
3B6 Crib 2024 

Q1 (a)  Bookwork :  answer should include at least  

 
 
Very good answers might include some of the below:  not all would be expected to get full marks 

Absorption in the temporal domain causes excita�on of a valence band electron to a vacant 
state in the conduc�on band in a semiconductor material. 

 

E

E

Eg

c

v e e e e e e e _ e e e e _ e e e e _ e e
e e _ e e e e e e e _ e e e e e e e e e 

_ _ _ _ _ _ e _ _ _ _ _ _ _ e _ _ _ _ _ 
_ _ e _ _ _ _ _ e _ _ _ _ _ _ _ _ _ _ e

Photon

Photon energy:  



Ephoton = hc/λ > Eg 

 
The absorption process itself depends upon the nature of the material being illuminated. In 
semiconductors, for example, absorption within direct bandgap materials can readily occur 
without requiring momentum changes for the excited carriers. In indirect materials, phonons 
are frequently involved, allowing substantial momentum changes. This results in different 
absorption properties. 
 
This part was generally well answered. 
 

Direct bandgap semiconductor (example GaAs and InGaAsP) 
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Eph ≥ Eg     =>   λph ≤ λg 

 

Indirect bandgap semiconductor (e.g. Silicon) 
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Absorption Characteristics of Common Semiconductors: 
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(NB GaAs and GaInAs are direct bandgap materials whereas Ge and Si are indirect.) 

 Light Emission from Semiconductors: Carrier Recombina�on 
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Radia�ve recombina�on:- more likely (faster) with direct gap. 

 

Non-radia�ve recombina�on:- doesn't depend much on band structure. More likely 
(faster) with imperfect and/or impure crystals. 

Light emission in semiconductors is usually by direct injec�on of electrons.  This leads to the 
genera�on of photons when the electrons recombine with holes at a junc�on. Whilst 
absorp�on is achieved at many wavelengths, with energies greater than the bandgap, 
spontaneous emission only occurs at energies close to the bandgap corresponding to the likely 
energy separa�ons of holes and electrons. 
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b) i)  Eg = hc/eλ -> inser�ng values, bandgap = 2.75 eV 

ii) Hence 2.75V is dropped across the LED in forward bias. 

5V = 2.75V + (2+R)I => I = (5 – 2.75)/(2 + R) 

Output power = ηiηe (hc/λ) I/e 

ηi = 1/τrr / (1/τnr + 1/ τrr) = 0.667 

Subs�tu�ng values, I = 109/1 mA 

Rearranging voltage equa�on and subs�tu�ng values, R = 18.6 Ω 

Few students correctly answered the part on electrical to op�cal power conversion efficiency 

iii)  
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Rearranging and taking natural log 

T0 = (T1-T)/ln(P(T)/P(T1)) = 54 K 

iv)   
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=> at half power 0.5=exp(-β1t), => β1 = 1.386 x 10-4 hr-1 

From half power equa�on β t1/2 = β1 t1 ½ => t1/2/ t1 ½ = β1 / β = exp – Ea/k(1/T1 – 1/T) = 3597 

So half power life�me at 20 °C = 18,160 hours (2.07 years) 

c) A good answer should indicate how doping can be used to pin excitons and allow materials to exhibit 
direct bandgap performance. Separately the recombina�on rate can be approximated to R = B.Na.ninj 
and as a result, doping can be used to increase bandwidth and hence reduce rise�me. 

Most students were able to explain how doping could reduce the spontaneous life�me, and hence the 
rise �me, but few could answer how it could be used to improve efficiency. 

Indirect semiconductor: needs both 
phonon and photon of correct 

energy – not very likely 

Direct bandgap semi-conductor: 
needs only a photon of correct 

energy – much more likely 



  



Q2 a) Bookwork 

Most candidates could describe the basic requirements for lasing (gain and feedback) but didn’t 
provide a very good descrip�on of the resul�ng rela�nve performances of LEDs and lasers. 

 

b) Most students could calculate the required current above threshold, but many didn’t realise they 
needed to add to the threshold current. 

 i) P = η hc/eλ (I-Ith) 

Rearranging and subs�tu�ng in values, I = 32.4 mA 

ii) Most made a good atempt at the proof for differen�al efficiency, but didn’t explain the botom line 
of the ra�o. 

 

 



The photon life�me of the laser cavity can be readily determined by considering the amplifica�on of 
laser light as it propagates along the laser cavity. 

