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n-type Silicon

Silicon is a Group IV element: 1822822p6 ?)S?'?)p2

— The aim of doping the material n-type is to increase the number
of electrons in the CB
— Therefore, we add an impurity from Group V
® Arsenic
* Phosphorous: 1822822136 3Sz3p3
¢ Antimony
— The dopant is added in a concentration of about 1 part in 10°
— At such a low impurity level, to a first approximation the
crystalline lattice of the semiconductor will not change
— This is known as substitutional doping
In doing so, the Gp. V atom will use 4 of its 5 valence electrons to
form covalent bonds with 4 neighbouring Si atoms
There will now be one spare electron on the Gp. V atom
The electron is only weakly bound
In energy terms, it will form an energy level Ep only ~0.03eV below
E¢ which will be occupied at 0°K
Electrons may be easily excited into the CB from the energy level Ep
as temperature rises
So, the addition of each Gp. V impurity leads to an extra available
conduction electron without the creation of a hole in the VB to
produce a n-type semiconductor. The Gp. V impurity is called a
‘donor’
In a n-type semiconductor conduction is predominantly due to
electrons in the conduction band which have been excited from the

donor levels



p-type Silicon
To dope a Group IV semiconductor p-type, we add a Group III element
to the material, such as Boron
~ Boron 15?2s*2p has only 3 valence electrons, but the
surrounding silicon atoms provide 4 bonds
~ 3 of these form covalent bonds with the 3 electrons of the
Boron
~ The 4th has only 1 electron, while we know it can take 2
electrons with opposite spin.
~ The associated energy level E, is located ~0.030 eV above Ey
—~ At 0°K this level is empty
— At higher temperatures (300°K) an electron can jump into the
empty space from other bonds; another electron can jump into
the newly vacated place and so on
* This is can be viewed more easily in terms of kole rather than

electron:
— a hole is bound to the Boron atom at 0°K , but can move about

at higher temperature

— Now there is an excess —ve charge —e on the Boron site due to
the captured electron

— The captured electron stays on the Boron site while the hole
moves about

— Such Gp.III impurity is called an ‘acceptor
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*A donor is:

neutral when occupied by an electron (T=0°K)
positively charged when it looses the electron (T~300°K)

*An acceptor is:
neutral when occupied by a hole (T=0°K)
negatively charged when it looses the hole (T~300°K)
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+ve charge =—-ve charge
p+N,=n+N, )

For Ec>> EF and ND >> NA .

p=0

nchexp(EF —EC]

n=N,

E.-E, =len&=0.198eV
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3 (a) A schematic diagram of the MESFET is shown in Fig. 1. It consists of a thin
layer of a doped semiconductor, in this case n-type GaAs, on a semi-insulating substrate.
Ohmic source and drain contacts are made onto the n-type GaAs which becomes the
channel. The gate is made from a metal that will form a Schottky Barrier with the GaAs, so
that a depletion region forms which extends into the channel semiconductor. The operation
of the device is very similar to that of the junction field effect transistor (JFET).
Application of a negative bias to the gate puts the Schottky barrier into reverse bias and
causes the depletion region to extend into the channel. The undepleted area of the channel
is reduced, and hence the resistivity of the channel is increased thereby reducing the current
flow between the source and drain for a given bias between these two contacts, as shown in
Fig. 2. As with the JFET, increasing the drain source voltage will also widen the depletion
region at the drain end of the channel. This will cause the channel to pinch off and the
source-drain current to saturate (see Fig. 2).
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(b) The carrier density in a semiconductor is given from the data book by

n=Ne exp(ﬂ:E_Cj ,

kT
Assuming that a all donors are ionized, then »~ N, , and so this becomes
22
Ep-Eq = kTh{N—D] =0.862x1074.2981n ﬂ? =-0.08¢V .
Nc 4.7x102
However, the work function ¢ of a semiconductor is related to the electron affinity y by
¢p=x—(Ep ~Ec)=4.07+0.08=4.15¢V . [20%)]

(¢) Gold has a greater work function than the n-type GaAs. The band diagram for
this junction is shown in Fig. 3. An Ohmic contact is formed as there is no barrier to
electron flow for either sense of applied bias. Therefore, gold should be used for the source
and drain contacts, as current needs to be injected to and from the channel at these points.
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Fig. 3

Aluminium, on the other hand, forms a Schottky barrier with the n-type GaAs as it has a
smaller work function. A barrier exists to electron flow from the metal into the
semiconductor, as shown in the band diagram of Fig. 4. Therefore, aluminium should be
used for the gate contact, as this will form a depletion region into the channel, as required.
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(d) GaAs has a much greater electron mobility than silicon. The electron mobility
determines the velocity of carriers under the application of an electric field. The depletion
region in the channel forms because of the penetration of an electric field from the gate into
the semiconductor. The rate at which the depletion region can form is therefore governed
by the electron mobility. Therefore, GaAs MESFETs can be operated at significantly
higher frequencies than those based on Si. However, GaAs is far more expensive than
silicon, and therefore these devices are more expensive. [15%]

Version: 1



5

4 (a) From the data book, for a p-type semiconductor, where Ey is defined as 0 eV,
— EF
= Ny ex P , 1
p=Ny p( T ] (1

where Eg, is the Fermi energy in the p-type semiconductor. Similarly, for an n-type
semiconductor,

kT
Assuming that all donors and acceptors are ionized, then n~ N and p ~ Ny . Therefore,

n=N¢ exp{M] ] )

rearranging these equations to make the Fermi energies the subject gives

Ny Ny
Ep, =kTIn| — |; Er, = Ec —kTIn| — |.
fp [NAJ Fn ¢ [NA]
Hence, the contact potential is
[ (N N
eVo=Ep, —Ep, = Eq —kT| In| =<~ | +1n| =X || . 3
0=Epm—Epp =Ec "N, N, 3)

Furthermore, from the Law of Mass Action, formed by multiplying equations (1) and (2),
-E
n,-2 = NNy exp ——C]

kT @

E
~In(NeNy )= ln(n,-z)+—1;%

Substituting (4) into (3) gives the required result that

Yo =k—T1n[——N AN DJ

e niz

(b) From the information provided, it is clear that this is a p'n junction, as
N4>> Np . Therefore, the depletion may be considered to be in the n-type semiconductor
alone. The Poisson equation (the Gauss Law expressed in terms of voltage) states that

vy =P
¢y
where p is the charge density due to ionised donors, which is eNp. Therefore, given that V'
only varies in the x direction (across the junction), this becomes
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808r—2—=—eND .

Integrating with the boundary condition that E=0 at x =w (the width of the depletion
region) by assuming that there are no electric fields outside the depletion region, gives

Y _eNp ().

dx g0y

Integrating again with the boundary condition that V= 0 at x = 0 gives
2
V= eNp [wx-—i—],
E0Er 2

which may be evaluated at x = w to find the give the contact potential,

V() — eNDw2

2808 2 )
Rearranging this gives the required result for the depletion width,

A

2

we| 2800 % 140%)]
eND

() In order to find the capacitance of the junction per unit area, the charge stored
on one side of the junction per unit area Q must first be determined. This is the charge per
unit area in the depletion region, which is

|
Q = eNDw = (2eND808rV0)A .
The capacitance per unit area is then

Npeoe, )2
Czil’Q:eNDw:[m&] )

dv 2V,

To calculate this, we must first evaluate the contact potential using the equation from part

(a),

)

22 20
Vo =k—Tln{NA]2vDJ=O.862x10_4.2981n Sx107.5x1077 1 _ 4 6537
¢ fi5x101 ]

n;

The capacitance is then given by equation (5),
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