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Drain-induced barrier lowering (DIBL) is one of the 
main parameters employed to indicate the short-channel 
effect for nano metal-oxide semiconductor field-effect 
transistors (MOSFETs). We propose a new physical model 
of the DIBL effect under two-dimensional approximations 
based on the energy-conservation equation for channel 
electrons in FETs, which is different from the former field-
penetration model. The DIBL is caused by lowering of the 
effective potential barrier height seen by the channel 
electrons because a lateral channel electric field results in 
an increase in the average kinetic energy of the channel 
electrons. The channel length, temperature, and doping 
concentration-dependent DIBL effects predicted by the 
proposed physical model agree well with the experimental 
data and simulation results reported in Nature and other 
journals. 
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I. Introduction 

Device scaling involves the development of electronic 
devices with higher computing power, smaller size, and lower 
power consumption. The performance improvement of a 
metal-oxide-semiconductor field-effect transistor (MOSFET) 
can largely be attributed to aggressive device downscaling. 
Therefore, the number of MOSFETs in same-size 
microprocessors, memory chips, and telecommunications 
microcircuits has increased exponentially, and the channel 
length of a Si-based MOSFET is now less than 2 da-nm [1], 
[2]. MOSFETs are used for amplifying or switching electronic 
signals. Unfortunately, their switch performance degrades 
when their size is scaled down. This is due to the short channel 
effect, which causes reliability issues, such as the dependence 
of the threshold voltage on the channel length [3]–[6]. To 
develop the next generation of short-channel MOSFETs, 
several studies have reported the mechanisms behind this effect, 
which is called the drain-induced barrier lowering (DIBL) 
effect [3]–[6]. Based on previous studies, it was reported that 
the electric field at the drain would penetrate the source when 
the depletion width at the source (drain) junction is comparable 
to the channel length. Such a penetration is enhanced by 
increasing the drain voltage, and results in a potential that is 
controlled jointly by the gate voltage, the channel length, and 
the drain voltage. This potential means that the gate loses its 
full charge-control capacity. Although this penetrating field 
model explains DIBL very well, it cannot be analytically 
formulated. In this penetrating field model, many parameters 
have been included in the simulation; some of the main physics 
may be lost, although its results are consistent with experiments. 
Another drawback of this model is that there is no concise way 
of simulating future short-channel MOSFETs. The energy 
relaxation of the effect of channel electrons impacts in the 
performance of AlGaN/GaN high-electron mobility transistors 
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could be used to explain the current-collapse phenomenon [7]. 
It has also been determined that the energy relaxation of 
channel electrons significantly affects the gate leakage current 
through the gate oxide of two-dimensional (2D) graphene 
FETs [8]. A physical model of the effective activation energy, 
which is based on the energy relaxation and momentum 
relaxation of electrons in organic semiconductors, and which 
agrees well with experimental data, has been previously 
proposed [9]. The above-mentioned studies demonstrate that 
the energy relaxation of the channel electrons can have a 
greater effect on the performance of semiconductor devices. 
Thus, it is worth studying the energy relaxation of the channel 
electrons in silicon MOSFETs.  

In this study, we used the energy-conservation equation, and 
there was a reduction in the effective barrier height between the 
source and the channel, which is calculated from the channel 
electrons, when the channel electrons gain kinetic energy from 
the channel field. This model illustrates the physical origin of 
such a DIBL based on its simplicity and analytic nature. The 
leakage current in the device is a serious impediment to the 
further shrinking of MOSFETs, although it did not propose  
an alternative method of producing future high-performance 
short-channel MOSFETs. In our proposed model, although 
DIBL is inevitable, choosing or modulating the energy-relation 
time and saturation velocity of the channel electrons can enable 
us to obtain reasonably short-channel MOSFETs. This model 
is suitable not only because of its physical simplicity, but 
because it also has practical applications. 

