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Abstract 
The breath-taking developments in the field of Very-Large-

Scale-Integrated Circuits (VLSI) technology have shaped the 

age of Nano-technology where constant endeavors have been 

made to downscale the devices used in Metal Oxide 

Semiconductor (MOS) transistors. The scaling of transistors 

has resulted in improved performance along with an increase 

in the complexity of devices. The increase in complexity 

seems to follow the law given by Gordon Moore in the year 

1965. The law states that the number of components on a chip 

doubles every 1.5 to 2 years. The stupendous advancements in 

the field of Integrated Circuits (ICs) have followed the trend 

shaped by Moore's Law. Hence the process of IC revolution 

which started in the 1960s has developed into the concept of 

System–on –a–Chip (SOC). The minimum channel length 

which was feasible was given by Dennard's law which gives 

the empirical formulae 
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, where X
j 

is the junction 

depth, t
ox 

is the oxide thickness, X
sd 

and X
dd 

are the source and 

drain regions depths respectively. However, this aggressive 

device and interconnect scaling are not devoid of challenges. 

These obstacles surface in the form of Short Channel Effects 

like the increase in Off-current, the presence of Gate current, 

Scaling of gate Oxide. Other harmful effects are failure of 

current saturation caused byPunch-through, increase in the 

threshold Voltage in the subthreshold region, oxide charging 

and various parasitic effects. In this article, the various short 

channel effects are highlighted along with the effective 

remedial measures to combat them. It is also argued that 

conventional semiconductor material may not behave 

appropriately in micron dimensions. Hence the need to 

investigate compounds and materials which are not 

susceptible to short channel effects is imperative. Recent 

studies in polymer sciences are also focused upon. 

Keywords:Nanotechnology, downscaling, complexity, 

System-on-a-chip, Off current, Punch through.  

 

 

I. INTRODUCTION 

 

During the past decades, the scaling in dimensions of Metal 

Oxide Semiconductor (MOS) transistors has been 

implemented in order to improve performance and augment 

circuit density. Fig.1 and fig. 2 aptly represent an original 

MOS device and a scaled device respectively. The various 

parameters are scaled proportionately by a factor K. Dennard 

[1] was the first to propose a scaling methodology which 

maintains the constant electric field in the scaled device. Eqn. 

(1) provides an empirical formula for the minimum channel 

length. 

 
𝐿𝑚𝑖𝑛 = 0.4[𝑋𝑗𝑡𝑜𝑥(𝑋𝑠𝑑 + 𝑋𝑑𝑑)

2]
1
3⁄  (1) 

Where X
j 
is the junction depth, t

ox 
is the oxide thickness, X

sd 

and X
dd 

are the source and drain regions depths 

respectively.By electrical standards, whether a device is long 

or short is dictated by the process conditions rather than the 

physical dimensions. Short Channel Effects are manifestations 

of deviation from the long channel behavior. These effects are 

caused if the potential distribution becomes two-dimensional, 

and there is high electric field in the channel region. In a 

scenario where the channel length has been scaled down while 

the doping concentration is unaltered, the depletion layer 

width of the drain and source region shrink down. If the 

depletion width becomes proportional to the channel length, 

then the potential distribution in the channel becomes a 

function of both the transverse field E
x 

which is dictated by 

the gate voltage and the back-surface bias along with the 

longitudinal field E
y 

which is dictated by the drain bias. If the 

potential distribution starts exhibiting two-dimensional 

properties, then the gradual channel approximation is lost and 

results in a subsequent departure from long channel 

behaviour. This two-dimensional potential results in 

deterioration and departure from the long channel behaviour. 

The manifestations of these degradations are in the sub-

threshold behaviour. The threshold voltage becomes a 

function of channel length along with the biasing voltage. 

