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Abstract – This paper presents the electrical performances of novel AlGaSb/InGaAs heterojunction-
based vertical-tunneling field-effect transistor (VTFET). The device performance was investigated in 
views of the on-state current (Ion), drain-induced barrier thinning (DIBT), and subthreshold swing (SS) 
as the gate length (LG) was scaled down. The proposed TFET with a LG of 5 nm operated with an Ion of 
1.3 mA/µm, a DIBT of 40 mV/V, and an SS of 23 mV/dec at a drain voltage (VDS) of 0.23 V. The 
proposed TFET provided approximately 25 times lower DIBT and 12 times smaller SS compared with 
the conventional LG of 5 nm TFET. The AlGaSb/InGaAs VTFET showed extremely high scalability 
and strong immunity against short-channel effects. 
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1. Introduction 
 
As the scaling of complementary metal-oxide-

semiconductor (CMOS) technology penetrates the nanoscale, 
traditional MOS field-effect transistors (FETs) are facing 
short-channel effects (SCEs) including threshold voltage 
roll-off, punch-through, drain-induced barrier lowering 
(DIBL), and subthreshold swing (SS) degradation. To 
overcome the scaling limits, various efforts have been 
made through three-dimensional (3-D) device structuring, 
functional materials, and new operation mechanisms 
beyond drift and diffusion [1-6]. The tunneling field-
effect transistor (TFET) is considered to be one of the 
most promising electronic devices because of its low off-
state current (Ioff) and sharp switching operation [7-12]. 
However, TFETs with 10 nm or shorter gate length (LG) 
deteriorate rapidly with SS and Ioff because of drain-
induced barrier thinning (DIBT). Low on-state current (Ion) 
has been pointed out as a drawback of conventional Si 
TFETs [13-15]. To realize a high Ion, TFETs are required 
to reduce the equivalent oxide thickness (EOT), achieve 
a steep doping profile, and decrease the tunneling barrier 
width [16-19]. Heterojunction TFETs using the vertical 
tunneling process with staggered bandgap materials have 
been shown to increase band-to-band tunneling (BTBT). 

In this study, we propose an AlGaSb / InGaAs 
heterojunction-based vertical TFET (VTFET) using a 

staggered bandgap for a sub-10 nm LG. Optimal design of 
the AlGaSb/InGaAs VTFET and characterization were 
performed by technology computer-aided design (TCAD) 
simulation using ATLAS program [22]. Because the 
proposed TFET makes use of vertical tunneling through 
staggered bandgaps, the effective tunneling barrier is 
substantially thinned, thereby causing the SS to decrease 
and the Ion to improve. To improve the current drivability, 
the doping concentration of the n+ InGaAs layer (NInGaAs,n+) 
is controlled. The tunneling barrier width becomes thinner 
and the Ion increases with an increase in the NInGaAs,n+. The 
SCEs and DIBT are closely investigated as the device LG is 
aggressively scaled down. 

 
 

2. Device Structure and Simulation Methodology 
 
Fig. 1(a) shows a cross-section of the AlGaSb/InGaAs 

VTFET having a LG of 5 nm, a 10 nm thick body, a 7 nm 
thick layer of AlGaSb, a 3 nm thick layer of InGaAs, and 
a 3 nm gate oxide thickness (tox). Hafnium oxide (HfO2) 
is employed as the gate oxide material. The equivalent 
oxide thickness (EOT) of the gate oxide material is 0.468 
nm, which normalized with the permittivity of SiO2. The 
doping concentrations of the p+ source junction, the 
AlGaSb channel, the InGaAs n+ channel/drain junction, 
and the source-side n-type InGaAs/drain-side n-type 
AlGaSb are 5×1019 cm-3, 1×1019 cm-3, 1×1017 cm-3, and 
1×1016 cm-3, respectively [20, 21]. Thus, the final doping 
profile is quite different from that of conventional n-type 
TFETs having an p-i-n junction. For higher accuracy and 
credibility in calculating the BTBT rates, a nonlocal 
BTBT model and a trap-assisted BTBT model are 
simultaneously activated in the device simulation [22]. In 
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the nonlocal BTBT model, the spatial energy band 
modification is made to model the tunneling process in a 
more deterministic manner. In characterization, the SS is 
defined as the average reverse slope between two points in 
the logarithmic scale, (logID2-logID1)/(VGS2-VGS1) (VGS: 
gate voltage; ID: drain current), where ID sharply soars from 
the Ioff and where ID = 10-7 A/µm [12]. The Ion is defined as 
ID at VGS = 0.5 V and drain voltage (VDS) = 0.3 V. The Ion 
conduction is dominated by two components; one is the 
vertical current component -made up of the tunneling 
current from the p+ AlGaSb layer to the n+ InGaAs layer, 
and the other is the lateral component originating from the 
tunneling current in the InGaAs layer. Table 1 summarizes 
the material parameters of the semiconductors used in this 
study. The proposed device is operated by the staggered 
bandgap between the AlGaSb/InGaAs heterojunction, 
which maximizes the tunneling efficiency as shown in Fig. 
1(b) [23-25]. At a negative VGS, the vertical tunneling 
current is effectively suppressed. However, as the VGS 

