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Introduction  

The present chapter first develops the fundamental physical characteristics of the MOS transistor, in which the 

electrical  currents and voltages are the most important quantities. The link between physical design and logic 

networks can be established. Figure 2.1 depicts various symbols used for the MOS transistors. The symbol shown 

in Figure 2.1(a) is used to indicate only switch logic, while that in Figure 2.1(b) shows the substrate connection.  

 

Figure 2.1  Various symbols for MOS transistors 
This chapter first discusses about the  basic electrical and physical properties of  the Metal Oxide Semiconductor 
(MOS)  transistors. The structure and operation of the nMOS and pMOS transistors are addressed, following which the 
concepts of threshold voltage and body effect are explained. The current-voltage equation of a MOS device for different 
regions of operation is next established. 
It is based on considering the effects of external bias conditions on charge distribution in MOS system and on 
conductance of free carriers on one hand, and the fact that the current flow depends only on the majority carrier flow 
between the two device terminals. Various second-order effects observed in MOSFETs are next dealt with. 
Subsequently, the complementary MOS (CMOS) inverter is taken up. Its DC characteristics, noise margin and the 
small-signal characteristics are discussed. Various load configurations of MOS inverters including passive resistance as 
well as transistors are presented. The differential inverter involving double-ended inputs and outputs are discussed. The 
complementary switch or the transmission gate, the tristate inverter and the bipolar  devices are briefly dealt with.  

 

 
 
2.1.1  nMOS and pMOS Enhancement Transistors  
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Figure 2.2 depicts a simplified view of the basic structure of an n-channel  enhancement mode transistor, which is 

formed on a p-type substrate of moderate doping level. As shown in the figure, the source and the drain regions 

made of two isolated islands of n
+
-type diffusion. These two diffusion regions are connected via metal to the 

external conductors. The depletion regions are mainly formed in the more lightly doped p-region. Thus, the source 

and the drain are separated from each other by two diodes, as shown in Figure 2.2. A useful device can, however, 

be made only be maintaining a current between the source and the drain.  The region between the two diffused 

islands under the oxide layer is called the channel region. The channel provides a path for the majority carriers 

(electrons for example, in the n-channel device) to flow between the source and the drain. 

The channel is covered by a thin insulating layer of silicon dioxide (SiO2). The gate electrode, made of 

polycrystalline silicon (polysilicon or poly in short) stands over this oxide. As the oxide layer is an insulator, the 

DC current from the gate to the channel is zero. The source and the drain regions are indistinguishable due to the 

physical symmetry of the structure. The current carriers enter the device through the source terminal while they 

leave the device by the drain. 

The switching behaviour of a MOS device is characterized by an important parameter called the threshold voltage (Vth), 
which is defined as the minimum voltage, that must be established between the gate and the source (or between the 
gate and the substrate, if the source and the substrate are shorted together), to enable the device to conduct (or "turn 
on"). In the enhancement mode device, the channel is not established and the device is in a non-conducting (also called

cutoff or sub-threshold) state, for . If the gate is connected to a suitable positive voltage with respect to the 
source, then the electric field established between the gate and the source will induce a charge inversion region, 
whereby a conducting path is formed between the source and the drain. In the enhancement mode device, the 
formation of the channel is enhanced in the presence of the gate voltage. 

 

Figure 2.2: Structure of an nMOS enhancement mode transistor. Note that VGS > Vth , and VDS =0. 

By implanting suitable impurities in the region between the source and the drain before depositing the insulating oxide 
and the gate, a channel can also be established. Thus the source and the drain are connected by a conducting channel 
even though the voltage between the gate and the source, namely  

VGS=0 (below the threshold voltage). To make the channel disappear, one has to apply a suitable negative voltage on 
the gate. As the channel in this device can be depleted of the carriers by applying a negative voltage Vtd say, such a 
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device is called a depletion mode device. Figure 2.3 shows the arrangement in a depletion mode MOS device. For an 
n-type depletion mode device, penta-valent impurities like phosphorus is used.  