Thus the current fails to saturate and the depletion region 

surrounding the drain and source region merge and in a 

phenomenon known as punch-through [2]. These effects are 

known as Short Channel Effects. As the electric field is 

increased further, velocity saturation can occur if the channel 

mobility becomes a function of the electric field. Any 

additional increase in the electric field can result in carrier 
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multiplication near the drain region.  This increase in the 

carriers gives rise to current in the substrate and subsequently 

causes a parasitic bipolar transistor action. High fields are also 

responsible for hot carrier injection into the oxide layer. Thus 

the oxide becomes charged and causes a subsequent threshold 

voltage shift along with the deterioration of trans-conductance 

property. Thus, the down scaling of devices presents 

themselves with the undesirable effects in the form of short 

channel effects. Since the short channel effects adversely 

affect device operation and performance, effective measures 

need to be adopted to combat them. Although the channel 

length may be significantly diminished, the electrical long 

channel behaviour should be maintained.  In the following 

sections, the physical manifestations of the short channel are 

presented along with an effective methodology to negate the 

deleterious effects of short channel effects. 

 

II. SHORT CHANNEL EFFECTS-PHYSICAL 

MANIFESTATIONS 

 

A. DIBL (Drain Induced Barrier Lowering):  

In physically short channel devices, the gate voltage (Vg) 

required to deplete Q
b 

(depletion charge) is diminished. 

Therefore the barrier potential to electron injection from 

source to drain decreases Id (drain current).This phenomenon 

is called Drain Induced Barrier Lowering (DIBL). DIBL 

results in an increase in Id (drain current)at a given Vg. The 

effect of drain voltage on the output conductance is primarily 

due to DIBL. It is also responsible for the deleterious effect on 

the threshold voltage.  However, this effect manifests itself in 

devices with imprudent scaling of the dimensions of MOS 

transistor. If only the gate length is scaled selectively without 

scaling the other dimensions, then the DIBL effect is visible.  

The effect of barrier lowering is observed as a shift in the 

threshold voltage with reduced gate length. This variation in 

threshold voltage is caused by the increased current due to the 

enhanced drain voltage. The charge at the inversion layer is 

manipulated by the applied drain voltage. This charge may 

become comparable with the gate voltage. In such a scenario, 

the field distribution becomes two-dimensional at the drain 

end. This two-dimensional field distribution is responsible for 

inducing DIBL. Prudent and optimized scaling of drain and 

source depths may overcome the hindering effects of DIBL. 

However, the substrate doping density needs to be scaled up 

to compensate for increased drain current. Table 1 succinctly 

describes the various scaled parameters where K is the scaling 

factor. The substrate doping density is scaled up by a factor K, 

whereas other parameters like channel length, oxide thickness, 

junction depth and width are scaled down.  

 

 

 

 

  

 

 

 
 

Fig.1    MOSFET Device (Original) 
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B. Subthreshold current:  

 

With the reduction of channel length in the micron range, the 

drain voltage starts being affected by the sub-threshold 

current. The necessary condition for independence of drain 

current on drain voltage is characterised by (2): 

 

 𝑉𝐷 > 3𝑘𝑇/𝑞 (2) 

 

Here k is the Boltzmann’s constant, T is the absolute 

temperature, while q is the electronic charge. However, as the 

channel length reduces further, there is a shift in the threshold 

voltage, and the long channel behavior is lost, and the device 

cannot be turned off [3]. There is a thin line of difference 

between the electrical behaviour of the long channel and a 

short channel device. This difference can be characterised by 

the two given criterion: 

 

(i) The drain current is a function of the channel 

length to maintain long channel behaviour Id ~ 

1/L  

 

(ii) The sub-threshold current is a function of  drain 

voltage for long channel devices where Id is not a 

function of V
D 

for V
D 

> 3kT/q  

C. Threshold voltage shift:  

 

The significant demise of the channel width can manifest 

itself in threshold voltage (Vth) shift. There is a pronounced 

relation between the lateral spread of depletion region in the 

substrate in commensuration with the demise of channel 

width. Thus, the total charge in the depletion region is 

affected by body effect, thereby increasing the threshold 

voltage. If the channel width is reduced such that it becomes 

comparable with the depletion layer width, then there is a 

significant rise in threshold voltage. For channel width around 

1 μm, a substantial increase in Vth occurs when the substrate 

doping is less than 10
16 

cm
-3

.  

