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Abstract
This article reports the effects of incomplete ionization on the low power performance of silicon-on-insulator (SOI) n-p-n 
dual-gate tunnel field-effect transistors (TFET) through calibrated technology computer-aided design simulations. The effects 
of drain-induced barrier thinning and resistivity profiles are reported for the proposed device in the presence and absence of 
incomplete ionization. A current sensitivity parameter is considered for analysis, which refers to the deviation of the drain 
current of the device with incomplete ionization included  from the case without incomplete ionization. Considering the 
Altermatt incomplete ionization parameters for boron and arsenic dopants in the device of interest, this article presents the 
investigation of incomplete ionization for various gate work functions, and mobility models (doping-dependent models: 
Masetti, Arora, and Philips Unified, and mobility degradation models: University of Bologna, Lombardi, and Inversion and 
Accumulation Layer). The impact of a trap-assisted tunneling model on sensitivity is also reported.

Keywords Incomplete ionization · n-p-n TFET · critical doping · doping-dependent mobility · mobility degradation

Introduction

Due to its ability to have a sub-threshold swing value of less 
than 60mV/decade, tunnel field-effect transistors (TFET) 
are one of the most promising choices among the several 
alternatives to metal–oxide–semiconductor field–effect 
transistors (MOSFET) for future very large-scale industry 
applications.1,2 Tunnel field effect transistors (TFETs) use 
in low-power and high-speed activities hampers the thermal 
limit of the MOSFET subthreshold swing, which prevents 
the threshold voltage from being lowered. A TFET is a supe-
rior choice for high-speed operations with little OFF current 
dissipation because it is not constrained by this thermal tail.3  
The working concept of this transistor, which has a funda-
mental structure of a gated PIN diode, is bias-controlled 
band-to-band tunneling (BTBT).4 Generally, charge carriers  

tunnel via the potential barrier between the source valence 
band and the channel conduction band to cause current crea-
tion in TFETs. Lower energy is associated with its opera-
tion, making a MOSFET a viable low-power device.2 This is 
because we are using electrons in their lower energy or more 
stable state rather than the state formed by thermionic emis-
sions in the case of the MOSFET, which is more randomly 
distributed and unstable. Compared to a MOSFET, a TFET 
provides a number of benefits, including improved resistance 
to short channel effects and a larger ION∕IOFF current ratio.1,2

Due to these characteristics, TFETs are grabbing lots 
of attention from the research fraternity. However, a few 
demerits still prevail which is hampering its widespread use 
in VLSI circuit implementation, including ambipolar current 
and low ON current.5,6 In this paper, we are formulating a 
methodology to potentially enhance the ON current of the 
device using a naturally occurring phenomenon associated 
with dopants in semiconductors called incomplete ioniza-
tion. Incomplete ionization, which we generally associate 
with a current degrading phenomenon can be potentially 
used to enhance the ON current of the device by its proper 
utilization across the source region of the TFET, filling the 
valence band with more electrons, hence increasing the 
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tunneling current probability. We observe the effects of 
incomplete ionization for various mobility models and at 
the same time propose a concept to enhance the ON current 
of the TFET by varying the Ncrit values.7

Incomplete ionization is a phenomenon observed in semi-
conductors in which the dopant species are not completely 
utilized for their contribution of free carriers. Under this 
condition, a few donor atoms remain unionized in the donor 
energy level and a fraction of the electrons does not reach 
the conduction band. Similarly, a few acceptor atoms are 
devoid of electrons from the valence band (meaning  holes 
from the acceptor energy level to the valence band) leading 
to incomplete ionization of the acceptor atoms. Although 
incomplete ionization is highly influential for silicon devices 
at low temperatures, yet it is observed that there is a consid-
erable amount of incomplete ionization at room temperature. 
For dopants like arsenic, boron, and phosphorous with low 
dopant concentrations, there is a discrete dopant energy level 
EDop situated below (above) the conduction band (valence 
band). The discrete dopant energy levels form an energy 
band because of clusters of dopants formed in silicon due to 
moderate doping concentrations.8 Increasing the doping con-
centration increases the cluster size which again increases 
the probability of the movement of electrons from one clus-
ter to another, thereby increasing the electron  concentration 
of the conduction band.9

