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High density and lower power drive the aggressive scaling down of CMOS 

transistors. Yet, the scaling of Si bulk MOSFETs are approaching physical limits, suffering 

from poor electrostatic control due to short channel effects, gate leakage current caused by 

gate oxide tunneling, and most importantly the non-scaled supply voltage imposed by 

thermionic emission limitation. Tunnel FETs (TFETs) based on band-to-band tunneling 
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current injection mechanism, have emerged as promising candidates to deliver steep turn-

off slopes, thus enables a sharp reduction of supply voltage to below 0.5 V.  

This dissertation is primarily devoted to develop an accurate analytic model for 

TFETs with a double-gate structure, providing physical insights to the design principles. 

At the core of the model is a gate-controlled channel potential that satisfies the source and 

drain boundary conditions. The potential is of an exponential profile with a characteristic 

scale length given by the device thickness. Both the source-to-channel tunneling and 

source-to-drain tunneling are developed and included in the model. It has been verified by 

numerical simulations for a wide range of bandgaps and channel lengths. Also incorporated 

in the model are the short-channel effect, source doping effect, ambipolar effect, and de-

bias of gate voltage by channel charge. Based on these, the guidelines for scaling TFETs 

to sub-10-nm channel lengths are brought forth. The model is continuous, physical and 

predictive in the sense that there is no need for ad hoc fitting parameters. 

For high-power and high-frequency applications, GaN high-electron-mobility-

transistors (HEMTs) stand out as promising candidate devices for achieving high 

breakdown voltage, high output current and high transconductance characteristics. Yet, the 

performance of GaN HEMTs suffers from mobility degradation due to poor thermal 

dissipation of conventional epitaxial substrates. This dissertation also experimentally 

demonstrates the GaN HEMTs fabricated on diamond substrate with extraordinary thermal 

management capability. The self-heating induced current droop is effectively absent in the 

saturated Ids-Vds characteristics of the resulting devices, thus paving the way for enhancing 

the energy conversion efficiency. 
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Chapter 1 Introduction  

1.1 Review of CMOS scaling 

Over the past few decades, the electronic industry has made great strides to keep pace 

with the Moore’s law, and doubles the number of transistors on a chip every two years 

[1.1]. In Fig. 1.1, the technology trends for memory product function/chips were 

summarized by International Technology Roadmap for Semiconductors (ITRS) in 2011 

[1.2]. The Fig. 1.1 predicts that in years after 2016, the scaling rate of on-chip transistors 

for memory products [DRAM ~2×/2.5 yrs] tends to fall below the pace of the average 

“Moore’s Law.”   

 

Figure 1.1: 2011 ITRS product technology trends: Memory product functions/chip and 

industry average “Moore’s Law” and chip size trends [1.2]. 

 

An inherent problem resulted from the CMOS scaling is the power consumption in 

modern microelectronic circuits. Fig. 1.2 shows when the gate length is shrunk down to a 
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few tenth nanometer scale, the passive power density dominates over the active power 

density. Unfortunately, the passive power density (standby leakage power) is unusable, 

which eventually heats up the on-chip transistors, thus degrading the performance of the 

chip.    

 

Figure 1.2: Both active and passive power density vs. gate length [1.3] 

The leakage power is proportional to the supply voltage. Therefore the innovation of 

novel designs of transistors are in urgent demand, to reduce the supply voltage thus the 

leakage power. 

1.2 Voltage non-scaling  

MOSFET is the basic integrated circuit element, its off-current (Ioff) is defined as the 

source-to-drain leakage current when the gate-to-source voltage (Vgs) is biased in the off-

state, while the drain-to-source voltage (Vds) is biased at supply voltage Vdd. When the Vgs 

is biased at subthreshold voltage, the Ioff is expressed as [1.4]: 
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Ioff = Ids(Vt)e-qVt/mkT                                                                                         (1.1) 

 

where Vt is the threshold voltage, and Ids(Vt) is the source-to-drain current at threshold. 

Therefore, with the acceptable Ioff defined as three-order of magnitude less than the 

threshold current Ids(Vt), it requires the minimum threshold voltage Vt to be ~ 6.9 mkT/q to 

turn off the device.   

Reduction of the standby leakage power, Pleak = Ioff·Vdd, requires the down scaling 

of supply voltage Vdd. However, the lower bound of Vdd is imposed by the on-current and 

CV/I propagation delay. The propagation delay is vital since it directly affects the speed at 

which a digital device can operate, consequently the speed of memory chips and 

microprocessors. The Fig. 1.3 shows an example of the CMOS performance, expressed in 

terms of inverse of propagation delay, versus the normalized threshold voltage Vt/Vdd. It 

exhibits the scenario when the Vt/Vdd is increased from 0.2 to 0.3, the CV/I delay will then 

lose (0.68-0.5)/0.68 or ~ 26% performance. Hence, it is desirable to maintain Vt/Vdd < 0.25 

for high performance CMOS circuits, due to the delay sensitivity. 
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Figure 1.3: The inverse of CMOS delay vs. Vt/Vdd from [1.5]. The dots are SPICE 

simulations results. The dashed line is a fitting proportional to 0.6-Vt/Vdd. 

1.3 Beyond CMOS technologies 

Towards the end of the traditional CMOS scaling, steep subthreshold swing 

transistors emerge as promising candidates to enable aggressive scaling of supply voltage, 

thus extending Moore’s Law in the roadmap. The subthreshold swing determines the 

amount of supply voltage required to gain a ten-fold change (a decade) in drain current. In 

the conventional MOSFETs, the subthreshold swing is limited by the temperature 

dependent occupancy probability to 60 mV/dec at room temperature. Various transistor 

structures have been demonstrated to deliver steeper than 60 mV/dec turn-off slope, based 

on different switching mechanisms. Investigations of tunnel FETs [1.4], Negative 

capacitance FETs [1.5], impact-ionization FETs [1.6] and Nano-electro-mechanical FETs 

[1.7] have been carried out. Among them, tunnel FET (TFET) stands out as the most 

promising candidate, while other candidates suffer from the delayed positive feedback 
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problems [1.4]. Furthermore, tunnel FETs are attractive due to its CMOS-compatibility 

and mass manufacturability. Hence the efforts of this dissertation focus on the analytic 

modeling of tunnel FETs. 

 

1.4 Organization of this work  

The outline of this dissertation is as follows. In Chapter 2, the analytic potential 

solutions of double gate and nanowire TFET are derived and validated by numerical 

simulations. Chapter 3 discusses the modeling of ON-current of TFETs. Chapter 4 

discusses the modeling of OFF-current. Chapter 5 discusses the examinations of two-band 

E(k) relations for valence-band-to-conduction-band tunneling. Chapter 6 discusses the 

TFET scaling guidelines. Chapter 7 discusses the hardware and model correlations. 

Chapter 8 demonstrates the GaN-on-diamond high electron mobility transistor technology. 