 

Figure 2.3 Structure of an nMOS depletion mode transistor 

To describe the operation of an nMOS enhancement device, note that a positive voltage is applied between the source 
and the drain (VDS ). No current flows from the source and the drain at a zero gate bias (that is, VGS= 0). This is because 
the source and the drain are insulated from each other by the two reverse-biased diodes as shown in Figure 
2.2.However, as a voltage, positive relative to the source and the substrate, is applied to the gate, an electric field is 
produced across the p-type substrate, This electric field attracts the electrons toward the gate and repels the holes. If 
the gate voltage is adequately high, the region under the gate changes from p-type to n-type, and it provides a 
conduction path between the source and the drain. A very thin surface of the p-type substrate is then said to be 
inverted, and the channel is said to be an n-channel.  

To explain in more detail the electrical behaviour of the MOS structure under external bias, assume that the substrate 
voltage VSS = 0, and that the gate voltage VG is the controlling parameter. Three distinct operating regions, namely 
accumulation, depletion and inversion are identified based on polarity and magnitude of VG . 

If a negative voltage VG is applied to the gate electrode, the holes in the p-type substrate are attracted towards the 
oxide-semiconductor interface. As the majority carrier (hole) concentration near the surface is larger than the 
equilibrium concentration in the substrate, this condition is referred to as the carrier accumulation on the surface. In this 
case, the oxide electric field is directed towards the gate electrode. Although the hole density increases near the 
surface in response to the negative gate bias, the minority carrier (electron) concentration goes down as the electrons 
are repelled deeper into the substrate.  

Consider next the situation when a small positive voltage VG. is applied to the gate. The direction of the electric field 
across the oxide will now be towards the substrate. The holes (majority carriers) are now driven back into the substrate, 
leaving the negatively charged immobile acceptor ions. Lack of majority carriers create a depletion region near the 
surface. Almost no mobile carriers are found near the semiconductor-oxide interface under this bias condition.  

Next, let us investigate the effect of further increase in the positive gate bias. At a voltage VGS = Vth , the region near the 
semiconductor surface acquires the properties of n-type material. This n-type surface layer however, is not due to any 



 

 

 

  

4

doping operation, but rather by inversion of the originally p-type semiconductor owing to the applied voltage. This 
inverted layer, which is separated from the p-type substrate by a depletion region, accounts for the MOS transistor 
operation. That is, the thin inversion layer with a large mobile electron concentration, which is brought about by a 
sufficiently large positive voltage between the gate and the source, can be effectively used for conducting current 
between the source and the drain terminals of the MOS transistor. Strong inversion is said to occur when the 
concentration of the mobile electrons on the surface equals that of the holes in the underlying p-type substrate.  

As far as the electrical characteristics are concerned, an nMOS device acts like a voltage-controlled switch that starts to 
conduct when VG (or, the gate voltage with respect to the source) is at least equal to Vth (the threshold voltage of the 
device). Under this condition, with a voltage VDS applied between the source and the drain, the flow of current across 
the channel occurs as a result of interaction of the electric fields due to the voltages VDS and VGS. The field due to VDS 
sweeps the electrons from the source toward the drain.As the voltage VDS increases, a resistive drop occurs across the 
channel. Thus the voltage between the gate and the channel varies with the distance along the channel. This changes 
the shape of the channel, which becomes tapered towards the drain end.  

 

Figure 2.4: An nMOS enhancement mode transistor in non-saturated (linear or resistive) mode. Note that VGS > 

Vth , and VDS < VGS - Vth . 