At considerably higher doping concentrations, where the 
concentration reaches a critical value, Ncrit , the dopant band 
touches the conduction band or the valence band, leading 
to a change in the behavior of conduction identified by a 
phenomenon known as the Mott metal–insulator (M-I) tran-
sition.8 An impurity band enters the majority carrier concen-
tration band for maximum doping and hence the idea of a 
separate band is trivial.10  Here, the Fermi–Dirac distribution 
along with the dopant impurities are mentioned in Eqs. 1 
and 211:

where EFN ( EFP ) is the quasi-Fermi energy level for 
electrons (holes), gD ( gA ) is the degeneracy factor for 
donors (acceptors), and ED

(
EA

)
 is the donor and accep-

tor level. Despite the fact that B -doped silicon has a 
smaller lower ionization energy than P-doped silicon 
( EB,0 = 44.4meVvs.EP,0 = 45.5meV ), incomplete ioniza-
tion is predicted to be stronger in B -doped silicon than in 
P -doped silicon. There are two degenerate valence bands 

(1)ND =
ND0

1 + gD.exp(
EFN−ED

KT
)

(2)NA =
NA0

1 + gA.exp(
EA−EFP

KT
)

for acceptors which is why they are fourfold degenerate, 
whereas donors are only twofold degenerate, allowing each 
donor level to accept one electron of either spin. This is 
because acceptors have two degenerate valence bands and 
donors only have one degenerate level, allowing each donor 
level to accept one hole of either spin.12 ND ( NA ) is the acti-
vated number of donors (acceptors), ND0 and NA0 is the total 
donor (acceptor) concentration, ED ( EA ) is the energy level 
for donors (acceptor), T is the absolute temperature in Kel-
vin, and K is the Boltzmann constant. Corresponding val-
ues of Ncrit due to different doping species lead to different 
degrees that are available for the carriers to conduct.

Incomplete ionization can be significant in unconven-
tional transistors like TFETs. The quantum mechanical 
BTBT current in TFETs is not merely dependent on the 
parameters of the tunnel barrier  but also on the availability 
of carriers at the source end of the barrier, which is inter-
preted by the Fermi–Dirac distribution in the source region. 
Investigation of incomplete ionization in TFETs has not yet 
been reported.

With this objective, this article reports the impact of 
incomplete ionization on the performance of n-p-n SOI 
double-gate TFETs with arsenic and boron acting as dop-
ing species in the drain and source regions of the transis-
tor, respectively. Since this investigation is carried out for 
the first time, different mobility models are considered for 
evaluating the impact of incomplete ionization on the device 
performance. This work further aims to offer information on 
the response of the mobility models towards the phenom-
enon of incomplete ionization as different mobility models 
under ideal and non-ideal conditions may be potentially used 
for computational purposes, which include validation of 
experimental data, calibration of mobility models in TFETs, 
and the design of analytical models for circuit simulations. 
Therefore, the investigation carried out in this work has a 
wider scope and contributes significantly to the unexplored 
domain of incomplete ionization in TFETs.

Section "Architecture and Simulation Set-up" shows 
the architecture and simulation set-up of the device while 
Sect. "Significance Of Incomplete Ionization" presents the 
importance of incomplete ionization. Section "Results and 
Discussion" presents the results associated with the inves-
tigation. Section "Conclusions" summarizes and concludes 
the article.

Architecture and Simulation Set‑up

The double-gate n-p-n TFET considered in this work is 
shown in Fig. 1, in which the p-type region acting as the 
source is sandwiched between two n-type regions acting 
as drains. The device has dual gates present across the two 
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(a) (b) (c)

(d)

Fig. 1  (a) 2-D architecture of proposed device; (b) energy band diagram at VGS = 1V  , VDS = 0.5V  ; (c) calibration  curve13; (d) flow chart of the 
calibrated and theoretical mobility models.
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junctions, while HfO2 material is used as the gate oxide 
of the device having a thickness (tox) of 3nm . The drain 
regions each 90nm long are doped with an arsenic con-
centration of 3 × 10

17cm
−3 . The source is 120nm long and 

doped with a boron concentration of 1020cm−3 . The thick-
ness of the silicon (tSi) is 10nm , while the buried oxide has 
a thickness of 100nm.14 These device dimensions are used 
for all the simulations, keeping the drain source voltage 
(VDS) and work function (�M) constant at 0.5V  and 4.2eV , 
respectively, unless otherwise specified.

