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Part I: Answer the 5 multiple choice questions below by entering them on your IDP-15 Scantron. 

1 (8 points). Which of the following is/are basic requirement(s) for a laser to operate? 

a. Gain medium 

b. Resonant cavity 

c. Low-bandgap semiconductor 

d. a and b 

e. All of the above 

2 (8 points). The depletion and potential drop in the metal side of the Schottky diode is? 

a. Very small, negligible 

b. Small, but not negligible 

c. Large 

d. Must know doping of metal 

e. Under steady-state conditions 

Note: also counted A as correct for Question 2, because of possible confusion from review session. 

3 (8 points). In the following diagram, what non-ideality accounts for the current roll-over at large 

reverse biases (𝑉𝐴 < −38 V)? 

 

 a. Recombination in the space-charge region 

 b. Avalanche diode effect 

 c. Generation in the depletion region  

 d. Diffusion current 

 e. Series resistance 
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4 (8 points). For a metal-semiconductor diode, which of the following is true? 

a. The saturation current density is much larger than a PN junction with the same bandgap 

semiconductor 

b. The 𝑛 = 2 current is absent 

c. The diode turn-on voltage is reduced, compared to a PN junction made from the same 

semiconductor 

d. All of the above 

e. None of the above 

5 (8 points). A small incremental (positive) voltage is applied to a diode. What is the source of the charge 

on the plates of the depletion capacitor? 

a. Majority carriers at the edges of the depletion region 

b. Minority carriers at the edges of the depletion region 

c. Majority carriers at the metallurgical junction 

d. Minority carriers at the metallurgical junction 

e. Ionized dopants at the contacts 
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Part II (Free Response, 30 points) 

Consider the energy band diagrams of a metal and a semiconductor shown below. The semiconductor 

has a relative dielectric constant of 12, an electron affinity 𝜒 = 3.25 eV, Φ𝑠 = 3.5 eV, and a bandgap 

𝐸𝑔 = 1.0 eV. The metal has a workfunction Φ𝑀 = 4.0 eV. Answer the following questions. 

 

a. (10 pts) Draw the equilibrium band diagram for an ideal metal-semiconductor (MS) 

structure formed from the pictured components with the indicated parameter values. 

 

 

 

Continued on next page….  
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b. (4 pts) Is this ideal MS structure rectifying or Ohmic? Justify your answer. 

Rectifying, because the metal workfunction exceeds the vacuum electron affinity of the 

semiconductor. 

 

 

c. (8 pts) What is the MS barrier height Φ𝐵? Label the diagram accordingly. 

Φ𝐵 = Φ𝑀 − 𝜒 = 4.0 eV − 3.25 eV = 0.75 eV 

 

 

d. (8 pts) What is the built-in voltage 𝑉𝑏𝑖 of this MS structure? 

𝑉𝑏𝑖 = Φ𝑀 − Φ𝑆 = 4 eV − 3.5 eV = 0.5 eV 
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Part III (Free Response, 30 points) 

Consider the p+/n/n+ diode illustrated below. Assume that the n region doping 𝑁𝐷 = 3 ∙ 1015 cm-3, 

while doping values in the p+ and n+ regions are so large that their depletion widths are negligible. 

 

 

 

Also assume that 𝑉𝑏𝑖 = 1.1 V, 𝐾𝑠=12, 𝐽𝑜 = 0.14 nA/cm2, 𝜏 = 1 𝜇s, and that the capacitance as a function 

of voltage is measured as below: 

 

 

 

a. (10 pts) Calculate the minimum capacitance per unit area. 

𝐶𝐽

𝐴
=

𝜖

𝑑
=

12 ∙ (8.854 ∙ 10−14 F/cm)

2 ∙ 10−4 cm
= 5.3 

nF

cm2
 

 

 

 

 

Continued on next page….  
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b. (10 pts) What is the diode complex admittance per unit area as a function of frequency 

𝜔 [in MHz] when 𝑉𝐴 = 0? Justify your answer. 

𝑌/𝐴 = 𝑗𝜔 (
𝐶𝐽

𝐴
+

𝐶𝐷

𝐴
) +

𝐺𝑠

𝐴
= 𝑗𝜔 (5.3 

nF

cm2
+

0.14 nA/cm2

0.0259 V
∙ (1 𝜇s)) +

0.14 nA/cm2

0.0259 V
 

𝑌

𝐴
= (𝑗𝜔 ∙ 5.3 + 5.4 ∙ 10−6)

mS

cm2
 

 

 

c.  (10 pts) At what value of applied voltage 𝑉𝐴 does the capacitance flatten out (i.e., at 

which voltage 𝑉1 does the capacitance drop to 1.01 times its minimum value, as you go 

from right to left on the voltage axis)? 

