
Today’s topic: 
 

Integrated devices and modeling 
(with focus on MOS transistor) 

(Chapter 1) 



A. Diode 
B. BJT 
C. MOSFET 
D. Resistor 
E. Capacitor 
F.  SPICE modeling 



Cross section view of a Diode 



Voltage-current relation of a Diode 



Linear small-signal equivalent circuit 
• Many electronic circuits use DC supply voltages to bias a nonlinear device at an 
operating point and a small AC signal is injected into the circuit. 

• In this case, analysis of the circuit can be split to two parts.  

• First, DC analysis to find the operating point. In this part, nonlinear characteristics of 
the device must be considered.  

• Second, AC (or small-signal) analysis is performed. In this part, the device 
characteristics are approximately linear if sufficiently small regions of operation is 
considered, a small linear small-signal equivalent circuit for the nonlinear device can be 
used for analysis. 

• Small-signal linear equivalent circuit is a very important analysis approach that 
applies widely to electronic circuits. 
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Figure 3.31  Diode characteristic  

illustrating the Q-point. 

Small-signal equivalent circuit of Diodes 
• In the case of diodes, DC supply voltage bias the 
diodes at the quiescent point, or called Q-point. 

• At the Q-point, a small AC signal injected into the 
circuit swings the instantaneous point of operation 
slightly above and below the Q-point. For sufficiently 
small AC signal, the characteristics is straight.  

 

We can define then 

 

 

 

  

•Therefore, one can find the equivalent resistance of 
the diode from the small AC signal. 
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Linear approximation at 
the Q point 



Figure 3.47  As the reverse bias voltage becomes greater, the charge stored in the depletion region increases. 

Depletion capacitance of diode 
Under reverse bias, the depletion region get wider with increasing voltage.  

The charge in the depletion region is similar to the charge stored on a parallel-plate 
capacitor.  However, additional charge increment in the depletion region is separated by 
a larger distance.  

Thus the reverse bias junction behaves like a capacitor, but depletion region capacitance 
is not constant (or nonlinear). 
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Figure 3.48  Depletion capacitance versus bias voltage for the 1N4148 diode. 

Depletion capacitance of diode II 
The depletion region capacitance is defined as 
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Figure 3.49  Hole concentration versus distance for two values of forward current. 

Diffusion capacitance of diode 
Another basic charge-storage mechanism occurs when the PN junction is forward biased.  

For     n junction (p type is more heavily doped) shown below, the current crossing the 
junction is mainly due to holes from the p-side to n-side. The charge associated with the 
holes that have crossed the junction is stored charge (represented in shaded area below). 
As current is increased, more holes cross the junction and stored charge increases.  

This effect of charge storage is represented as diffusion capacitance. 
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Figure 3.50  Small-signal linear circuits for the pn-junction diode. 

Complete small-signal model of diode 
• Complete small-signal model can be derived. 

 Rs  ohmic resistance of bulk material on both sides of the PN junction 

 rd    small-signal resistance of the diode 

 Cj   depletion capacitance 

 Cdif diffusion capacitance 

• Under reverse bias, Cdif is 0 and rd is an open circuit.  

• This small-signal equivalent circuit is valid for PN junction diode over a wide range of 
frequencies provided small-signal conditions apply.  
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Chapter 8 Figure 01 

Cross section view of a BJT transistor 



Chapter 8 Figure 08 

Small-signal model of a BJT transistor 



Cross section view of a MOS transistor 



Chapter 1 Figure 10 

The important dimension of a transistor 



MOS transistor symbols (NMOS) 



MOS transistor symbols (PMOS) 



Chapter 1 Figure 09 

Resulting in an accumulated 
channel but no current flow 

Resulting in an channel and 
current flow is possible 
depending on VDS 

Transistor operation I 



Chapter 1 Figure 11 

MOS operation II: triode(linear) region 



Chapter 1 Figure 12 



Chapter 1 Figure 13 

MOS operation III: saturation (active) region 



Chapter 1 Figure 14 



The threshold voltage 
The threshold voltage of a transistor is not constant, but affected by the source-body 
voltage VSB, this is called body effect.  
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Body effect on threshold voltage: an example 



Chapter 1 Figure 15 

Channel length modulation 
( 

  

  

 

Built in Junction potential 

Note: inversely proportional to L 



Chapter 1 Figure 16 

In analog amplifiers, MOS transistors are mostly used in active regions, but in digital 
circuits they often operate in both regions.  