Simulations have been carried out using the Sentaurus 
TCAD tool.15 A Schenk BTBT model has been imple-
mented in the simulations. An incomplete ionization 
model has been included in the simulations to take into 
consideration the effect of incomplete ionization for the 
said dopants in the device. Band gap narrowing, doping-
dependent mobility models, and Fermi–Dirac statistics are 
implemented due to the high doping concentration in the 
device.

Three doping-dependent mobility models are considered 
in this work. Among them, the Masetti and Arora mobil-
ity models are fundamental doping-dependent mobility 
models.16,17 Similarly, the Philips Unified mobility model 
is also implemented in the simulations to take into account 
the effects of the clustering of the dopants.18 The interface 
mobility degradation model's effect has also been taken into 
consideration, which includes the University of Bologna,  
Lombardi, and inversion and accumulation layer (IAL) 
mobility models.18,20,21 For acoustic phonon scattering and 
surface roughness scattering, the Lombardi model comes 
into the picture.19 The IAL mobility model comprises trans-
verse field and doping dependencies which contains 2-D 
Coulomb impurity scattering. For the University of Bolo-
gna mobility degradation model, the decreasing factor of 
Coulomb scattering at low fields, and surface phonons and 
surface roughness scattering at large fields are considered.18

The tunneling model in the simulations has been cali-
brated with the experimental data in Ref. 13 , resulting in the 
m o d e l  p a r a m e t e r s : 
A = 7 × 10

21cm−1s−1V−2,B = 1.25 × 10
7eV1.5Vcm−1 and 

ℏω = 18.6meV. The Altermatt ionization model in the 
parameter file of the simulator for boron and arsenic doping 
concentrations was activated to take into consideration the 
specific effects of the arsenic and boron dopants in terms of 
ionization.7–15 In order to show the gaps between the theo-
retical and experimental mobility, the electron mobility for 
the n-p-n device with calibrated parameters is compared in 
Fig. 1d with the electron mobility for the n-p-n device with-
out calibrated parameters. Since the calibration framework 
justifies the use of parameters tuned with experimental work, 
we have therefore considered the electron mobility in the 
calibrated n-p-n TFET to be analogous to the experimental 

values, and the one with default parameters of silicon to be 
theoretical in nature. A current sensitivity parameter is 
defined as Sii =

|
|
|

(
Inoii − Iii

)
∕Inoii

|
|
|
 , where Inoii is the drain cur-

rent in the case of complete ionization of the dopants (no 
incomplete ionization), and Iii is the drain current in the case 
of incomplete ionization of dopants in the double-gate n-p-n 
TFET.

Significance of Incomplete Ionization

To consider the significance of incomplete ionization in 
double-gate n-p-n TFETs, we have considered a theoretical 
experiment. The Ncrit values of both acceptor (boron) and 
donor (arsenic) specimens were varied to further concep-
tualize the effect of incomplete ionization in TFETs. The 
dopant species will be completely ionized or be free to con-
duct once its doping concentration is higher than the Ncrit 
value.9  In the proposed device, the source is doped with 
boron implants of 1020  cm−3 , while both the drain regions 
are doped with arsenic implants of 3 × 10

17  cm−3. For the 
Ncrit value of 5 × 10

19  cm−3 , we observed a reduction of the 
ON current.

This is an expected outcome, as the number of free car-
riers across the drain regions decreases due to the effect 
of incomplete ionization for the arsenic dopants while the 
source boron dopant is still completely ionized, as the Ncrit 
value is below the source doping level (Fig. 2a and b). When 
the Ncrit value was considered to be 5 × 10

20  cm−3 for both 
the acceptor and dopant implants, we observed an increase 
in the ON current of the device. This is quite opposite to 
our intuition of incomplete ionization, as lower ionized car-
riers should imply a smaller current. It was observed that 
the increase in the ON current for the Ncrit value of 5 × 10

20 
 cm−3 is due to the fact that more electron density is pre-
sent in the valence band of the source region as there is 
lower hole density present in the valence band, as the boron 
dopants are not completely ionized. This phenomenon of 
incomplete ionization occurring across the source region 
will not allow a few valence band electrons to reside across 
the boron dopant level across the source region, which will 
in turn increase the number of tunneling electrons from the 
source to the drain region, increasing the current compared 
to a previous lower Ncrit value of 5 × 10

