they can be deposited on top of any material including metal, and they can be deposited in thick layers (~1-
2 mm) to reduce the capacitance between interconnect layers.

Offer avariety of dielectric materialsincluding SIO, and SiN.
Can be deposited on top of all other materials used in semiconductor fabrication.
Can be deposited in thick layers (~1-2 mm).

Polysilicon

Polysilicon is a Silicon material that is granular and is not single-crystal like the substrate wafer. It is generaly
doped to act as a conductor and is used as an interconnect layer and as the gate terminal of an MOS transistor.

Although metal is a better conductor (lower resistance), the primary advantages of polysilicon over other conductors
arethat it can withstand subsequent high temperature steps, a native oxide can be grown on top of polysilicon, and it
has similar material properties to Si and SiO,. In addition, it can be doped to set the resistance of the polysilicon
layer so that is can act as a conductor or as a high-resistance layer used to from integrated resistors. Modern MOS
processes typically have two polysilicon layers, one for transistor gates and short interconnects separated by a
thermal oxide to the second layer used for resistors, capacitors, and memory cellslike EPROM and EEPROM.

Granular Si with similar material propertiesto single-crystal Si and SiO».
Native thermal oxide, SiO, , can be grown on top of polysilicon.

Can withstand subsequent high temperature steps (unlike metal)

Can be doped to set resistance (low for interconnects, high for resistors)
Used to form MOS gates, resistors, capacitors, and memory cells.
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Metals
Various types of elementa metal (e.g. auminum, gold, copper, nickel, titanium), metal aloys, and other metal
compounds are used to from interconnection layers in semiconductor fabrication. A modern process typically has 2-
3 metal layers (and can have as many as 7!) serving as low resistance connections between semiconductor devices or
carrying current from one circuit block to the next across the circuit die. Metals are generally deposited through
evaporation or sputtering to cover the entire wafer before being patterned to from all interconnects in one process
step (one step per metal layer). Although most metals have a low melting temperature and must therefore be
deposited after all high temperature steps (e.g. diffusion, oxidation), they are very conductive and provide low
resistance interconnections even in very thin layers (< 1mm). Depositing metal interconnect layers are typically the
last steps preformed in the semiconductor fabrication process. The individual layers are insulated from each other
by deposited dielectric layers with vertical openings (contacts) called viasthat connect layers at the required points.

Form low resistance interconnections.

Can not withstand high temperature process steps.

Many metal interconnect layers can be used which are insulated by deposited dielectrics.

Etching

Etching refers to the removal of material from the surface of a wafer using a chemical or mechanical process, or a
combination of both. Etching processes are needed to pattern deposited layers (e.g. etch metals leaving behind only
the desired traces) and form contact opening in dielectric layers (e.g. to connect a metal layer to the substrate
through the dielectric). Chemical etching processes will attack (etch) some materials more quickly than others while
mechanical etching will etch all material equally. Both processes require a masking layer (generaly either PR or
oxide) to block regions where etching is not desired.

Chemical Etching

Most materials, including Si, SiO2, PR, Polysilicon, and Metal, can be selectively removed by chemical processes
that attack only the desired material. This allows the etching process to stop once the desired material has been
removed (rather than continuing al the way through the wafer!). Chemical etchants can typically be blocked by
masking layers of PR or oxide of appropriate thickness. The primary disadvantage of chemical etching is that it is
isotropic (i.e. it etchesin all directions -not just vertically) and will undercut the masking layer which is undesirable
in many cases.

Selective etching of desired material.
Can be masked by PR or oxide.
Isotropic etch will undercut masking layer.

Chemical-Mechanical Etching

Reactive ion etching (RIE) is the primary technique of chemical-mechanical etching in which ions in a plasma
bombard the surface and etch away material. The plasma can be chosen to selectively etch one material more than
another. RIE is a very common process in modern semiconductor fabrication and is typically used for contact
openings through diel ectrics.

Mechanical etching process with some chemical selectivity.
Can be masked by PR or oxide.
- Anisotropic etch > no undercut.

Mechanical Etching

Purely mechanical etching processes such as lon Milling, are not material selective; they bombard the wafer surface
and remove any material they strike. However, a thick high-strength mask material can be used to block the etching
process from the surface so that only specific areas on the wafer are etched. Because there is no chemical

undercutting, mechanical etching creates a straight vertical etching profile.

No material selectivity, must be blocked by thick mask.
- Anisotropic etch - no undercut.

p. 4



Semiconductor Fabrication Technology Prof. A. Mason

Epitaxial Growth

Epitaxial growth describes the process of creating single-crystal Silicon from a thick layer of deposited Silicon
(polysilicon). When the deposited Silicon is uniformly doped, the resulting single-crystal epitaxial layer will have a
constant doping profile (unlike that created by diffusion or implantation) which is necessary for the formation of
some semiconductor devices. An “epi” layer can be formed after initial diffusion processesto leave a*“buried layer”
often used in making Bipolar transistors (BJTs). The process for creating a single-crystal epitaxial layer from the
deposited material is somewhat complex and involves the use of a*“seed crystal” that allows an annealing processto
align the crystals of the deposited material.

Create single-crystal material from deposited (non-single-crystal) material

Epitaxial layer has constant doping profile.

Epi doping can be higher or lower than substrate doping, and of same of opposite type as substrate.
Epi layer can be very thick (~1-20 mm).

Epi layer formed by annealing a deposited layer from a*“seed crystal”
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