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Abstract 

It is well known that the co-doping of Al and N en-

hances the tunneling currents through Si-p/n junction 

due to the resonance of dopant states with conduction 

bands. In this work, we propose different types of two 

resonant tunnelings to enhance the ON currents of Si 

tunnel FET. One is to use the resonance between donor 

and acceptor dopant states, while the other is to use res-

onant states caused by the quantum-well-like hetero in-

terface. The present results will help to design and real-

ize Si-based tunnel FETs. 

 

1. Introduction 

Tunnel field-effect transistor (TFET) is one of promising 

candidates for next-generation energy-saving devices, due to 

its much steeper switching [1,2]. Although Si-TFET is fas-

cinating because of the matching to developed Si technology, 

the tunneling ON current is still low owing to its indirect 

band-gap transitions. Recently, Mori and his coworkers 

succeeded in remarkably enhancing an ON current in 

Si-TFET utilizing a co-doping of Al and N atoms around the 

p/n junction [3,4]. Then, we showed by theoretical calcula-

tions that such enhancement occurs because the dopant 

states resonate with conduction bands and the transitions 

from valence to conduction bands markedly increase [5].  

This result indicates that we can also enhance the ON 

current by designing other types of resonant tunneling. 

Resonance has a clear advantage because the OFF current is 

small at off-resonance state, while the ON current sharply 

increases at resonance. In this work, by changing the poten-

tial profile around p/n junctions, we demonstrate two new 

types of resonance tunneling currents at Si-p/n junctions. 

 

2. Calculation Model and Method 

Figures 1(a)-1(c) show the valence and conduction-band 

profiles at Si(100)-p/n junctions considered in this work. Fig. 

1(a) shows the SD junction having a single donor type of 

dopant, corresponding to the co-doping by Mori et al. and 

already studied in our previous work [5]. Fig. 1(b) shows the 

DD junction having donor and acceptor types of double do-

pants, while Fig. 1(c) is the HI junction having hetero inter-

face in the n-Si side.  

To simulate these junctions, we employ the simple 

one-dimensional tight-binding models using the Wannier 

basis of valence and conduction bands. Dopant electronic 

states are produced by changing the on-site energy at the 

dopant site, while the hetero-interface is realized by arrang-

ing the abrupt change of on-site energy. The detailed param-

eters for Si-p/n junction are described in our previous publi-

cation [5]. The tunneling probability of electrons through the 

junction is calculated by the time-evolution of electron wave 

packets, following the Schrödinger equation, the details of 

which are also explained in the previous work [5]. 

 

3. Results and Discussions 

  Figure 2 shows calculated tunneling probabilities of elec-

trons through various junctions as a function of electric field. 

Compared to the simple junction, the tunneling probability 

is enhanced for all SD, DD, and HI junctions. To understand 

the origin of such enhancement, we show the local densities 

of electronic states (LDOS) around p/n junctions in Figs. 

3(a)-3(c).  
 

 
 
Fig.1 Schematic pictures of valence and conduc-

tion-band profiles at Si-p/n junctions; (a) a single do-

pant (SD) junction, (b) double dopant (DD) junction, 

and (c) hetero-interface (HI) junction.  

 

 
 
Fig.2 Calculated tunneling probabilities at SD, DD, and 

HI Si-p/n junctions as a function of electric-field 

strength. The result for simple Si-p/n junction is also 

shown for reference. 
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3.1 Junction with a single type of dopant 

 First, we shortly review why the tunneling is enhanced at 

the SD junction. As seen in Fig. 3(a), the dopant produces 

an electronic state that is resonating with the conduction 

band of n-Si. Such resonance effectively reduces the tun-

neling length between p-Si valence and n-Si conduction 

bands and markedly increases the tunneling probability.  
 
3.2 Junction with donor & acceptor types of dopants 

Next, we consider why the tunneling is enhanced at the 

DD junction. As seen in Fig. 3(b), both acceptor and donor 

produce electronic states in the band gap of Si. The reso-

nance occurs between these states. In this case, since the 

tunneling length becomes much smaller than the case of Fig. 

3(a), the probability is much larger than the case of the SD 

junction as seen in Fig. 2. To see the feature of resonance 

more clearly, we change the energy difference Δε between 

these states as shown in Fig. 4(b) and calculate the tunneling 

probability, the result being shown in Fig. 4(a). As the en-

ergy difference approaches zero, the probability remarkably 

increases, which definitely demonstrates that the origin of 

enhancement is the resonance. The resonance feature is also 

seen in Fig. 2, where the probability first increases and then 

a slightly decreases as the electric field increases.  
 
3.3 Junction with hetero-semiconductor interface 

Then, we consider why the tunneling is enhanced at the 

HI junction. As seen in Fig.3(c), when the quantum-well- 

like triangle potential is produced around the left edge of 

n-Si layers, there appear not only the bound states but also 

the resonant states embedded in the conduction bands. The 

latter states are localized around the edge of conduction 

band in the p/n-junction region, as schematically shown in 

Fig. 5(b). As a result, the tunneling length between valence 

band in p-Si and conduction band in n-Si decreases, which is 

the reason why the tunneling probability increases compared 

to the case of simple p/n junction as seen in Fig. 2.  

It is interesting to note that the tunneling probability 

shows several increases as shown in Fig. 5(a) in some cases 

of the HI junctions as the electric field increases. This is 

because, when there exist more than one resonance states as 

seen in Figs. 3(c) and 5(b), the number of resonance states 

that contribute to the current increases as the electric field 

increases. We found that this feature is sensitive to the 

many-body interaction between electrons when the bound 

states exist (not shown here).  

 

4. Conclusions 

In this work, we propose two new types of resonant tun-

neling to increase the ON currents of Si tunnel FET. One is 

to use the resonance between donor and acceptor dopant 

states, while the other is to use resonant states caused by the 

quantum-well-like hetero interface. We demonstrated that 

these resonance tunnelings not only enhance the current but 

also show the non-monotonous current-voltage characteris-

tics at p/n junctions. We hope that the present result will 

help to design & realize Si-based tunnel FETs in near future. 
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Fig.3 Local densities of electronic states around Si-p/n 

junctions; (a) SD, (b) DD, and (c) HI junctions. Red solid 

lines indicate edges of valence and conduction bands.  

 

 
 
Fig.4 (a) Tunneling probability at the DD junction as a 

function of energy difference Δε between donor and ac-

ceptor dopant states. (b) Local densities of electronic 

states at the DD junction, corresponding to (i)-(iii) points 

in (a). 

 
 

Fig.5 (a) Tunneling probability at the HI junction as a 

function of electric field. (b) Schematic picture to explain 

the appearance of resonance states that are embedded in 

conduction bands at the HI junction.  
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