Chapter 9 investigates Normally-OFF AlGaN/GaN MOS-HEMT technology.  
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Chapter 2 Potential profile in a Double-Gate (DG) or Nanowire (NW) 

TFET 

2.1 Early TFET models  

 

Figure 2.1 Constant field model of a p-n junction from [2.1]. 

The first tunnel FET (TFET) model refers to E. O. Kane’s work in 1960s, which has 

been widely cited in a variety of literatures and textbooks [2.1]. Fig. 2.1 shows that Kane’s 

model is based on the assumption of constant electrical field for a p-n junction model, 

which yields the tunneling probability T for a carrier tunneling from the source valence 

band (Ev) to the channel conduction band (Ec), spatially across the bandgap at the same 

energy: 

 
*1/2 3/22

exp exp 2 /
9 2 2

Gm E
T E E

F




 
  

 
                         (2.1) 
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where the parameter *1/2 1/22 / GE F m E  . EG is the bandgap of the junction material, F 

is the electrical field, and E is the energy associated with the momentum perpendicular to 

the tunneling direction.  

In fact, neither constant electric field nor p-n junction model applies to the tunnel 

FET which is a three terminal device. Furthermore, Eq. (2.1) is limited to the homojunction 

case only, in which the tunneling probability is independent of the incident carrier energy 

along the tunneling direction, and across the bandgap at the same energy. It requires a high 

electrical field F to achieve a high transmission rate T. Yet, many recent literatures report 

that the staggered heterojunctions deliver high tunneling probability, with no need for 

applying high electrical field near the tunneling junction [2.2]-[2.4]. This would necessitate 

an accurate model for heterojunction TFETs to better assess the performance of TFETs. 

 

2.2 Modeling of 2-D potential in TFETs 

 

Figure 2.2: A schematic of double-gate (DG) TFET (top and bottom gate) 

Vds
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ts

Vgs

ti

xp  source+ n  drain+
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2-D potential has been solved analytically for a conventional Double-Gate (DG) as 

well as Nanowire (NW) MOSFETs in the absence of mobile charges [2.5]-[2.8]. The 

solution can be adopted by TFETs with a straightforward change of the source boundary 

condition from n+ to p+. The assumption of negligible mobile charges is justified when the 

Fermi level is below the conduction band of channel. The bias condition in which mobile 

charges has a significant effect on the potential will be addressed later. We focus on the 

mathematically simpler DG TFETs, as the solution of NW structure consists of Bessel 

functions. By solving Poisson’s equation in 2D boundary value problems [2.3], we can 

express the analytic potential in the semiconductor as a series of eigenfunctions (Eq. 2.3) 

with discrete eigenvalues  satisfying the equation     

s

isi tt






























2
tantan                                                       (2.2) 

where ti, ts are defined in Fig. 2.2 and i, s are the permittivities of the insulator and the 

semiconductor, respectively. To gain a physical insight for , consider the simple case of 

i = s, in which the solutions to Eq. (2.2) are n = ts + 2ti, (ts + 2ti)/3, (ts + 2ti)/5, … etc. 

The longest  = ts + 2ti is called the scale length, which is simply the vertical distance 

between the two gates. It should be noted that there is a different kind of scale lengths in 

the literature: those derived from the “polynomial potential” models [2.9]-[2.11]. They take 

some general form in terms of istt . The polynomial-potential based models have been 

criticized for not satisfying the 2-D Poisson’s equation in the entire semiconductor region, 

and for neglecting the lateral field in the insulator [2.12]. The scale lengths of the istt  
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type led to an incorrect asymptotic behavior in the limits of either ts >> ti or ts << ti. Note 

that with the correct scale length,  = ts + 2ti,  cannot be smaller than ts or 2ti, whichever 

is larger.   

  The full 2-D potential is the sum of the long channel term, Vgs  , and a series of 

eigenfunctions with the x dependence,   

 

1

sinh ( ) / sinh( / )
( , ) sin

sinh( / ) 2

n n n n

g

n n n

b L x c x n y
x y V

L

     
 

  







    
     

  
    (2.3) 

stemming from the source and drain boundary conditions [2.7]. Here, L is the channel 

length and  is the gate work function. bn and cn are constants expressed in terms of the 

boundary conditions and the film thickness. Fig. 2.3 shows an example of the solutions for 

two Vgs values. The analytic solutions, consisting of four terms of the eigenfunctions (1, 

3, 5, 7), are validated by the Sentaurus simulation [2.13]. Note that a higher Vgs causes 

a thinner barrier as well as a wider tunneling window  (energy range allowing carriers to 

tunnel) from the source to the channel. 
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Figure 2.3: Conduction band energy at the center of film for an example of ts = 5 nm, ti = 

2 nm, with i = s. The conduction band of the source is above the scale due to the band 

offset of heterojunction. 

2.3  First order approximation  

 

Figure 2.4: Band diagram of a heterojunction TFET with p+ source and n+ drain. 
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Fig. 2.4 depicts the band diagram of a staggered heterojunction TFET. The 

conduction band energy of the channel at the heterojunction boundary (x = 0+) is defined 

as the zero energy reference. The diagram is for a turned-on TFET biased in saturation. V1 

is the minimum barrier height at x = 0 for valence band electrons in the source to tunnel to 

the conduction band of channel. V0 is mainly controlled by the gate voltage that determines 

the tunneling window. V2 is related to the drain bias. L is the channel length. The potential 

function V(x) holds the key to the TFET current. 

For the function V(x) in the TFET model depicted in Fig. 2.4, we approximate the 

full 2D potential solution, Eq. (2.3), by a combination of only the n = 1 term in Eq. 2.3 and 

the constant term,     

)/sinh(

)/sinh(
)(

)/sinh(

]/)(sinh[
)( 0200









L

x
VVV

L

xL
VxV 


                             (2.4) 

Note that the coefficients, different from b1 and c1 in Eq. (2.3), are chosen to satisfy the 

depth independent source and drain boundary conditions in Fig. 2.2, V(0) = V1  and V(L) = 

V2. The three terms of V(x) in Eq. (2.4) represent the effects of source, gate, and drain on 

the channel potential. Fig. 2.5 compares Eqs. (2.3) and (2.4) for the example of 9 nm 

(ts = 5 nm, ti = 2 nm) for L = 40, 20, and 10 nm. It shows that the dual sinh function of Eq. 

(2.4) adequately captures the channel length dependence of the full 2D potential solution. 
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Figure 2.5: Channel potential without source depletion. Circles are the dual sinh function 

of Eq. (2.4) with V1 = 0.23 eV, V0 = 0.43 eV, V2 = 0.5 eV, and  = 9 nm. Solid lines are –

q(x, 0) and dashed lines –q(x, ts/2), both from Eq. (2.3) with n = 1, 3, 5, 7 terms. 

 

Yet, the dual sinh function of Eq. (2.4) cannot be integrated in closed form. For 

TFETs biased in saturation, the current is mainly determined by the tunneling barrier near 

the source. In Fig. 2.6, we zero in on the potential solution close to the source, where the 

eigenfunctions are dominated by the term  sinh[Lx)/]/sinh[L/]  exp(x/). 

