UConn/ECE4243-6243 HW #9 with Solutions LEDs-Lasers-I: 1025/16  F. Jain  
Q1.Figure 33 shows an n-GaN/n-InGaN/n-GaN LED with double heterostructures.
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Notes Fig. 32. Green LED using InGaN with higher indium composition than diode of Fig. 27.

	Fig. 1(Fig. 33 notes) Blue LED with green and red phosphor layer to produce white light using flip chip p-GaN fully metalized design. 2009.7 (August 2009) Philips Lumileds Rebel warm white light lamp [4].


Fig. 2 Right panel top. (Fig. 32)

Fig. 3. Right panel bottom (fig. 27 Notes)
	
[image: image3.emf]Au Ohmic Contact

4.8µmp-GaN (Mg) 1020°C

200ÅN-InGaN (Si doped) 800°C

4µm N-GaN (Si doped) 1020°C

250ÅBuffer AlGaN-Si doped 510°C

(0001) Sapphire (C-Face)

Al Contact

Fig. 27. Cross-section of AlGaN-InGaN-GaN layers. 

Here p GaN layer is replaced by AlGaN layer.  


 (a) Identify the layer in Figs. 1, 2 and 3 where photons are generated.

(b) InGaN is a thin layer with thickness of 30Å as is shown in Fig. 2, what is it called?

Quantum well


quantum wire


quantum dot

(c) What is the electron energy and heavy hole energy relationships for a 30Å thin layer or quantum well? 

HINT: Infinite well problem page 21 Eq. 5. For electron mass use me and for holes use mhh.
Electron

Hole

(d) If the light is emitted at 460nm (0.46 microns) what is the energy gap of InGaN layer to emit this wavelength. Given
(e) What is the role of phosphor layer in Fig. 1.

(f) What is the role of surface roughened layer which produces nano-pyramids?

Q2. (a) Double heterojunction (DH) structure using AlGaInP layers (Figs. 6/7) can emit light in 


Red


Green



both

(b) Why GaAs substrate is removed and replaced by GaP substrate or wafer. Circle one.

Less absorption of photon in GaP

more absorption of generated photons

Hint; the process steps are: 1. Grow AlGaInP layers to form p-n heterojunction on GaAs substrate, 2. Remove GaAs and mount DH layers on P-GaP, 3. Remove GaAs substrate, 4. Mount on n-GaP substrate/wafer using wafer bonding, 5. Put P-GaP layer down on a heat sink, and 6. Encase in epoxy dome.
(c) What is the role of truncated inverted pyramid (TIP) structure? Circle one. 
Higher injection efficiency
higher extraction efficiency

higher quantum efficiency. 

                                   Double Heterostructure (DH) LED





























Q3(a) When electrons are injected from n-GaP layer into p-GaP layer having O atoms with in Zn-O neighbors, and before  recombination they form  excitons. What is the emitting light
Red





green 
(b) What is the expression of exciton binding energy?
(c) Does the exciton binding energy depend on the dielectric constant of the layer in which photons are emitted? 




YES


NO





LASERs

Q.4 (a) Compute the photon density (h)in the region shown by a box of thickness 2Ln, width W and length L (Fig. 6) in p-GaAs side. Assume the forward current I is 10mA.  The top contact stripe has a width W=5 m and L = 500 microns (in z-direction). Assume injection efficiency to be 0.999 and quantum efficiency to be 0.95. The diffusion length Ln= 1 m.
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	Fig. 6 An abrupt n-AlGaAs-p GaAs single heterojunction (SH) diode under forward bias.
	Fig. 7 An n-AlGaAs-p GaAs-P AlGaAs double heterojunction (DH) diode under forward bias.


(b) Compute the photon density in the active layer GaAs of double heterojunction (DH) diode of Fig. 7. This device has the same contact stripe W on Al0.35Ga0.65As, and thickness of p-GaAs is d= 0.1 m, and length L =500 m in z-direction in the double heterojunctions (DH) diode. 

