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We present a simple model to evaluate the sharpness of the band edges for tunnel 

field-effect transistors by comparing the subthreshold swing and the conductance in the 

negative differential resistance region. This model is evaluated using experimental data 

from InAs/InGaAsSb/GaSb nanowire tunnel-field effect transistors with the ability to 

reach a subthreshold swing well below the thermal limit. A device with the lowest 

subthreshold swing, 43 mV/decade at 0.1 V, exhibits also the sharpest band-edge decay 

parameter E0 of 43.5 mV although in most cases the S<<E0. The model explains the 

observed temperature dependence of the subthreshold swing.    

     

I. INTRODUCTION 
 

Tunnel Field-Effect Transistors (TFET) are a promising steep slope transistor 

candidate for future low power electronics. TFETs rely on band-to-band tunneling 

(BTBT), also known as Zener tunneling, to filter out the high energy tail of the source 
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carriers. To achieve a low subthreshold swing (S), a TFET requires sharp band edges and 

low amount of defect-induced states within the band gap [1-3], as well as a low level of 

interface defects. Experimental observation of states inside the band gap are thus of 

importance.  

Measurements on two terminal Esaki diodes require heavily doped p+n+-junctions, 

whereas an nTFET will be designed with a p+-i-n structure. The heavier doping profile in 

the diode may result in a different distribution and amount of traps as well as disorder 

induced band tails as compared to the TFET [4-6]. Thereby, measurements on diodes 

only are of limited use. We here present a simple model for evaluating the band edge 

sharpness from measurements on TFETs, which relates the conductance in the negative 

differential resistance (NDR) region to the subthreshold swing. The model is evaluated 

on TFETs with S<60 mV/decade. We also find that the model well reproduces the 

experimentally observed temperature dependence of the subthreshold swing of the 

TFETs.  

 

II. Model and Devices 

Figure 1a-b shows schematic band diagrams for a heterostructure TFET in the off-

state (a) and an Esaki diode negative differential resistance (NDR) region (b). The lowest 

channel conduction sub-band (Ec,ch) is above the source valence band (Ev,s). For an ideal 

device, BTBT between the Ev,s and Ec,ch would start when  a  bias is applied so Ec,ch 

reaches a level below Ev,s. In a real device, the existence of energy states in the band gap 

(defects and/or band tails) will open an alternative current path, trap assisted tunneling 

(TAT). For normal TFET off-state operation (VDS > 0 V, VGS < VT), charges are thermally 



 3 

excited to the band gap states, constituting a generation current, from where they can 

tunnel into the channel as shown in Fig 1a. This effect will impact the device 

subthreshold swing.  

The NDR region of the TFET with VSD larger than the peak voltage, 

corresponding to Fig. 1b will also be influenced by band gap states. In this process, 

charges in the channel will tunnel to states in the bandgap and subsequently recombine 

with holes in the source, forming a recombination current. This is typically called excess 

current for an Esaki diode [7-9]. In the steepest NDR region for devices with sufficiently 

high peak-to-valley current ratio, we typically find the current to decrease exponentially 

with increasing source voltage. This can be described phenomenologically by an 

exponentially decreasing set of band gap states close to the source valence band edge, 

characterized by an energy decay parameter E0. While this is similar to models of the 

Urbach tail, the states considered here may also be induced from local defects [10]. We 

model the off-state (excess current) for a single 1D sub band tunneling current and 

current using equation 1    

(1)    𝐼!,!"" = 𝜅 !!
!

𝑇!(𝐸) 𝑓! − 𝑓! exp − !
!!

𝑑𝐸!
!!

 

where Tr is the tunneling transmission, fd/fs the drain/source distribution functions, 

and κ a constant which models the concentration of states within the band. For Urbach 

tails we expect κ≈1, whereas defect induced states can have different values. For 

simplicity we here use κ=1. Here, any states in the band gap are projected to the 

InAs/InGaAsSb heterostructure interface, at which position they will have largest impact. 