II. Theory 

When a lateral electric field is applied to the channel of a Si-
based MOSFET, the channel electrons can continuously obtain 
energy from the applied electric field. Considering the energy 
relaxation time, which is used to characterize the rate with 
which channel electrons lose their kinetic energy to the lattice 
[10], the energy-conservation equation for the electrons in the 
channel of a Si-based MOSFET can be written as [11]    
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where e  is the energy-relaxation time, t is the time, V is the 

volume of the channel, , , fP E E , and iE  are the 

average power gain, the average electron kinetic energy, the 

final, and initial average kinetic energy of the channel electrons 

in the volume of the channel, respectively. The initial average 

kinetic energy denotes the average kinetic energy of channel 

electrons before the lateral electric field is applied to the 

channel, and the final average kinetic energy represents the 

average kinetic energy of channel electrons after the lateral 

electric field is applied to the channel. The electrons in the 

channel are accelerated by the lateral electric force ,qF


 and 

the corresponding acceleration can be approximated as 
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 Thus, the average power gain in the volume of the 

channel can be written as P q F v  
 

. Here, q is the 

electron charge, F


 is the lateral channel electric field, m* is 

the effective electron mass, and v


 is the average velocity of 

the channel electrons. For steady conditions, (1) can be written as 
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Note that the electrons in the channel of a Si-based MOSFET 

move opposite to the direction of the lateral electric field, and 

the thermal motion is random; therefore, the net velocity of 

electrons in the channel of a Si-based MOSFET is the drift 

velocity. Equation (2) can be rewritten as  

drift av ,f i eE E q v F              (3) 

where Fav is the average electric field in the channel. Equation 

(3) shows that the electrons in the channel of a Si-based 

MOSFET obtain an average kinetic energy of drift aveq v F  

from the applied electric field. This means that the effective 

potential barrier height between the source/drain and the 

channel seen by the electrons in the channel of a Si-based 

MOSFET will be reduced by drift av .eq v F  Note that 

according to (3), the final energy of the channel electric field is 

directly proportional to the lateral channel electric field. Further, 

the barrier height at the interface between the PN junction or 

another interface seen by channel electrons will be reduced 

when they obtain a higher energy. This implies that the energy 

relaxation of channel electrons should be considered for 

nanoscale silicon MOSFETs because a voltage that is much 

less than the on-state voltage in a nanoscale Si-based MOSFET 

can result in a higher lateral channel electric field. The drift 

velocity of the electrons in the channel of a Si-based MOSFET 

can be written as [12], [13] 
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where μ0 is the electron mobility at low field, vsat is the 

saturation drift velocity, F is the field magnitude, Fc is the 

critical field value, which is related to the saturation drift 

velocity by sat 0 c ,v F  and β is a fitting parameter. 

Therefore, 
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The surface potential in the channel of a Si-based MOSFET 
can be expressed as [14] 

s BI( ) ( ) ,y V y V               (6) 
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 is the built-in potential for a 

PN junction, V(y) is the channel potential, y is the direction 
along the channel, and ND, NA, and ni are the donor density, 
acceptor density, and intrinsic density, respectively. When a 
lateral channel electric field is applied to a Si-based MOSFET, 
the effective built-in potential seen by the electrons in the 
channel of a Si-based MOSFET will be rewritten as BIV  

drift av .ev F  Thus, in this paper, we can introduce an effective 
built-in potential in the MOSFET as BI drift av .eV v F  It is 
clear that the effective built-in potential depends on the energy-
relaxation time, the drift velocity, and the channel electric field. 
Note that the channel electric field is dependent on the channel 
length and drain voltage, which means that the effective built-
in potential of the MOSFET is closely related to the channel 
length. Therefore, the surface potential se  seen by the 
electrons in the channel of a Si-based MOSFET experiencing 
an energy gain from the channel field is 

se BI drift av( ) ( ) .ey V y V v F             (7) 

The gate voltage of a Si-based MOSFET equals [14] 
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where VG is the gate voltage, VFB is the flat band voltage, Qs is 
the space-charge density in the channel of a Si-based MOSFET, 
and Cox is the capacitance of the gate oxide. The threshold 
voltage is defined as the onset of the strong version, and we 
assume that there exists the same space-charge density at the 
onset of the strong version. Thus, the threshold voltage is the 
gate voltage when the space-charge density is equal to that in 
the case where there is no lateral electric field, as follows. 
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where VT is the threshold voltage and VT0 is the threshold 
voltage with either no applied channel voltage to the drain or 

no lateral channel electric field. Note that the DIBL coefficient  

is defined as T

D
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 (VD is the drain voltage). Under 

the assumption that the energy-relaxation time and the 
saturation drift velocity are independent of or only weakly 
dependent on the lateral channel electric field, the DIBL 
coefficient can be written as  
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The critical field value in silicon at a temperature of 300 K 
was reported to be 7.24 kV/cm [12]. Such a critical field value 
can be easily reached for nanoscale Si-based MOSFETs; for 
example, the channel electric field is 10 kV/cm when a voltage 
drop of 0.1 V is across a channel length of 100 nm. This means 
that a voltage much less than the on-state voltage in a 
nanoscale Si-based MOSFET can result in a lateral channel 
electric field that is higher than the critical field value. 
Therefore, for nanoscale Si-based MOSFETs when the channel 
field is much larger than the critical field in silicon, (9) and (10) 
can be written as 