For diffusion capacitance to be non-negligible, we must have 𝐶𝐷(𝑉𝐴) ≥ 𝐶𝐷(0), which 

implies 𝐼𝐷 + 𝐼𝑜 ≥ 0.01𝐼𝑜, so that 𝐼𝑜𝑒𝑞𝑉1/𝑘𝑇 = 0.01𝐼𝑜, or 𝑞𝑉1/𝑘𝑇 = ln(0.01), which 

finally results in 𝑉1 = (0.0259 𝑉) ∙ (−4.605) = −0.12 V. 
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ECE 305 Exam 3 Formula Sheet (Fall 2016) 

You may remove these pages from the exam packet, and take them with you. 

Physical Constants Silicon parameters (𝑻 = 𝟑𝟎𝟎 K) 

ℎ/2𝜋 = ℏ = 1.055×10−34 J∙s 𝑁𝐶 = 3.23×1019 cm−3 
𝑚0 = 9.109×10−31 kg 𝑁𝑉 = 1.83×1019 cm−3 
𝑘𝐵 = 1.38×10−23 J/K 𝑛𝑖 = 1.1×1010 cm−3 
𝑞 = 1.602×10−19 C 𝐾𝑠 = 11.8 

𝜖0 = 8.854×10−12 F/m 𝐸𝑔 = 1.12 eV;   𝜒 = 4.03 eV 
 

Miller Indices: (hkl) {hkl} [hkl] <hkl>  Density of states 𝑔𝐶(𝐸) =
(𝑚𝑛

∗ )3/2√2(𝐸−𝐸𝐶)

𝜋2ℏ3
  

Fermi function  𝑓(𝐸) =
1

1+𝑒(𝐸−𝐸𝐹)/𝑘𝑇  Intrinsic carrier concentration 𝑛𝑖 = √𝑁𝐶𝑁𝑉𝑒−𝐸𝑔/2𝑘𝑇 

Equilibrium carrier densities: 𝑁𝐶 =
1

4
(

2𝑚𝑛
∗ 𝑘𝑇

𝜋ℏ2 )
3/2

  𝑁𝑉 =
1

4
(

2𝑚𝑝
∗ 𝑘𝑇

𝜋ℏ2 )
3/2

 

𝑛0 = 𝑁𝐶𝑒(𝐸𝐹−𝐸𝐶)/𝑘𝑇 = 𝑛𝑖𝑒(𝐸𝐹−𝐸𝑖)/𝑘𝑇    𝑝0 = 𝑁𝑉𝑒(𝐸𝑉−𝐸𝐹)/𝑘𝑇 = 𝑛𝑖𝑒
(𝐸𝐹−𝐸𝑖)/𝑘𝑇 

Space charge neutrality: 𝑝 − 𝑛 + 𝑁𝐷
+ − 𝑁𝐴

− = 0  Law of Mass Action: 𝑛0𝑝0 = 𝑛𝑖
2 

Non-equilibrium carriers: 𝑛 = 𝑁𝐶𝑒(𝐹𝑁−𝐸𝐶)/𝑘𝑇 𝑝 = 𝑁𝑉𝑒(𝐸𝑉−𝐹𝑃)/𝑘𝑇 𝑛𝑝 = 𝑛𝑖
2𝑒(𝐹𝑁−𝐹𝑃)/𝑘𝑇 