Depending on the film thickness, the potential has a slight variation between the surface 

and the center of the semiconductor. To enable an analytic model for TFET, we 

approximate both the center and the surface potentials with a single exponential function, 

exp(x/)  1, where  = ts + 2ti is the scale length [2.14]-[2.16]. The approximation of 

uniform potential in the depth direction is more valid for the case of relatively thin ts and 

thick ti. A similar function works for NW TFET as well, with  = (rs + ti)/ for the case 
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i = s, where rs is the NW radius and  = 2.405 is the first zero of the zeroth order Bessel 

function [2.8].    

 

Figure 2.6: Approximation of the center and surface potential near the source with a single 

exponential function. The scale length is  = 9 nm in this example. 

 

Hence, the single exponential function is a valid approximation to model the TFET 

on-current in the long channel limit. It can be integrated in closed form thus giving 

mathematical simplifications, which will be elaborated in Chapter 3.   

The text of Chapter 2, in part, is a reprint of the material as it appears in “An analytic 

model for heterojunction tunnel FETs with exponential barrier” by Yuan Taur, Jianzhi Wu 

and Jie Min, IEEE Transaction on Electron Devices, May 2015. The dissertation author 

was a co-author of this paper. 

The text of Chapter 2, in part, is a reprint of the material as it appears in “Short 

channel effects in tunnel FETs” by Jianzhi Wu, Jie Min and Yuan Taur IEEE Transaction 

on Electron Devices, Sept. 2015. The dissertation author was the primary investigator and 
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author of this paper. 
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Chapter 3  Modeling of ON-current  

3.1 Source-to-channel tunneling 

 

Figure 3.1: Band diagram of a heterojunction TFET biased in saturation. 

The band diagram of a staggered heterojunction TFET is shown in Fig. 3.1. The zero 

energy reference is chosen to be the conduction band energy of the channel at the 

heterojunction boundary. It staggers below the conduction band energy of the source by 

the band offset. The diagram is for the TFET biased in turn-on and in saturation. Using the 

single exponent approximation, the energy barrier for electrons tunneling from the valence 

band of the source to the conduction band of the channel takes the form      

00 )/exp()( VxVxV                                                 (3.1) 

where V0 is mainly controlled by the gate voltage. For electrons at energy E in the 

valence band, the tunneling probability is given by the WKB integral as 
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where V(d) + E = 0. The integral can be carried out analytically to yield 
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For a 1-D ballistic TFET, the current is given by the Landauer equation, 
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         (3.4) 

where E0, E1, E2 are positive quantities defined in Fig. 3.1. The fs and fd are the occupancies 

of states at source and drain. Note that Vds = (E2  E1)/q. Vgs (in the unit of volt) is defined 

such that Vgs = 0 corresponds to V0 = E0 (in the unit of Joule), i.e., where the tunneling 

window (energy range allows carrier to tunnel) starts to open up. This definition has the 

merit that the off condition is maintained at the same Vgs for different designs, but it implies 

a choice of gate work function dependent on the band offset (E0) and source degeneracy 

(E1). 

For energies where fs  fd  1, the current is proportional to the area under T(E) from 

E0 to V0. Fig. 3.2 considers an example of m = 0.1m0,  = 9 nm (ts = 5 nm, ti = 2 nm, i = 

s), and E0 = 0.15 eV for several values of V0 (= qVgs + E0). It is clear that as V0 or Vgs 

increases, most of the current (area) gain comes from thinning of the barrier, rather than 

from expanding the tunneling window. It is also clear that a smaller E0 resulting from a 

larger band offset would significantly raise the tunneling current. Too low an E0 (< 0.1 eV) 

or broken gap (E0 < 0) designs, however, have been reported to result in subthreshold swing 

(SS) > 60 mV/decade [3.1]. In addition, the subthreshold swing will further degrade due to 

the presence of band-tail states.        
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Figure 3.2: Tunneling probability versus carrier energy. The tunneling window is 

constrained by the density of states to E0 < E < V0. 

For a given material and doping, the band offset E0 and source degeneracy E1 are 

fixed. Continuous Ids(Vgs, Vds) characteristics can be generated from Eq. (3.4) once the 

parameters V0 and E2 are expressed as continuous functions of Vgs and Vds. It is 

straightforward to show that E2 = E1 + qVds. For V0, we first consider saturation in which 

the drain Fermi level is below the conduction band of channel, i.e., E2 > V0 in Fig. 3.1, and 

V0 is controlled only by Vgs. With our choice of reference, V0 = E0 + qVgs. 

In Fig. 3.3, we plot Ids-Vgs characteristics for several values of the source degeneracy 

(the energy difference between source fermi level and valence band energy), d1 = E1  E0. 

d1 is adjusted independent of source doping which is assumed to be high enough that there 

is negligible depletion in the source region. By our definition, Ids = 0 at Vgs = 0 where V0 = 

E0. In reality, there is a current floor set by the source-to-drain tunneling or by minority 

carrier generation and recombination which is not considered here. The heterojunction 

TFET example in Fig. 3.3(a) is that of an AlGaAsSb source and InGaAs channel with E0 
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= 0.23 eV. It is well known that the TFET turn-off slope is degraded by source degeneracy 

because of the kT tail of the Fermi-Dirac distribution below the valence band edge. Here, 

we also observe that the on current is degraded by higher source degeneracy. The 

underlying reason can be seen in Fig. 3.1. For a given E0, electrons at the top of the valence 

band see the lowest barrier. Source degeneracy pushes the electron population below the 

valence band edge, hence increases their barrier height for tunneling. Such effect is verified 

qualitatively by the Sentaurus simulations shown in Fig. 3.3(b) [3.2]. Too low a source 

doping of course leads to reduced field at the junction, longer tunneling path, and decreased 

TFET current. There is an optimum source doping level in the range of mid-1019 cm-3.      

A maximum TFET current can be derived from the analytic model in the limit of E0 

= 0 (zero effective bandgap) and fs  fd = 1. For E/V0 << 1, Eq. (3.3) is approximated as 
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Eq. (3.4) then gives 
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The numerical integral  0.9 and V0 = qVgs. Therefore, 

3/2

max
4

3
9.0 










mh

qV
qI

gs


                                          (3.7) 

For m = 0.1m0,  = 9 nm, Vgs = 0.5 V, Imax  13 A. This value is in line with the non-

equilibrium Green’s function simulated results in [3.21]. 
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          (a) 

    
             (b) 

Figure 3.3: (a) Ids versus Vgs for source degeneracies, d1 = E1  E0 = 0, 0.05 eV, and 0.1 eV 

(top to bottom). (b) Sentaurus simulation, in which the source degeneracy is varied by 

adjusting the valence band effective density of states with no change in the source doping. 

