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Abstract 
In this paper, we propose novel device architecture of Source Junc-

tionless Tunneling FET (SJL-TFET) featuring notable advantage of 
electrostatics such as steep sub-threshold swing (S.S.), suppressed varia-
bility in device characteristics and the availability in LSI production. 
Theoretical TCAD simulation analysis reveals the mechanism of 
essential operation and its advantage in device characteristics. Also, 
significantly suppressed threshold voltage (Vth) variation was experi-
mentally demonstrated in SJL-TFET owing to its extremely simple 
device structure. SJL-TFET enables practical application of all-Si 
standard fabrication process. 
Introduction 

Tunneling field-effect transistors (TFETs) have attracted much atten-
tion for ultra-low power LSI applications thanks to its possibility of 
overcoming the limitation of S.S. in MOSFET [1]. So far, many types of 
TFET device architecture have been reported utilizing a variety of struc-
tures and new material introduction [2-7]. However, there has been an 
essential trade-off between S.S. improvement and process complexity, i.e. 
these types of device and process techniques tend to cause an undesirable 
fluctuation in device characteristics. Consequently, from the viewpoint of 
LSI production, these types of TFETs would not be available for low 
voltage circuit operation due to serious Vth variability even if super-steep 
S.S. could be achieved [8]. 

In this paper, a novel TFET device concept is proposed featuring both 
steep S.S. and suppressed device variation. This simple device structure 
without forming source tunneling junction enables the practical LSI 
application of TFET. 
Energy Minimum Optimization in TFET 
  In order to estimate the impact of Vth fluctuation on pow-
er-performance figure of merit, theoretic analytical TFETs model was 
introduced. Original idea in MOSFET by Fuketa et al. [8] expands into 
TFET case with modification of on/off-current expression shown in Fig. 
1(a). For ideal TFET, on-current is dominated by band to band tunneling 
(BTBT) current, so that current-voltage expression is well-fitted with 
Kane’s approximation I~VPexp (-B/V) [9] utilizing some fitting parame-
ters (Fig. 1(b)). Since TFET has good immunity against DIBL (Drain 
Induced Barrier Lowering), the off-current simply consists of BTBT 
current. Therefore, off-current could be sensitive for its sub-threshold 
factor (Soff) at Vg = 0 V (see Fig. 1(a, b)). Switching energy (power-delay 
product) is calculated for logic application using expression stated above 
(activation rate = 0.2). Figure 1 (c) shows the energy-voltage relation-
ship with various Vth –fluctuation tolerance (Vt). From this result, sig-
nificant sensitivity of Vth on energy (PD product) and VDD minimum are 
expected. Also, energy minimum analysis was quantitatively carried out 
at various S.S. (Soff) by using this method (Fig. 2). If 15% degradation of 
minimum VDD (Vopt) caused by Vth fluctuation is accepted (solid red line 
in figure 2), worst corner of Vt corresponding to 3Vth) fluctuation is 
-26 mV, -21 mV, -15 mV and -10 mV for the device with 60 mV/dec., 
50 mV/dec., 40 mV/dec. and 30 mV/dec., respectively. This result clear-
ly indicates that steeper-S.S. device requires reduced Vth fluctuation rather 
than relatively broader S.S. device. 
Device Concept of Source Junctionless (SJL) TFET 

Schematic device structure of SJL-TFET is illustrated in Fig. 3-(ii) 
with diffusion shape contour plot. This device essentially has uni-
formly doped source region for entire device active area. Drain dif-
fusion region is simply located beside gate electrode like a conven-
tional Lateral TFET (PiN-TFET) structure (Fig. 3-(i)). At the off 
state in SJL-TFET (Fig. 4-(a)), channel region just under the gate 
electrode stays depleted condition. Here, negligible tunneling current 
from source to drain is observed. With increased gate voltage (Fig. 
4-(b)), the inversion layer appears entire channel region. In this situ-

ation, tunneling path is created from source to inverted channel re-
gion which is parallel to the electric field caused by applied gate 
voltage (Fig. 4-(c)). BTBT generation rate in source region is plotted 
in Fig. 4-(d). Uniform BTBT generation is confirmed entire channel 
region. In terms of S.S. improvement, this architecture can eliminate 
the long range tunneling path which degrades S.S. usually observed 
in conventional PiN-TFET [10]. Simulated Id-Vg characteristics of 
proposed (SJL-TFET) and conventional (PiN-TFET) devices are 
shown in figure 5. Here, non-local Kane tunneling model [9, 11] is 
combined with the drift-diffusion model. Both S.S. reduction and 
Ion-Ioff ratio improvement are clearly observed in SJL-TFET. 

