
 
 
 

SHORT CHANNEL EFFECTS IN MOSFETs 

In this section, we look at several short-channel effects of the MOSFET. These include  

mobility degradation, velocity saturation, drain-induced barrier lowering (DIBL). We also look 

at transistor scaling theory. 

 

1.1 Drain-Induced Barrier Lowering (DIBL) 

 
For long-channel devices, the source-channel potential barrier is determined primarily by the voltage 

applied to the gate. Increasing the gate voltage causes the barrier height to reduce, resulting in injection 

of electrons from the source into the channel. At a particular gate voltage – the threshold voltage – the 

barrier has reduced sufficiently to allow a significant amount of injection, and flow of current, to take 

place. 

 

In a short-channel device, the drain junction is now quite close to the source junction. As a consequence, 

the potential at the source-channel region is determined not only by the gate voltage, but also the drain 

voltage. The drain voltage can cause a lowering of the barrier at the source end of the channel, causing 

current to flow for a lower vale of gate voltage. This effect is called Drain-Induced Barrier Lowering 

or DIBL (pronounced “dibble”). 

 

The magnitude of DIBL obviously depends on the channel length L, but also on the doping NA. Higher 

doping’s would mean that electric field from the drain is more effectively screened, resulting in lower 

DIBL. Another way to interpret DIBL is that the potential lowering is due to merging of the edges of 

the depletion regions emanating from the source and drain junctions. Higher doping’s reduce the 

depletion widths, and consequently delay their merging, reducing the DIBL effect. Thus, increasing the 

bulk doping is a good strategy to minimize DIBL. 

 

1.1.1 Effect on threshold voltage 
 

One consequence of DIBL is an apparent reduction of the threshold voltage. This is clear physically, 

because with DIBL present, a smaller bias at the gate (threshold voltage) is reduce the barrier 

sufficiently to allow current to flow. since larger drain voltages result in increased barrier lowering, the 

threshold voltage keeps decreasing with increasing VDS, that is, VT is now a function of VDS, which 

was not the case for long channel devices. 

 

 
 

1.1.2 Effect on Subthreshold Behaviour 

 

The coupling of the drain field to the source-channel junction affects how current flows in the 

subthreshold region for a short-channel device. As drain voltage increases, the barrier reduces due to 



 
 
 

DIBL, and a larger drain current flows. This behaviour is very different from what is seen for the long-

channel device, where the subthreshold current is independent of drain voltage. 

 

Parameters affecting sub-threshold regime  

 
Recalling the equation which describes the drain current in the subthreshold regime 

 
 

 
 

1.2 Velocity Saturation 

 

As the MOS device is scaled down, electric fields in the device become large. This creates a 

significant problem. It is true that the voltages used have also scaled down from 5 V to about 

1 V in an attempt to keep the field within limits, but with the corresponding channel lengths 

decreasing from 5 μm to 70 nm, and gate oxide thickness from 100 nm to 1.5 nm, it is clear 

that the electric fields, both horizontal and vertical, have increased significantly in short-

channel MOSFETs. There are several consequences of the high electric fields. One of the most 

important is velocity saturation experienced by the carriers as they move along the channel in 

the presence of a high lateral electric field. 

 

It is well-known that the drift velocity of carriers in a semiconductor does not continue to 

increase linearly with electric field at higher fields. On the contrary, the velocity, plotted as a 

function of field, starts to level off, and finally saturates at a value vsat. For electrons and holes 

in silicon, the value of vsat is about 1x107
 cm/sec at room temperature. Several models have 

been used for drift velocity v as a function of electric field E. One of the most common is 

 

 



 
 
 

 

 

 
 

1.3 Mobility Degradation 

 

 

Velocity saturation, which we explored in the previous section, is equivalent to a 

reduction of mobility at high electric fields in the direction of motion of the carriers. In 

addition to this mobility degradation, there also exists a reduction of mobility due to 

transverse electric fields, that is, due to the field emanating from the gate. This is a 

“short-channel” effect only in as much the vertical fields increase significantly as the oxide 

thickness scales down together with channel lengths. 

 

Physically, the reason that the transverse fields affect lateral current flow is as follows. Carriers 

in a MOSFET flow in the thin inversion layer near the surface of the silicon. They undergo 

frequent scattering events with the surface (particularly when it is microscopically “rough”), 

as well as additional coulombic scattering due to interface states and charges in the insulator 

close to the interface. These effects conspire to make the so-called “inversion-layer” or surface 

mobility less than the bulk semiconductor mobility (typically about half). Now as the device 

scales down, the increased vertical fields pull the carriers towards the surface more strongly, 



 
 
 

where they undergo more frequent scattering. This increased scattering reduces the mobility of 

carriers further, and the larger the transverse field the lower is the mobility. 