 

3.2 Debias effects in the linear region 

When the TFET is biased in the linear region, E2 approaches E1 and fd  0. Moreover, 

since the Fermi level in the channel is near or above the conduction band edge, there is a 
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de-biasing effect on V0 due to the channel inversion charge [3.3][3.4]. Instead of V0 = E0 + 

qVgs as in the high Vds case, V0 is reduced to E0 + q(Vgs  Qinv/Cox), where Qinv/Cox is the 

potential drop across the gate insulator. This is an electrostatic effect unrelated to the 

transport. For a given Vgs  Vds, Qinv/Cox can be calculated from a continuous, analytic 

solution of Poisson’s equation with mobile charge for DG MOSFETs [3.5]: 
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where the intermediary parameter  is solved from an implicit equation [3.5], 
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         (3.9) 

Here, Nc is the effective density of states of the conduction band and d1 is the source 

degeneracy. They play a key role on the onset of de-biasing versus Vds, and therefore on 

the linear region characteristics. Fig. 3.4 shows three de-biasing curves, one for silicon-like 

and two for InGaAs with different source degeneracies. The silicon-like case assumes the 

Nc of silicon, with everything else the same as the AlGaAsSb/InGaAs heterojunction 

example considered in Fig. 3.3. The high Nc of silicon results in a significant de-bias as 

soon as Vds is below Vgs + 0.1 V. The de-bias for InGaAs does not start until Vds is below 

Vgs  0.05 V if no source degeneracy, and below Vgs  0.15 V if there is a source degeneracy 

of 0.1 eV. 



23 

 

 

 

Figure 3.4: Reduction of V0 in the linear region by Qinv in the channel. Nc = 31019 cm-3 for 

Si-like, Nc = 8.71016 cm-3 for InGaAs. s = i = 14.60 for all cases. 

To incorporate the de-bias effect in the generation of continuous Ids(Vgs, Vds) 

characteristics from Eq. (3.4), we take an extra step to first calculate Qinv from Eqs. (3.9) 

and (3.8) for given Vgs and Vds. Then V0 is set to E0 + q(Vgs  Qinv/Cox) in the current integral. 

At a fixed Vgs, when Vds becomes high enough, Vgs  Vds in Fig. 3.4 goes negative and Qinv 

 0. The corresponding Ids makes a smooth transition to the saturation value for that Vgs. 

Fig. 3.5(a) shows the model generated Ids-Vds characteristics for InGaAs, d1 = 0.1 eV with 

and without de-bias. In the no de-bias case, the only Vds dependent factor in Eq. (3.4) is fd. 

Ids saturates quickly when Efd is  0.15 eV below Efs and the current becomes source 

injection limited. The effect of de-bias is to reduce the linear region current and push Vdsat 

higher with no impact on Idsat. For the case of InGaAs with d1 = 0 in Fig. 3.5(b), the de-

bias effect is more pronounced, resulting in higher Vdsat. But the magnitude of Idsat is 

significantly higher than that of d1 = 0.1 eV, for reasons given earlier with Fig. 3.3. The 
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most severe de-bias happens with the silicon-like TFET in Fig. 3.5(c). The high Nc of 

silicon gives rise to the super-linear Ids-Vds characteristics. These trends are all confirmed 

qualitatively by Sentaurus simulations, as well as by published hardware data in the 

literature [3.6]-[3.9].  

 

      

(a)                                                                           (b) 

    

        

        (c) 

Figure 3.5: Model generated Ids-Vds characteristics for the three de-biasing conditions in 

Fig. 3.4. The dashed curves in (a) are for no de-biasing. 
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The Ids-Vds characteristics in Fig. 3.5 are generated by Eq. (3.4) of the model with a 

modification that the low end of the tunneling window is limited by the Ec of the channel 

or the Ec of the drain, whichever is higher. In other words, the upper bound of the integral 

in Eq. (3.4) is given by V0 or E0 + qVds + d1 + d2, whichever is lower. Here d2 is the drain 

degeneracy. In practice, this makes only a very slight difference in Ids at Vds below 0.1 V, 

because in that energy range, the tunneling path is long and both fs and fd  1. There is very 

little contribution to the tunneling current.    

3.3 Dimensionality dependence of TFET performance 

With the recent emergence of 1D and 2D semiconductors, this section assesses the 

performance of tunnel FETs made in semiconductors of different dimensionality. 

The TFET currents with 1D, 2D, or 3D density of states are given by [3.10]: 
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The WKB integral in the tunneling probability can be analytically evaluated for the 

exponential barrier to model the on-current, which has been explained in the Chapter 2: 
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By expanding T(E + E) to the first order of E [3.11], the E integration can be 

executed to consolidate all TFET currents to a single integral of the following general form 

(in proper units of A, A/m, and A/m2 for I1D, I2D, and I3D),   
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where n = 1, 2, 3. Here, T1D(E) = T(E), T2D(E) = T(E) erf[(E/Et)1/2], T3D(E) = T(E)[1 – 

exp(E/Et)], with Et given by: 
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        (3.15) 

The gate and drain voltage dependence of InD comes through V0 = V1 + qVgs (saturation) 

and fd = {1 + exp[(E + qVds)/kT]}-1. fs = [1 + exp(E/kT)]-1. 

Fig. 3.6 plots T1D, T2D, and T3D versus E. For 1D, T(E) is highest at E = 0. For 2D 

and 3D TFETs, however, because of the density of states factors due to E, the T2D and T3D 

products start at 0 at E = 0 then rise to a peak at E > 0, thus missing the contribution at low 

E where the tunneling probability is highest. 
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Figure 3.6: TnD versus E. m = 0.1m0 and  = 9 nm are assumed throughout this section 

In Fig. 3.7, we plot model generated Ids-Vgs curves for 3D TFETs with fixed Vds = 

0.5 V and several V1. The model results are consistent with Sentaurus simulations [3.2]. 

They quantify the gains in current from the narrower bandgap of the heterojunctions. The 

highest current is obtained in the case of zero effective bandgap or V1  0. V1 < 0 or broken 

gap TFETs are vulnerable to subthreshold swings > 60 mV/decade [3.1].  

         

Figure 3.7: I3D-Vgs for three different bandgaps. Circles: Sentaurus simulation. The 

semiconductor is 5 nm thick, with 2 nm thick insulator on each side. L = 40 nm, m = 0.1m0, 

Vds = 0.5 V. The same set of parameters is used in Sentaurus. 
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Expressions for the maximum currents of 1D, 2D, and 3D heterojunction TFETs can 

be derived in the limit of V1  0. With fs  fd set to 1 under the condition Vds  Vgs >> kT/q, 

the current integrals are numerically fitted to various powers of Vgs:  
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The Vgs dependence can be summarized as InD  Vgs
k where k = (3/2)n2 for all n = 1, 2, 3. 

Note that the Vgs
3/2 dependence of I3D is the same as the saturation current of a ballistic 

MOSFET [3.12]. All maximum currents are  1/ or nearly so, thus improve with scaling 

of the film thickness. The dependence on effective mass m (assumed isotropic) is mixed. 

I1D goes up with lighter m due to the tunneling mass in the WKB integral. I3D increases 

with m where the density of states is more important. I2D is independent of m as the two 

effects cancel (Table 3.1). 

