
TCAD simulation of planar single-gate Si tunnel FET  
with average subthreshold swing less than 60 mV/dec for 0.3 V operation 

 

Kentaro Kukita
1
, Tadayoshi Uechi

1 
, Junji Shimokawa

1
, Masakazu Goto

1
, Yoshinori Yokota

1
,  

Shigeru Kawanaka
1
, Tetsufumi Tanamoto

2
, Masato Koyama 

2
, Hiroyoshi Tanimoto

1
, 

and Shinichi Takagi
3
 

 
1
 Institute of Memory Technology Research & Development, Toshiba Memory Corporation 

2
Corporate Research & Development Center, Toshiba Corporation 

3
The University of Tokyo 

1,2
1, Komukai Toshiba-Cho, Saiwai-ku, Kawasaki 212-8583, Japan 

3
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan 

Phone: +81-44-549-2863, Fax :+81-44-549-2882, E-mail: kentaro.kukita@toshiba.co.jp 
 
Abstract 

TCAD simulations have been performed to optimize 
well designed planar single-gate silicon (Si) vertical tun-
neling junction field effect transistor (VTFET) with  
average subthreshold swing (S.S.) less than 60 mV/dec 
for 0.3 V (=Vgs=Vds) operation. By scaling the equiva-
lent oxide thickness (EOT) and increasing the 
gate-to-source overlap length Lov, it achieved both 
on-current (Ion) greater than 1.0 A/m and low aver-
age S.S. without pocket doping for forming tunnel junc-
tion in conventional VTFET. 
 
1. Introduction 

With lower S.S. below the MOSFET thermal limit (60 
mV/dec at 300 K), tunnel field effect transistor (TFET) is 
attracting interest for ultra-low power operation. By forming 
the pocket region with polarity opposite to the source region 
in the planar single-gate Si TFET as shown in Fig. 1, it is 
possible that steep S.S. less than 60 mV/dec has been 
achieved due to uniform source-to-pocket band-to-band 
tunneling (BTBT) turn-on voltage in previous works [1]. 
However, source-pocket junction depth needs to be ultra 
shallow which requires very difficult low energy implanta-
tion process [2].  

In this work, we optimized the structure of Si VTFET 
for high Ion and low S.S. by using TCAD simulations. The 
optimum impurity profile and the necessity of pocket im-
plantation are discussed. 
 
2. Device Structure and Bias Condition 

The calculated device structures are n-type VTFETs, 
where tunneling takes place in the junction between the p+ 
source region and n- pocket region. Figures 2 (a) and (b) 
show typical impurity profiles of donor and acceptor, re-
spectively. The devices are assumed to consist of rectangle 
materials for simplicity. Applied gate-to-source voltages Vgs 
are sweeping from 0.0 to 0.3 V, whereas drain-to-source 
voltages Vds are fixed to 0.3V. Metal work function of gate 
electrode is adjusted that the voltage at which the current 
begins to increase is 0V. We defined Ion as the drain current 
at Vg=0.3 V. The average S.S. between Vg = 0 V and Vg = 0.3 
V is evaluated. 
 
3. Results and Discussion 

Figure 3 shows the one of the simulation results of 
VTFET I-V characteristics which have ave. S.S. less than 60 
mV/dec. For the low S.S. (< 60 mV/dec), it is necessary that 
the pocket concentration is lower than the source concentra-
tion as shown in Fig. 4(a). The reason is that high pocket 
concentration (NA~ND) leads to source-to-pocket BTBT 
current in off state, which causes the pocket-to-drain thermal 
diffusion current (Fig. 4 (c)).  

While satisfying this condition, the impurity concentra-

tion (source and pocket) dependences of Ion and ave. S.S. 
are investigated as shown in Fig. 5. In order to obtain both 
high Ion and low ave. S.S., it is necessary to avoid too-low 
pocket concentration on the condition that the EOT of gate 
dielectric layer is 2.0 nm. You can find that the concentra-
tions to fulfill the requirements for ave. S.S. less than 60 
mV/dec enable to obtain the high Ion at the same time. 
However, when EOT is 0.29nm, both ave. S.S. and Ion are 
improved overall (Fig. 6). These come from the enhanced 
electrical coupling between the gate electrode and the 
source-to-pocket tunnel junction due to high gate capaci-
tance, which increases the BTBT rate [3]. 0.29 nm of EOT 
is equivalent to relative dielectric constant ~ 27 [4] for 2.0 
nm gate insulator. In Fig. 6, the condition that meets both 
low S.S. (< 60 mV/dec) and high Ion is different from that 
in Fig. 5. Here it should be noted that we don’t need to keep 
the certain amount of pocket concentration. It indicates that 
VTFET without the pocket (pocketless) could achieve the 
good characteristics in the case of EOT = 0.29 nm. Figure 7 
shows the simulated EOT dependence of ave. S.S. and Ion, 
which compares the conventional VTFET (with pocket) and 
pocketless VTFET. Note that the discrepancy between the 
two is decreased as EOT is made thinner, and especially at 
the EOT = 0.29 nm, pocketless VTFET has the same char-
acteristics as VTFET with pocket. 

For the further improvement, the gate stack to source 
overlap length Lov is increased, which simply contribute to 
expansion of tunneling area (Fig. 8). Figure 9 is the simu-
lated I-V characteristic of  pocketless VTFET with EOT = 
0.29 nm and increased Lov ( = 0.38 m). The detailed ex-
tracted electrical characteristics and device parameters are 
shown in Figs. 9 (a) and (b), respectively. 
 
3. Conclusions 

We have investigated the ave. S.S. and Ion of Si VTFET 
with pocket implantation for Vgs=Vds=0.3 V by using TCAD 
simulation. In the case of thin EOT, it has indicated that 
pocketless VTFET is expected to have the same perfor-
mance as VTFET with pocket shown in past reports. Fur-
thermore, it is understood that expanded gate to source 
overlap simply improves the characteristics. Pocketless 
VTFET has a significant advantage that there is no need to 
use the very difficult shallow and steep implantation process 
including concerns about manufacturing fluctuations. 
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Fig. 1. Schematic diagrams of 

(a) conventional Si TFET and 

(b) Si vertical TFET.  

 
 

Fig. 3. Simulated I-V result of Si VTFET 

with ave. S.S. less than 60 mV /dec. 

 
Fig. 4 (a) Impurity profile of simulated structure 

with S.S. less than 60 mV/dec at Si surface and 

schematic off state band diagram along with current 

conduction path ((b) NA>ND and (c) NA~ND). 

 

 
Fig. 5. Simulated pocket concentration and source concentration dependence of 

Ion and S.S. with EOT = 2.0nm. 

 
Fig. 6. Simulated pocket concentration and source concentration dependence of Ion 

and S.S. with EOT = 0.29 nm. 

 

 
Fig. 8. Simulated Lov dependence of Ion and 

S.S. with EOT = 0.29 nm. 

 

 
Fig. 7. Comparison of simulated EOT dependence 

of Ion and S.S. of Si VTFETs with pocket and 

pocketless. Lov = 0.03 m. 

 

 
 

Fig. 2. Simulated device shape and impurity profiles of 

vertical Si VTFET. (a) Donor and (b) acceptor. 

 
 
Fig. 9. (a) Simulated I-V curve of pocketless Si VTFET with Lov = 0.38 m and 

EOT = 0.29 nm, and (b) the list of detailed device parameters. 
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