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1. Consider the semiconductor GaAs, at 300 K, and two types of deep-level traps that are found in this 
semiconductor. One of these trap levels is located directly at the midgap position; the other one is 
located 590 meV below the conduction band (CB).  
(a) What are impurities? What are native defects? Can deep-level traps be caused by (i) impurities, 

(ii) native defects, or (iii) both?  
(b) Which of the two traps (midgap or 590 meV below CB) is more deleterious for the operation of 

the device? 
(c) Calculate the ratio of the non-radiative recombination lifetimes associated with the two traps (feel 

free to assume that the Fermi level of intrinsic GaAs is located at midgap).  
(d) Assume that the midgap trap results in a non-radiative recombination lifetime of 1 ns. What is the 

lifetime associated with the traps located 590 meV below the conduction band?  
(e) Assume that the semiconductor contains only one type of trap, namely the one located 590 meV 

below the conduction band. Assume further that the radiative lifetime is 10 ns. What is the 
internal quantum efficiency of the material?  

(f) Assume that the semiconductor is now heated to 450 K. What is the lifetime associated with the 
590-meV trap? 

(g) What is the internal quantum efficiency of the material at 450 K? 
(h) What is the internal quantum efficiency of the material at 77 K? 

 
 

Solution: 

(a) Impurities are foreign atoms added into semiconductors. Native defects are defects which 

come from a semiconductor itself. Native defects include interstitial lattice atoms, vacancies, 

and antisite defects. Both foreign impurities and native defects can cause deep-level traps. 

(b) The trap level located at the middle of the gap is more deleterious. According to the equation:  

߬  ൌ  ߬୬బ ൤1 ൅ cosh  ൬
Tܧ െ ܧF୧

݇ܶ ൰൨ 

The non-radiative life time is minimized if ET – EFi is zero. Therefore deep levels are very 

effective recombination centers if they are near the middle of the gap, which is deleterious to 

the operation of the device. 

(c)  The ratio of non-radiative lifetimes of the two traps is: 

߬ହଽ଴ ୫ୣV ୠୣ୪୭୵ ୲୦ୣ ୡ୭୬ୢ୳ୡ୲୧୭୬ ୠୟ୬ୢ 
߬୫୧ୢ୥ୟ୮

 ൌ  
1 ൅ cosh  ൬ሺܧୡ െ  590 meVሻ െ ሺܧୡ െ 1.42 eV 2⁄ ሻ

8.6175  ൈ 10ିହ  eV K⁄  ൈ 300 K ൰

1  ൅ cosh  ሺ0ሻ

ൌ  
1 ൅ cosh  ൬ 1.42 eV 2⁄  െ  590 meV

8.6175  ൈ 10ିହ  eV K⁄  ൈ 300 K൰

1  ൅ cosh  ሺ0ሻ ൌ 26.4  

(d)  26.4 ns 

(e)  Internal quantum efficiency: 

η୧୬୲ ൌ  
߬୰ିଵ

߬୰ିଵ ൅ ߬୬୰ିଵ
ൌ  

1
10 ns

1
10 ns  ൅ 

1
26.4 ns 

ൌ 73%  
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(f)  Lifetime associated with the 590-meV trap at 450 K is: 

߬ସହ଴ K ൌ  26.4 ns  ൈ 
1 ൅ cosh  ൬ 1.42 eV 2⁄ െ  590 meV

8.6175  ൈ 10ିହ  eV K⁄  ൈ 450 K൰

1 ൅ cosh  ൬ 1.42 eV 2⁄ െ  590 meV
8.6175  ൈ 10ିହ  eV K⁄  ൈ 300 K൰

ൌ 6.0 ns 

(g)  Internal quantum efficiency at 450 K: 

η୧୬୲ ൌ  
߬୰ିଵ

߬୰ିଵ ൅ ߬୬୰ିଵ
ൌ  

1
10 ns

1
10 ns  ൅ 

1
6.0 ns 

ൌ 37.5%  

(h)  Non-radiative lifetime at 77 K: 