Table 3.1: Contrast of 1D, 2D, and 3D TFET parameters 
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By employing the debias model in the last section, Fig. 3.8 plots the model generated 

Ids-Vds curves for 1D, 2D, and 3D TFETs. The sub-linear, linear, and super-linear Vgs 

dependence of the saturation currents is evident. 

 

 

Figure 3.8: I1D-Vds, I2D-Vds, and I3D-Vds for zero staggered bandgap. Sentaurus curve is 

shown for Vgs = 0.5 V. 
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Fig. 3.9 plots CVdd/Ids(Vgs=Vds=Vdd) calculated from Eq. (3.14) versus Vdd for n = 1, 

2, 3. For 2D, Ids is taken to be I2D in A/m or mA/m. For 3D, Ids is I3D times 5 nm, the 

semiconductor thickness. For 1D, Ids is I1D divided by 5 nm, assuming that one piece of 1D 

semiconductor can be placed per 5 nm width. C is assumed to be a constant, 2 fF/m. It is 

based on C  2L/tox, where   0.1 fF/m, L/tox  10, and a factor of 2 is for CMOS circuits. 

The exact value of C does not affect the main point here. For 3D TFETs, CV/I goes up as 

Vdd decreases, similar to the conventional MOSFETs. For 2D, CV/I is more or less flat. But 

for 1D, CV/I decreases as Vdd is reduced, implying that instead of delay-power tradeoff, 

both the delay and the power improve at lower voltages. A minimum CV/I is reached at Vdd 

 0.15 V for 1D TFETs, shown in more detail in Fig. 3.10. Below that CV/I goes up sharply 

because of the kT transition width of the Fermi-Dirac distribution function [3.13][3.14]. If 

the temperature is reduced to 150 K, the Vdd for minimum CV/I is also reduced by 2 to  

0.08 V. The zero temperature curve, for which fs  fd = 1, keeps on decreasing until reaching 

the quantum conductance limit of I/V = 2q2/h. Thus the lower limit is Vdd  6kT/q for 1D 

TFETs without losing performance. The ultimate voltage scaling is achieved through 

scaling of dimension. 
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Figure 3.9: CV/I versus Vdd for 1D, 2D, and 3D TFETs. C = 2 fF/m, V1 = 0. 

 
Figure 3.10: CV/I versus Vdd for 1D TFETs at three different temperatures. V1 = 0. 

3.4 Source doping effects 

One of the key design parameters for a tunnel MOSFET is the source doping 

concentration. Too low a doping will cause depletion in the source junction and increase 

file:///D:/Research/Dissertation/l


32 

 

 

the barrier height and tunneling distance. Too high a doping will give rise to source 

degeneracy that softens the TFET turn-on characteristics [3.1][3.15]-[3.17]. This section 

investigates the effect of source doping on heterojunction TFETs by analytically modeling 

the channel potential profile along with source depletion effects. 

3.4.1 Depletion approxiamtion 

Fig. 3.11(a) shows the source-channel band diagram of a heterojunction TFET with 

a staggered bandgap V1. Both the source and channel bandgaps are assumed to be much 

wider than V1 that only Ev,s and Ec,ch are relevant as far as the tunneling current is concerned. 

Fig. 3.11(b) shows that the TFET is turned on by gate modulation of the channel potential. 

The effect of gate voltage goes into V0 + , the bending of the channel bands and the source 

bands. The latter extends over a depletion width Wd. 

By choosing the valence band edge of source (far from the heterointerface) as the 

zero energy reference, the conduction band of channel is expressed as (note that V is energy 

in joule): 

 
(a) 

Figure 3.11: (a) Band diagram of staggered heterojunction under flatband. (b) Band 

diagram of turned on TFET. The circled tunneling region is magnified in (c). The shaded 

areas depict the conduction band and valence band barriers for electron and hole tunneling 

respectively 
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(b) 

 

 
(c) 

Figure 3.11: continued (b) Band diagram of turned on TFET. The circled tunneling region 

is magnified in (c). The shaded areas depict the conduction band and valence band barriers 

for electron and hole tunneling respectively 
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    100 )/exp()( VVxVxV                                     (3.19) 

where x = 0 is at the heterojunction boundary and λ is the scale length solved from 2D 

Poisson’s equation as a function of the physical dimension of the gate insulator and 

semiconductor and their permittivities. For TFETs with equal permittivities,  = ts + 2ti for 

DG and  = (rs + ti)/2.405 for NW [3.18], where ts is the semiconductor film thickness, ti 

is the gate insulator thickness, and rs is the NW radius. Here we assume that the gate length 

is over 2 so the drain effect can be neglected.   

By applying the condition that the field is continuous from one side of the 

heterojunction to the other (assuming no change of permittivity and no mobile charge at 

the interface), we have   
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where the depletion approximation is employed with source doping Na. We can then write  
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The function describing the bending of the source valence band in Fig. 3.13(b) is therefore  
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Note that the TFET starts to turn on when V0 + Δ = V1. If we define this condition to 

be Vgs = 0, then  
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This is valid under saturation, or Vds > Vgs, where there is negligible mobile charge 

in the channel and the gate direct modulates the channel potential. For a given Vgs, V0 is 

solved by the above quadratic equation:  
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                      (3.25) 

An example of the analytically calculated band from the source to channel is shown 

in the inset to Fig. 3.13, compared with TCAD simulations.  

The region of band-to-band tunneling is magnified in Fig. 3.11(c). Consider 

tunneling at an energy E (E > 0) in the valence band of source. For electron energies lying 

within the staggered bandgap, i.e.,   V1 < E < , the process consists of hole tunneling 

(mh) to the left of the heterojunction and electron tunneling (me) to the right of the 

heterojunction. The total tunneling probability is given by     
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where E + U(l1) = 0 (l1 < 0), and E + V(l2) = 0. With V(x) of (3.19) and U(x) of (3.23), both 

integrals can be carried out analytically:  
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For E > , there is only electron tunneling given by (3.28). For E <   V1 (if  > 

V1), there is only hole tunneling given by (3.27). With the bandgap of both the source and 

the channel much wider than V1, the two-band E(k) effects (to be discussed in Chapter 5) 

can be neglected.   

With the analytically solved T(E), the current density of a ballistic TFET with 3D 

density of states is calculated from [3.19] 
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         (3.30) 

and fs, fd are the source and drain occupation factors with Fermi energies d1 and d1  

qVds, in terms of the source degeneracy d1 and the drain voltage Vds. The upper limit of 

integration in (3.29) is for the saturation region where the tunneling window is bounded by 

the channel conduction band (Fig. 3.11(b)). 
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Figure 3.12: Tunneling probability versus energy from the analytic model for a 

heterojunction TFET biased at Vgs = 0.5 V. The parameters are V1 = 0.15 eV, me = mh = 

0.1m0,  = 9 nm, and s = 11.7. 