T T0 sat av ,eV V v F               (11) 
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It is known that the energy-relaxation time and the drift velocity 
depend largely on the channel electric field, which is determined 
by the channel length, drain voltage, and gate voltage. While the 
energy-relaxation time, drift velocity, and channel electric field 
are nonzero, MOSFETs have a DIBL effect depending on 
factors such as the drain voltage and channel length. However, it 
can be shown only that drift avev F  is sufficiently large. Note 
that the threshold voltage was linearly dependent on the source-
drain voltage and the reciprocal of the effective channel length in 
the experimental report [15]. Although a previous analytical 
model 3

T D eff/V V R L  was given by [16], it is not consistent 
with experimental observations in [15]. 

In order to build an analytical two-dimensional (2D) model, 
using the method described in [14], [17], [18], the one 
dimensional (1D) Poisson equation along the channel of a Si-
based MOSFET considering the 2D can be written as [14], 
[17], [18]  



ETRI Journal, Volume 39, Number 2, April 2017 Ling-Feng Mao   287 
https://doi.org/10.4218/etrij.17.0116.0750 

 

2
GS BI FB

2
s s ox ox

D A

s

( )( )

/

( ) ( ) ( ) ( )
,

V y V V Vd V y

t tdx

N y N y p y n y
q

  


  


 



    (13) 

where x is the direction perpendicular to the Si/SiO2 interface, 
ε(x) is the spatially dependent dielectric constant, VGS is the 
gate-source voltage, VFB is the flat-band voltage, VFB is the 
built-in potential, ts is the thickness of the silicon layer, tox is the 
thickness of the gate oxide, q is the electron charge, s is the 
dielectric constant of the silicon, ox is the dielectric constant of 
the gate oxide, ND(y) is the donor density along the channel, 
NA(y) is the acceptor concentration, n(y) is the electron density, 
and p(y) is the hole density. Note that qVBI is the built-in 
potential energy difference between the Fermi level of      
the source and the Fermi Level of the channel [17], and 
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  for p-type silicon. Here 

Egs is the band gap of the silicon, qB0 is the barrier height 
between the source and the channel, NA is the donor doping 
density in the silicon, and nio is the intrinsic carrier areal 
concentration of the silicon. Using the proper boundary 
conditions to solve (13), the electrostatic potential along the 
channel can be obtained as  
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where VDS is the source-drain voltage, or or ox ox/ ,t t    
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Equation (15) shows that the electric field along the channel is 
a function of the drain voltage and the gate voltage. The 
maximum channel electric field can be written as 

m 1 DS 2 GS 3(0) ,F F C V C V C            (16) 

where C1, C2, and C3 are fitting parameters that are       
used for silicon nanowire FETs in previous studies [18], 
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values of C1/C2/C3 extracted from experimental results are 
0.02/0.00015/0.028 and 0.03/0.009/0.295. Using Taylor series’ 
expansions of exponential functions, we can obtain  
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If we consider a first-order approximation to (17), we obtain 
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Note that we need to determine the barrier height between the 
source and the channel and F(y) and Fm are the vector quantity 
according to (15) and (16), whereas F is the scalar quantity, 
thus it is need to determine the channel field at the source point 
in the channel and it can be written as 
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Under normal conditions for Si based MOSFETs, the increase 
in the drain voltage and the gate voltage will lead to an increase 

in the channel electric field. It means that DS
1

F V
L

   

GS 32

L
V C


. Therefore, for a 2D model, when the maximum 
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channel field is much larger than the critical field in silicon, (9) 
and (10) can be rewritten as 
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The proposed 2D physical model ((12) and (22)) also predicts 
that the threshold voltage should be linearly dependent on the 
source-drain voltage and the reciprocal of the effective 
channel length, which is consistent with the experimental 
report [15]. 