19  cm−3 (Fig. 3a 
and b). Apart from known modifications that can be imple-
mented for achieving a higher ON current in TFETs, such 
as the use of high-permittivity (high-κ) gate dielectric, a 
minimized channel thickness showing one-dimensional elec-
tronic transport behavior, and an abrupt doping profile,22  
incomplete ionization can be the next potential phenomenon 
to boost the ON current of the device.
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The effect of temperature on the ionization level of 
donor and acceptor concentrations has been shown for the 
Masetti model in Fig. 3c. Since our considered NCritical 
value of acceptor (boron) concentration is lower than the 
doping concentration, there is no incomplete ionization. 
The acceptors will be completely ionized for our case, so 
we have carried out a more comprehensive analysis of the 
ionization degree of the donor concentration with respect 
to temperature. With an increase in temperature across the 
drain region, the ionization degree of donor concentration 
increases. This is because the donor electrons get more 
energy with increasing temperature which results in get-
ting excited in  the conduction band. More donor-donated 
electrons are present in the conduction band, which results 
in a higher concentration of ionized donor concentration.

Also, in Fig. 3d, we have considered the resistivity by 
the equation � =

1

q(�en+�pp)
 where �e and �p denotes electron 

and hole mobility, respectively, and n and p denote elec-
tron and hole concentrations, respectively, while q is the 
electronic charge. There is virtually no carrier concentra-
tion across the depletion regions, thereby enhancing the 
resistivity of the regions. Across the depletion regions, 
there is a comparatively higher resistivity for the n-p-n 
TFET suffering incomplete ionization.

High doping concentrations lead to a reduced deple-
tion width, so the overall resistivity for high doping across 
the depletion region decreases. For the case with incom-
plete ionization, due to very limited presence of carriers, 
the effective doping concentration can be assumed to be 
reduced, which increases the depletion widths across the 
junctions, resulting in higher resistivity. However, across 
the regions, 0.20–0.25 µm and 0.05–0.08 µm, the resis-
tivity decreases for the case with incomplete ionization. 
This is attributed to the high mobility associated with 

incomplete ionization across these regions. As we move 
towards the drain regions, the resistivity in the case of 
incomplete ionization is high compared to the ideal case 
of complete ionization, as the former case has a lower car-
rier concentration.

To verify the impact of drain-induced barrier thinning 
on the device, the minimum tunnel barrier width has been 
plotted versus the drain-to-source voltage, VDS , as shown in 
Fig. 3e. Over the range of VDS , it is observed that the tunnel 
barrier width is lower for the case with complete ionization 
compared to the case with incomplete ionization. In the for-
mer, the band bending is steeper than in the latter, which is 
supported by the greater availability of mobile carriers than 
in the latter.

Results and Discussion

In Fig. 4a, we observe the ionized acceptor concentration for 
the double-gate n-p-n TFET in the presence and absence of 
incomplete ionization. There is no variation of the acceptor 
concentration of boron across the source region as the dop-
ing concentration is above the Ncrit (4.06 × 10

18cm−3) value. 
This implies that the boron dopant band has reached beyond 
the M-I transition which in turn make all the dopants free 
to conduct.7

In Fig. 4b, we observe the ionized donor concentration 
for a double-gate n-p-n TFET. In case of the donor arsenic 
dopant concentration across the drain regions, we observe 
a considerable amount of incompletely ionized donors as 
the doping concentration is below the Ncrit (8.5 × 10

18cm−3) 
value.7 We can observe the variation of donor concentration 
across the drain region having the highest ionized concen-
tration close to the source and drain junction region and 

(a) (b)
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Fig. 2  An energy band diagram-based illustration of the effect of incomplete ionization on the TFET for (a) Ncrit = 5 × 10
20cm−3 , and 

(b)Ncrit = 5 × 10
19cm−3.
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the minimum across the gate overlapped region. The donor 
concentration analysis has been carried out for only one gate 
region as the device is symmetric in nature.

Figure 5a shows the BTBT rate for �M = 4.05eV, 4.75eV 
, whereas Fig. 5b shows the current sensitivity for various 
gate work functions,�M , plotted versus the gate-to-source 
voltage ( VGS ). The sensitivity spikes move towards a positive 
VGS regime when �M increases from 4.05eV to 4.66eV . Two 
significant observations are deduced from the plots: one, 

the values of the maximum sensitivity decreases, and two, 
the area under the curves (relative to the sensitivity spikes) 
in the negative VGS regime increases with the increase in 
the gate work function. For the values of �M of 4.66eV 
and 4.75eV , a considerably higher sensitivity variation is 
observed across the negative VGS regime.

