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Fig. 1. A forward biased N-AlGaAs-p GaAs diode. Fig. 1(b) band diagram of a double heterojunction 
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Fig. 2 shows the energy of injected electrons at a point x on the p-side.    


Q.1. Write the conservation of energy and momentum equations when recombination takes place in:(a) a direct gap semiconductor (Fig. 2).

GaAs, direct gap (Fig. 2b): No phonon absorption or emission.

Energy conservation:
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, and momentum conservation:.
(b) Si, indirect gap (Fig. 2a): Indirect transitions emit photons via phonon absorption or emission.
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Momentum conservation
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, here ke is the wavevector for electrons, kh for holes, kphoton and kphonon. kphoton is 100 or so times smaller than kphonon and ke and kh and thus neglected. 

Q.2. (a) In an n-p GaP LED, red light is emitted using exciton transitions when p-side is doped with oxygen forming near neighbor Zn-O complex. 

What is the emission wavelength? 
Photon energy (in Zn-O excitonic transitions) = 2.24 (band gap of GaP) - 0.3 (Zn-O level below conduction band edge) – 0.04 (exciton binding energy Eex) =  1.9eV

Wavelength corresponding to 1.9eV photon = 6500A or = 1.24/1.9eV
Why exciton formation is important? 
Excitons formation relaxes the momentum conservation and results in nearly direct transitions with higher quantum efficiency than in indirect gap GaP. That is, we can now have electron in the conduction band recombine holes without phonon assistance.

Optional: Excitons are formed near Zn-O complex and their position x and its variation x is well defined. As a result the momentum value p and its variation p could be large due to Heisenberg uncertainty principle x*p  ~ h/2. If x is very small, p could be large, and this makes downward transitions possible with different k vector values for electrons and holes. 
(b) In an n-p GaP LED, red light is emitted using exciton transitions when p-side is doped with nitrogen forming isoelectronic impurity states near the conduction band. This LED emits in green spectral regime very efficiently.

What makes this LED emit in green efficiently, while regular GaP diode emit in green very inefficiently.   
Answer: Nitrogen doping introduces an energy state 0.08eV below the conduction band.
The injected electron fall down from conduction band of p-region into this Nitrogen level and form an exciton with a binding energy of 0.0004eV.

As a result of excitonic decay a photon is emitted with h = 2.24 – 0.08 - 0.004 = 2.156eV.

This corresponds to a wavelength of 0.5751micron or 5751Angstroms. 
(c) What is an exciton? What determines the binding energy of an exciton? 

Exciton is a pair of electron and hole. Hole being heavy and electron being lighter. So electron revolves around the hole like an electron in a hydrogen nucleus. 
Differentiate between a free and a bound exciton. 

Bound exciton forms around impurities like Zn-O sites or Nitrogen sites.  A free electron forms when electron and hole forms pairs that are free to move in a layer. Page 290 of Notes shows the expression for the binding energy of an exciton.
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(1)

Where: mr = reduced watts of the exciton 
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(2)

q = electron charge, εr = dielectric constant of GaP, h = Plank's constant

Q3. NO Question
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Fig. 3b Lattice constant versus energy gap.


Q.4 Find material composition of AlGaInP that will emit at 6500Å, 5500λ, 5850Å. Use the energy gap vs lattice constant given in Fig. 3b. Use vertical dash line (AlxGa1-x)0.5In0.5P.

Q.4 Find material composition of AlGaInP that will emit at 6500Å, 5500λ, 5850Å. Use energy gap vs lattice constant (Fig. 3b). Use vertical dash line (AlxGa1-x)0.5In0.5P. See also page 3. 
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Supplemental information for Q. 4. 
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We do not need a ruler as energy on the y-axis are known. 

Aluminum composition for Point ‘1’with energy 1.9eV

Length of ‘01’ is the energy value of Point ‘1’ with respect to GaAs (which is 1.43eV)

Fraction of aluminum= length ‘01’/length ‘04’ = (1.9 -1.43)/(2.36 – 1.43) = 0.47/0.93 = 0.505.

Fraction of gallium = 1- fraction of Al = 1- 0.505 = 0.495.

Thus Point ‘1’ has the composition (Al0.505 Ga0.495)0.5In 0.5P

Aluminum composition for Point ‘2’

Length of ‘02’ is the energy value of Point ‘2’ 2.25eV and subtract GaAs energy of 1.43eV.

Fraction of Al at point ‘2’ = length ‘02’/length ‘04’ = (2.25-1.43)/(2.36 – 1.43)

 = 0.82/0.93 = 0.88.

Fraction of gallium = 1- fraction of Al = 1- 0.88 = 0.12.

Thus Point ‘2’ has the composition (Al0.88 Ga0.12)0.5In 0.5P

Aluminum composition for Point ‘3’

Energy of point ‘3’ is 2.12eV.

