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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 factors directly increases the common emitter gain DC in a bipolar 

junction transistor (BJT)? 

a. Decreasing the collector doping 

b. Decreasing the emitter doping  

c. Increasing the emitter doping 

d. Increasing the base doping 

e. Increasing the collector doping 

 

2 (8 points). What is the greatest advantage of an npn heterojunction bipolar transistor (HBT), compared 

to a BJT ? 

a. Electron current through the emitter is larger 

b. Hole current through the emitter is larger 

c. Electron current through the emitter is smaller 

d. Hole current through the emitter is smaller 

e. Electron current through the collector is larger 

 

3 (8 points). Which of the label numbers in the diagram below on the right below corresponds to the 

operating regime depicted in the diagram below on the left?  

 

a. 1 

b. 2 

c. 4 

d. 5 

e. 6  

+ 
- 
 
- + 
- 
 
- 
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4 (8 points). Which of the following would decrease the magnitude of the Early effect in a BJT? 

a. Decreasing the collector doping 

b. Decreasing the emitter doping  

c. Increasing the emitter doping 

d. Decreasing the base doping 

e. Increasing the collector doping 

 

5 (8 points). Which of the following components of the Ebers-Moll model can be neglected in the 

forward active mode, depicted below? 

 
a. 1, 4 

b. 1, 3 

c. 1 

d. 2, 4 

e. 2, 3 
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Part II (Free Response, 30 points) 

Consider an npn BJT made of silicon, depicted below. Assume that 𝐼𝐸𝑝 = 15 A, 𝐼𝐸𝑛 = 2.5 mA, 𝐼𝐶𝑝 =

130 nA, and 𝐼𝐶𝑛 = 2.38 mA. Assume that recombination within the BJT is small (i.e., diffusion lengths 

are much larger than the thicknesses of each layer). 

a. What is the base transport factor 𝛼𝑇? 

𝛼𝑇 =
𝐼𝑐𝑛

𝐼𝐸𝑛
=

2.38 mA

2.5 mA
= 0.952 

 

b. What is the emitter injection efficiency 𝛾𝐹? 

𝛾𝐹 =
𝐼𝐸𝑛

𝐼𝐸𝑛 + 𝐼𝐸𝑝
=

2.5 mA

2.5 + 0.015 mA
= 0.994 

 

c. What are the total emitter, collector, and base currents 𝐼𝐸, 𝐼𝐶,  and 𝐼𝐵? 

𝐼𝐸 = 𝐼𝐸𝑛 + 𝐼𝐸𝑝 = 2.5 + 0.015 mA = 2.515 mA 

𝐼𝐶 = 𝐼𝐶𝑛 + 𝐼𝐶𝑝 = 2.38 + 0.00013 mA = 2.38013 mA 

𝐼𝐵 = 𝐼𝐸 − 𝐼𝐶 = 2.515 − 2.38013 mA = 134.87 μA 

 

d. What is the base current gain 𝛼𝑑𝑐 and emitter current gain 𝛽𝑑𝑐? 

𝛼𝐷𝐶 = 𝛾𝐹𝛼𝑇 = 0.994 ∙ 0.952 = 0.946 

𝛽𝐷𝐶 =
𝛼𝐷𝐶

1 − 𝛼𝐷𝐶
=

0.946

1 − 0.946
= 17.5 

 

e. What would be the new value of 𝐼𝐸𝑛 if the base region silicon were replaced by a 

hypothetical material with a bandgap of only 0.9 eV, but otherwise identical properties?  

𝐼𝐸𝑛∝𝑛𝑖,𝐵
2  

𝐼𝐸𝑛,𝑛𝑒𝑤 = 𝐼𝐸𝑛,𝑜𝑙𝑑 × 𝑒−(𝐸𝑔,𝑛𝑒𝑤−𝐸𝑔,𝑜𝑙𝑑)/𝑘𝑇 

           = (2.5 mA) × 𝑒−(0.9−1.12)/(0.0259) = 12.2 A 
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Part III (Free Response, 30 points) 

Consider an ideal silicon pnp BJT at room temperature. The doping concentrations at emitter, base and 

collector are respectively 𝑁𝐴,𝐸 = 1017 cm-3, 𝑁𝐷,𝐵 = 1015 cm-3, and 𝑁𝐴,𝐶 = 1014 cm-3. The base width is 

WB. Assume that the minority carrier diffusion lengths 𝐿𝑛,𝐸 = 40 WB, 𝐿𝑝,𝐵 = 5 WB, and 𝐿𝑛,𝐶 = 200 WB. 

The total and quasi-neutral base widths depicted below are schematic, and may not be to scale. 

 

a. Write an expression for the quasi-neutral base width 𝑊𝐵
′  as a function of WB, VEB, & VCB. 

You may use the one-sided junction approximation. 

𝑊𝐵
′ = 𝑊𝐵

 − 𝑥𝑛,𝐵𝐸 − 𝑥𝑛,𝐵𝐶  

= 𝑊𝐵
 − √

2𝐾𝑠𝜖𝑜(𝑉𝑏𝑖,1 − 𝑉𝐸𝐵)

𝑞
[

𝑁𝐴,𝐸

(𝑁𝐴,𝐸 + 𝑁𝐷,𝐵)𝑁𝐷,𝐵
] − √

2𝐾𝑠𝜖𝑜(𝑉𝑏𝑖,2 − 𝑉𝐶𝐵)

𝑞
[

𝑁𝐴,𝐶

(𝑁𝐴,𝐶 + 𝑁𝐷,𝐵)𝑁𝐷,𝐵
] 

= 𝑊𝐵
 − √

2𝐾𝑠𝜖𝑜(𝑉𝑏𝑖,1 − 𝑉𝐸𝐵)