 

D. Failure of current saturation due to Punch-through:  

 

In a MOSFET channel length, modulation occurs due to the 

shrinkage of depletion regions around the drain and source 

region. If this shrinkage becomes too pronounced and the two 

depletion regions merge, then this effect is known as Punch 

through. In this case, the dependence of the electric field 

below the gate region on drain-source voltage is quite 

significant. Punch through causes an increased amount of 

current with a corresponding increase in drain-source voltage. 

This effect needs to be mitigated as it increases the output 

conductance and inhibits the maximum operating voltage of 

the device. 

 

E. Avalanche breakdown and parasitic bipolar action  

 

With the increase in the electric field in the channel, 

avalanche breakdown occurs at the drain region. As in P-N 

junction diode, the current is increased in the channel due to 

this avalanche breakdown. In addition to the breakdown, 

bipolar action also occurs due to the parasitic effect.  Beneath 

the inversion layer, avalanche breakdown generates holes. 

These holes traverse from drain to source. Due to this hole 

current, the P-N junction gets forward biased. Now the 

electrons injected in the p-type substrate behave as the 

minority charge carriers. An enhanced number of electron-

hole pairs are generated due to the presence of higher number 

of holes resulting from avalanche multiplication. Therefore, 

there is a strong influence of avalanche breakdown and 

parasitic bipolar action which ultimately results in breakdown 

at lower drain voltage.  

 
III.METHODS TO MITIGATE SHORT CHANNEL 

EFFECTS 

 

The infringement of the drain electric field within the channel 

region is amongst the key causes of deterioration in device 

performance at shorter channel lengths. To accomplish the 

long channel behaviour of MOSFET, the internal electric 

fields of the channel should remain unaltered. To achieve this 

goal, appropriate scaling of various parameters is deployed. 

Past decades have witnessed the phenomenal reduction of the 

key parameters of a MOSFET [4]. The gate length which was 

at a minimum of 10 mm in 1970 shrunk gradually to 0.15 mm 

in the year 2000. This rate of reduction amounts to 13% per 

year. Proper scaling of MOSFET, however, is not restricted to 

the size reduction of the gate length and width but it also 

requires adequate scaling of other parameters as well. Other 

dimensions which are scaled proportionately include the gate 

and source alignment. The gate and drain alignment are also 

scaled accordingly. The oxide thickness along with the widths 

of both the source and drain depletion layer is scaled. 

However, scaling of the depletion layer widths will necessitate 

the scaling of the substrate doping density. Two types of 

scaling are common namely the constant field scaling and 

constant voltage scaling. The power delay product which 

serves as the figure of merit in a MOSFET device can be 

significantly reduced by constant field scaling. Along with the 

scaling of minimum feature size, the power supply voltage 

also needs to be scaled down. Scaling at a constant voltage 

does away with the subsequent problems. Hence constant 

voltage scaling is chosen over the constant field and has 

additional advantage of compatibility with older circuit 

technologies. However, constant voltage scaling is not bereft 

of drawbacks. The primary drawback is the increase in the 

electric field with a corresponding reduction in the minimum 

feature size. The effect of an increase in the electric field 

shows up in velocity saturation, mobility degradation, 

increased leakage currents, and lower breakdown voltages. In 

constant field scaling, it is imperative to keep electric field 

constant. However, in practice, constant field scaling has not 

been strictly observed. Since for high performance, the 

required condition is that the drain current is proportional to 

the difference between gate voltage and threshold voltage, I
d 

α 

(V
g 

– V
th 

) is required. As a consequence, a higher value of 

drain voltage (V
dd 

) causes a high amount of power 

dissipation. The key MOSFET parameters are scaled 

according to the following manner as specified in Table 1[5]. 

