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Abstract: The effects of low-κ and high-κ spacer were investigated on the novel tunnel dielectric based tunnel field-effect transistor 
(TD-FET) mainly based upon ultra-thin dielectric direct tunneling mechanism. Drive currents consist of direct tunneling current and 
band-to-band tunneling (BTBT) current. Meanwhile, tunneling position of the TD-FET differs from conventional tunnel-FET in 
which the electron and hole tunneling occur at intermediate rather than surface in channel (or source-channel junction under gate 
dielectric). The 2-D nature of TD-FET current flow is also discussed that the on-current is degraded with an increase in the spacer 
width. BTBT current will not begin to play part in tunneling current until gate voltage is 0.2 V. We clearly identify the influence of 
the tunneling dielectric layer and spacer electrostatic field on the device characteristics by numerical simulations. The inserted Si3N4 
tunnel layer between P+ region and N+ region can significantly shorten the direct and band-to-band tunneling path, so a reduced 
subthreshold slope (SS) and a high on-current can be achieved. Above all the ambipolar current is effectively suppressed, thus 
reducing off-current. TD-FET demonstrates excellent performance for low-power applications. 
 
Key words: tunnel dielectric based tunnel field-effect transistor; tunnel field-effect transistor band-to-band tunneling; tunneling 
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1 Introduction 
 

With the recent demonstrations of sub-60 
mV/decade subthreshold slope (SS) and tunnel 
field-effect transistor (TFET) like low off-currents at 
room temperature, TFET has gained intensely 
investigation for low-power applications [1–8]. The 
demonstrated TFET devices have smaller bulk 
geometries than metal oxide semiconductor field-effect 
transistor (MOSFET), the configurations of TFET 
usually are ultra-thin body (body thickness <10 nm) and 
double gate [9–16]. Instead of applying the electric field, 
the drive current is generated by carriers tunneling from 
the valence or conduction band at the upper point in 
channel. So, TFET devices can overcome 60 mV/decade 
limit. However, many experimental results have 
illustrated that TFET devices suffer from severe 
ambipolar current and poor drive current [17–20]. 

In order to improve its on-current and suppress its 
ambipolar current, tunnel dielectric based tunnel field- 
effect transistor (TD-FET) and high-κ gate dielectric 
were reported by using Si3N4 dielectric between P+ 
region and N+ region [21]. In this brief, TD-FET with 
ultra-thin body, high-κ gate dielectric and dielectric 

tunnel layer are proposed to enhance the on-current, 
suppress the ambipolar current, and obtain a smaller 
subthreshold slope. 

Although a very promising TD-FET structure has 
many advantages, it is still not clear about direct 
tunneling and BTBT impact output characteristics. To 
understand the TD-FET device operation, a detailed 
investigation on the impact of spacer–source overlap and 
electron–hole barrier tunneling (eBT and hBT) on tunnel 
layer electrostatic field and tunneling current is made. In 
this work, the influence of spacer and tunnel dielectric 
layer on tunneling current is clearly explained. 
 
2 Devices structure and physical models 
 

The devices analyzed in this work are TD-FETs 
built as double gate and P+-dielectric-N+. In contrast, the 
structures of conventional TFET and TD-FET are 
identical, including doping concentrations and geometry. 
But in spacer of TD-FET analysis, a low-κ dielectric 
spacer and a high-κ dielectric spacer are the only 
difference, as shown in Fig. 1. A uniform doping profile 
is used for N+ and P+ regions; the N+ doped (1×1019 cm–3) 
zone serves as drain and the P+ doped (1×1019 cm–3) zone 
serves as  source (For  TFET, channel  doping is 
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1×1016 cm–3). A 2 nm high-κ gate dielectric HfO2 and  
10 nm body-thickness are utilized for optimized 
subthreshold slope and on-current. The work function 
chosen for the gate contact is 4.7 eV. Si3N4 tunnel layer 
width is 1 nm. Throughout this work we assume drain 
supply voltage VDS=1.0 V. This work, focuses on the 
double gate TD-FET. A low-κ and high-κ dielectric 
spacer are used for devices output characteristics analysis. 
The simulation results are obtained by using Sentaurus 
TCAD tools. A nonlocal BtBT model, a direct tunneling 
model, a band-gap narrowing model, a drift–diffusion 
model and a density gradient model are included in 
simulation. 
 