increases, the staggered bandgap becomes more prominent 
and tunneling current begins to flow. A higher Ion and a 
smaller SS, or equivalently, a sharper switching slope are 
achieved at the same time through the combination of 
strategic materials and the construction of unique current 
paths. In general, the value of tox has a strong influence on 
the tunneling rate due to the change of the electrical field. 
As tox decreases, Ion of the proposed VTFET can be 
increased. However, the dramatic change of tox results in 
the shift of the threshold voltage (Vt). Therefore, we 
performed the simulations of our device with the fixed tox. 

 
 

3. Results and Discussion 
 
Fig. 2 shows the ID-VGS curves with various values of 

VDS. In each case, the Ioff is defined as ID at VGS = 0 V [26]. 
The Ioff increases with the VDS because the gate-induced 
drain leakage (GIDL) increases. For VDS > 0.3 V, the lateral 
tunneling current in the InGaAs becomes larger even below 
VGS = 0 V since InGaAs has a thin bandgap energy of 0.633 
eV. The energy band diagrams across the InGaAs region at 
various VDS’s are shown in Fig. 3(a). As the VDS increased, 
the effective tunneling barrier width decreased and 
enhanced the tunneling current from the source-side 
InGaAs region to the drain-side [6]. Fig. 3(b) depicts the 
lateral tunneling barrier width as a function of VDS. The Ioff 
slope in Fig. 2 turned positive at VDS ≤ 0.3 V, revealing that 
the portion of Ioff lost to GIDL was small. This result 
corresponds to the fact that the tunneling barrier width 
becomes thicker than 14 nm when VDS ≤ 0.3 V as shown in 
Fig. 3(b), which effectively suppressed the leakage current 
by backward tunneling. However, as VDS increased, the 
tunneling barrier width became narrower 12 nm above a 
VDS of 0.4 V as confirmed by Fig. 3(b). This result 
coincides with the fact that the Ioff slope turned negative as 
confirmed by Fig. 2, which is distinct proof of GIDL. Thus, 
it would be desirable to apply a small VDS to suppress the 
Ioff. Fig. 4 shows the Ion and on/off current ratio (Ion/Ioff 
ratio) as a function of VDS. The Ion showed a monotonic 

 
(a) 

 
(b)  

Fig. 1. Schematic of AlGaSb/InGaAs VTFET. (a) Cross-
sectional view of AlGaSb/InGaAs VTFET. (b) 
Energy band diagrams in the vertical direction 

 
Table 1. Properties of AlGaSb/InGaAs materials comprising 

the heterojunction TFET 

 Electron Affinity [eV] EG [eV] me/m0 mlh/m0

Al0.1Ga0.9Sb 4.014 0.833 0.0498 0.458
In0.65Ga0.35As 4.609 0.633 0.036 0.445

 

 
Fig. 2. Transfer curves of the AlGaSb/InGaAs VTFET 

depending on VDS 
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increase as VDS increased, and the increase slowed down 
and saturated above a VDS of 0.3 V, demonstrating that the 
VDS needs to have a lower limit for warranting high current 
drivability. However, overall, the Ion/Ioff ratio decreased as a 
function of VDS. Furthermore, the ratio peaked between a 
VDS of 0.2 V and 0.3 V, and it is notable that the GIDL was 
at a minimum at the same time in this range as confirmed 
by Fig. 2 and Fig. 3. Thus, low-power operation capability, 
higher current drivability, and more-ideal logic switching 
can be obtained if a proper VDS is applied near 0.3 V, which 
is much lower than the drive voltage of conventional 
transistors. 

Transfer curves at different values of NInGaAs,n+ are 
plotted in Fig. 5(a). Here, the lengths of the channel and 
drain regions are both 35 nm. While the NInGaAs,n+ had a 
negligible effect on the Ioff, Ion improved as the NInGaAs,n+ 
increased up to 1 × 1019 cm-3. However, when the NInGaAs,n+ 
reached 5 × 1019 cm-3, the transfer curve was significantly 
deformed. Fig. 5(b) shows the energy band diagrams in the 
channel region under the gate in the vertical direction. The 
tunneling barrier width decreased as the NInGaAs,n+ increased. 
Thus, a higher Ion can be drawn through the staggered 
bandgap between AlGaSb and InGaAs and through the 

thinned tunneling barrier at a high NInGaAs,n+. However, the 
NInGaAs,n+ needs to be optimally controlled as can be judged 
from Fig. 5(a). The tunneling barrier width of 1.3 nm at a 
NInGaAs,n+ of 1 × 1019 cm-3 thickened to 2.5 nm at a NInGaAs,n+ 