  
 Operating Principles of MOS Transistors 

Operating Principles of MOS Transisitors 

However, under the circumstance VDS > VGS - Vth , when the gate voltage relative to drain voltage is insufficient to form 
the channel (that is, VGD< Vth ), the channel is terminated before the drain end. The channel is then said to be pinched 
off. This region of operation, known as saturated or pinch-off condition, is portrayed in Figure 2.5. The effective channel 
length is thus reduced as the inversion layer near the drain end vanishes. As the majority carriers (electrons) reach the 
end of the channel, they are swept to the drain by the drift action of the field due to the drain voltage. In the saturated 
state, the channel current is controlled by the gate voltage and is almost independent of the drain voltage.  
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In short, the nMOS transistor possesses the three following regions of operation :  

• Cutoff, sub-threshold or non-conducting zone  
• Non-saturation or linear zone  
• Saturation region  

 

 
Figure 2.5: An nMOS enhancement mode transistor in saturated (pinch-off) mode. Note that VGS > Vth , and VDS > 

VGS - Vth . 
Thus far, we have dealt with principle of operation of an nMOS transistor. A p-channel transistor can be realized by 
interchanging the n-type and the p-type regions, as shown in Figure 2.6. In case of an pMOS enhancement-mode 
transistor, the threshold voltage Vth is negative. As the gate is made negative with respect to the source by at least |Vth|, 
the holes are attracted into the thin region below the gate, crating an inverted p-channel . Thus, a conduction path is 
created for the majority carriers (holes) between the source and the drain. Moreover, a negative drain voltage V DS 
draws the holes through the channel from the source to the drain.  
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Figure 2.6 Structure of an pMOS enhancement mode transistor. Note that VGS < Vth , and VDS =0. 

 

 

2.1.2. Threshold Voltage and Body Effect  
The threshold voltage Vth for a nMOS transistor is the minimum amount of the gate-to-source voltage VGS necessary to 
cause surface inversion so as to create the conducting channel between the source and the drain. For VGS< Vth , no 
current can flow between the source and the drain. For VGS> Vth , a larger number of minority carriers (electrons in case 
of an nMOS transistor) are drawn to the surface, increasing the channel current. However, the surface potential and the 
depletion region width remain almost unchanged as VGS is increased beyond the threshold voltage.  

The physical components determining the threshold voltage are the following.  

• work function difference between the gate and the substrate.  
• gate voltage portion spent to change the surface potential.  
• gate voltage part accounting for the depletion region charge.  
• gate voltage component to offset the fixed charges in the gate oxide and the silicon-oxide boundary.  

Although the following analysis pertains to an nMOS device, it can be simply modified to reason for a p-channel device.  

The work function difference between the doped polysilicon gate and the p-type substrate, which depends on the 
substrate doping, makes up the first component of the threshold voltage. The externally applied gate voltage must also 

account for the strong inversion at the surface, expressed in the form of surface potential 2 , where denotes the 
distance between the intrinsic energy level EI and the Fermi level EF of the p-type semiconductor substrate.  

The factor 2 comes due to the fact that in the bulk, the semiconductor is p-type, where EI is above EF by , while at the 

inverted n-type region at the surface EI is below EF by , and thus the amount of the band bending is 2  . This is the 

second component of the threshold voltage. The potential difference between EI and EF is given as  
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where k: Boltzmann constant, T: temperature, q : electron charge NA : acceptor concentration in the p-substrate and n i : 
intrinsic carrier concentration. The expression kT/q is 0.02586 volt at 300 K.  

The applied gate voltage must also be large enough to create the depletion charge. Note that the charge per unit area 
in the depletion region at strong inversion is given by  

 

where is the substrate permittivity. If the source is biased at a potential VSB with respect to the substrate, then the 
depletion charge density is given by  

 

The component of the threshold voltage that offsets the depletion charge is then given by -Qd /Cox , where Cox is the gate 

oxide capacitance per unit area, or Cox =  (ratio of the oxide permittivity and the oxide thickness).  