 
Fig. 1 Simulated TD-FETs: (a) Structure 1(No spacer);      

(b) Structure 2 (A low-κ spacer dielectric SiO2); (c) Structure 3 

(A high-κ spacer dielectric HfO2) (All the gate dielectric is 

HfO2 and the tunnel layer width of Si3N4 is 1 nm) 

 
Direct tunneling is the main tunneling mechanism 

for tunnel layer thinner than 2 nm. The computation of 
the tunneling probabilities is based on the Wentzel- 
Kramers-Brillouin (WKB) approximation [22]. The 
electron and hole tunneling probabilities (Te-CC and Th-VV) 
relate to the local wave numbers and the interface 
transmission coefficients (CC and VV). Two-band 
dispersion relation is most useful when direct tunneling 
is simultaneous with BTBT. The electron and hole 
tunneling probabilities in direct tunneling can be written 
as 

 
1

e-CC CC CV0
( , , ) ( , ) [exp( 2 ( , )d )]T u l l r r         

CC ( , )u                               (1) 
 

1

h-CC VV VV0
( , , ) ( , ) [exp( 2 ( , )d )]T u l l κ r r        

VV ( , )u                               (2) 

where ε is a particle energy; position u>l (tunnel layer is 
1 nm). In the two-band dispersion relation, κV replaces 

κCV and κVV, and 
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where ECV and EVV are conduction and valence band 
energy shifted values, respectively. The simulations is a 
<100> orientation for the tunneling direction; mC is 
0.328m0 and mV is 0.549m0 [23]. The interface 
transmission coefficients CC and VV can be calculated 
as 
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where vCC and vVV denote the velocities of electron and 
hole with energy ε on the beginning side of the tunneling 
barrier in conduction band and valence band, 
respectively; v+C and v+V denote the imaginary velocities 
on the end side of the tunneling barrier. If necessary, total 
tunneling current should also include BTBT 
contributions to tunneling current. The current density of 
electrons that tunnel from the valence band to the 
conduction band is the integral over the recombination 
rate. The total electron tunneling current density can be 
obtained: 
 

e CC CV( ) ( )j j l j l                             (7) 
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In Eqs. (8) and (9), the net electron recombination 

rate is  
C
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And the net electron BTBT recombination rate is  
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CV CV VV

10
( , ,ε) ( , , ) ( ),

g g
R u l G u l E u

qk
       



J. Cent. South Univ. (2017) 24: 2572–2581 

 

2574

 

 

VV CV
VV CV

1

e-CC e-CC

d d
( ), ( , , )

d d

( )
( ) ( ) ln 1 exp F

E E
E l u l

u l

E u
T u T l

kT

  

 

          
         

  

 

1
( )

ln 1 exp FE l

kT


        

   
               (11) 

 
Analogously, the total hole tunneling current density 

is  
h VV VC( ) ( )j j l j l                           (12) 

 
where jVV (l) is the hole direct tunneling current part, and 
jVC (l) is BTBT tunneling current part. In the next section, 
the direct and BTBT generation rate based on 
theoretically calculated parameters is used for TCAD 
simulation software. 
 
3 Results and discussion 
 
3.1 Performance analysis of TD-FET 

Figure 2 shows the simulated current–voltage 
characteristics of the TD-FET and conventional TFET. 
Due to the tunneling dielectric (TD) layer Si3N4, the 
tunneling carriers cannot penetrate easily through the TD 
layer at negative gate voltage. It can be clearly seen from 
Fig. 2 that the ambipolar current can be restrained 
effectively. The performance improvement of TD-FET 
can be explained by representing in Fig. 3. Tunneling 
distance of TD-FET device is obvious shorter than that 
of conventional TFET, and depends on the TD layer 
thickness. For TD layer thinner than 2 nm, the electrons 
and holes direct tunneling is the main tunneling 
mechanism at gate oxide layer and TD layer field is 
higher than 6 MV/cm. We found that the electric field of 
TD layer has more strength in centre than surface of the 
channel. 
 

