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3B5 - 2024 - Crib v2

Hint was meant to help candidates to simple 

equation of balanced currents, but many 

candidates started more complex and/or got 
the derivative wrong.

Fermi level calculations and band diagram 
drawing generally well done. 

Usually answered well, but some confused answers.



Generally answered well, with most candidates 
also recognising p-type doping situation. 

Max. field calculation generally done well, some 
sketches not very clear.



Band diagram drawing generally ok (not penalised here for p/n-type 
mix-up again). Some confusion re ideality and junction C behaviour for 
higher doped semiconductor.



Q2 a) 

3             2                    1                   2             3 

When Bragg’s condition is verified incident and reflected waves form standing waves for 

𝑘𝑘 = ± 𝑛𝑛π
𝑎𝑎

     with n an integer (1) 

This results in two situations. 

1) Low probability of the electron being near the nuclei  ⇒ higher energy
2) High probability of the electron being near the nuclei ⇒ lower energy

This results in an energy gap between the 2 states when (1) is satisfied. 

b) The analysis uses a combination of two approaches:

(i) Wave

(ii) Particle

i) As a wave: Let us consider an electron moving through our lattice with some
energy, E, and wavenumber, k, given by the E–k diagram.
The energy of the particle is partly potential and partly kinetic, so:

𝜔𝜔 =
𝐸𝐸
ℏ

=
1
2𝑚𝑚𝑣𝑣

2 + 𝑉𝑉(𝑥𝑥)
ℏ

Generally well answered .



Differentiating gives: 

𝜕𝜕𝜕𝜕 =
𝑚𝑚𝑚𝑚
ℏ
𝜕𝜕𝜕𝜕 

From de Broglie’s postulate 𝑝𝑝 = ℏ𝑘𝑘,  so: 

𝑣𝑣 =
ℏ𝑘𝑘
𝑚𝑚

Differentiating gives us: 

𝜕𝜕𝜕𝜕 =
ℏ
𝑚𝑚
𝜕𝜕𝜕𝜕 

Substituting this into 𝜕𝜕𝜕𝜕 = 𝑚𝑚𝑚𝑚
ℏ
𝜕𝜕𝜕𝜕  produces an expression for the velocity of the 

particle: 

𝜕𝜕𝜕𝜕 =
𝑚𝑚𝑚𝑚
ℏ

ℏ
𝑚𝑚
𝜕𝜕𝜕𝜕 

∴ 𝑣𝑣 =
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

We also know the electron wave has energy, given by the Einstein postulate 
𝐸𝐸 =  ℎ𝑓𝑓 = ℏω. Substituting this into the above gives: 

𝑣𝑣 =
1
ℏ
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

(ii) As a particle: Newtonian mechanics tells us that if we apply a force to a
particle of mass 𝑚𝑚∗, it should accelerate and gain energy according to:

𝐹𝐹 = 𝑚𝑚∗ d𝑣𝑣
d𝑡𝑡

Substituting in 𝑣𝑣 = 1
ℏ
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

   from (i) 

F = 𝑚𝑚∗
d �1
ℏ

d𝐸𝐸
d𝑘𝑘�

d𝑡𝑡

=
𝑚𝑚∗

ℏ
d2𝐸𝐸
d𝑘𝑘2

d𝑘𝑘
d𝑡𝑡

Force is also the rate of change of momentum: 

𝐹𝐹 =
d𝑝𝑝
d𝑡𝑡

Substituting 𝑝𝑝 = ℏ𝑘𝑘 (de Broglie’s postulate) gives: 

𝐹𝐹 =
d
d𝑡𝑡

(ℏ𝑘𝑘)  = ℏ
d𝑘𝑘
d𝑡𝑡

Thus:

𝐹𝐹 =
𝑚𝑚∗

ℏ
d2𝐸𝐸
d𝑘𝑘2

d𝑘𝑘
d𝑡𝑡

= ℏ
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

∴ 𝑚𝑚∗ = ℏ2 �
d2𝐸𝐸
d𝑘𝑘2�

−1

Broadly OK, but a few people struggled with either the particle 
or the wave approach. 



c) 

d) (i)

For the one dimensional case we have

𝐸𝐸 = ℏ2𝑘𝑘2

2𝑚𝑚∗
 = (1.05457×10-34 J s)2×(2×109m-1)2/(2×0.5×9.1094×10-31kg)=0.30483eV 

(ii) 𝑘𝑘 = √2𝑚𝑚∗𝐸𝐸
ℏ

 

with E=kBT= 1.380649×10-23 J K-1× (273+21)K=4.0591×10-21 J=0.02534eV 

k= (2×0.5×9.1094×10-31kg×4.0591×10-21J)0.5/1.05457×10-34 J s=5.77×108 m-1 

At T=0K a LED would emit light with frequency corresponding to the band gap:  hf=Eg. At 
T>0K, thermal fluctuations broaden the spectral width if the emitted light. Thus, the frequency
uncertainty would be Δf= kBT/h=4.0591×10-21J/6.62607×10-34 J s=6.13 ×1012 Hz.

Generally OK, but a few people did not correctly align the 
diagrams, or plotted incorrectly the velocity.

Several mistakes in orders of magnitude, and use of J instead of eV.

Several mistakes in orders of magnitude, and use of J instead of eV, 
very few correct LED answers.