An example of T(E) [or T(E, E = 0)] is shown in Fig. 3.12 for a range of source 

doping levels. For Na = 1021 cm-3 or higher, source depletion is negligible. T(E) is all due 

to electron tunneling of barrier V1, the same as that from the no source depletion model 

[3.20]. For Na between 1020 and 1019 cm-3, however, T(E) exhibits a peak at E > 0, i.e., at 

an energy E, below the valence band of source. This is because hole tunneling comes into 

play when the source depletion is significant. As can be seen from Fig. 3.11(c), the 

probability of hole tunneling with respect to the valence band barrier increases with E, in 

contrary to electron tunneling. The total T(E) therefore first increases then decreases with 

E. Fig. 3.12 also shows that some degree of source depletion can help, as the total area 

under the T(E) curve for Na  high 1019 cm-3 is significantly larger than that of no depletion.  
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Figure 3.13: Ids-Vgs characteristics from the analytic model for a range of source doping 

assuming Nv = 21019 cm-3. Vds = 0.5 V. The rest of the parameters are the same as in Fig. 

3.12. The inset shows an example of the model calculated conduction band energy from 

the source to the channel, validated by Sentaurus simulation. Na = 3.21019 cm-3. 

 

Fig. 3.13 shows the Ids-Vgs characteristics of an example of DG TFET generated from 

the analytic model for Vds = 0.5 V (saturation). The effective density of states of the source 

valence band is fixed at Nv = 21019 cm-3 as Na is varied. The source degeneracy d1 is 

calculated for each Na using Fermi integrals, namely, from F1/2(d1/kT) = (1/2/2)(Na/Nv). By 

earlier definition, Ids = 0 when Vgs = 0 where V0 +  = V1. The gate work function is allowed 

to vary for each Na to maintain this condition. The current rises up more sharply for lighter 

source doping with a smaller d1. The on current at Vgs = 0.5 V, however, is highest at some 

intermediate doping between 1019 and 1020 cm-3. This is more clearly shown in Fig. 3.14 

where the on current for Nv = 21019 cm-3 peaks at a source doping of Na = 3.51019 cm-3. 
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Also shown is the Sentaurus [3.2] validation of the model result. For materials with lower 

Nv, the degeneracy factor increases. The peak current decreases and shifts to a lighter Na.   

 

Figure 3.14: On current (at Vgs = Vds = 0.5 V) of heterojunction TFETs versus source doping 

concentration for three values of Nv (effective density of states). The rest of the parameters 

are the same as in Fig. 3.13. Nv is set to 21019 cm-3 for the Sentaurus simulation. 

A different value of V1 will change the magnitude of peak current as expected, but 

not the Na value where the current peaks. If mh is changed to 10me with the same me (= 

0.1m0), the current peak (for Nv = 21019 cm-3) becomes 40% lower and shifts to a higher 

Na (71019 cm-3).       

3.4.2 Fermi-Dirac integral (no depletion approximation) 

Poisson’s equation can be written as:  
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where Ev is the source valence band energy, p is the hole concentration in the source, and 

Na is the density of ionized dopants. In section 3.4.1, depletion approximation was 

employed by assuming p  Na as a step function, thus p  Na =  Na as soon as Ev < 0. 

Strictly, the p needs to be calculated from the fermi integral:  
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                                     (3.32) 

where the Ef is solved from the Fermi integrals F1/2(Ef/kT) = 1/2Na/(2Nv), in terms of the 

source doping Na, and the effective density of states Nv.  

By multiplying dEv/dx on both sides, Eq. (3.31) can be re-written as:  
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Integrating Eq. (3.33) from  to x yields:  
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                              (3.34) 

The Eq. (3.34) is numerically evaluated to solve for Ev(x), with Ev = at x = 0. 

Fig. 3.15 shows that the model curve from Eq.(3.34) is consistent with Sentaurus 

simulations. 
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Figure 3.15: Valence band energy from bulk source to the source-to-channel junction with 

Na = 3×1019 cm-3, Nv = 2×1019 cm-3, Vgs = 0.5V, Vds = 0.1V. The dots are from Sentaurus 

simulations extracted at the center of the film. 

 

Fig. 3.16 shows the contrast between the depletion approximation from Eq. (3.23) 

and the Fermi-Dirac integral from Eq. (3.34). It is clear that the depletion approximation 

slightly underestimates the depletion width. Yet, the depletion approximation still gives 

reasonable accuracy and is very efficient for computation. Hence it is employed throughout 

the rest of this work. 
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Figure 3.16: Source valence band energy plot generated from depletion approximation 

versus Fermi-Dirac integral. The rest of the parameters are the same as in Fig. 3.15. 

 

The text of Chapter 3, in part, is a reprint of the material as it appears in 

“Dimensionality dependence of TFET performance down to 0.1 V supply voltage” by 

Yuan Taur, Jianzhi Wu and Jie Min, IEEE Transaction on Electron Devices, Feb. 2016. 

The dissertation author was a co-author of this paper. 

The text of Chapter 3, in part, is a reprint of the material as it appears in “Analysis 

of source doping effect in tunnel FETs with staggered bandgap” by Jie Min, Jianzhi Wu 

and Yuan Taur, IEEE Electron Device Letters, Oct. 2015. The dissertation author was a 

co-author of this paper. 

The text of Chapter 3, in part, is a reprint of the material as it appears in “An analytic 

model for heterojunction tunnel FETs with exponential barrier” by Yuan Taur, Jianzhi Wu 

and Jie Min, IEEE Transaction on Electron Devices, May 2015. The dissertation author 

was a co-author of this paper. 



43 

 

 

3.5 References 

[3.1] J. Knoch and J. Appenzeller, “Modeling of high performance p-type III-V 

heterojunction tunnel FETs,” IEEE Electron Device Letters, Vol. 31, pp. 305-307, April 

2010. 

 

[3.2] TCAD Sentaurus Device Manual (Synopsys, Inc., Mountain View, CA, 2010). 

[3.3] P. M. Solomon, D. J. Frank and S. O. Koswatta, “Compact model and performance 

estimation for tunneling nanowire FET,” in Device research conference (DRC), 2011 69th 

annual; 2011. p. 197–8. doi:10.1109/DRC.2011.5994495. 

 

[3.4] B. Rajamohanan, D. Mohata, A. Ali, and S. Datta, "Insight into the output 

characteristics of III-V tunneling field effect transistors," Applied Physics Letters 102, no. 

9 (2013): 092105. 

 

[3.5] Y. Taur, X. Liang, W. Wang, and H. Lu, “A continuous, analytic drain-current model 

for DG-MOSFETs,” IEEE Electron Device Letters, Vol. 25, No. 2, pp. 107-109, Feb. 2004. 

 

[3.6] O.M. Nayfeh, Judy L. Hoyt, and D. A. Antoniadis. “Strained-Band-to-Band 

Tunneling Transistors: Impact of Tunnel-Junction Germanium Composition and Doping 

Concentration on Switching Behavior." IEEE Trans. Electron Devices, vol. 56, no. 10, pp. 

2264–2269, Sep. 2009. 