߬଻଻ K ൌ  26.4 ns  ൈ 
1 ൅ cosh  ൬ 1.42 eV 2⁄ െ  590 meV

8.6175  ൈ 10ିହ  eV K⁄  ൈ 77 K൰

1 ൅ cosh  ൬ 1.42 eV 2⁄ െ  590 meV
8.6175  ൈ 10ିହ  eV K⁄  ൈ 300 K൰

ൌ 1.8  ൈ 10଻ ns 

Internal quantum efficiency at 77 K: 

η୧୬୲ ൌ  
߬୰ିଵ

߬୰ିଵ ൅ ߬୬୰ିଵ
ൌ  

1
10 ns

1
10 ns  ൅ 

1
1.8  ൈ 10଻ ns 

ൌ 100% 

 

 

 

2. A 460 nm blue LED is tested in a manufacturing environment by measuring the Vf = 9.0 V at 
500 mA. Note that the large forward voltage indicates that there is a problem with the series 
resistance of the device. The device has an external quantum efficiency of 20%.  
(a) What is the total optical power emitted by the device? 
(b) What is the power consumed in the series resistance? 
(c) What the power dissipated in the active region due to non-radiative recombination?  
(d) What is the total thermal power dissipated in the device?  
(e) What is the electrical input power of the device?  
(f) Assume that the device has a package with a thermal resistance of 25 K/W and assume that 

the ambient temperature is 20°C. What is the junction temperature (= device temperature)?  
 
 
Solution: 

(a) Number of 460 nm photons emitted:  

ܫ
݁  ൈ  ηୣ୶୲ ൌ  

500 mA
1.60  ൈ  10ିଵଽ C  ൈ 20% ൌ 6.25  ൈ 10ଵ଻ sିଵ 

 Total optical power emitted:  

ܲୣ ୫୧୲୲ୣୢ ୮୭୵ୣ୰ ൌ  6.25  ൈ 10ଵ଻ sିଵ  ൈ 
6.63  ൈ 10ିଷସ Js  ൈ 3.0  ൈ 10଼ msିଵ 

460 nm ൌ 0.27 W 

(b) Energy of a 460 nm photon: 

୮୦୭୲୭୬ܧ ൌ  ݄ܿ λ⁄ ൌ 2.696 ܸ݁ 
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Power consumed in the series resistance: 

ୱܲୣ୰୧ୣୱ ୰ୣୱ୧ୱ୲ୟ୬ୡୣ ൌ ൫ ܫ  ୤ܸ  െ ୥ܧ  ݁⁄ ൯ ൌ  500 mA  ൈ ሺ9.0 V െ  2.696 Vሻ ൌ 3.15 W 

(c) Power dissipated in the active region due to non-radiative recombination: 

୬ܲ୭୬ି୰ୟୢ୧ୟ୲୧୴ୣ ൌ  0.27 W  ൈ 
1 െ 20%
20% ൌ 1.08 W 

(d) Total thermal power dissipated in the device: 

୲ܲ୦ୣ୰୫ୟ୪ ൌ   ୱܲୣ୰୧ୣୱ ୰ୣୱ୧ୱ୲ୟ୬ୡୣ ൅  ୬ܲ୭୬ି୰ୟୢ୧ୟ୲୧୴ୣ ൌ  3.15 W ൅ 1.08 W ൌ 4.23 W 

(e) Electrical input power:  ܲୣ ୪ୣୡ୲୰୧ୡୟ୪ ୧୬୮୳୲ ൌ ܫ ୤ܸ ൌ 500 mA  ൈ 9.0 V ൌ 4.5 W 

(f) Temperature of the device:  ܶ ൌ  20 Ԩ ൅ 25  K W⁄  ൈ 4.23 W ൌ 125.8 Ԩ 
 

 