In order to reveal the impact of gate work functions on the 
device under incomplete ionization, the ionized donor con-
centration (DonorPlusConcentration parameter in TCAD) 
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and the electron density (eDensity) have been extracted at 
different work functions, as shown in Fig. 5c. The n+ drain 
has been predominantly taken as the region of observation 
because the dopants in the source region are completely 
ionized. The ionized donor concentration increases with 
increasing work function. This is due to the fact that the 
electron carrier concentration decreases with increasing 
work function. The donor plus concentration here is a local-
ized concept, which depends on the value of the Fermi level 
as evident from Eq. 1. The electron density decreases at the 
surface under the gate and becomes more ‘spread out’ across 
the drain region with an increase in work function, indicat-
ing a reduction in gate control over the surface. At a work 
function of 4.75 eV, a high concentration of ionized donors 
is observed across the drain region, which shows the dopant 
concentration which has not been utilized for mobile car-
rier generation, resulting in a lower electron density, which 
is intuitively understood. The ionized donor concentration 
and electron density follows the charge neutrality equation 
of the semiconductor:

where p, n, N+
D

 and N−
A

 are the concentration of holes, elec-
trons, ionized donors, and ionized acceptors, respectively, 
and Qk is the total charge in the spatial coordinates, which 
should be maintained constant for specific bias conditions 
to sustain a constant current. In the drain region, N−

A
 is non-

existent and p is negligible. The equation can be rewritten 
as qN+

D
− qn = Qk . Therefore, an increase in any one of the 

variables, be it the ionized donor concentration or the elec-
tron density, results in a reduction of the other variables. The 
contour taken from the TCAD simulations support the trend.

Additionally, the concentration of ionized donors under 
the influence of the gate-to-source voltage is given in Eq. 1, 
whereED is the donor level,gD = 2 is degeneracy factor for 
donors, and ND0 is the dopant concentration. Equation 1 is 

(3)qp + qN+
D
− qn − qN−

A
= Qk

dependent on the Fermi level, while the other parameters can 
be assumed to be constant.

When  EFN − ED < 0 and is several kT higher, indicating 
that EFN lies below ED by several kT, Eq. 1 sees a decay-
ing exponential term in the denominator for the donor case, 
resulting in a case of complete ionization. An opposite 
consideration will result in a case of incomplete ionization 
where the degree of ionization will be dependent on the rela-
tive position of EFN and ED . This shows that the ionization 
degree is variable across a semiconductor region and is not 
constant throughout the region.

For a work function of 4.25 eV at VGS = 1V  , spatial cut-
lines were taken at the bottom surface of the silicon body 
(Fig. 6b) where the ionized donor concentration is highest, 
and at the top surface of the silicon body (Fig. 6a) where the 
ionized donor concentration is moderate to minimum. The 
term EFN − ED can be written as ( EC − ED) − ( EC − EFN) . 
Taking EC as the reference, the first term for the As dopant 
species, that is, EC − ED is equal to 0.053eV , while is the 
second term dependent on the Fermi level and conduction 
band.

Through extraction of the energy band diagram at the 
two positions of the body, the ionized donor concentration 
is verified. The details and calculations are listed in Table I.

Figure 7 shows the drain current for �M of 4.05eV and 
4.75eV in the presence and absence of incomplete ioniza-
tion. For �M = 4.05eV , we observe considerable deviation 
of the drain current from VGS = 0.4V onward. There is no 
significant change in the drain current for the �M of 4.75eV.

The BTBT rates in the ON state for the different doping-
dependent mobility models are depicted in Fig. 8a, where 
it can be seen that, due to the lack of available carriers, the 
BTBT rates are reduced in the presence of the incomplete 
ionization models. In Fig. 8b, the current sensitivity is inves-
tigated for different doping-dependent mobility models. The 
positive VGS range offers a minute sensitivity variation com-
pared to the ambipolar region. There is a higher sensitivity 
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variation in the ambipolar region in the case of all the mod-
els. Towards a further negative range of VGS from −0.5V , 
the sensitivity gradually increases, reaches the highest sen-
sitivity value, and remains constant for higher ambipolar 
VGS . A detailed comparison of the mobility models for the 
proposed device is given in Table II in the Appendix. The 

trend in sensitivity and associated important observations 
are reported here.

