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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).
(b) an indirect gap semiconductor.

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?

Why exciton formation is important?

(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. 
(c) what is an exciton. What determines the binding energy of an exciton. 

Differentiate between a free and a bound exciton. 
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FIG. 1. Band gap energy and corresponding wavelength vs lattice constant
of (ALGa,.,),In,_,P at 300 K. The dashed vertical line shows
(ALGa, _)qsIngsP lattice matched to GaAs (adopted from Ref. 4).




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. 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.


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. 
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.

(b) If the wavelength of emission is 460nm how white light is produced.

(c) what is the role of roughened surface to enhance extraction efficiency.  

(d) Explain briefly the role of phosphor layer. 
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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? 
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Fig. 7 (Fig. 25 Notes)
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