  
  (a) 

 
  (b) 

Fig. 3. Tunneling barrier analyses: (a) Energy band diagram along the InGaAs layer at different VDS biases; (b) Tunneling 
barrier width as a function of VDS at VGS = 0 V 

 

 
Fig. 4. Ion and Ion/Ioff ratio of AlGaSb/InGaAs VTFET as a 

function of VDS 

 
   (a) 

 
   (b) 

Fig. 5. Doping concentration dependence on current 
characteristics: (a) Transfer curves and (b) energy 
band diagrams at VGS=0.5 V and VDS=0.3 V (in the 
vertical direction under the gate) of the AlGaSb/
InGaAs VTFET at different values of NInGaAs,n+ 
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of 5 × 1019 cm-3. This occurred because the relatively low-
doped AlGaSb region dropped a larger portion of voltage 
than the InGaAs region, which was doped higher and 
experienced a lower electric field when the NInGaAs,n+ 
became excessively high. As a result, although a higher 
NInGaAs,n+ usually helps narrow the tunneling barrier width 
up to a certain value, distortion in the band structure of 
AlGaSb begins to widen above the optimum NInGaAs,n+. This 
underlying reason explains the results in Figs. 5(a) and 5(b). 

Fig. 6 shows the energy band diagrams in the AlGaSb layer 
in the lateral direction. The tunneling barrier width in the 
lateral direction monotonically decreased as the doping 
concentration in the n-type AlGaSb layer increased. 
However, as shown in Fig. 1(a), in the on-state operation 
mode, the n+ InGaAs drain was positively biased and the 
tunneling currents making up the on-state current should 
come only from the n-type InGaAs and p+ AlGaSb. The 
n-type AlGaSb should be excluded from the possible 
current paths, and the reverse current through the p+n 
AlGaSb diode must be effectively suppressed. Therefore, 
the doping concentration of the n-type AlGaSb needs to 
be kept low to prevent any unwanted tunneling leakage 
as predicted by Fig. 6. Under this condition, it is obvious 
that the AlGaSb/InGaAs VTFET having a LG of 5 nm is 
optimized when the NInGaAs,n+ was 1×1019 cm-3. 

Using simulation models to more accurately reflect the 
effects of drain bias, lateral electric field, and SCEs in the 
AlGaSb/InGaAs, the performance of the proposed TFET is 
compared with that of conventional TFETs [27, 28]. Just as 
drain-induced barrier lowering is considered to be one of 
the SCEs found in highly scaled conventional MOSFETs, a 
similar DIBT phenomenon occurs in short-channel TFETs. 
Figs. 7(a), 7(b), 7(c) and 7(d) show the ID-VGS curves of the 
proposed and conventional TFETs having LG’s of 60 nm, 
15 nm, 10 nm, and 5 nm, respectively. Although there is no 

 
Fig. 6. Energy band diagrams along AlGaSb layer at 

different doping concentrations at VGS=0 V and VDS
= 0.3 V 

 
  (a) 

 
  (c) 

 
  (b) 

 
  (d) 

Fig. 7. Comparison between transfer characteristics of the conventional and proposed TFET devices. (a) LG = 60 nm. (b) LG 
= 15 nm. (c) LG = 10 nm. (d) LG = 5 nm 
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energy barrier for the source electrons to overcome by drift 
and diffusion and no need to refer barrier lowering by drain 
bias in this sense, a high drain bias might cause a thinning 
of the tunneling barrier and a shifting of the threshold 
voltage (Vt), as in the case of drain-induced barrier 
lowering. In extracting the Vt, the constant-current method 
is used at 1×10-7 A/µm in this study. Fig. 7(a) shows the 
transfer curves of a conventional TFET and the proposed 
device having a 60 nm LG at low and high drain biases. The 
inset magnifies the curves and demonstrates the amount of 
DIBT for respective devices and shows that the Vt shifts 
by DIBT of the devices are not significantly different at a 
60 nm LG. However, as the LG is scaled down as Fig. 7(b)-
(d), the transfer characteristics of the conventional TFET 
are severely degraded, and its DIBT becomes extremely 
large compared with that of the proposed TFET. Taking 
the tunneling event in the vertical direction through the 
staggered bandgap has a great advantage over the 
conventional scheme in realizing a more-ideal switching 
device. Figs. 8(a) and 8(b) depict the energy band diagrams 
of the conventional and proposed TFETs in the tunneling 
direction under the gate at a VGS of 0 V [29]. The 
conventional TFET has the staggered bandgap from source 