Assume that s�mulated emission encounters a gain per unit length (due to s�mulated amplifica�on), 
G, and a loss per unit length due to scatering and absorp�on, α, as it passes along the laser.  The gain 
G in prac�ce creates extra photons to compensate for those photons lost as the signal travels over a 
distance of unit length. 

Therefore the s�mulated light A star�ng at one facet will be incident on the opposite facet with an 
op�cal power 

B = exp {(G - α)L} A 

At that point part of the signal is reflected with a coefficient R and the signal then passes back amplified 
by 1 the same amount as above and again reflected by the ini�al facet.  Lasing ac�on will occur in the 
net round trip gain of the signal is unity i.e. if 

A. exp {(G - α)L}.R1exp{(G - α)L}.R2 = A 

 = > G = α + (1/2L)ln(1/(R1R2))        [N.B. Gain/unit length] 

 

 

 

Above threshold the differen�al efficiency is simply the propor�on of photons leaving the cavity 
through the facets over the total number of photons (those lost to the cavity at the facets plus those 
lost to scatering), ie 

( )( ) ( )
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Subs�tu�ng the given values, R = 0.571 

iii) 

 

Assume ηD doesn’t degrade with temperature 

0e0
T
T

th   J(T) J =  

Current above threshold at room temperature is therefore the same as at the high temperature, i.e. 
8.4 mA, so at this temp, Ith = 41.6 mA 

So 41.6/24 = exp (Tmax/T0) / exp (T/ T0) 

Subs�tu�ng, Tmax = 69.5 °C 

Effec�ve gain needed to overcome facet losses 



iv)  Increasing the reflec�vity reduces the required threshold current as more photons are recycled in 
the cavity but also results in fewer leaving each round trip and hence the slope efficiency (external 
quantum efficiency is reduced).  So there is a trade off been the efficiency of achieving lasing (beter 
with high reflec�vity) with the efficiency of extrac�ng the lasing photons once they are created.   For 
a par�cular required output power and laser ac�ve region design, there will be an op�mum reflec�vity.   
For a slightly increased cost it is possible to have different reflec�vi�es at either end of the cavity – so 
if you only want to extract light at one of the cavity, use 100% relec�vity at the other end and reduced 
reflec�vity at the other end to maximise useful light extrac�on for a given R1R2 product.  

c) Most could describe the structure and rela�ve merits of the ridge and buried heterostructure lasers. 

  

The ridge laser has reasonable current confinement, and the shaped surface provides a weak but 
adequate lateral waveguide. This design is very widely used for telecommunica�ons. 

 

The Buried Heterostructure laser has excellent current confinement and waveguiding, but is difficult 
and expensive to make, and is not quite as reliable as the ridge laser.  The current confining layers are 
of Ga0.4Al0.6As doped with germanium, which gives a high resis�vity.  These structures are actually 

more popular with InP / GaInAsP materials, where good quality semi-insula�ng semiconductor cannot 
be grown, so in this case the current blocking layer consists of a p-n-p sandwich of InP,  which together 
with the n  InP of the substrate gives an n-p-n-p or "thyristor" structure which always has one reverse 
biased junc�on and blocks current under low bias condi�ons. 
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Q3 (a) Answers must include the two categories: (a) those which result from the distor�on of the 
fiber from the ideal straight line configura�on (extrinsic losses) and (b) those that are inherent in the 
fiber itself (intrinsic losses). 

A lot of students missed the extrinsic losses. 

Very good answers might include some of the below:  not all would be expected to get full marks 

Extrinsic Losses - Bend Loss 

When a fibre is bent into an arc of a circle, the loss is found to be strongly dependent on the radius of 
curvature, and a semiempirical expression that is some�mes used to describe the loss is 
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c
B r
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where αB is the absorp�on coefficient due to the bend, r the bend radius and rc a constant which 
depends on the fibre parameters. Quite considerable losses can be observed when bend radii of the 
order of millimetres or less are encountered.  In prac�ce, such deforma�ons are avoided. 

Intrinsic Losses 

Losses intrinsic to silica fibres have two main sources, scatering and absorp�on losses. 

Scattering Losses  

So far we have assumed in our discussion of light propaga�on in fibres that the material is 
homogeneous. However, silica is an amorphous material and thus suffers from structural disorder: 
that is, the same basic molecular units are present throughout the material but these are connected 
together in an essen�ally random way. This results in a fluctua�on in the refrac�ve index through the 
material with each irregularity ac�ng as a point scatering centre. The scale of the fluctua�ons is of 
the order of λ/10 or less, and the scatering from these centres is known as Rayleigh scatering and 
characterised by an absorp�on coefficient that varies as λ-4.  