A set of positive charges arises from the interface states at the Si-SiO2 interface. These charges, denoted as Qi , occur 
from the abrupt termination of the semiconductor crystal lattice at the oxide interface. The component of the gate 
voltage needed to offset this positive charge (which induces an equivalent negative charge in the semiconductor) is -Qi 
/Cox. On combining all the four voltage components, the threshold voltage VTO, for zero substrate bias, is expressed as  

 

For non-zero substrate bias, however, the depletion charge density needs to be modified to include the effect of VSB on 
that charge, resulting in the following generalized expression for the threshold voltage, namely  

 

The generalized form of the threshold voltage can also be written as  

 

 

Note that the threshold voltage differs from VTO by an additive term due to substrate bias. This term, which depends on 
the material parameters and the source-to-substrate voltage VSB , is given by  
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Thus, in its most general form, the threshold voltage is determined as  

........................... (2.1)  

in which the parameter , known as the substrate-bias (or body-effect ) coefficient is given by  

.................................... (2.2)  

  

The threshold voltage expression given by (1.1) can be applied to n-channel as well as p-channel transistors. However, 
some of the parameters have opposite polarities for the pMOS and the nMOS transistors. For example, the substrate 

bias voltage VSB is positive in nMOS and negative in pMOS devices. Also, the substrate potential difference is 
negative in nMOS, and positive in pMOS. Whereas, the body-effect coefficient is positive in nMOS and negative in 
pMOS. Typically, the threshold voltage of an enhancement mode n-channel transistor is positive, while that of a p-
channel transistor is negative.  

Example 2.1 Given the following parameters, namely the acceptor concentration of p-substrate NA =1016 cm-3 , 
polysilicon gate doping concentration N D =1016 cm-3 , intrinsic concentration of Si, ni =1.45 X 1010 cm-3 , gate oxide 
thickness tox =500 Å and oxide-interface fixed charge density Nox =4 X 1010cm-2 , calculate the threshold voltage VTO at 
VSB=0.  

Ans: 

The potential difference between EI and EF for the p-substrate is  

 

For the polysilicon gate, as the doping concentration is extremely high, the heavily doped n-type gate material can be 
assumed to be degenerate. That is, the Fermi level EF is almost coincident with the bottom of the conduction band E C . 
Hence, assuming that the intrinsic energy level EI is at the middle of the band gap, the potential difference between EI 

and EF for the gate is = ½ (energy band gap of Si) = 1/2 X 1.1 = 0.55 V.  

Thus, the work function difference between the doped polysilicon gate and the p-type substrate is -0.35 V - 0.55 V = 
-0.90 V.  

The depletion charge density at VSB =0 is  
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The oxide-interface charge density is  

 

The gate oxide capacitance per unit area is (using dielectric constant of SiO2 as 3.97)  

 

Combining the four components, the threshold voltage can now be computed as  

 

Body Effect : The transistors in a MOS device seen so far are built on a common substrate. Thus, the substrate 
voltage of all such transistors are equal. However, while one designs a complex gate using MOS transistors, several 
devices may have to be connected in series. This will result in different source-to-substrate voltages for different 
devices. For example, in the NAND gate shown in Figure 1.5, the nMOS transistors are in series, whereby the source-
to-substrate voltage VSB of the device corresponding to the input A is higher than that of the device for the input B.  

Under normal conditions ( VGS > Vth ), the depletion layer width remains unchanged and the charge carriers are drawn 
into the channel from the source. As the substrate bias VSB is increased, the depletion layer width corresponding to the 
source-substrate field-induced junction also increases. This results in an increase in the density of the fixed charges in 
the depletion layer. For charge neutrality to be valid, the channel charge must go down. The consequence is that the 
substrate bias VSB gets added to the channel-substrate junction potential. This leads to an increase of the gate-channel 
voltage drop.  

Example 2.2 Consider the n-channel MOS process in Example 2.1. One may examine how a non-zero source-to-
substrate voltage VSB influences the threshold voltage of an nMOS transistor.  

One can calculate the substrate-bias coefficient using the parameters provided in Example 2.1 as follows :  

 

One is now in a position to determine the variation of threshold voltage VT as a function of the source-to-substrate 
voltage VSB . Assume the voltage VSB to range from 0 to 5 V.  
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