III. Results and Discussions 

Figure 1 shows the threshold voltage as a function of (a) 
1/Leff and (b) VD. The lines in the figure are the linear fitting of 
experimental data. VBS is the substrate bias. The experimental 
data of VT versus VD are from [15], and those of VT versus 1/Leff 
are from [19]. Figure 1 clearly demonstrates that the threshold 
voltage is linearly dependent on both VD and 1/Leff. The values 
of the Adj. R-Square for the linear fitting of VT versus 1/Leff 
when the channel doping density is 7 × 1011, 8 × 1011, 9 × 1011, 
and 1.0 × 1012 cm–2 are 0.9844, 0.96006, 0.92179, and 0.97945, 
respectively, and those for the linear fitting of VT versus VD 
when the substrate bias is −1, −3, and −5 V are 0.99338, 
0.99395, and 0.99564, respectively. The Adj. R-Square is the 
adjusted coefficient of determination in statistics, which can tell 
you what percent of the total variability is accounted for by 
your model. Thus, the fitting process is one hundred percent 
successful when the value the Adj. R-Square is 1. This value is 
used for statistical description for goodness of fit. Figure 1 
proves that the physical analytical model proposed in this paper 
can explain the experimental data very well. 

Figure 2 clearly demonstrates that there exists a linear 
relation between the experimental data of DIBL and 1/Leff. The 
values of Adj. R-Square for the linear fitting of VT versus 1/Leff 
are 0.99673, 0.97815, and 0.98459 (0.9521 for Fig. 2(b)); 
when international units are used, the slopes are 3.82 × 10–10, 
9.6 × 10–9, and 2.79 × 10–8 (1.5 × 10–7 for Fig. 2(b)). The 
proposed model is validated because the value Adj. R-Square is 
close to 1. According to (12), we can conclude that R  1/Leff 
for Si-based MOSFETs when the lateral channel electric field 
is larger than the critical field value. 

Figure 3 shows how the saturation velocity and the energy-
relaxation time affect the DIBL. The wide solid (red), dash 
(blue), dot (olive), and dash dot (violet) lines represent the 
experimental values 3.82 × 10–10, 9.6 × 10–9, 2.79 × 10–8, and  
1.5 × 10–7, respectively. From the experimental data, the 
extracted electron energy relaxation time is within the range of 
10 fs to several tens of ps, and the saturation electron-drift  

 

Fig. 1. Threshold voltage as a function of (a) 1/Leff and (b)VD.
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Fig. 2. DIBL coefficient as a function of 1/Leff. The experimental 
data in (a) are from [3], and those in (b) are from [4]. 
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Fig. 3. Contour of the effect of the saturation velocity and the
energy-relaxation time on the DIBL coefficient. 
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velocity varies from 1 × 104 m/s to 1 × 106 m/s using our 
proposed model. Note that the scattering process significantly 
affects the energy-relaxation time, and the total energy-relaxation 

time obeys the inverse sum rule, that is, 1 1( ) ( )e e jj
    ，  

(here, j is the jth scattering type) [20]. For example, an electron-
phonon energy-relaxation time of 260 fs was obtained in a 
reflectivity study of silicon carrier dynamics [21], and it is  
100 fs in [22]. Therefore, the total energy relaxation may be 
smaller than the electron-phonon energy-relaxation time. At the 
same time, the saturation electron-drift velocity varies from  
1.4 × 105 m/s to 0.8 × 105 m/s as the temperature varies from 
several K to 600 K [23]. We compared the results calculated 
using (12) with different values of the saturation electron-drift 
velocity, and the electron energy-relaxation time (shown in  
Fig. 3) with those values determined using experimental data 
[21]–[23]. Based on the results obtained, it is clear that our 
proposed model agrees well with the experimental data with 
respect to the choice of appropriate and physically practical 
values of the energy-relaxation time and saturation drift 
velocity. 

Further, to prove the validity of the linear relation between R 
and 1/Leff, we considered the DIBL coefficient data extracted 
from [5] as a function of 1/Leff in Fig. 4. Figure 4 clearly shows 
that for all of the Si-based MOSFETs studied in [5], the linear 
relation between R and 1/Leff holds. The values of Adj. R-
Square that are used for linearly fitting VT versus 1/Leff for the 
double-gate, gate all around,  gate,  gate, and tri-gate Si-
based MOSFETs are 0.9831, 0.98873, 0.97302, 0.99295, and 
0.98771, respectively. In addition, Fig. 4 demonstrates that the 
proposed model is valid for all types of gated Si-based 
MOSFETs.  