Q5(a)  Find wavelength m, m+1, and m-1 of three successive cavity modes for the In0.65Ga0.35As0.75P0.25 active layer with a cavity length of 500micron. The index of 

is given by








(j)
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 or use Eq. 22 Chapter 5 with dnr/d from 1.5.
(b) What is the procedure of finding the composition of InGaAsP lattice matched to InP to emit 1.55 micron. Note laser is different from LED due to Bernard-Duraffourg condition. 

Q. 6. (a) The energy band diagrams for the diodes of Fig. 7 is shown below. Justify values of Ec and Ev at heterostructure boundaries. .  
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Fig. 17 Notes
(b) What is the role of pGaAs-pAlGaAs (iso-type) heterojunction in confining the injected electrons in the p-GaAs layer?
BONUS Questions
(c) Find the forward bias current at a Vf =1.2V in the device Fig. 6. 

Given: n+-side: Donor concentration ND= 2x 1018 cm-3
minority hole lifetime (p=2(10-9 sec.


Minority hole diffusion coefficient Dp=10 cm2/sec.


Intrinsic carrier concentration ni (AlGaAs)=300 cm-3
p-GaAs : Acceptor concentration NA= 3x1016 cm-3, All donors/acceptors are ionized.
(n=10-8 sec. Dn=100 cm2/sec; Junction area A=10-3 cm-2, (0=8.85(10-14 F/cm, (s=(r(0. T=300 (K. 

Intrinsic carrier concentration ni (GaAs) ~ ni(AlGaAs) x exp[+Eg/2kT] = 300 e+Eg/2kT cm-3 [Here, Eg = Eg(AlGaAs)- Eg(GaAs)].  

p-AlGaAs: same as n+ side except it is doped with acceptors.
Additional information: Given:
n-side AlGa1-As: 
Effective mass:  electrons me=mn= (0.067 + 0.083)mo, for < 0.45;

Energy gap 
Eg (AlGa1-As) = 1.424 + 1.247 (for <0.45);  and 

Eg = 1.9 + 0.125 +0.1432 (for >0.45). Eg= 1.247(for  <0.45).

Dielectric constant:  = 13.18 –3.12, and o = 8.854x10-14 F/cm
p-side: Effective mass of holes (density of states calculations) mh=mp= [(mlh)3/2 + (mhh)3/2]2/3  mo, 

mlh = 0.087 + 0.063 , and mhh = 0.62 + 0.14 [for GaAs,  = 0].Electron affinity in GaAs q  eV.  HINT: Electron affinity of AlGaAs can be obtained from the following relation.
qAlGaAs) = 4.07 - Ec, as qqEcEc = 0.6 Eg where Eg= 1.247
Ec/Ev = 60/40 (i.e. Ec = 0.6 Eg where Eg= 1.247; 

and Ev = 0.4 Eg);   as Ec+Ev=Eg, Eg = Eg(AlGaAs) – Eg (GaAs)].
Q7. (a) Evaluate the threshold current density JTH of a pAlGaAs-GaAs-nAlGaAs laser diode (Fig. 7) having an active layer thickness d=0.05 (m, cavity length of 500 (m, and cavity or contact width of 10(m.   
Given: Internal quantum efficiency q= 0.95, Confinement factor  = 0.5, Reflectivity of cavity facets R1=R2=R= 0.3, Spontaneous emission line-width s =6.2 x1012 Hz, Absorption coefficient in the cavity at the lasing wavelength  =20cm-1, and, Z(T)~0.8. Dielectric constant:  = 13.18 –3.12, index of refraction nr = (r1/2.
[Note that Z(T) depends on quasi Fermi levels, which depend on forward biasing current, and the emitting photon energy].

(b) Compare JTH with pAlGaAs-GaAs laser of Fig. 6.
P-GaP Cap layer (Window) Eg3 =2.24
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Fig. 4 Notes Fig 6. AlInGaAs epitaxial layers are transferred from GaAs to GaP substrate. substrate.  substrate
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Fig. 5 Notes Fig 7. Truncated inverted pyramid (TIP) LED with ~>50% extraction efficiency extraction. 
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