 

[3.7] A. Vandooren, D. Leonelli, R. Rooyackers, A. Hikavyy, K. Devriendt, M. Demand, 

R. Loo, G. Groeseneken, and C. Huyghebaert. "Analysis of trap-assisted tunneling in 

vertical Si homo-junction and SiGe hetero-junction Tunnel-FETs." Solid-State 

Electronics, vol. 83, pp. 50-55, May 2013. 

 

[3.8] G. Zhou, Y.Lu, R. Li, Q. Zhang, Q. Liu, T. Vasen, H. Zhu, J. M. Kuo, T. Kosel, M. 

Wistey, P. Fay, A. Seabaugh and H. Xing. "InGaAs/InP Tunnel FETs With a Subthreshold 

Swing of 93 mV/dec and Ratio Near." IEEE Electron Device Letters, Vol. 33, No. 6, pp. 

782-784, Jun. 2012. 

 

[3.9] R. Li, Y. Lu, G. Zhou, Q. Liu, S. D. Chae, T. Vasen, W. S. Hwang，Q. Zhang, P. 

Fay, T. Kosel, M. Wistey, H. Xing and A. Seabaugh. "AlGaSb/InAs tunnel field-effect 

transistor with on-current of 78 at 0.5 V." IEEE Electron Device Letters, Vol. 33, No. 3, 

pp. 363-365, Mar. 2012. 

 

[3.10] D. Jena, "Tunneling transistors based on graphene and 2-D crystals," Proceedings 

of the IEEE 101.7 (2013): 1585-1601. 

 

file:///D:/Research/Dissertation/l


44 

 

 

[3.11] J. Wu, J. Min, J. Ji, and Y. Taur. "An analytic model for heterojunction and 

homojunction tunnel FETs with 3D density of states." In Device Research Conference 

(DRC), 2015 73rd Annual, pp. 249-250. IEEE, 2015. 

 

[3.12] Y. Taur and T. H. Ning, Fundamentals of modern VLSI devices, Cambridge, U.K.: 

Cambridge University Press, 2009, p.592. 
 

[3.13] T. Fang, A. Konar, H. Xing, and D. Jena, “Carrier statistics and quantum capacitance 

of graphene sheets and ribbons,” Appl. Phys. Lett., 092109, 2007.  

 

[3.14] A. C. Seabaugh and Q. Zhang, "Low-voltage tunnel transistors for beyond CMOS 

logic," Proceedings of the IEEE 98.12 (2010): 2095-2110. 

 

[3.15] C. Sandow, J. Knoch, C. Urban, Q.-T. Zhao and S. Mantl “Impact of electrostatics 

and doping concentration on the performance of silicon tunnel field-effect transistors”, 

Solid-State Electronics, vol.53, (2009): pp. 1126-1129 

 

[3.16] J. Appenzeller, J. Knoch, M.T. Björk, H. Riel, H. Schmid and W. Riess “Toward 

Nanowire Electronics”, IEEE Trans. Electron Devices, vol.55, no.11, (2008): pp. 2827-

2845 

 

[3.17] L. De Michielis, L. Lattanzio, and A. M. Ionescu, "Understanding the superlinear 

onset of tunnel-FET output characteristic." Electron Device Letters, IEEE 33, no. 11 

(2012): 1523-1525. 

 

[3.18] B. Yu, L. Wang, Y. Yuan, P. M. Asbeck, and Y. Taur, “Scaling of nanowire 

transistors,” IEEE Trans. Electron Devices, vol. 55, pp. 2846-2858, Nov. 2008. 

 

[3.19] E. O. Kane, “Theory of tunneling,” J. Applied Physics, vol. 32, pp. 83-91 (1961). 

 

[3.20] Y. Taur, J. Wu and J. Min “An analytic model for heterojunction tunnel FETs with 

exponential barrier”, IEEE Trans. Electron Devices, vol.62, no.5, pp. 1399-1404, May 

2015. 

 

[3.21] S. O. Koswatta, M. S. Lundstrom and D. E. Nikonov, "Performance comparison 

between p-i-n tunneling transistors and conventional MOSFETs", IEEE Trans. Electron 

Devices, vol. 56, no. 3, pp. 456-465, 2009



45 

 

Chapter 4  Modeling of OFF-current  

4.1 Dual sinh potential 

 

Figure 4.1: Band diagram of a heterojunction TFET with p+ source and n+ drain 

Fig. 4.1 shows the band diagram of a staggered heterojunction double gate (DG) 

TFET. The zero energy reference is taken to be the valence band edge of the bulk source 

region far from the heterointerface. The diagram depicts the situation of a turned-on TFET 

biased in saturation. V1 is the effective energy barrier between the conduction band of 

channel and the valence band of source at the heterojunction boundary (x = 0).  and Wd 

are the band bending and the depletion width in the source region doped at a density Na. V0 

represents the gate control of the channel conduction band that determines the tunneling 

window. V2 is related to the drain bias. L is the channel length. The conduction band 

function V(x) holds the key to the TFET current. 

For the function V(x) in the short-channel TFET model in Fig. 4.1, we approximate 
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the full 2D potential solution of Eq. (2.3), by a combination of only the n = 1 sinh factors 

and the constant term,     
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             (4.1) 

Note that the coefficients, different from b1 and c1 in Eq. (2.3), are chosen to satisfy the 

depth independent source and drain boundary conditions in Fig. 4.1, V(0) = V1   and V(L) 

= V2. The three terms of V(x) in Eq. (4.1) represent the effects of source, gate, and drain 

on the channel potential. We choose a material system of AlGaAsSb source and InGaAs 

channel that gives an effective bandgap of V1 = 0.23 eV. Fig. 4.2(a) compares Eqs. (2.3) 

and (4.1) for the example of 9 nm (ts = 5 nm, ti = 2 nm) and  = 0 for L = 40, 20, and 

10 nm. It shows that the dual sinh function of Eq. (4.1) adequately captures the channel 

length dependence of the full 2D potential solution. The 10 nm potential curve reveals a 

thinning of the source barrier by the proximity of the drain—an indication of short-channel 

effect. 
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             (a) 

Figure 4.2: (a) Channel potential without source depletion. Circles are the dual sinh 

function of Eq. (4.1) with  = 0, V1 = 0.23 eV, V0 = 0.43 eV, V2 = 0.5 eV, and  = 9 nm. 

Solid lines are –q(x, 0) and dashed lines –q(x, ts/2), both from Eq. (2.3) with n = 1, 3, 5, 

7 terms. 

 

           (b) 

Figure 4.2: (b) Channel and source potential with source depletion of doping Na = 31019 

cm-3. Circles are from Eqs. (4.1) and (4.4) coupled by Eq. (4.2). The same V1, V2, and V0 + 

 (= 0.43 eV) as in (a) are assumed.      
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By applying the condition that the field is continuous from one side of the 

heterojunction to the other (assuming no change of permittivity), we get   
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where we employed the depletion approximation for the source, Wd = [2s/(q2Na)]1/2. V2 

is determined by the drain voltage, Vds. Note in Fig. 4.1 that the tunneling window starts to 

open when V0 = V1  . If we define this condition to be Vgs = 0, then qVgs = V0  (V1  ). 

