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Prof. Schenk, HS 2014
19.01.2015, 11:40-12:10 Uhr, M. Statz

Summary The exam took place in ETZ J76.1. The lecturer sits in front of the student at a table, the
transcript writer sits next to the student. Paper and pen are provided right in front of the student’s
seat. At the beginning of the exam the lecturer told me that he will start asking various questions now
and that the exam will take 30 minutes.
In this lecture you are supposed to choose three chapters for the exam. I have chosen chapter 5
(Silicon), chapter 6 (Scattering processes) and chapter 7 (Mobility of Cold and Hot Charge Carriers).

Procedure Prof: Hello Mr. Statz! Do you want to take the exam in German or English?

Me: I don’t care, either German or English is fine for me. German would be fine.

Prof: Ok, then let’s do it in German, that’s a kind of alternation for us then. Ok, when we are doing
device simulation we have different device simulators available: quantum device simulators, regular
bulk simulators. Which criteria do you know that are important to choose the right simulator?

Me: It depends on the gate length of our device. I think for MOSFETs with gate length below 50 nm
you should use a quantum device simulator.

Prof: With which length-scale do you compare the gate length?

Me: Hm. With the mean...

Prof: Yes, go on.

Me: With the mean free path, which is the average path that electrons can travel without any collision.

Prof: What kind of scattering processes do you know?

Me: The most important ones are electron-phonon scattering and electron-impurity scattering. There
also exists electron-electron scattering, surface scattering,....

Prof: Do you remember a method how to calculate the transition rates?

Me: Yes, you could use Fermi’s golden rule.

Prof: Do you remember the formula?

Me: Wrote down Sfi = 2π
~ |〈f |W (r, t)|i〉|2ρ(Ef ), said that it is proportional to the matrix element

squared and to the density of final states.

Prof: Do you remember what f and i are in the case of scattering processes?
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Me: They are k-vectors. The electron is scattered from an initial state |k′〉 to a final state |k〉.

Prof: If you had a constant perturbation operator, what would be the formula?

Me: Skk′ = 2π
~ |〈k|W0|k′〉|2δ(Ef − Ei)

Prof: What would be the matrix element?

Me: 〈kv|W0|k′v′〉 = W0
Ω

∫
Ω dr3 exp−ir(k− k′)uk′,v′(r)uk,v(r)∗ = W0δv,v′δk,k′ This means that the

momentum is not changed.

Prof: What would it look like for an arbitrary but time independent perturbation operator?

Me: W (r) can be expanded into a Fourier series: W (r) =
∑

q W (q) exp irq
Therefore the matrix element is:
〈kv|W0|k′v′〉 = 1

Ω
∑

q
∫

Ω dr3 exp−ir(k− k′ − q)uk′,v′(r)uk,v(r)∗ ≈
∑

q W (q)δv,v′δk−k′,q = W (k−k′)δv,v′
In the second last step one assumes that |q| is small and substitutes the Bloch factors with unity due
to effective mass approximation. Consequently, the matrix element can simply be calculated by an
easy fourier transform of the perturbation operator.

Prof: Which form has the potential for ionized impurity scattering?

Me: It is a modified Coulomb potential, which is called Yukawa potential. It is modified with the
screening length Ls:W (r) = −e2

εsr
exp− r

Ls
. This screening length is proportional to 1√

n+p .

Prof: What is this screening length?

Me: If you have high doping concentrations the screening length is low. It is a measure of how strong
the Coulomb potential is screened. If Ls < 1

2d, with d the distance between two atoms, then you have
independent scattering events. When Ls > 1

2d then a special treatment is required because then we
are in the multiple scattering regime.

Prof: If you have a wavefunction approaching a potential V(x), how does this wavefunction look like
before and in the potential well in semi-classical approximation?

Me: If the potential starts at x = x0 then the wavefunction in Wentzel-Kramers-Brillouin ap-
proximation before the potential is ψ(x) = C√

p cos 1
~

x0∫
x
p(x′)dx′ − π

4 and in the potential ψ(x) =

C
2√p exp−1

~

x∫
x0
|p(x′)|dx′.

Prof: Which assumptions do you make in the semi-classical approximation?

Me: You assume that the potential V(x) is only slowly varying in x and you assume that the electron
wavelength doesn’t change a lot over its own length: dλ

dx2π << 1.

Prof: How can you calculate the transmission of the wave?

Me: T = |ψ(x)out|2
|ψ(x)in|2 .
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Prof: What does that mean, how does the transmission look like?

Me: It is proportional to exp−2d|p| with p =
√

2m(E − V0).

Prof: How can you calculate the mobility based on the scattering rates?

Me: You can assume that the different scattering mechanisms are independent and use Matthiesen’s
rule: 1

τtot
= 1

τimp
+ 1

τphonon
+ .... Then you can use µtot = e τ

m∗

Prof: How do the different mobilities depend on temperature and how does the mobility depend on
doping concentration?

Me: µimp ∝ T
3
2 , µacphon ∝ T−

3
2 . Then I drew Figure 7.2 of chapter 7 (Mobility of Cold and Hot

Charge Carriers).

Prof: If we look at mobilities in MOSFET-channels, do we have to change anything in our model?

Me: Yes, there will be additional surface effects, e.g. surface scattering.

Prof: What is the dependence of surface mobility of the electric field, how could you expand the
potential?

Me: potential expanded into first order: V (x, y, z) = V (x, y, z0) + ∆∂V
∂z |z=z0

= V (x, y, z0) + ∆E⊥.
Since the transition rate is proportional to the absolute value of the matrix element squared, µsurf ∝ 1

E2
⊥

will hold.

Prof: Is this dependence also observed experimentally?

Me: No, actually a dependence µ ∝ 1
E0.96
⊥

is observed (drew Fig. 7.7).

Prof: What’s about the comparison of the mobility of minority and majority carriers?

Me: Drew fig. 7.3 and explained that due to the fact that for higher doping concentrations repulsive
scattering becomes weaker than attractive scattering, for high doping concentrations minority carrier
mobilities will be higher than majority carrier mobilities. The explanation for this effect is the
breakdown of first order perturbation theory.

Prof: Thank you Mr. Statz, I think the time is up.

Final Remarks The atmosphere during the exam is quite relaxed. One won’t be asked any random
questions and only questions to the proposed three chapters. Derivations are not really necessary but
one should know the final results and assumptions in models. One is well prepared for the exam by
simply studying the slides.
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