Q3 a) 

The first term in the Time-Independent Schrodinger Equation (TISE) represents the kinetic energy 
of a particle multiplied by the wavefunction, ψ, where ℏ is the Plank constant divided by 2π, m is 
the mass of the particle and x is position. The second term is the potential energy of the particle, V, 
multiplied by the wavefunction and the third term is the total energy of the particle, E, multiplied 
by the wavefunction. Therefore, the TISE is a statement of the conservation of energy: the total 
energy of a particle is the sum of its kinetic and potential energies. 

b) (i) Outside the well, V = ∞, and the TISE becomes:

−
ℏ2

2𝑚𝑚
𝜕𝜕2Ψ 
𝜕𝜕𝑥𝑥2 + ∞Ψ = 𝐸𝐸Ψ

This only has two possible solutions: 

Ψ(𝑥𝑥) =  0  or Ψ(𝑥𝑥) = ∞ 

The only physically realistic solution is Ψ(x) = 0 given that |Ψ|2 is the probability of finding the 
electron outside the well, of which there is clearly not an infinite probability. 

Iside the well, the TISE becomes: 

−
ℏ2

2𝑚𝑚
𝜕𝜕2Ψ
𝜕𝜕𝑥𝑥2 = 𝐸𝐸Ψ 

which has the general solution: 

 Ψ = 𝐴𝐴 cos(𝑘𝑘𝑘𝑘) + 𝐵𝐵 sin(𝑘𝑘𝑘𝑘)              (1) 

with 𝐴𝐴, 𝐵𝐵,  𝑘𝑘 unknown constants. 

We can now apply boundary conditions to determine 𝐴𝐴, 𝐵𝐵, 𝑘𝑘 

For the wavefunction to be continuous and single-valued (postulate III), the wavefunctions for 
inside and outside the boundary must be identical at the boundary, so: 

Ψ = 0 at 𝑥𝑥 = 0, 𝐿𝐿  

Applying the first boundary condition (Ψ = 0 at 𝑥𝑥 = 0) to (1) we get: 

𝐴𝐴 = 0 
∴ Ψ = 𝐵𝐵sin(𝑘𝑘𝑘𝑘) 

Applying the other boundary condition (Ψ = 0 at 𝑥𝑥 = 𝐿𝐿) gives: 

0 = 𝐵𝐵sin(𝑘𝑘𝑘𝑘) 

This means that 𝑘𝑘 can only take certain values given by: 

𝑘𝑘 =
𝜋𝜋𝜋𝜋
𝐿𝐿

where 𝑛𝑛 is an integer greater than or equal to 1 (a positive, non-zero integer). Thus: 

Generally well answered.



Ψ = 𝐵𝐵sin �
𝜋𝜋𝜋𝜋
𝐿𝐿 𝑥𝑥� 

To solve for 𝐵𝐵 we need one more boundary condition: 
– The final condition is that the integral of |Ψ|2 over all space is 1.
– This is because the probability of finding the particle is |Ψ|2, and the total

integrated probability over all space must be 1.

�|Ψ|2
𝐿𝐿

0

𝑑𝑑𝑑𝑑 = 1 

  Thus: 

Ψ = �2
𝐿𝐿 sin �

𝜋𝜋𝜋𝜋
𝐿𝐿 𝑥𝑥� 

(ii)        

Inside the well, the TISE is: 

−
ℏ2

2𝑚𝑚
𝜕𝜕2Ψ
𝜕𝜕𝑥𝑥2 = 𝐸𝐸Ψ 

At the ground state n=1, therefore: 

Broadly ok, but a few people skipped or got wrong 
some key steps.



Thus: 

𝐸𝐸 =
ℏ2𝜋𝜋2

2𝑚𝑚𝐿𝐿2
(iii) 
The Heisenberg uncertainty principle states that we cannot know precisely both the position 
and momentum of a particle. If we are confining our electron within a well of 2 nm width, then 
this must be the uncertainly in our knowledge of the electron’s position, Δx, to a first 
approximation. 

Hence: 

ΔpΔx≥ ℏ/2 

Δp≥ ℏ/2L 

The minimum kinetic energy E must be: 

𝐸𝐸 ≥
ℏ2

2𝑚𝑚4𝐿𝐿2

E≥ (1.05457×10-34 J s)2/(8×9.1094×10-31kg×4×10-18 m2)=2.38meV 

The ratio of E derived in (ii) and (iii) is  

ℏ2𝜋𝜋2

2𝑚𝑚𝐿𝐿2
∶  ℏ2

2𝑚𝑚4𝐿𝐿2
= 4π2= 39.5 

Hence the minimum E in (ii) is 93.95meV 

This is entirely compatible with the uncertainty principle as the momentum of the electron will 
always be above the minimum required by Heisenberg. 

(iv)

Generally well answered

Several mistakes in orders of magnitude, 
calculations or units



This is radically different to the classical equivalent in several ways. First, the minimum energy that the 
particle could possess classically is zero. At this energy, the particle would not be moving. The particle 
could also possess any energy above this minimum. In both cases, there would be an equal probability 
of finding the particle at any position inside the potential well. It would certainly not have 'favoured 
locations' as suggested by the quantum model 

A few perfect answers, but many with mistakes. 



Usually explained well. 
Dielectric constant of Si 
oxide to be taken from 
CUED data book (quartz), 
but full marks awarded for 
any ε assumed.

Generally answered well.



Band diagram of strong inversion generally 
drawn well, some candidates did not see 
that max. depletion links to min. C

Well answered.

Some candidates drew output 
characteristics or other diagrams. Some 
nice answers re lowest supply V, but 
also many confused comments.



If answered, then generally done well.

Not many candidates realised 
flat band situation.
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