A summary of operation regions 
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Operation of a PMOS transistor 



Chapter 1 Figure 17 

Low frequency small-signal model (active) 



See page 25-28 

Low frequency small-signal model (active) 



Chapter 1 Figure 20 

An alternative low frequency small-signal 
model 

= gmvgs 



Chapter 1 Figure 21 

Understanding parasitic capacitance (active) 
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A little more detail on Cdb and Csb  



See page 31-33 

High freqency small-signal model (active) 

Due to the change in channel charge by Vgs voltage 

Depletion capacitance and includes channel-body part 



Chapter 1 Figure 22 

See page 31-33 

High freqency small-signal model (active) 

Depletion capacitance but NOT includes channel-body part 



Junction Capacitance 

• Both Cj and Cjsw are non-linear and depends on the bias voltage. 

• Keep large reverse-biased voltage for PN junction 



A note on drain-body and source-body 
PN junctions 

• In MOS transistors, both drain-body and source-body PN junctions have to be 
reverse-biased at all times.  

• This means that for NMOS transistors, drain-body and source-body voltage 
must be larger than 0.  Therefore, for NMOS, the body terminal is typically 
connected to the lowest power supply (such as Gnd or Vss).  

• For PMOS, then the body terminal should be connected to the highest power 
supply (such as Vdd).  



Example 1.13 on page 33 

Two examples 



Two examples 



Analog Figure-of-Merit 
With so many small-signal parameters, it is useful to have a single number that captures 
key aspects of transistor performance.  
 
Two such figure of merits are intrinsic gain (low frequency performance) and intrinsic 
speed (high frequency performance).  



Chapter 1 Figure 26 

Analog Figure-of-Merit I 

ideal 

Two important general conclusions on analog design:  
1. To maximize DC or low frequency gain, transistor needs to have small Veff 

2. Intrinsic gain is maximized when gate length L is large so that λ is small 



Chapter 1 Figure 27 

Analog Figure-of-Merit II 
The unit-gain frequency of a transistor, ft, is  to provide a measure of the maximum 
operating frequency at which a transistor is useful (used as a measure of intrinsic 
speed).  
The UGF is defined as the maximum frequency at which the amplitude of the output 
small-signal current |Iout| is still larger than |Iin|. 



Analog Figure-of-Merit II 
As with intrinsic gain, some important fundamental conclusions about analog design 
can be drawn: 
1. For operation at high-speed, devices parasitic capacitances should be minimized, 

which implies minimizing device gate length L. 
2. Speed is maximized by biasing with high values of Veff.  

 
Note that there requirements are in direct conflict with those for maximum gain.  



2nd-order effects affecting transistor operation 
Subthreshold leakage current (when Vgs < Vt) 
 
Velocity saturation 
 
Parasitic resistances 
 
Junction leakage current 



Velocity Saturation 
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Constant mobility (slope = µ) 

Constant velocity (hole and electron) 

The critical field at which saturation 
occurs depends on both doping levels and 
vertical electrical field. Typically 1 to 
5v/um for  
(2V across 0.25µm channel). 
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Perspective 
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When increasing the VDS, the electrical field in the channel ultimately 
reaches the critical value and the carriers at the drain become velocity 
saturated (gives a early saturation at VDSAT). 



Chapter 1 Figure 34 

Resistor in an IC 

The simplest realization of an integrated circuit resistor is a strip of 
conductive material above the silicon substrate.  

The conductivity of the material is characterized by sheet resistance,  

 

It has parasitic capacitance in the model.  



Chapter 1 Figure 35 

Resistor in an IC 

A lightly-doped nwell with contacts at both ends may be used a resistor.  

The model still apply for this type of resistor. However, it has complex 
dependency on temperature and the voltage across it, making it varying 
and nonlinear.  

Another method to implement a resistor is to operate a transistor in 
triode region, where the resistance is mostly modulated by Vgs. 



Chapter 1 Figure 37 

Capacitor in an IC 

For implementation of a linear capacitor, metal-to-metal is a popular approach.  

 

 

Other approaches, such as poly-to-poly, poly-to-diffusion, are possible.  



Chapter 1 Table 02 

SPICE model parameters 



Chapter 1 Table 03 



Chapter 1 Table 04 



Chapter 1 Table 05 



Summary 