 

It has been found experimentally that the mobility for electrons as well as holes in silicon can 

be written as 

 

 

 



 
 
 

1.4 Hot Carrier Effects and Impact Ionization 

 

As channel lengths reduce, the lateral electric field increases, if applied voltages remain the 

same. This causes carriers flowing along the channel to gain energy and become “hot”. The hot 

carriers can cause impact ionization, which produces extra hole electron pairs. This produces 

extra drain current, and also a substrate current consisting of the ionization-generated holes 

which flow towards the substrate, the most negative point in the transistor. The hot carriers 

may also gain sufficient energy to surmount the potential barrier at the silicon-insulator 

interface, and get injected into the insulator. These effects are shown schematically in Fig. 6.14. 

 
Fig. 6.14 Schematic figure showing effects of impact ionization (a) increase in drain current ΔID 

(b )increase in substrate current Isub and (c) injection of hot carriers into the oxide. 

 

The effects of hot carriers and impact ionization on MOSFET characteristics and 

performance are discussed in the sections below. 

 

1.4.1 Increase in Output Conductance 

 

The electrons generated by impact ionization contribute to extra drain current. In saturation, as 

the voltage VDS increases, and field in part of the MOSFET increases. This increased field 

causes impact ionization, and results in increased drain current as well as substrate current 

 

1.4.2 Hot Carrier Effects 

 

Due to the high electric field in the channel, electrons, which constitute the drain current in n-

channel transistors, can get hot. If some of these electrons get sufficiently heated up – more 

than the 3.1 eV barrier Фox between silicon and silicon dioxide conduction bands – and also 

have their momentum directed (through an elastic collision) towards the interface, then these 

electrons can get injected into the insulator. 

 

Furthermore, some of the holes created by impact ionization may also get heated up and be 

injected into insulator (though this process is more difficult for holes than for electrons, given 

the larger 4.9 eV barrier for holes at the Si/SiO2 interface). The holes and electrons flowing 

into the insulator cause several problems, including electron and hole trapping, interface state 

generation, and generation of bulk and “border” traps in the insulator. These phenomena, 



 
 
 

shown schematically in Fig. 6.17, are collectively called “hot carrier effects”, and pose an 

important reliability issue for MOSFETs. 

 

 

 
 
Fig. 6.17 Schematic representation of hot carrier effects in a MOSFET, showing impact ionization, 

injection of holes and electrons into the oxide, and subsequent trapping, and interface state generation. 

 

Some of the deleterious effects caused by hot carrier effects on MOSFET performance include: 

threshold voltage shift, decrease in transconductance, excess leakage currents, instabilities and 

excess noise. 

 

Transistor Scaling 
 

As transistor sizes were scaled down from the tens of microns in the 1970’s to submicron 

dimensions in the 1990’s, a generic “scaling theory” was developed that helped the device 

designers to shrink the devices. The scaling theory laid down broad guidelines of how the 

various parameters in a scaled transistor should change, and what the consequences would be. 

Moving into the sub-100 nm regime, the general scaling theory is less useful than in previous 

years; however, it is still very instructive to look at it. Constant-Field Scaling 

 

The basis of constant-field scaling, proposed by Dennard [6.21] in 1974, was that as the device 

dimensions scaled down, the electric field in the device should remain constant, so as not to 

aggravate reliability problems. Fig. 6.24 shows Dennard’s scaling, in which all physical 

dimensions of the device – W, L, tox and xj – are scaled by a factor (1/κ), where κ > 1. In order 

to keep electric fields constant, all voltages are also scaled by a factor (1/κ). 

 



 
 
 

 
 Dennard scaling of the MOSFET – all dimensions and voltages are scaled by a factor (1/K). 
 

It is desirable to ensure that depletion width xd also scales down by a factor (1/κ), else the 

depletion regions will start to envelop the whole device. Using the equation for depletion width, 

 

 
 



 
 
 

 
 

 

 

Some of the problems which the constant-field scaling suffers from are (1) threshold voltage 

does not scale well, that is, it is not possible to scale down VT easily, (2) the subthreshold current 

does not scale as (1/κ), and becomes larger in relation to the on drive current, (3) subthreshold 

slope (determined by kT/q) does not scale, and (4) it is difficult to scale voltages down as 

drastically as dimensions, since circuit voltages would soon reach the order of (kT/q). 

 

In fact, constant field scaling is somewhat conservative since it is possible to allow the electric 

field to increase somewhat. This has particularly been true as the reliability of integrated 

circuits has improved over the years. Further, there has always been resistance to reducing the 

operating voltage too rapidly, partly because of circuit legacy requirements. 