 
Fig. 2 Drain current versus gate voltage characteristics for a 

TD-FET and a n-type TFET at VDS=1.0 V and with source side 

and drain side spacer 5 nm  

 

  
Fig. 3 Simulated energy band diagram in channel intermediate 

at VGS=1.0 V and VDS=1 V for n-type TFET and TD-FET 

 
3.2 Effects of variation in spacer widths and 

high/low-κ 
Four different spacer widths and low-κ spacer have 

been investigated in Fig. 4. The operation of the 
dielectric tunneling TD-FET is based on the both sides of 
conduction band or valence band energy level of Si3N4 
tunneling barrier. To verify tunneling position and 
contribution of BTBT, electric-field in TD layer is shown 
in Fig. 4 for the 1, 2, 3 and 4 nm source–spacer overlap 
at VDS=1.0 V and VGS=1.0 V (the drain–spacer overlap 
has little influence on the performance of TD-FET, so it 
is not shown here). As shown in Fig. 4, electric-field in 
middle of TD layer has the most strength, and the direct 
tunneling and BTBT take place at the middle of channel. 
The characteristic of TD-FET differs from conventional 
TFET. It can be clearly seen that the electric-field in 
middle of TD layer decreases with increasing spacer 
width from Figs. 4(a) to (d). It can be explained that the 
spacer causes fringe-induced field effect which reduces 
the electric-field of channel [24]. The longer the spacer is, 
the more obvious the fringe-induced field effect is. The 
effect will not affect electron barrier tunneling (eBT) 
until spacer width of 5 nm. On the other hand, the 
simulated electron barrier tunneling rates are shown in 
Fig. 5 for the 1, 2, 3 and 4 nm source-spacer overlap at 
VDS=1.0 V and VGS=1.0 V. A comparison of the eBT rates 
among different spacer widths is shown in Fig. 5. With 
an increased spacer width, the eBT would decrease 
simultaneously. Due to the large tunneling area, carrier 
tunneling of TFETs only happens at surface in channel. It 
is the second reason that the drive current in TD-FET is 
larger than that in conventional TFET. 

Compared to low-κ dielectric spacer, the high-κ 
dielectric spacer leads to more fringe-induced field in 
spacer as shown in Fig. 6. The electric field strength of 
TD layer with high-κ spacer would reduce more than that 
of TD layer with low-κ spacer. The maximum of the  
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Fig. 4 Electric field plot for a TD-FET at VDS=1.0 V and VGS=1.0 V for high-κ gate dielectric (HfO2) and low-κ dielectric (SiO2) 

spacer: (a) 1 nm spacer–source overlap; (b) 2 nm spacer–source overlap; (c) 3 nm spacer–source overlap; (d) 4 nm spacer–source 

overlap 

 

electric field also reduces in the middle of TD      
layer, consequently. Meanwhile, Figs. 7(a)–(d) display 
that the tunneling area and the maximum eBT rate of 
high-κ spacer decrease, compared to low-κ spacer, 
respectively. As a result, both direct tunneling rate and 
BTBT rate are decreased as compared to the low-κ 
spacer. 

 
3.3 BTBT, eBT and hBT contribution to tunneling 

current 
In this section, to better understand the TD-FET 

device operation, we investigate when BTBT current 
begins to get involved in total tunneling current by 
simulated band diagrams across the surface and middle 
of channel for three different gate voltages, as shown in 
Figs. 8–10. Based on the WKB approximation, tunneling 
probability should be equipped with enough high 

tunneling barrier. Besides, two sides carriers of tunneling 
barrier must have the same energy states occupied and 
unoccupied. Now, in order to distinguish the BTBT from 
the barrier tunneling, we refer to the eBT current as jCC 
and to the hBT current as jVV, respectively. In the same 
manner, we refer to the BTBT current as jCV or jVC. 
Owing to the same effects in the use of either high-κ or 
low-κ of gate dielectric and spacer, the case structure 3 is 
investigated in Section 2. 

