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Constants and equations sheet for semiconductor device physics.

Constants and equations Semiconductor Device Physics
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q=1.6·10" 19
urkT!q=0.025 V
&s;=l0. 12 Flcm

Elementary charge:
Thermal voltage equivalent(@ room temperature):
Dielectric constant (permittivity) Silicon:
Dielectric constant (permittivity) Silicon dioxide:
Intrinsic carrier concentration (if not given):
Electron diffusion constant (if not given):
Hole diffusion constant (if not given):
Electron mobility (if not given):
Hole mobility (if not given):

Cox=3.5;J0. 13 F/cm
nl = .../2 ·10 10 cm·3
2
Dn=30 cm /s
Dp=IO cm 2/s
2
.Un=1200 cm /Vs
2
,up=350 cm /Vs

1. Semiconductor Physics (spatially in one dimension)
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Continuity equation (electrons)

Excess carrier diffusion (electrons)
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2. pn junction
Built-in potential

Depletion layer width
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3. Bipolar transistor
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4.

MOS transistor
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Drain current NMOS (weak inversion)
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Level3 model (square law model)
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Capacitances in MOS
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Small signal model
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Question 1, Semiconductor Physics
a) Consider two one-dimensional (lD) silicon structures which have been uniformly
doped with the following concentrations:
.
10 15 em-3 .
.
104 em- 3 an d donor concentratiOn=
structure 1: acceptor concentratwn=
.
1018 em-3 an ddonor concentratiOn=
.
1018 em-3 .
structure 2 : acceptor concentratiOn=
The structures are at thermal equilibrium (T=300 K) and we assume that the
doping does not have any effect on the charge carrier mobility. Calculate the
charge carrier concentrations and the conductivities ofboth structures. (Please
note the physical units.) Explain which charge carriers determine the conductivity
in each ofthe structures.
b) Please explain in words why extrinsic semiconductors become intrinsic for
evaluated (ambient) temperatures. Now assume that for the effective densities-ofstates in silicon holds thatNc=Nv=5·10 19 cm- 3 and the band gap Eg=l.leV. The
effective densities-of-states are assumed to be temperature independent. In case of
an extrinsic semiconductor structure considered in a), determine the temperature
at which the structure(s) become(s) intrinsic. (Hint: First check the relations for
the charge carrier concentrations on the formula sheet and try to determine a
function for n/1) first. This you will need to solve the problem). Are the results in
agreement with the expectations? Explain.
Consider the schematic energy band diagrams depicted below for different lD
semiconductor systems: (a), (b) and (c). The pictures are to the same (linear) scale.
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Please answer the following questions.
c) Explain in what system(s) there is a uniform doping distribution. Would that be
then n-type or p-type doping?
d) In what system(s) we have the thermal equilibrium condition? Explain.
e) For what system(s) there is a uniform field distribution? Explain.
f) Please explain in what system(s) the external electric field is the highest.
g) For what system(s) there is a net current. What physical process (drift or
diffusion) determines the current? Explain.
Rating: a) 30 b) 20 c) 10, d) 10, e) 10, f) 10, g) 10 points
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Question 2, PN-junction
A schematic cross-section of a one-dimensional (ID) silicon pn-junction is depicted in
the figure below. Both edges of the component have a metal contact.
For convenience sake we assume the following:
1. the diode operates at room temperature (T=300 K),
2. the doping concentration does not have any effect on the transport parameters
such as the mobility and the bandgap,
3. the metal contacts of the component are "ohmic" (ideal),
4. and the depletion approximation is applicable here.
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Further assume that the diode is at thermal equilibrium unless stated otherwise.
a) Sketch the space charge concentration against the distance. In what layer the
depletion width W is mainly formed? Please explain.
b) Also sketch the electric field and the potential of the diode against the distance.
Explain.
c) Calculate the built-in potential and the depletion width W. Also determine the
maximum field.
Assume that LK=LA and that both parameters (LK, LA) are much greater than the hole
(Lp) respectively electron (Ln) diffusion length. Hence we have a long diode.
Now we apply an external potential of +0.5 V to the anode and OV to the cathode.
d) Explain what charge carriers (holes, electrons) determine the total current of the
diode. Are these minorities or majorities?
e) Sketch the hole-, electron-, and the total current densities (i.e. Jp, Jn and .f)
through the device as a function of the distance.

Rating: a) 10 b) 20 c) 30 d) 20 e) 20 points
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Question 3, Bipolar Junction Transistor
Consider a one-dimensional (1D) silicon NPN bipolar junction transistor (BJT) with a
doping profile as depicted below.
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For convenience sake we assume the following:
1. the transistor operates at room temperature (T=300K),
2. the doping concentration does not affect the transport parameters such as the
mobility and band gap,
3. the depletion approximation is valid to be used,
4. and the base current is only determined by the hole current.
a) Sketch the energy band diagram of the BJT at thermal equilibrium. Notice the
doping concentrations. Please indicate carefully the following parameters:
conduction band energy (Ec), valence band energy (Ev), intrinsic Fermi-level
(EFr), Fermi-level (EF ), depletion regions, emitter, base, collector.
b) We now operate the transistor in "forward active mode". Like in most
semiconductor devices the potential barrier is important for the current flow.
Please clearly indicate in the band diagram which you have drawn in a), what
potential barrier, i.e. energy level difference, is important for the collector current,
and likewise for the base current. Clearly describe what energy level difference(s)
is (are) referred to. What impact will it have on this (these) barrier(s) when we
increase the (positive) value of the base-emitter voltage VBE?
Assume that LB= 1J..lm, LE=O.S J..lm en Lc=2J..lm.
c) We operate the transistor at VBE=0.5V and the collector-base voltage VcB=OV.
Calculate the collector current density Jc and the current gain fJF. Please write
down clearly how you obtained the final results.
d) Typically, the doping profile of the BJT is asymmetric. In most cases, like in our
device, the collector doping concentration is less than that of the emitter. Please
come up with two reasons why this is the case and give an explanation for this.
e) Draw the large-signal equivalent circuit diagram of our bipolar transistor in
common emitter mode.
Rating: a) 25 b) 15 c) 30 d) 10 e) 20 points
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Question 4, MOS Transistor
Let's assume that the saturation current of conventional bulk MOS transistor can be
described as (square law model):

ID = !1" cox. w. (vGS- vTY. (1 +A· VDS),
2L

with

Cox-&ox
tox '
with L being the gate length. The substrate (or back gate) has been connected to the
source contact.
a) Draw a schematic cross-section of an NMOS transistor and indicate in the figure
what happens when the device is in saturation mode. Please explain.
In a microprocessor the so-called on-current In=Ion at Vas=Vns=Vnn (supply voltage)
should be increased such that we also have more functionality and preferably a higher
speed.
b) What do you think what should happen in the technology when the consumer
would like to have both more functionality and an increased switching speed of
the processor?
c) Describe at least two approaches to increase the current and explain what will be
their limit for a proper functioning of the NMOS. Please come up with a possible
solution for postponing or to get rid of these limits.
d) Draw a small-signal equivalent circuit diagram of our NMOS in common-source
mode.
e) Give a mathematical description for the transconductance gm assuming the model
described above.
f) Give a mathematical description for the conductance gd at saturation mode
assuming the model described above. For a circuit designer the (output)
conductance should be minimized preferably to zero A/V. Please describe in
words what should be done in the technology to obtain a zero output conductance.

Rating: a) 20, b) 5, c) 20, d) 30, e) 10, f) 15 points
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