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Metal-Semiconductor contacts
Because of their importance in direct current and microwave applications and as intricate parts of other
semiconductor devices, metal-semiconductor contacts have been studied extensively. Specifically, they have
been used as photodetectors, solar cells, as the gate electrode of the MESFET, etc. Most importantly, the metal
contact on heavily doped semiconductor forms an ohmic contact that is required for every semiconductor device
in order to pass current in and out of the device.
When metal makes contact with a semiconductor, a barrier is formed at the metal-semiconductor interface. This
barrier is responsible for controlling the current conduction as well as its capacitance behavior.

Qualitative Characteristics
фm : metal work function
фs : semiconductor work function
χ : electron affinity

Before contact
: Schottky Barrier : for electron in metal side to flow into
semiconductor

At equilibrium after contact for
фm > фs

: Built-in potential Barrier : for electron in semiconductor side to flow into metal

Reverse-biased M-S Junction

Forward-biased M-S Junction

Ideal Junction properties
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Example 9.1 A contact between Tungsten and n-type silicon doped to Nd = 1016cm-3 at T = 300K.

Metal-Semiconductor contacts
Figure 1a shows the electronic energy relations of a high work-function metal and an n-type semiconductor
which are not in contact and are in separate systems.
If the two are allowed to commuanicate with each other, charge will flow from the semiconductor to the metal
and thermal equilibrium is established as a single system. The Fermi levels on both sides will line up. Relative
to the Fermi level in the metal, the Fermi level in the semiconductor is lowered by an amount equal to the
difference between the two work functions.
As the gap distance decreases, the electric field in the gap increases and an increasing negative charge is built
up at the metal surface.

When the gap distance is small enough to be comparable to the interatomic distances, the gap becomes
transparent to electrons, and we obtain the limiting case.

Metal work function is of the order of a few electron volts (2 – 6 eV). These values are very sensitive to surface
contamination.
The main deviations of experimental barrier heights from the ideal condition are: 1) an unavoidable interface
layer, and 2) the presence of interface states. Furthermore, the barrier height can be modified due to image-force
lowering.

Image-force-induced barrier lowering (Schottky Effect)
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Image-force-induced barrier lowering (Schottky Effect)
For forward bias, the field and the image force
are smaller and the barrier height is slightly
larger than the barrier height at zero bias. For
reverse bias, the barrier height is slightly
smaller. In effect, the barrier height becomes
bias dependent.

Barrier-height adjustment
For an ideal Schottky barrier, the barrier height
is determined by the characters of the metal
and the metal-semiconductor interface
properties and is nearly independent of the
doping. However, by introducing a thin layer
(~10 nm or less) of controllable number of
dopants on a semiconductor surface, the
effective barrier height can be varied.

This approach is particularly useful in order to
select a metal having the most desirable
metallurgical properties required for reliable
device operation and at the same time to be
able to adjust the barrier height in a controlled
manner.

Ideal Current Equation

Δф increases with an increase
in the applied reverse-bias
voltage

 more reverse saturation
current.

Ideal Current Equation

Five basic transport processes under forward bias.
(1) Thermionic emission [the dominant process for Schottky diodes with moderately
doped semiconductor], (2) Tunneling [important for heavily doped semiconductors and
responsible for most ohmic contact], (3) Recombination [identical to the recombination
process in a pn junction], (4) Diffusion of electrons, (5) Diffusion of holes

Comparison of the Schottky Diode and the pn Junction Diode
Two important differences : ① the magnitude of reverse saturation current
② the switching characteristics
: Diffusion of minority carriers
: Thermionic emission of majority carriers over a potential barrier
“ JsT is 2 or 3 orders of magnitude larger than Js “
Comparison of forward bias characteristics

The Schottky diode is a majority carrier device.
 No diffusion capacitance when forward-biased

No stored minority carrier when forward-biased
 no storage time (fast switching is possible)

Ohmic Contacts : Nonrectifying metal-to-semiconductor contact
Ideal Nonrectifying Barrier

N-type
Forward biased

At equilibrium after contact for фm < фs

Before contact

P-type

Reverse biased
At equilibrium after contact for фm > фs

Tunneling Barrier

Contact
Resistance :

Ohmic Contacts : Nonrectifying metal-to-semiconductor contact

Ohmic Contacts : Nonrectifying metal-to-semiconductor contact

Heterojunction
A heterojunction is a junction formed between two dissimilar semiconductors.
For semiconductor-device applications, the difference in energy gap provides another degree of freedom that produces
many interesting phenomena.
The underlying physics of epitaxial heterojunction is matching of the lattice constants. This is a physical requirement
in atom placement. Severe lattice mismatch will cause dislocations at the interface and results in electrical defects
such as interface traps.

Heterojunction
In addition to having different energy gaps, the electron affinities of these semiconductors are also
different and need to be considered in device applications. This leads to different combinations of Ec
and Ev alignment at the interface.
According to their band alignment, heterojunctions can be classified into three groups:
(1) Type-I or straddling heterojunction
(2) Type-II or staggered heterojunction
(3) Type-III or broken-gap heterojunction

In a Type-I, one material has both lower Ec and higher Ev, and naturally it must have a smaller energy
gap. In a Type-II, the locations of lower Ec and higher Ev are confined in different spaces. A Type-III is
a special case of Type-II, but the Ec of one side is lower than the Ev of the other. The conduction band
thus overlaps the valence band at the interface, hence the name broken gap.

Heterojunction
Two semiconductor materials with different bandgap but nearly matched lattice constants.
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