Unless otherwise mentioned, the structure 3 is used 
for our simulations. When the gate bias is lower than 0 V, 
the simulated energy band across channel–gate oxide 
interface and the middle of channel is shown in Fig. 9. 
The conduction band (EC) values of the channel region 
and P+ region are in the same level, and this condition 
results in no electron direct tunneling (jCC) and BTBT 
(jCV or jVC), as evident in Fig. 9(a). However, the valence  
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Fig. 5 Electron barrier tunneling rate contours of TD-FET at VDS=1.0 V and VGS=1.0 V: (a) 1 nm overlap; (b) 2 nm overlap; (c) 3 nm 

overlap; (d) 4 nm overlap 

 

band (EV) of channel region and P+ region have a certain 
number of hole energy states. Holes tunnel from the 
valence band of channel to the valence band of P+ region. 
The tunneling current flowing to the valence band of P+ 

region only contains the direct tunneling current (jh-VV) of 
holes that originate from the valence band of channel. 
Figure 9(b) shows the band diagram for the middle of 
channel. Due to non-existent hole empty states in P+ 

region and the lower-energy state occupied in channel, 
holes cannot effectively tunnel from valence band of P+ 

region to valence band of the channel. Under this 
condition, the conduction band of channel is above the 
quasi Fermi level. Analogously, electrons cannot 
effectively tunnel from conduction band of P+ region to 
conduction band of the channel, leading to non-existent 
electron tunneling (jCC). It may also be observed in   
Fig. 8(b) that EV of P+ region is effectively pinned by EC 
of channel region and as a result, the BTBT current 
would not happen at gate voltage of 0 V. In general, only 
hole direct tunneling contributes to the tunneling current 

under this condition. 
If VGS is further increased from 0.1 V to 0.2 V, the 

energy band as a function of lateral channel position is 
plotted in Fig. 9 for interface of the channel and gate 
oxide and the middle of channel at VGS=0.2 V and 
VDS=1.0 V. Figure 9(a) shows that the quasi Fermi level 
is under EC of channel at channel interface, and therefore, 
electrons of the P+ region impossibly tunnel to the 
channel. The channel valence band position is under the 
quasi Fermi level and there are no occupied energy states 
and unoccupied energy states on the two sides of TD 
layer. The direct current (jCC and jVV) would never flow 
at interface, as expected. It is observed in Fig. 9(a) that 
the BTBT current of electrons and the holes (jVC and jCV) 
would not happen, as aforementioned. The direct 
tunneling and BTBT characteristics at the middle of 
channel in the horizontal direction are also shown in     
Fig. 9(b). Under this condition, in turn, the quasi Fermi 
level is under EC of channel near the channel end. The 
holes BTBT current (jh-CV) now starts playing a role in 
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Fig. 6 Electric field plot for a TD-FET at VDS=1.0 V and VGS=1.0 V for high-κ gate and spacer dielectric (HfO2): (a) 1 nm 

spacer-source overlap; (b) 2 nm spacer–source overlap; (c) 3 nm spacer–source overlap; (d) 4 nm spacer–source overlap 

 

the total tunneling current. The numbers of energy states 
occupied and unoccupied have risen greatly and the 
tunneling current has been improved effectively, leading 
to improving the subthreshold slope properties. At the 
same energy position, the tunneling distance of the holes 
tunnel from the middle of channel to the P+ region is  
2.3 nm, as shown in Fig. 9(b). As the tunneling of the 
holes and the electrons come in pairs, the direct 
tunneling distance of the electrons is 1.3 nm from the TD 
layer. Note here that the holes BTBT current (jh-CV) and 
the electrons direct current (jh-CV) contribute to the total 
tunneling current. Finally, at VGS=1.0 V, the position 
quasi Fermi level is further increased from EC of channel 
at interface. The hole energy states occupied in channel 
do not exist, resulting in no direct tunneling and BTBT, 
which does not allow carriers tunnel across the TD layer 
at the surface of the channel. As VGS is further increased, 
the electric field of the TD layer increases gradually at 
the middle of channel. The BTBT of electrons and holes 

becomes appreciable at the middle of the channel, as 
shown in Fig. 10. Electrons and holes tunneling would 
not happen at the channel surface, as seen in Fig. 10(a). 
At the middle of the channel, the position between the 
quasi Fermi level and EC of the channel at VGS=1.0 V is 
larger than that at VGS=0.2 V. The electron tunneling 
starting point also gets closer to the TD layer, as shown 
in Fig. 10(b). The total tunneling currents consist of the 
eBT direct current (je-CC), electrons BTBT current (je-VC) 
and holes BtBT current (jh-CV). The BtBT current is an 
important part of the tunneling current, and carrier 
tunneling only takes place at the middle of the TD layer 
instead of the surface of the channel. 

