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Today’s Discussion 

• Finish MOSFET 

• Narrow Base Diode 

– Motivation: this structure can be considered a 
precursor to understanding the Bipolar Junction 
transistor 

 

• Introduction to the Bipolar Junction 
Transistor (BJT) 
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MOS inverter 
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MOS inverter – Voltage transfer characteristics 
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LOGIC “1” LOGIC “0” 



MOS inverter – Voltage transfer characteristics 
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• Power dissipation in resistor 

•  𝑉0𝐿 is not zero 

LOGIC THRESHOLD 



CMOS inverter 

6 

p-MOS 

n-MOS 



CMOS inverter – Voltage transfer characteristics 
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Design devices so 

that 𝑉𝑚 ≈ 𝑉𝐷𝐷 2   



CMOS inverter – Voltage transfer characteristics 
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Design devices so that 𝑽𝒎 ≈ 𝑽𝑫𝑫 𝟐  REGION III  

 =
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Setting  𝐼𝐷 NMOSFET = 𝐼𝐷 PMOSFET  



CMOS inverter – Voltage transfer characteristics 
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Design devices so that 𝑽𝒎 ≈ 𝑽𝑫𝑫 𝟐  REGION III  

 =
𝑘𝑁
𝑘𝑃

1/2

=
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𝑍
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𝑍
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Typically      𝜇𝑛 ≈ 2𝜇𝑝 

 = 1  →  𝑍 𝐿 𝑝 = 2 𝑍 𝐿 𝑛 



CMOS integration 
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NMOS Fabrication in p-Well 



MOSFET – metal contacts 



Multilevel Interconnects 



Narrow Base Diode (N-B-D) 
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p-n-p Bipolar Junction Transistor (B-J-T) 
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𝑝+ 𝑝 𝑛 

𝑬 𝑪 

𝑩 

Emitter Base Collector 

𝑊𝐵 ≪ 𝐿𝑝 

+ − + − 

𝑰𝑩 
𝑰𝑬 

𝑰𝑪 

holes injected holes collected 

forward biased reverse biased 



p-n-p B-J-T band diagram 

16 



Similarity between N-B-D and B-J-T 

l 

Injected holes are quickly removed by 

recombination with high n+ concentration 17 



Similarity between N-B-D and B-J-T 

Holes are quickly removed by high 

field of reverse biased p-n junction 18 



Narrow Base Diode 
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Hole boundary conditions 
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Remember solution for long material 



Compare with narrow base 
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Minority hole current – straight line approximation 
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current density 

total current  



Minority hole current 

24 



Checking straight line approximation 
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• In straight-line approximation, the 

hole diffusion current is the same 
throughout the n-region. 

 

• In reality there is a small decrease 

which one can estimate examining 

the recombination rate for stored 

minority hole charge. 



Checking straight line approximation 
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• Each time a hole recombines in the 

narrow n-region another electron 

flows from the n+ contact region to 

maintain space-charge neutrality 



Hole boundary conditions 
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𝐼𝑝 𝑥𝑛 = 0  ≈  𝐼𝑝(𝑥𝑛 = l ) 



Beyond straight line approximation 
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electron  flow 

replenishing electrons 

lost to recombination 

some deviatiom from straight 

line due to recombination 

𝐼𝑝 𝑥𝑛 = 0 = 𝐼𝑝(𝑥𝑛 = l ) + 𝐼𝑛 recomb  



Majority electron current 
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result of rigorous 

analysis 



Majority electron current 

30 
• holds fairly well throughout n-region 

straight-line 

approximation 

holds well 



Conclusions 
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Conclusions 
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There is also a component of electron current 

injected into the p+ region which is negligible but 

which can be calculated with the standard diode 

equation 
 

 

We will see that in the bipolar transistor with a p+-

n-p structure, a third terminal  can inject instead a 

current into the base to control the much larger 

hole current, leading to amplification. 
 



Handout 

 

• Download from the website the handout 
prepared by the ECE 340 staff, with material 
on the narrow base diode and on the bipolar 
junction transistor. 
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Exact Solution (1D diffusion equation) – 1 
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Assume constant cross sectional area.  An exact soution of 

the diffusion equation is obtained from linear combination 

of exponentials  

with boundary conditions 



Exact Solution (1D diffusion equation) – 2 
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At any point of the n-region 



Exact Solution (1D diffusion equation) – 3 
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using the expansion 

we recover the standard diode equation (long base) 



Exact Solution (1D diffusion equation) – 4 
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using the expansion 

slightly less than 



Exact Solution (1D diffusion equation) – 5 
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majority electron current flowing into the base to offset 

recombination of holes 



• Transistor Operation 

• Introduction to the Bipolar Junction 
Transistor (BJT) 
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Graphical solution of circuit 

• The load line in a two-terminal device 
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𝐸 = 𝑖𝐷𝑅 + 𝑣𝐷 

short circuit 

open circuit 

load line equation 

𝑣𝐷 = 0 

𝑖𝐷 = 0 



Graphical solution of circuit 

• The load line in a three-terminal device 
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control 

voltage 

𝑉𝐷 = 5 V 

𝐼𝐷 = 10 mA 
𝑉𝐺 = 0.5 V 



Amplification 

a.c. component added to the control input 
generates large variation of the output 
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control 

voltage 
0.25 

0.75 

∆𝑉𝐺 = 0.75 − 0.25 = 0.5 V 

∆𝑉𝐷 ≈ 7.0 − 3.0 = 4 V 

∆𝐼𝐷 ≈ 12.0 − 8.0 = 4 mA 

From the graph 

|𝐺𝑉| ≈ 8 

Gain 



Switching 
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control 

voltage 
0.25 

0.75 

𝑉𝐺 = input 

𝑉𝐷 = output 

high 𝑉𝐺 

low 𝑉𝐷 

low 𝑉𝐺 

high 𝑉𝐷 

basic inverter function 



Bipolar Junction Transistor (p-n-p) 
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𝑝+ 𝑝 𝑛 

𝑬 𝑪 

𝑩 

Emitter Base Collector 

𝑊𝐵 ≪ 𝐿𝑝 

+ − + − 

𝑰𝑩 
𝑰𝑬 

𝑰𝑪 

holes injected holes collected 

forward biased reverse biased 



I-V curves of the reverse-biased junction 
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as a function of emitter current 

resembles behavior 

of the photodiode 

 

current generator 



BJT transistor I-V curves 
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The control input is the 

base current 𝑖𝐵 



Carrier flow 
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𝒊𝑩 
electron flow 

𝒊𝑬 𝒊𝑪 

𝒊𝑬 
= 

𝒊𝑬𝒑 

𝒊𝑬𝒏 

𝒊𝑪 