Fraction of Al at point ‘3’ = length ‘03’/length ‘04’ = (2.12-1.43)/(2.36 – 1.43) = 0.69/0.93 = 0.74.

Fraction of gallium = 1- fraction of Al = 1- 0.74 = 0.26.

Thus Point ‘3’ has the composition (Al0.74 Ga0.26)0.5In 0.5P

Q. 5. An n+-p GaAs0.6P0.4 homojunction diode is schematically shown in Fig.4. 

(a) Calculate In (x=xp) and Ip (x=-xn) at a forward bias of Vf =1.55 Volt. 

(b) Find number of photons generated per second in the p-region. 

(c) Determine the wavelength of light generated in the medium and as viewed in air. 

(d) Identify the location and length of the region where most of the photons are generated.

(e) Calculate the internal efficiency int. at forward bias Vf of 1.5 volts and 1.55V. 

HINT: int = q * inj   Given--quantum efficiency in GaAs0.6P0.4 is q= 0.25.
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(f) Find the extraction efficiency extraction.
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The device parameters are: n+ side


p-side
ND = donor concentration=1x1018 cm-3
Acceptor concentration NA=1x1016 cm-3
Minority hole lifetime p =5x10-9 sec

Minority electron lifetime n =1x10-8 sec

Hole diffusion coefficient Dp=10 cm2/s
Electron diffusion coefficient Dn=50 cm2/s

Assume all donors and acceptors to be ionized at 300K.

GaAs0.6P0.4 energy gap Eg= 1.85 eV

Band gap type = direct, Intrinsic concentration at 300K ni = 300 cm-3 

ni at 500K = 1x109 cm-3, Junction area A = 1x10-3 cm2,

Dielectric constant r =12.84, Free space permittivity o =8.854x10-14 Farad/cm,

Temperature T =300K unless specified.

Index of refraction, nr, of GaAs0.6P0.4 =3.58 Quantum efficiency q= 0.25.
Electron effective mass mn = 0.067 mo, hole effective mass = 0.62mo
Electron charge q=1.6x10-19 Coulombs, Boltzmann constant k=1.38x10-23 J/K
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	Fig. 4. A forward biased nGaAs0.6P0.4 - pGaAs0.6P0.4 diode.
	Fig. 5 An encapsulated LED showing layers reducing losses and improving extraction efficiency.


Solution


a) 
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In (xp) =996.49 x 10-5=9.9649 x 10-3 A
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Ip (-xn) = 631.856 x 10-7 A=6.3185 x 10-5 A

                        I = In (xp) + Ip (-xn) = 9.9649 x 10-3 + 6.3185 x 10-5 = 10.028*10-3 A
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(b) Photons generated in the p-region = 
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(c) Energy of photons Eg ≈ hυ = 1.85 eV

Wavelength in air 
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(d) The photon number goes by 1/e in a distance Ln and 1/e2 in a distance 2Ln = 2*7.07μm from the junction. Thus they are generated within Ln or 2Ln  from the edge of the junction on p-side. 

(e) Internal efficiency:  
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Thus the internal efficiency at this bias is 0.9937* 0.25 = 0.2489. 

(f) Compute the extraction efficiency of the light received from the n-side of the junction. Use an index of refraction value 3.58 for GaAsP.
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Q.6. Fig. 5 shows an encapsulated LED with various layers used to reduce losses. Identify all layers that improve extraction efficiency, and outline steps to compute the new efficiency. 
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	Fig. 5 An encapsulated LED showing layers reducing losses and improving extraction efficiency.


Layer nr2 or AR coating is used for antireflection of photons traveling towards front surface.

nr3 layer represents epoxy dome which improves the value of  critical angle. This gives additional transmission. 

nr1 layer is to enhance reflectivity of 50% photons traveling towards the back/bottom Ohmic contact.

Q.7 Figure 6 (Fig. 33 Notes) shows a white LED using InGaN quantum well.

(a) Identify the layer in which electrons and holes recombine.

Answer: Quantum well InGaN layer.
(b) If the wavelength of emission is 460nm how white light is produced.

By converting 460nm photons using red and green phosphors. 
(c) what is the role of roughened surface to enhance extraction efficiency. 
1. To avoid surface reflection.

and 

2. To enhance critical angle.  

(d) Explain briefly the role of phosphor layer. 

Same as part (b). 

By converting 460nm photons using red and green phosphors. 
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Fig 6 (Fig. 33 Notes) Blue LED with green and red phosphor layer to produce white light using flip chip p-GaN. 2009.7 (August 2009) Philips Lumileds Rebel warm white light lamp [4].


Q.8 what is a truncated inverted pyramid LED structure shown in Fig. 7 achieve to improve performance? 
Improved Extraction Efficiency. 
This is achieved by:

(1)  Reflecting downward going photons.
(2) Reflecting photons incident greater than critical angle.
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Fig. 7 (Fig. 25 Notes)
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