Absorption Losses  

Absorp�on losses in the visible and near-infrared regions arise mainly from the presence of 
impuri�es, par�cularly traces of transi�on metal ions (e.g. Fe3+, CU2+)  or hydroxyl ions (OH-). The 
later are responsible for absorp�on peaks at 0.95µm, 1.24µm and 1.39µm. Most of the drama�c 
successes in reducing fiber losses came about because of beter control of impurity concentra�ons. 

At wavelengths greater than about 1.6 µm, the main losses are due to transi�ons between 
vibra�onal states of the la�ce itself. Although the actual fundamental absorp�on peaks occur at 
wavelengths well into the infrared (in SiO2, for example, the main peak is at 9 µm), an incoming 
photon can simultaneously excite two or more fundamental la�ce vibra�ons (or phonons). Thus, a 
number of strong absorp�on bands extend all the way down to about 3µm with appreciable 
absorp�on s�ll occurring below 2µm. 

Therefore, the fibre loss cannot be reduced to zero. 

(b) (i) If the fibre is used to transmit 850 nm signals, it will become mul�-mode. Therefore, the 
intermodal dispersion will dominate. 



(ii) If the fibre is used to transmit 1550 nm signals, it will stay in single-mode. However, its material 
dispersion will increase and thus the single-mode dispersion will s�ll increase. 

(c) In any op�cal waveguide, the radia�on is restricted to travel down the guide in certain “modes” 
(mul�ple light rays). Mode: a light wave whose field distribu�on does not change as it propagates, 
except for phase, and each mode corresponds to a different electromagne�c field distribu�on in the 
fibre.  

  

 

(d) The number of modes in a step index circular waveguide is determined by a V parameter, o�en 
called the normalised frequency. V is a func�on of the fibre radius (a), the wavelength of light (λ) and 
the refrac�ve indices of the core and cladding respec�vely. 
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The n1 and n2 refers to the refrac�ve indices of core and cladding respec�vely, which are constants 
derived from a step index fibre. 

The fibre can only support one mode if V<2.405 and is then called a single mode fibre (SMF). 

(e) (i) V=2.49 

As V is slight higher than 2.405, according to the Fig. 1, there are only 2 LP modes: LP01, LP11. 

Note: The number of modes cannot be es�mated using V2/2 as V is NOT far larger than 1. 

Different modes, each at a slightly different reflection angle

Core

Cladding

Able to propagate

m is the mode number
φr is the phase change associated with the 
internal reflections 



(ii) If only the fundamental mode of the fibre is excited, it will not suffer from intermodal dispersions. 
Only waveguide dispersion and chroma�c (material) dispersion occur. Thus, it’s dispersion penalty will 
be much improved. 

(f) V=1.99, therefore, it is now a single-mode fibre at 1550nm wavelength. 

For the dispersion factor to be maintained within ±10 ps/nm-km, the wavelength range has to be from 
1240nm to 1490nm. 

However, to maintain a single-mode fibre, the V has to be smaller than 2.405, and so the wavelength 
needs to be over 1.284nm. Thus, the allowed laser wavelength range is between 1284nm to 1490nm. 

Note that a number of students did not consider the single-mode impact on the wavelength range. 

  



Q4 (a) Bookwork: 

Dri� is, by defini�on, charged par�cle mo�on in response to an applied electric field. When an electric 
field is applied across a semiconductor, the carriers start moving, producing a current.  

Carrier diffusion is due to the thermal energy which causes the carriers to move at random even when 
no field is applied. Because it is this thermal energy which drives the diffusion process, at T = 0 Kelvin 
there is no diffusion. 

Mobility and Diffusion Coefficient: The Einstein Rela�onship 

J=I/A, A, cross sec�on area 

The electron current in a semiconductor is given by: 

  J e n E e Dn n n
dn
dx= +. . . . .µ  (1) 

In equilibrium, this must be zero, so:       

 0 = +n Dn
dV
dx n

dn
dx. . .µ  (2) 

Electrons follow the Fermi–Dirac sta�s�cs/distribu�on, thus, in thermal equilibrium: 

 ( )n no
eV
kT= −exp    (3) 

k is Boltzmann constant 

and so:  
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e
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or   
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Subs�tu�ng (5) in (2)   

 0 = + −n D nn
dV
dx n

e
kT

dV
dx. . . . .µ  

  or: 

 µ µn n
e

kT n n
kT
eD D= =. .  or    

Exactly similar rela�onships apply to holes. Therefore, compared with dri�, diffusion is very slow. 