to channel, and the difference between the valence band 
maximum in the source region and the conduction band 
minimum in the channel region is very small, so that two 
energy levels are almost aligned at a LG of 60 nm as shown 
in Fig. 8(a). However, as the LG is scaled down to 5 nm, the 
source electrons see an energy barrier of about 0.25 eV 
height, and they should travel a much longer tunneling 
distance. In this case, the entire channel region acts as the 
tunneling barrier in the triangular shape, and it is revealed 
that the Ion of the short-channel conventional TFET in Fig. 
7(d) do not dramatically increase compared with the Ioff. 
In other words, the short-channel conventional TFET is 
dominated by the source-to-drain tunneling with the 
tunneling barrier because of the channel region. Since 
the tunneling probability is strongly dependent on the 
tunneling barrier width, the Vt shift in the case of LG of 5 
nm, where the entire channel acts as the triangular 
tunneling barrier and its width is sensitively modulated 
by VDS, is much larger than that of the LG of 60 nm as 
confirmed by Fig. 7(a). Compared with a conventional 
TFET, the novel TFET proposed in this study showed a 
much smaller dependence of Vt on VDS; i.e., a much smaller 
DIBT, since the tunneling events occur mostly in the 
vertical direction rather than in the lateral direction. Fig. 

 
  (a) 

 
  (b) 

Fig. 8. Energy band diagrams of DIBL effects having 
different LG in (a) conventional heterojunction TFET
and (b) AlGaSb/InGaAs VTFET at VDS = 0.3 V and 
VGS = 0 V, respectively 

 
  (a) 

 
(b) 

Fig. 9. Investigation of short-channel effects in conventional
and proposed TFETs: (a) DIBT and (b) S as a 
function of LG 
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8(b) shows the energy band diagrams of the proposed 
TFET in the vertical direction under the gate where the 
AlGaSb/InGaAs heterojunction resides. The figure 
confirms that there is little difference between the proposed 
device’s energy band diagrams of the 60 nm and LG of 5 
nm and the low- and high-drain biases. Therefore, the 
transfer curves of the proposed TFET should be a very 
small shift compared with those of the conventional TFET. 
The DIBT of the proposed TFET with LG of 5 nm is only 
about 2.8 times larger than that of the 60 nm LG as shown 
in Fig. 9(a). The DIBT of the LG of 5 nm increased 103 
times greater than that of the conventional TFET with LG of 
50 nm. It is confirmed that the proposed TFET device 
DIBT is much less dependent on both the VDS and the LG 
compared with the conventional TFET device. Fig. 9(b) 
depicts SS as a function of LG for the conventional TFET 
and the proposed AlGaSb/InGaAs TFET. While SS 
monotonically degraded as LG becomes shorter, it becomes 
difficult to distinguish between the TFET and the drift-
diffusion driven MOSFET having a lower limit of 60 
mV/dec in SS below a 30 nm LG. The SS values are kept 
below 25 mV/dec down to a LG of 5 nm for the proposed 
vertically tunneling AlGaSb/InGaAs TFET. The DIBT 
and SS of the proposed device with LG = 5 nm are 40 
mV/V and 23 mV/dec, respectively, while those of 
conventional TFET TFET are as large as 1,050 mV/V and 
276 mV/dec, respectively. At a 60 nm LG, there is little 
difference between the parameters of the proposed and 
conventional TFETs. The SCEs are effectively suppressed 
by the staggered bandgap and the vertical tunneling path in 
the newly proposed TFET, and a small DIBT and SS are 
successfully sustained at a greatly scaled-down 5 nm 
channel length. 

The proposed VTFET has the superior electrical 
performances in comparison with previous works related 
to AlGaSb-based TFETs [25]. The maximum Ion of the 
proposed device is 16 times larger than that of reference 
[25] under low voltages such as 0.3 V. Also, it is confirmed 
that its SS and Ion/Ioff ratio are improved as compared with 
[25]. 

 
 

4. Conclusion 
 
In this study, a novel sub 10 nm channel-length AlGaSb/ 

InGaAs VTFET was designed and characterized by TCAD 
simulation. Compared to conventional TFETs, the proposed 
device demonstrates superior performance with higher 
immunity against SCEs with the aid of a staggered 
bandgap and a vertical tunneling direction. The optimally 
designed AlGaSb/InGaAs VTFET with a LG of 5 nm 
showed an Ion of 1.3 mA/µm, an Ion/Ioff ratio of 1.23×106, a 
DIBT of 40 mV/V, and an SS of 23 mV/dec at a low 
operating voltage of 0.3 V. The suggested TFET would 
have the strong potential for both high-performance and 
low-power operation capabilities as one of the advanced 

electron devices in the next-generation VLSI. 
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