𝑞𝑁𝐷,𝐵
− √

2𝐾𝑠𝜖𝑜(𝑉𝑏𝑖,2 − 𝑉𝐶𝐵)

𝑞
[
𝑁𝐴,𝐶

𝑁𝐷,𝐵
2

] 

≈ 𝑊𝐵
 − √

2𝐾𝑠𝜖𝑜(𝑉𝑏𝑖,1 − 𝑉𝐸𝐵)

𝑞𝑁𝐷,𝐵
= 𝑊𝐵

 − (807 nm)√𝑉𝑏𝑖,1 − 𝑉𝐸𝐵 

where 𝑉𝑏𝑖,1 =
𝑘𝑇

𝑞
ln (

𝑁𝐸𝑁𝐵

𝑛𝑖
2 ) = 0.716 V and 𝑉𝑏𝑖,2 =

𝑘𝑇

𝑞
ln (

𝑁𝐶𝑁𝐸

𝑛𝑖
2 ) = 0.534 V 
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b. Sketch the excess minority carrier concentration across the emitter, base, and collector 

quasi-neutral regions, if VEB=0.5 V and VCB=0.3 V. Please indicate any assumptions about 

the emitter and collector thicknesses. What is the operating regime of the BJT under this 

condition?  

For a pnp BJT, if VEB > 0 and VCB>0, we are in the saturation regime. The sketch will generally 

have the following form: 

 

 

c. Given that the emitter injection efficiency F is 0.99, find the emitter current gain 𝛽𝑑𝑐. 

Assume that 𝑊𝐵
′ = 0.8 𝑊𝐵

 in this operating condition. 

𝛼𝑇 =
1

1 +
1
2 (

𝑊𝐵
′

𝐿𝑝,𝐵
)

2 =
1

1 +
1
2 (

0.8𝑊𝐵
5𝑊𝐵

)
2 = 0.9874 

Now 𝛼𝐷𝐶 = 𝛾𝐹𝛼𝑇 = 0.99 ∙ 0.9874 = 0.9775 

𝛽𝐷𝐶 =
𝛼𝐷𝐶

1 − 𝛼𝐷𝐶
=

0.9775

1 − 0.9775
= 43.4 

 

  



ECE 305 Exam 5 – Prof. Peter Bermel 

                      ECE 305 Exam 5 Formula Sheet (Fall 2017) 

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
(𝐸𝑖−𝐸𝐹)/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(𝑉𝑅) =

𝐾𝑠𝜖𝑜𝐴

√
2𝐾𝑠𝜖𝑜𝑉𝑏𝑖

𝑞𝑁𝐴

= 𝐴√
𝑞𝐾𝑠𝜖𝑜𝑁𝐴

2𝑉𝑏𝑖
    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 

 

MOS capacitors:        𝑊 = √
2𝐾𝑠𝜖𝑜𝜙𝑠

𝑞𝑁𝐴
 cm     ℇ𝑠 = √

2𝑞𝑁𝐴𝜙𝑠

𝐾𝑠𝜖𝑜
 

V

cm
    

𝑄𝐵 = −𝑞𝑁𝐴𝑊(𝜙𝑠) = −√2𝑞𝐾𝑠𝜖𝑜𝑁𝐴𝜙𝑠   
C

cm2
 

𝑉𝐺 = 𝑉𝐹𝐵 + 𝜙𝑠 + Δ𝜙𝑜𝑥 = 𝑉𝐹𝐵 + 𝜙𝑠 −
𝑄𝑠(𝜙𝑠)

𝐶𝑜𝑥
 

𝐶𝑜𝑥 = 𝐾𝑜𝜖𝑜/𝑥𝑜  𝑉𝐹𝐵 = Φ𝑚𝑠/𝑞 − 𝑄𝐹/𝐶𝑜𝑥 

𝐶 = 𝐶𝑜𝑥/ [1 +
𝐾𝑜𝑊(𝜙𝑠)

𝐾𝑠𝑥𝑜
]  𝑉𝑇 = −𝑄𝐵(2𝜙𝐹)/𝐶𝑜𝑥 + 2𝜙𝐹  𝑄𝑛 = −𝐶𝑜𝑥(𝑉𝐺 − 𝑉𝑇) 

MOSFETs:   𝐼𝐷 = −𝑊𝑄𝑛(𝑦 = 0)〈𝑣𝑦(𝑦 = 0)〉 

𝐼𝐷 =
𝑊

𝐿
𝜇𝑛𝐶𝑜𝑥(𝑉𝐺𝑆 − 𝑉𝑇)𝑉𝐷𝑆   𝐼𝐷 = 𝑊𝐶𝑜𝑥𝑣𝑠𝑎𝑡(𝑉𝐺𝑆 − 𝑉𝑇) 

Square Law (for 𝑉𝐺𝑆 ≥ 𝑉𝑇): 𝐼𝐷 = {

𝑊

𝐿
𝜇𝑛𝐶𝑜𝑥[(𝑉𝐺𝑆 − 𝑉𝑇)𝑉𝐷𝑆 − 𝑉𝐷𝑆

2 /2],      0 ≤ 𝑉𝐷𝑆 ≤ 𝑉𝐺𝑆 − 𝑉𝑇

𝑊

2𝐿
𝜇𝑛𝐶𝑜𝑥(𝑉𝐺𝑆 − 𝑉𝑇)2,                                       𝑉𝐷𝑆 ≥ 𝑉𝐺𝑆 − 𝑉𝑇
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Bipolar transistors: (assuming NPN, short emitter, base, and collector) 

Ebers-Moll Equations: 

 

 

 