For the off-state in Fig. 1a, as only charges in the Fermi-tail are involved we use the 



 4 

Boltzmann approximation to replace the Fermi-Dirac functions in (1) and further assume 

a large VDS and energy independent Tr, which is essentially valid for a homojunction 

TFET. For a heterostructure TFET Tr is expected to increase with energy. The estimated 

value of E0 thus includes both the effects of the band tail states as well as the voltage 

dependence of the tunneling probability. Equation 1 then simplifies to      

(2)  𝐼!,!"" ≈
!!
!
𝑇! exp − !

!!
exp !!"!!

!"
𝑑𝐸 ∝ exp − !!!!"

!!!"
E!

!
!!

. 

Using (2) subthreshold swing can be written as: 

(3)  𝑆 = !"#$(!!,!"")
!!!

!!
= 2.3 !"!!

!"!!!
1+ !!"

!!"
, 

where the last term originates from effects due to interface traps, relating the movement 

of the sub band to the applied gate voltage, as given by equation 4. Thus, for a TFET with 

an off-current limited by exponentially decreasing band tails, the ideal S is lower than 60 

mV/decade, as long as the device is operating in the exponential region of the Fermi-tail. 

Interface defects will then further degrade S. For a TFET with transport involving band 

states with thermal population that limit the subthreshold swing, we thus expect a change 

in S with temperature. 

(4)     !!!!
!!!

= !

!!
!!"
!!"

 

The current in the NDR away from the peak region can also be estimated from 

equation 1. Assuming VDS > 100 mV and a large enough gate voltage, the channel 

becomes degenerate, as indicated in Fig 1b, for which we can approximate 

(5)   𝐼! ≈
!!
!
𝑇! exp − !

!!
𝑑𝐸 ~ exp − !!!

!!

!!,!
!!

. 
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In the last step we use that the source valence band is shifted by qVs and assumed 

degenerate channel conditions so that Ef,d>>Ec,d. The value of Eo can be determined by 

fitting (5) to the exponential part of the NDR region as shown in Fig. 1d. The 

subthreshold swing is thus affected by E0, kT and Cit, whereas the NDR directly probes 

E0.  

Several devices from three different samples (Sample A, Sample B, and Sample C) where 

used to determine S and E0. A large majority of the devices exhibit a S below 60 

mV/decade, data for one device is presented in Fig, 1c. For Sample A and Sample C the 

composition of the vertical nanowires is InAs/In0.1Ga0.9As0.88Sb0.12/GaSb with lengths of 

200/100/300 nm and the thinnest diameter (InAs channel region) 20 nm. The physical 

gate-length is 150 nm and the number of the nanowires varies from one to eight. In 

Sample C, the whole InAs section is n-doped (1018 cm-3), while in Sample A, the top half 

of the InAs-section is undoped. The composition of the vertical nanowires on Sample B 

is InAs/In0.32Ga0.68As0.72Sb0.28/GaSb with the same dimensions and doping profile as 

nanowires on Sample A. Further information about the fabrication and properties of these 

devices can be found in [11, 12]. The gate-currents are two to three orders lower than 

lowest channel currents. 

 

 
III. DISCUSSION 

In Fig. 2a, data from a device on Sample A is shown, with a highest PVCR of 

10.4 and a S of 53 mV/dec. The value of E0 is 56-59 meV, determined using Eq. 6 for 

two different VGD.  E0 is determined in the region showing exponential current change. It 
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may hence be an underestimate of the distribution function as direct BTBT still 

contribute in this bias region and the exact shape will depend on the detailed tail density 

of states. In Fig. 2b, S vs E0 from several devices from Samples A and B are presented. 

The mean Dit is about (2-9)⋅1012 eV-1cm-2 which is similar to values from CV 

measurements [13]. Devices consisting of more than one nanowire typically show a 

larger estimated E0, which we attribute to random VT and nanowire diameter ensemble 

variations, leading to a larger estimated extrinsic E0.   