The Arora mobility model shows the highest sensitivity 
spike compared to all the other mobility models, including 
Masetti, and Philips Unified mobility models. The high-
est sensitivity spike is present around VGS of −0.19V and 
tapers down around −0.26V . In the case of Masetti mobility 
model, there are three distinct sensitivity spikes: the high-
est one is observed at a VGS of around −0.40V, followed by 
an adjacent one at VGS of around −0.37V and another one 
at a VGS of around −0.19V . The Philips Unified mobility 
model sensitivity variation is similar to the Masetti mobil-
ity model except that the former possesses two sensitivity 
peaks around −0.38V and −0.19V . Overall, a common peak 
is observed at a VGS of around −0.19V for all the doping-
dependent models. The sensitivity plot for the Arora model 
is observed to be different from the other two doping-
dependent models because of its empirical nature (see the 
Appendix). In the regime of the positive VGS region, humps 

(a) (b)

Fig. 6  Energy bands at the spatial cut-line in the (a) oxide/semiconductor interface and (b) bottom surface of the silicon body.

Table I  Calculation of ionized donor concentration at two different 
cut-line positions of the proposed device, showing dependence on 
E
FN

− E
D

Position of cut-line Calculation Ionized donor 
concentration

At bottom ND =
ND0

1+gD .exp
(

EFN−ED

kT

)

ND =
3×1017

1+2.exp
(

−0.387

0.026

)

ND =
3×1017

1.000000687

ND0 = 2.99 × 10
17cm−3

EFN − ED = ( EC − ED) − ( 
EC − EFN)

 = 0.053eV(forAs) − 0.44eV

= −0.387

gD = 2forAs

kT = 0.026eV

2.99 × 10
17cm−3

ND ≈ ND0

At surface ND =
ND0

1+gD .exp
(

EFN−ED

kT

)

ND =
3×1017

1+2.exp
(

0.163

0.026

)

ND =
3×1017

1.056×103

ND0 = 3 × 10
17cm−3

EFN − ED = ( EC − ED) − ( 
EC − EFN)

 = 0.053eV(forAs) + 0.11eV

= 0.163

gD = 2forAs

kT = 0.026eV

2.84 × 10
14cm−3

Fig. 7  Transfer characteristics for the proposed device with and with-
out the incomplete ionization model for �M = 4.05eV and 4.75eV.
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in sensitivity are observed around 0.51 V, 0.55 V, and 0.55 
V for the Philips Unified model, the Masetti model, and the 
Arora model, respectively.

In Fig. 9, we observe maximum electron mobility varia-
tion in the TFET in the ON state for different mobility mod-
els in the presence and absence of incomplete ionization. We 
observe considerably higher maximum mobility variation 
for the simulation carried out with the use of the incomplete 

ionization model compared to not using the incomplete ioni-
zation model during simulation.

Figure 10a shows the BTBT rates for the different mobil-
ity degradation models in the presence and absence of 
incomplete ionization. Unlike the doping-dependent mobil-
ity models, the BTBT rates in the mobility degradation mod-
els are closer in values when compared between the cases for 
the presence and absence of incomplete ionization.

In Fig. 10b, the current sensitivity variation is reported 
for different mobility degradation (E-normal) mobility mod-
els. A detailed comparison of the mobility models for the 
proposed device is given in Table II in the Appendix. The 
trend in sensitivity and associated important observations 
are reported here.

The IAL mobility model consists of contributions from 
the inversion and accumulation layers, and, therefore, it 
shows a fluctuating sensitivity plot. In the case of the IAL 
mobility model, the highest sensitivity peak is observed 
around VGS = −0.37V and the second highest peak lies 
around VGS = −0.20V . Like doping-dependent mobil-
ity models, there is gradual increase in sensitivity for VGS 
around −0.5V and the sensitivity becomes constant for more 
negative VGS . There is very little prominent change in the 
sensitivity for the positive gate source voltage. The IAL 

(a) (b)

Fig. 8.  (a) BTBT for different mobility models; (b) current sensitivity variation for different mobility models.

Arora Masetti PhuMob
0

200

400

600

800

1000

1200

1400

# Mobility Models

eM
ob

ili
ty

 (c
m

2 s-1
V-1

)
w

ith
 in

c.
 io

ni
z.

 m
od

el
s 1216.79

484.12

1225.42

484.375

1370
1205

0

200

400

600

800

1000

1200

1400

eM
obility (cm

2s
-1V

-1)
w

ithout inc. ioniz. m
odels

Fig. 9  Comparison of maximum electron mobility of different mobil-
ity models in the ON state.
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mobility model has the highest sensitivity peaks compared 
to any other E-normal mobility model.