International Journal of Applied Engineering Research ISSN 0973-4562 Volume 14, Number 2, 2019 (Special Issue)  
© Research India Publications.  http://www.ripublication.com

Page 98 of 99



 

 

Table 1: Scaled Parameters 

 

Device / circuit parameters  Scaling factor  

Dimension : t
ox 

, L ,W , Xj  1/K  

Substrate Doping : Na  K  

Supply Voltage : V  1/B (K>B>1)  

 

 

IV. SCALING REQUIREMENTS AND ISSUES 

 
A. Gate length:  

 

Amongst the MOSFET features, the gate length is the 

smallest. The pattern of gate length is characterized by 

lithography as well as etching. One of the premium techniques 

of lithography is optical lithography which is responsible for 

feature size reduction. If the wavelength of the light employed 

is scaled down, the feature size can be miniaturised. However, 

if the wavelength of light is less than 193 nm, it poses many 

challenges. One of the challenges is the accessibility of 

materials for the shorter wavelength. To meet these 

lithographic requirements X-ray, extreme ultra-violet and 

electronic beam are in perusal. The material work function is 

also exploited in a dual material gate MOSFET [7].  

 

B. Oxide thickness:  

 

A reduction in gate oxide thickness t
ox

in comensuration to the 

gate length is required to control the threshold voltage. It is 

also instrumental in controlling DIBL effect and significantly 

enhance drain saturation current.  However, if the gate oxide 

thickness is lowered below 20nm, then there are imposing 

challenges. The silicon oxide layer on being reduced beyond 

20A 
◦

presents quite a few problems. Due to gate leakage, there 

is circuit instability and large power dissipation. Dopant 

penetration through gate oxide may also occur. To combat the 

negative effects of oxide thickness below 2 nm, thicker gate 

insulators with a higher dielectric constant than the oxide are 

employed. This goes a long way in reducing the tunneling 

current through the gate insulator.   

 

C. Depletion depths and junction depths :  

 

Depletion depths and junction depths have to be scaled to 

control short channel effects. However, the source-drain 

extension junction depth, Xj have to be more than 30 nm in 

order to maintain lower source-drain series resistance and 

maintain higher drain saturation current. Ion implantation of 

apt dopants into specific regions can inhibit source-drain 

series resistance. It is also helpful to restrict their movement 

during subsequent heat cycles. It is noteworthy that future 

MOSFET technology demand very high doping concentration. 

The sub 50 nm domain will require profiles which are less 

than 5nm/decade. Thin depletion depths require very high 

doping concentration. Implementation of very high doping 

levels can cause direct body-to-drain tunneling leakage. This 

serious problem can be circumvented by altering the device 

structure.  By deploying a very thin undoped silicon channel 

the need for accurate dopant placement does not hold. A 

double metal (DG ) MOSFET is a good example of thin 

silicon channel. Also by employing Double Material Gate ( 

DMG ) with two metals of different work functions, short 

channel effects can be suppressed. This double material 

introduces a potential step in the channel with an enhanced 

source side Electric field which increases the carrier transport 

efficiency in the channel region. 

 

D. Channel length  

The reduction in channel length is vital for improving device 

performance. The current limitation sets the limit for L as 60 

nm in order to preserve a source-drain junction depth as 30 

nm.  

 

V. CONCLUSION 

 

In the preceding sections, the need and the requirement for 

further scaling the MOS devices were highlighted. It was 

however contended that the scaling of devices had some 

inherent problems in the form of Short channel Effects caused 

by the reduction in the channel length. The various Short 

Channel Effects were highlighted along with specific methods 

to mitigate those short channel effects.The bottom-line of the 

study is that the long channel behavior needs to be maintained 

even in a physically very short channel.  
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