In order to generalize the above observations, the 
electric field in the TD layer of the TD-FET in the 
vertical direction is plotted in Fig. 11(a) for three values 
of VGS. For the electron barrier tunneling rate and the 
hole barrier tunneling rate, there are two different 
locations of the channel in the vertical direction: one at  
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Fig. 7 Electron barrier tunneling rate contours of TD-FET at VDS=1.0 V and VGS=1.0 V for high-κ spacer: (a) 1 nm overlap; (b) 2 nm 

overlap; (c) 3 nm overlap; (d) 4 nm overlap 
 

 
Fig. 8 Simulated energy band diagram across channel at VDS=1.0 V and VGS=0.1 V: (a) One location at oxide–semiconductor 

interface; (b) Other location at middle of the channel 

 
the TD layer–P+ region interface and the other at a 
distance of 1.3 nm from TD layer in the channel. When 
gate voltage is lower than 0.2 V, eBT would not occur 

nearby TD layer. However, the hBT rate is approximate     
1017 cm–3·s–1, which is higher at the surface of the 
channel than at the middle of channel. Under the 
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Fig. 9 Simulated energy band diagram across channel at 

VDS=1.0 V and VGS=0.2 V: (a) One location at oxide– 

semiconductor interface; (b) Other location at middle of 

channel 
 

 
Fig. 10 Simulated energy band diagram across channel at 

VDS=1.0 V and VGS=1.0 V: (a) One location at oxide– 

semiconductor interface; (b) Other location at middle of 

channel 

condition VGS=0.2 V and VDS=1.0 V, the holes tunneling 
current only consists of jh-CV. The electrons direct 
tunneling rate is larger than hBT rate (there is no eBT as 
discussed in Fig. 9(b)), as verified in Figs. 11(b) and (c). 
The currents of eBT and the hBT have more contribution 
to the tunneling current with the increasing of gate 
voltage. Finally, the electrons tunneling current consists 
of eBT current and electrons direct tunneling current; on 
the other hand, the holes tunneling current only has hBT 
current. 
 

  
Fig. 11 Different VGS corresponding to VDS=1.0 V for TD- FET: 

(a) Electric field in vertical direction of TD layer; (b) Electron 

barrier tunneling rate at interface of P+ region and channel in 

vertical direction; (c) Hole barrier tunneling rate at a distance 

of 1.3 nm from TD layer in channel in longitudinal direction 
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It also may be noted in Fig. 12(b) that the maximum 
electron concentration gets closer to the TD layer with an 
increase in gate voltage. On the other hand, the distance 
of a relatively high eBT rate also becomes smaller from 
TD layer, as observed in Fig. 8. Although the hole 
concentration at the interface of the TD layer and P+ 
region is low at such large value of gate voltage shown in 
Fig. 12(a), the strength of the TD layer electric field is 
relatively high, as observed in Fig. 7. Therefore, the eBT 
and hBT rates are also rather high. 
 

 
Fig. 12 Hole concentration at three different gate voltages in 

the middle of channel (a) and electron concentration at three 

different gate voltages in the middle of channel (b) 

 
4 Conclusions 
 

We show the impact of source–spacer overlap on 
the output characteristics of a TD-FET. The fringe- 
induced fields can reduce the electric filed of the TD 
layer, leading to reducing the eBT rate and the hBT rate. 
The high-κ dielectric spacer leads to more fringe-induced 
fields. Further, tunneling current is studied when the 
BTBT plays a role in the total, and all parts of the 
tunneling current have been distinctly distinguished. 
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