Note that it is believed that the DIBL effect is caused by the 
electric field penetration, and it can be amplified by the drain 
voltage. Although this model can explain the DIBL in detail by 

 

Fig. 4. DIBL coefficient as a function of 1/Leff; the data are from 
[5]. 
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its simulation of the field penetration profile, some of the 
important physics may be lost during its multiple parameter 
fitting. For example, this model cannot demonstrate which 
physical parameters of the channel electrons will affect the 
DIBL, as the DIBL effect in our model is a result of the 
average energy of the channel electrons, which may lead to a 
reduction in the barrier height seen by the channel electrons. In 
addition to explaining the DIBL in detail, our model further 
demonstrates that the physical parameters of the channel 
electrons, for example, the energy-relaxation time, channel 
length, and channel electric field can modify the DIBL effect. 
This is important for optimizing the future generations of high-
performance, short-channel Si-based MOSFETs. 

To further test the validity of the proposed model, we 
compared the doping concentration and temperature- 
dependent DIBL coefficient. The DIBL coefficient has been 
found to first decrease and then increase with the channel 
doping concentration [24]. A first-principle’s computation 
demonstrated that the energy-relaxation time of electrons 
decreases with the doping concentration in silicon, and then 
increases [25]. When the dependence of the saturation drift 
velocity on the doping concentration is also taken into account, 
the doping concentration-dependent DIBL coefficient follows 
the same tendency as the energy-relaxation time. 

Figure 5 depicts a comparison of the change in the doping 
concentration-dependent DIBL coefficient with that of the 
electron energy-relaxation time at 300 K. It clearly illustrates 
that the two doping concentration-dependent relations are 
similar. In addition, the DIBL coefficient has the same 
temperature dependence of e(T)0(T) when we neglect the 
effect of temperature on the critical field value. This is because 
(12) can be rewritten as R = e(T)0(T)Fc/Leff. The temperature 
dependence of the energy-relaxation time of electrons in silicon 
devices is found to be proportional to the negative third power 
of the temperature e  T–3/2, and this was done by using   
three different experimental methods [10]. The temperature- 
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Fig. 5. (a) DIBL coefficient and the energy relaxation time versus
the doping density (b) DIBL coefficient versus the 
temperature. 
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dependent phonon scattering limits mobility by   T–3/2, and it 
is dominant at high temperature [26]. Therefore, the DIBL 
coefficient R is proportional to T–9/2. This means that there is a 
linear relation between R and T–9/2, and such a relation can be 
observed in Fig. 5(b). The value of Adj. R-Square for the linear 
fitting is 0.9911. The data of the DIBL coefficient versus 
temperature were obtained from [27]. The above results further 
demonstrate that the proposed model is suitable for describing 
the physical origin of DIBL in Si-based MOSFETs. 

According to the above results, we can conclude that the 
channel length, temperature, and doping concentration-
dependent DIBL coefficient predicted by the proposed 2D 
analytical physical model agrees well with the experimental 
data and simulation results reported in the literature. For a 
nanoscale Si-based MOSFET (in which the condition of a 
lateral channel electric field larger than the critical field value 
can be easily satisfied), the DIBL coefficient is determined by 
the energy-relaxation time, the saturation drift velocity and the 
channel length. All of the above discussions demonstrate that 
the proposed model not only describes a physical mechanism 
for the DIBL, but also indicates that by optimizing device 
parameters such as the energy relation time and saturation 
velocity of channel electrons, it is possible to design nano-
MOSFETs. 

IV. Conclusion 

In conclusion, we proposed a new physical model of DIBL 
based on the energy balance of channel electrons under 2D 
approximations. First, we deduced the formula of the channel 
field at the source using a 2D model, and we then used the 
energy balance to determine the increased energy caused by the 
channel field. Finally, we obtained an analytical expression for 
the DIBL coefficient. Such a physical model of DIBL implies 
that the drift velocity of the channel electrons has reached 
saturation, and it requires that the maximum channel field be 
much larger than the critical field in silicon; such a critical field 
value can be easily reached for nanoscale Si-based MOSFETs. 
The DIBL effect in our 2D model is caused by an increase in 
the average kinetic energy of the channel electrons, which is 
different from the previous model that is based on the electric-
field penetration between the source and drain junction. The 
energy relaxation time (saturation drift velocity) sensitivity of 
the DIBL coefficient implies that we can use the DIBL 
coefficient to determine the energy relaxation time (saturation 
drift velocity), and this relaxation time together with the 
saturation velocity will be an important factor to optimize 
future short-channel Si-based MOSFETs. 
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