Data from the devices from both samples are well described by the simple model. Data 

for a device from Sample C is presented in Fig 2c, these devices have a doping profile 

similar to a diode with doping on both sides of the heterojunction. These devices show a 

substantially larger valley current. Using the gate-terminal, PVCR can be increased from 

4.73 to 7.6 with increasing VGD. This action will increase channel charge and thus 

increase the BTBT current modeled here as well as screen the potential around 

impurities. Thereby the value of the estimated E0 is lowered from 114 meV to 78 meV.  

Furthermore, the device S is 77 mV/decade. In our devices, estimates of E0 from 

measurements on Esaki-type p+n+ yield limited information for p+-i-n type TFETs. 

Figure 2d shows the temperature dependence for S and E0 for two devices from 

Sample A and two devices from Sample B. The model reproduces the measured data well 

down to T ~ 100 K. For very low temperature (T=11K), the modeled S is found to be 

lower as compared with measurements. This difference can originate from non-thermal 

effects not included here, such as direct (or trap assisted) source to drain tunneling, or 

self-heating. 
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E0 does not show any strong temperature dependence, and is found to be about 50-60 

meV for all temperatures. This makes phonon induced band tails as the fundamental 

origin of the band gap states improbable. Instead, discrete dopants and their fluctuations 

(37 meV activation energy for Zn in GaSb) and impurities (Urbach tails), as well as 

defect induced band gap states are the probable sources for the excess current. The 

typical source doping is about 1019 cm-3, which is similar to the valence band density of 

states, which supports the use of k≈1.  A similar argument can be made for the InAs 

channel. 

To verify the approximation done in Eqs 2 and 5, we have numerically calculated the 

tunneling current, by integrating Eq.1 in addition to a direct BTBT model. We have here 

utilized a simple 2-band WKB-model with simple constant electric field [14] for the 

transmission calculations, set by the device geometric length scale. As shown in Fig. 3a 

and b, using E0 and the threshold voltage as fitting parameters, a good agreement between 

measured and modeled data is achieved. The fitted E0 = 54 meV agrees well with 59 meV 

which was evaluated directly from the NDR slope. This indicates that the omission of the 

energy dependence in Tr(E) does not cause a too large error in the estimation of E0. 

 

 

IV. CONCLUSIONS 

A simple model has been introduced which captures the essential role of band 

tails in the off-state and NDR region of TFETs. The proposed model can well reproduce 

the temperature dependence of the subthreshold swing of TFETs. Results from 

experimental data shows that a device with E0>60 meV can still achieve a subthreshold 
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swing below 60 mV/decade. Decreasing the amount of traps, as well as reducing the 

decay parameter E0 will be required to achieve even lower subthreshold swing.  
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Figure Captions 

Figure 1. (a) Schematic band diagram for a heterostructure TFET in the off-state. (b) 

Schematic band diagram for an Esaki diode negative differential resistance. (c) Transfer 

curve from a TFET from Sample B with S = 46 mV/decade at 50 mV. (d) NDR from 

output data from device in Fig 1c. Dotted red line is fitted to determine value of the E0. 

Insert shows same data and fit plotted with linear scale.  

 

Figure. 2. (a) NDR in output data from a device from the Sample A at two different VGD. 

The value of E0 is not changing with VGD. (b) S vs EO for a number of devices from 

Sample A and Sample B. Black symbols represent devices with one nanowire, whereas 

colored symbols correspond to devices with 2-8 nanowires. The Dit used in Eq. 3 is 

6·1012 eV-1cm-2. (c) NDR in output data from a device from Sample C at two different 

VGD. The value of E0 decreases with increasing PVCR. With a high PVCR the impact of 

excess current is lower. (d) Temperature dependence of S. Data is from 2 devices from 

Sample A and from 2 devices from Sample B. Every device is represented by its own 

color. The Dit used in Eq. 3 is 6·1012 eV-1cm-2. The insert shows the temperature 

dependence of the E0.    

 

Figure 3. Using the model, fitting is performed on experimental data. (a) Transfer curve 

of a device. (b) Fitting to the NDR region in the output data. Used values are: E0 = 54 

meV, dEV=0.15 Efs = 100 meV, Egs= 58 meV. Dit = 1.4·1012 eV-1cm-2 
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