In order to evaluate the circuit guard band tolerance, worst corner 
analysis on process variation sensitivity was investigated in various 
conditions of source junction formation and EOTs (Fig. 6). Here, 
SJL-TFET exhibits significantly suppressed Vth and S.S. variation in 
spite of steeper S.S. range. In addition, EOT scaling in SJL-TFET 
effectively minimizes S.S. value and suppresses both S.S. and Vth 
variation.  
Experimental Demonstration Results 

To demonstrate the theoretical advantage of SJL-TFET, hardware 
experiment was carried out using standard Si-CMOS technology 
platform (Fig. 7). In this experiment, SOI wafer of TSi / TBOX = 80 
nm/145 nm was used for starting material. At the first step, uniform-
ly doped source region was formed with conventional ion implanta-
tion and annealing techniques for entire active area. Next, drain deep 
diffusion region was formed with lithography and implantation pro-
cess. Then, gate stack of HfO2/TiN was employed with 1.3 nm EOT. 
As a reference, PiN-TFET was also fabricated by adding lithography 
for source formation. Note that, the concentration of source diffusion 
region is ~1e19 cm-3 for SJL-TFET and ~1e20 cm-3 for PiN-TFET, 
which is quite different in order to optimize for each structure. Also, 
scaled EOT of 1.1 nm was adapted to PiN-TFET. 
  Experimental Id-Vg curves of fabricated N-channel SJL-TFET and 
PiN-TFET are shown in figure 8. In SJL-TFET, Ioff of ~0.01 pA/m 
was successfully achieved which is more than 3-orders smaller value 
than standard low standby power (LSTP) CMOS lineup. Minimum 
of S.S. value of 140 mV/dec. was achieved in SJL-TFET, while 
PiN-TFET showed 220 mV/dec. Id-Vd curves at various Vg shows 
good linearity and saturation property like MOSFET (Fig. 9). In 
general, all-Si N-channel TFETs suffers from relatively large S.S. 
value than P-channel TFETs. This is mainly explained by the diffi-
culty of steep tunnel junction formation in source regions by boron. 
SJL-TFET has significant advantage of archiving smaller S.S. be-
cause of no junction formation architecture. 
  Electrostatics variability was evaluated focusing on global Vth 
(Fig.10) and local Vth (Fig.11). As discussed in TCAD analysis, tight 
electrostatic distribution has been confirmed in SJL-TFET. 3 (Vth) 
of 17.8 mV was obtained in SJL-TFET. This value can be acceptable 
in the steep S.S. devices down to 45mV/dec. if 15% Vopt degradation is 
allowed. (See in figure 2). This result is the critical evidence of ul-
tra-low voltage circuit operation availability below 0.3 V range.  
Conclusion 

Novel device architecture of source junctionless tunneling 

field-effect transistor (SJL-TFET) has been proposed. Because of its 

simple device structure, essential advantage of SJL-TFET of steeper 

S.S. and suppressed variability has been confirmed by both theoreti-

cal simulation analysis and experimental demonstration. 
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Fig. 3: Schematic structure of 
N-channel TFET. (a) Conven-
tional PiN-TFET. (b) Proposed 
source junctionless (SJL) TFET. 
In SJL-TFET, Source are 
uniformly formed.

Fig. 4: Counter plots of total current density in (a) standby
mode and (b) operation mode. In ON-state, electrons generated
from BTBT flow under the gate region (inset of Fig.4(b)). (c)
Energy band diagram along to current path shown in Fig.4(b).
(d) BTBT generation rate in source region.

Fig. 5 (Sim.): Id-Vg character-

istics of PiN-TFET and SJL-

TFET for Lg=150nm. SJL-TFET 

achieves steeper sub-threshold 

swing (inset of figure.).

Fig. 6 (Sim.): Process sensitivity to device characteristics in SJL-
TFET and PiN-TFET. (a) Simulated worst corner of key 
parameters in TFETs. (b) Sub-threshold slope (S.S.) and Vth

including process variability. Significantly smaller sensitivity is 
confirmed in SJL-TFET. Also, EOT scaling achieves even smaller 
S.S. and Vth variation in SJL-TFET.

Fig. 7: Process flow of SJL-TFET. 
S/D and gate area is defined by EB 
lithography [12].

Fig. 8. (Exp.) : Id-Vg characteristics 
of PiN-TFET and SJL-TFET.

Fig. 9. (Exp.) : Id-Vd chara-
cteristics of SJL-TFET. 

Fig. 10. (Exp.) : Histograms of 
Vth distribution in PiN-TFET and 
SJL-TFET fabricated with same 
process conditions.

Fig. 11. (Exp.) : Histograms of 
Vth mismatch distribution in 
PiN-TFET and SJL-TFET. 
3Vth of 17.8mV was achieved 
in SJL-TFET

*Vopt is the local minimum point in PD-plot. 
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Fig. 1: (a) Simplified I-V and energy model for TFET in this study based on [8]. Vth-shift (Vt) 
is considered in on and off current. Energy is calculated  from product of  Power (P~xIonVDD

+ IoffVDD; x~activation ratio) and Delay (D~VDD/Ion). (b) I-V curve of TFET is determined by 
fitting parameters. The Vth-shift of I-V curve is defined as Vt. (c) Power(P)-delay(D) product 
for logic application (x~activation ratio=0.2, Soff=30 mV/dec.) for various Vth-shift. Vth,nom is 
defined as nominal threshold voltage at Vt = 0.

Fig. 2: Threshold voltage shift Vt

dependence of optimum VDD (Vopt) 
in PD product. The shift is sensitive 
for S.S. of off-current (Soff). This 
shows steep-S devices are owed to 
disadvantage in VDD reduction.
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