Conductivity/resistivity: 𝜎 = 𝜎𝑛 + 𝜎𝑛 = 𝑞(𝑛𝜇𝑛 + 𝑝𝜇𝑝) = 1/𝜌 

Drift-diffusion current equations: 𝐽𝑛 = 𝑛𝑞𝜇𝑛ℇ𝑥 + 𝑞𝐷𝑛
𝑑𝑛

𝑑𝑥
= 𝑛𝜇𝑛

𝑑𝐹𝑛

𝑑𝑥
  

𝐷𝑛

𝜇𝑛
=

𝑘𝑇

𝑞
 

        𝐽𝑝 = 𝑝𝑞𝜇𝑝ℇ𝑥 − 𝑞𝐷𝑝
𝑑𝑝

𝑑𝑥
= 𝑝𝜇𝑝

𝑑𝐹𝑝

𝑑𝑥
  

𝐷𝑝

𝜇𝑝
=

𝑘𝑇

𝑞
 

Carrier conservation equations:    
𝜕𝑛

𝜕𝑡
= +∇ ∙ (

𝐽𝑛

𝑞
) + 𝐺𝑛 − 𝑅𝑛 

     
𝜕𝑝

𝜕𝑡
= −∇ ∙ (

𝐽𝑝

𝑞
) + 𝐺𝑝 − 𝑅𝑝 

Poisson’s equation:    ∇ ∙ (𝜖ℇ) = 𝜌 

SRH carrier recombination:  𝑅 = ∆𝑛/𝜏𝑛 or 𝑅 = ∆𝑝/𝜏𝑝 

Minority carrier diffusion equation: 
𝜕∆𝑛

𝜕𝑡
= 𝐷𝑛

𝜕2∆𝑛

𝜕𝑥2
−

∆𝑛

𝜏𝑛
+ 𝐺𝐿  𝐿𝐷,𝑛 = √𝐷𝑛𝜏𝑛 

PN homojunction electrostatics:  𝑉𝑏𝑖 =
𝑘𝑇

𝑞
ln (

𝑁𝐷𝑁𝐴

𝑛𝑖
2 )  

𝑑ℇ

𝑑𝑥
=

𝜌(𝑥)

𝐾𝑠𝜖𝑜
  

𝑊 = √
2𝐾𝑠𝜖𝑜𝑉𝑏𝑖

𝑞
(

𝑁𝐴+𝑁𝐷

𝑁𝐴𝑁𝐷
)       𝑥𝑛 = (

𝑁𝐴

𝑁𝐴+𝑁𝐷
) 𝑊        𝑥𝑝 = (

𝑁𝐷

𝑁𝐴+𝑁𝐷
) 𝑊         ℇ(0) = √

2𝑞𝑉𝑏𝑖

𝐾𝑠𝜖𝑜
(

𝑁𝐴𝑁𝐷

𝑁𝐴+𝑁𝐷
) 
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PN diode current:    ∆𝑛(0) =
𝑛𝑖

2

𝑁𝐴
(𝑒𝑞𝑉𝐴/𝑘𝑇 − 1)    ∆𝑝(0) =

𝑛𝑖
2

𝑁𝐷
(𝑒𝑞𝑉𝐴/𝑘𝑇 − 1) 

𝐽𝐷 = 𝐽𝑜(𝑒𝑞𝑉𝐴/𝑘𝑇 − 1)           𝐽𝑜 = 𝑞 (
𝐷𝑛

𝐿𝑛

𝑛𝑖
2

𝑁𝐴
+

𝐷𝑝

𝐿𝑝

𝑛𝑖
2

𝑁𝐷
)  (long)        𝐽𝑜 = 𝑞 (

𝐷𝑛

𝑊𝑝

𝑛𝑖
2

𝑁𝐴
+

𝐷𝑝

𝑊𝑛

𝑛𝑖
2

𝑁𝐷
)  (short) 

Non-ideal diodes: 𝐼 = 𝐼𝑜(𝑒𝑞(𝑉𝐴−𝐼𝑅𝑠)/𝑘𝑇 − 1)  𝐽𝑔𝑒𝑛 = −𝑞
𝑛𝑖

2𝜏𝑜
𝑊 

Photovoltaics:  𝑉𝑜𝑐 =
𝑛𝑘𝑇

𝑞
ln (

𝐽𝑠𝑐

𝐽𝑜
) 𝐽𝑃𝑉 = 𝐽𝑜(𝑒𝑞𝑉𝐴/𝑘𝑇 − 1) − 𝐽𝑠𝑐  

Small signal model: 𝐺𝑑 =
𝐼𝐷+𝐼𝑜

𝑘𝑇/𝑞
      𝐶𝐽(𝑉𝐴) =

𝐾𝑠𝜖𝑜𝐴

√
2𝐾𝑠𝜖𝑜(𝑉𝑏𝑖−𝑉𝐴)

𝑞𝑁𝐴

= 𝐴√
𝑞𝐾𝑠𝜖𝑜𝑁𝐴

2(𝑉𝑏𝑖−𝑉𝐴)
    𝐶𝐷 = 𝐺𝑑𝜏𝑛 

MS diode properties: 𝑞𝑉𝑏𝑖 = |Φ𝑀 − Φ𝑆|      Φ𝐵𝑃 = 𝜒 + 𝐸𝐺 − Φ𝑀 Φ𝐵𝑁 = Φ𝑀 − 𝜒 

𝐽𝐷 = 𝐽𝑜(𝑒𝑞𝑉𝐴/𝑘𝑇 − 1)  𝐽𝑜 = 𝐴∗𝑇2𝑒−Φ𝐵/𝑘𝑇  𝐴∗ =
4𝜋𝑞𝑚∗𝑘𝐵

2

ℎ3 = 120
𝑚∗

𝑚𝑜
  

A

cm2∙K2 

 