3. A 300 nm AlGaN LED, a 360 nm GaN LED, and a 450 nm GaInN LED are tested by a 
photoluminescence measurement, which uses optical excitation of electron-hole pairs to 
investigate the optical emission properties of devices. Three laser sources are available for 
excitation: (i) a frequency-quadrupled Nd:YAG laser emitting at 266 nm, (ii) a He-Cd laser 
emitting at 325 nm, and (iii) a GaInN-based semiconductor laser emitting at 405 nm. 
(a) Which laser source(s) is/are suitable for excitation of the 300 nm AlGaN-based LED? 
(b) Which laser source(s) is/are suitable for excitation of the 360 nm GaN-based LED? 
(c) Which laser source(s) is/are suitable for excitation of the 450 nm GaInN-based LED? 
(d) The blue LED has GaInN quantum wells (QW) emitting at 450 nm and GaN quantum 

barriers. Which laser source(s) is/are suitable to optically excite only the active QW region of 
the LED? (Explain) 

(e) Assume that one uses a 405 nm laser with a power of 1 mW to pump the blue LED. What is 
the number of incident photons per second? 

(f) The blue LED has five QWs, each QW having a thickness of 3 nm. Assume that the 
absorption coefficient of the QW is ߙ ൌ 5 ൈ 10ସ cmିଵ  at 405 nm, how much power is 
absorbed?  

(g) What is the number of photons absorbed per second? 
(h) If this LED emits 1.0 × 1013 photons per second, what is its external quantum efficiency?  
  

 

Solution: 

(a) A photon with energy ݄ν  ൒  ୥ can be absorbed in a semiconductor, therefore only theܧ 

266 nm laser is suitable for testing the 300 nm AlGaN-based LED. 

(b) The 266 nm laser and the 325 nm laser are suitable for testing the 360 nm GaN-based 

LED. 

(c) All of the three lasers are suitable for testing the 450 nm GaInN-based LED. 
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(d) The GaN barrier has a bandgap energy of about 3.4 eV (~ 360 nm), therefore the 405 nm 

laser can be used to test the GaInN quantum well (450 nm) without exciting the GaN 

barrier. 

(e) The number of incident photons per second: 

୭ܲ୮୲୧ୡୟ୪

݄ܿ λ⁄ ൌ  
1 mW

൬6.63  ൈ 10
ିଷସ Js  ൈ 3.0  ൈ 10଼ msିଵ 

405 nm ൰ 
ൌ  2.04  ൈ 10ଵହ sିଵ 

(f)  ୧ܲ୬ୡ୧ୢୣ୬୲  ൌ   ଴ܲ, 

 ୲ܲ୰ୟ୬ୱ୫୧୲୲ୣୢ  ൌ   ଴ܲ eିఈ௟ 

ୟܲୠୱ୭୰ୠୣୢ  ൌ   ୧ܲ୬ୡ୧ୢୣ୬୲  –  ୲ܲ୰ୟ୬ୱ୫୧୲୲ୣୢ  

ൌ ଴ܲ ሺ1 – eିఈ௟ሻ ൌ  1 mWൈ ൫1 െ eି ହ ൈ ଵ଴ర ୡ୫షభ ൈ ହ ൈ ଷ ୬୫ ൯ ൌ  0.072 mW 

(g) The number of absorbed photons: 

ୟܲୠୱ୭୰ୠୣୢ

݄ܿ λ⁄  ൌ  
0.072 mW

൬6.63  ൈ 10
ିଷସ Js  ൈ 3.0  ൈ 10଼ msିଵ 

405 nm ൰ 
ൌ  1.47  ൈ  10ଵସ sିଵ 

(h) External quantum efficiency: 

ηୣ୶୲ ൌ  
number of 450 nm photons emitted per second
number of 405 nm photons absorbed per second ൌ  

1.0  ൈ 10ଵଷ sିଵ

1.47  ൈ 10ଵସ sିଵ ൌ 6.8% 