 

(b) Answers would include quantum noise, shot noise, and thermal noise, though shot noise is used to 
quan�fy quantum noise in the intensity modula�on system. 

Quantum Noise 

On a sufficiently short �me scale the signal might be represented by the quantum fluctua�on 
associated with electron photon interac�on. This quantum noise is known as shot noise. In physics, 



quantum noise refers to the uncertainty of a physical quan�ty that is due to its quantum origin. In 
certain situa�ons, quantum noise appears as shot noise; for example, most op�cal communica�ons 
use amplitude modula�on, and thus, the quantum noise appears as shot noise only. For the case of 
uncertainty in the electric field in some lasers, the quantum noise is not just shot noise; uncertain�es 
of both amplitude and phase contribute to the quantum noise. This quantum noise leads to a 
fundamental limit for signal detec�on in a photodiode. If we assume no noise from any other source 
a sta�s�cal descrip�on of the noise process can be used to es�mate the minimum number of 
photons required to detect a signal. 

Shot Noise 

This is the major inherent source of op�cal noise in detec�on systems. The noise originates in op�cal 
detec�on processes from the quantum nature of the fluctua�ons in the received signal. It is an effect 
not only observed in op�cal devices but also in all electrical devices where carriers interact with 
junc�ons or interfaces (e.g. at electrical diode junc�ons). 

Thermal or Johnson Noise 

Any dissipa�ve element in a system introduces noise due to the random interac�ons involved in the 
dissipa�on process. Thus in an electronic circuit, any resistance gives rise to this (thermal or Johnson) 
noise as a consequence of the random thermal mo�ons of the charge carriers. For further 
explana�on, this is generated by the thermal agita�on of the charge carriers, due to their random 
mo�on. This is caused by heat, in regardless of any applied voltage. This may be observed as current 
fluctua�ons in the resis�ve component or as corresponding voltage fluctua�ons across the terminals. 

 

(c) The most basic photodiode bias circuit is shown below. 

 

 
 
Here the photocurrent generated in the photodiode also passes through a resistor, thus genera�ng a 
voltage 

Vo = IsigR 
 

However, there is a capacitance associated with the deple�on width of the photodiode and so, once 
a frequency higher than DC is applied we need to take this into account. It is possible to draw the 
small signal equivalent circuit for the circuit above. 

 
 
 
 
 
 

+V 
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 V0 

C R Isig Vo 



 
Consequently the output voltage will be given by the signal current driving the parallel RC 
combina�on i.e., 

Vo = Isig x ( R || 1/jωC )  

     = Isig R / (1 + jωCR)   

This gives a 3dB bandwidth of ω = 1/CR or f = 1/2πCR. 

Bookwork: 

 

Very good answers might include some of the below:  not all would be expected to get full marks 

A p-i-n photodiode consists of an intrinsic “undoped” region sandwiched between heavily doped p+ 
and n+ regions. The deple�on layer is almost completely defined by the intrinsic region. 

 

(d) The terms in the bracket refers to conduc�vity,  



∆σ =  q ( µe.∆n  +   µh∆p )   (3.3) 

But the increase in electron numbers, ∆n , is equal to the rate of generation of electrons, g , 
mul�plied by the recombina�on �me for electrons, τr. The hole genera�on rate will be the same, and 
we can almost always use the same recombina�on �me τr  ,, so: 

    ∆n  =  ∆p   =   g .τr    (3.4) 

so subs�tu�ng in the equa�ons above, the increase in current due to op�cal absorp�on in the 
photoconductor is: 

    ∆I
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but the current generated in a photodiode would be simply the arrival rate of photons integrated 
over the ac�ve volume, ie. 

    ∆I g e.L Aphotodiode = . .    (3.6) 

And we define photoconduc�ve Gain as: 
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The equa�on above is not obvious in its meaning, but physical understanding can be gained from 
no�ng that: 

 
V
L

E     and E Ee e p p= = =     v     and similarly    v. .µ µ   (3.8) 

Subs�tu�ng in (3.7) from (3.8) we then have: 

    G
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But  
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    and           (3.10) 

where    are the electron and hole transit times respectivelyτ τet pt, , and so: 

    G r

et

r

pt
= +
τ
τ

τ
τ

     (3.11) 

The gain corresponds then to the number of electrons that cross the photoconductor before an extra 
electron (or hole) recombines plus the number of holes crossing in the same period. 

 

(e) The link dominated noise source is shot noise. 
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