There is a higher variation in sensitivity across the ambi-
polar region starting from VGS = −0.5V with the highest 
sensitivity spike around VGS = −0.21V in the University of 
Bologna mobility model. The voltage range between −0.5V and 0.5V shows no change in sensitivity variation in the 

Lombardi mobility model. The peaks in the University of 

(a) (b)

Fig. 10.  (a) BTBT for different E-normal mobility models; (b) Current sensitivity variation for different E-normal (degradation) mobility mod-
els.
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Fig. 11  Maximum e-mobility variation for different E-normal mobil-
ity models.
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Fig. 12  Plot of sensitivity versus VGS considering trap-assisted tun-
neling models.
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Bologna mobility model and the IAL mobility model can 
be attributed to Coulomb scattering, as it is a contributing 
mobility component which is absent in the Lombardi mobil-
ity model (see  Appendix).

In Fig. 11, we observe the maximum e-mobility varia-
tion of the different E-normal mobility models compared 
for the with and without incomplete ionization models used 
in the simulator. We come up with an interesting result 
as there is no significant change in the highest e-mobility 
values for the with and without incomplete ionization mod-
els implemented in the simulator. This can be understood 
as incomplete ionization not being present or being very 
minimal in the case of the depletion region under the gate 
of a MOSFET, which can also be extended for TFETs.23 
Since E-normal mobility models are associated with the 
interface of the gate oxide layer, we observe no significant 
change in e-mobility.

The impact of trap-assisted tunneling (TAT) considering 
the Hurkx model along with trap-assisted Auger recom-
bination on the sensitivity have been considered, where 
an acceptor-like Gaussian trap density of states have been 
considered at the oxide/semiconductor interface.24 A peak 
concentration of 1013cm−3 and a peak energy trap level 
of 0.55 eV from the valence band edge have been taken 
for the trap-assisted models. Another observation can 
be made from this analysis, because, as the gate voltage 
increases, the sensitivity curve for the different mobility 
models becomes saturated. There is a large similarity in 
the trends in sensitivity for the doping-dependent mobil-
ity models (Masetti, Arora, and Philips Unified) with and 
without the TAT model. The presence of TAT reduces the 
area of high sensitivity in the ambipolar region (negative 
VGS ). The common peaks of sensitivity for the three models 
are observed at VGS close to −0.19V , indicating that the 
effect of TAT on the sensitivity is similar in terms of the 
location of the peak. A similar trend is also observed for 
the E-normal (mobility degradation models), except for the 
IAL mobility model, because it considers the scattering 
associated with the inversion layer. Due to the presence of 
trap states in the interface, the carrier population across the 
inversion (or accumulation) layer will be highly influenced 
(see Appendix) (Fig. 12).

Conclusions

This work reports the influence of incomplete ionization 
on current sensitivity due to different gate work functions, 
doping-dependent mobility models, and mobility degrada-
tion models. The significant conclusions of the work are:

• Current sensitivity peaks shift towards the positive VGS 
axis and decrease in magnitude with the increase in the 
gate work function.

• The ionized donors and the electrons maintain a charge 
neutrality at a particular bias which can be observed from 
the ionized donor concentration profile and electron den-
sity profile.

• Among the doping-dependent mobility models, there 
is a qualitative relationship between the magnitude of 
the sensitivity spikes and the sensitivity in the negative 
VGS regime. The magnitude of the spikes decreases as 
compared to the magnitude of the sensitivity in the 
negative VGS regime in the order Arora, Masetti, and 
Philips Unified mobility models.

• Among the three mobility degradation models con-
sidered in this work, the IAL mobility model shows 
high sensitivity spikes, followed by the University of 
Bologna model. The Lombardi model does not exhibit 
spikes and the profile stays flat for the intermediate VGS 
regime.

• In the presence of the trap-assisted tunneling model 
(TAT), the IAL mobility model shows a greater change 
in its trend of sensitivity compared to its case without 
TAT because it is related to the inversion and accumula-
tion layers of the device, which are greatly influenced by 
the interface traps.

Appendix

A comparison is listed among all the models in the form of 
a table along with analytical expressions and dependencies. 
The mobility contour of the device for both cases of incom-
plete and complete ionization has been provided.

See (Table II).
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