This is valid under saturation conditions, or Vds > Vgs, when the mobile charge in the 

channel is negligible so the gate directly modulates the channel potential. Implicitly 

assumed is a choice of the gate work function dependent on the band offset, the barrier 

height V1 at the heterojunction, and the source doping. Substituting the above relation in 

Eq. (4.2) allows V0 to be solved for given Vgs: 
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With that,  and Wd are also determined and the valence band function in the source 

depletion region in Fig. 4.1 is 
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                                          (4.4) 

Fig. 4.2(b) shows the calculated V(x) and U(x) with a source doping Na of 31019 cm-3, for 

the same bias conditions and channel lengths as those in Fig. 4.2(a).   
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4.2 Source-to-drain tunneling 

 

Figure 4.3: A magnified view of the tunneling region. The shaded areas depict the 

conduction band and valence band barriers for electron and hole tunneling respectively. 

The region of band-to-band tunneling is magnified in Fig. 4.3. Considering tunneling 

at an energy E (E > 0) in the valence band of source, for electron energies above , the 

process consists of hole tunneling to the left of the heterojunction and electron tunneling 

to the right of the heterojunction. Assuming me = mh = m, the tunneling probability given 

by Eq. (3.26) can be expressed as:     
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where E + U(l1) = 0 (l1 < 0), and E + V(l2) = 0. With the U(x) of (4.4), the first integral can 

be carried out analytically [4.1]:  
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The second integral needs to be evaluated numerically with V(x) of (4.1). For 

electron energies below , there is no tunneling in the source and the first integral of Eq. 

(4.5) goes away.   

The barrier heights in Eq. (4.5) and Fig. 4.3 are justified by the assumption that both 

the source and the channel bandgaps are wide enough to leave the Ec of source and the Ev 

of channel out of the picture. In such cases, both the one-band [4.2] and the two-band [4.3] 

E(k) models give the same tunneling barriers as in Eq. (4.5).  

Fig. 4.4 shows an example of T(E) calculated for several different L, with a source 

doping of Na = 31019 cm-3. The tunneling window in Fig. 4.1 covers an energy range 0  

E  V2. The total flux of tunneling is proportional to the area under T(E). When qVgs = V0 

 (V1  ) = 0.2 eV in Fig. 4.4(a), the conduction band of channel is well within the 

tunneling window and the area is only slightly sensitive to the channel length. Note that 

T(E) tends to peak at an energy E = V1where the electron and hole tunneling barriers 

are about equal. However, when Vgs = 0 in Fig. 4.4(b), T(E = 0) and beyond consist only 

of electron tunneling from the source to the drain. The area under T(E) is very sensitive to 

L.     
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(a) 

 

(b) 

Figure 4.4: Tunneling probability versus () carrier energy for different channel lengths. 

The window for source to channel tunneling is 0.2 eV for (a) and 0 for (b). Other parameters 

are: Na=3×1019 cm-3, V1 = 0.23 eV, V2 = 0.5 eV,  = 9 nm, and m = 0.1m0. 

4.3 Channel length dependence 

The current for a 1D ballistic TFET is given by the Landauer equation [4.4], 
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where T(E) is given by Eq. (4.5), d1 = Efs is the source degeneracy. The current integral 

covers the source-to-channel tunneling for E  (0, V0  V1 + ) and the source-to-drain 

tunneling for E  (V0  V1 + , V2). The parameter V2 in Eq. (4.1), which is also the upper 

bound of the current integral, can be expressed as V2 = qVds + d1 + d2 where d2 is the drain 

degeneracy. 

Ids-Vgs characteristics generated by Eq. (4.7) with Vds = 0.5 V are plotted in Fig. 4.5(a) 

for several different L. The same source doping, Na = 31019 cm-3, as in Fig. 4.4 is assumed. 

d1 is calculated to be 0.024 eV from the Fermi integral F1/2(d1/kT) = (1/2/2)(Na/Nv) with an 

effective density of states Nv = 21019 cm-3. For long channel TFETs, the current is not 

sensitive to L. Below L  2 = 18 nm, however, both the subthreshold slope and the off 

current, Ids(Vgs = 0), degrade rapidly. This is more clearly shown in Fig. 4.6 by plotting 

Ids(Vgs = 0) and Ids(Vgs = 60 mV) versus L. Ids(Vgs = 0) comes only from source-to-drain 

tunneling, which keeps on increasing toward shorter channel lengths. Ids(Vgs = 60 mV) 

consists of both source-to-channel tunneling and source-to-drain tunneling but is 

dominated by the former. It is insensitive to L until L  2 where thinning of the source-

to-channel barrier sets in. The subthreshold current slope at any given L can be read from 

the ratio of the two currents in Fig. 4.6. Below L  1.5, the subthreshold swing can no 

longer beat 60 mV/decade, the kT/q limit.    
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Fig. 4.5(b) shows the Ids-Vgs curves from Sentaurus simulations [4.5] under a similar 

set of parameters. They generally agree with the model results in Fig. 4.5(a). 

    
                 (a) 

 
             (b) 

Figure 4.5: (a) Model generated high drain-bias Ids-Vgs characteristics for different values 

of L. Parameters Na, V1, , m are the same as Fig. 4.4. d2 = 0. (b) Sentaurus simulations 

with the same set of parameters. 
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Figure 4.6: Currents at Vgs = 0 and 60 mV from the data of Fig. 4.5(a) versus L. 

There is a distinct difference between the short channel effects (SCE) of TFETs and 

that of MOSFETs. In MOSFETs, the first-order effect of SCE is a lower threshold voltage 

which shifts the entire Ids-Vgs curve negatively in a parallel fashion that both the off- and 

the on-currents go up [4.6]. In TFETs, SCE mainly degrades the slope of Ids-Vgs near Vgs = 

0, hence the off-current goes up sharply, while the on-current at large Vgs is hardly affected.  

When the TFET is biased in the linear region, i.e., when Vds < Vgs, the parameter V0 

is no longer solved by Eq. (4.3) as derived from qVgs = V0  (V1  ). Fig. 4.7(a) shows 

that while the V(x) curve of Eq. (4.1) for Vgs = Vds = 0.5 V is consistent with that of 

Sentaurus simulations, the curve for Vgs = 0.5 V and Vds = 0.1 V is far off. This is because 

of the de-biasing effect of inversion charge [4.7]-[4.9] when the Fermi level of the drain is 

close to or above the conduction band of channel. As far as the effect on channel potential 
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is concerned, Vgs is degraded to Vgs  Qinv/Cox, where Qinv/Cox is the potential drop across 

the gate insulator. For given Vgs and Vds, Qinv can be calculated from a continuous, analytic 

solution of Poisson’s equation with mobile charge for DG MOSFETs [4.10]: 
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where the intermediary parameter  is solved from  
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        (4.9) 

Here, Nc is the effective density of states of the conduction band. With Vgs replaced by Vgs 

 Qinv/Cox in Eq. (4.3), the de-biased V0, , and Wd are solved. V(x) of Eq. (4.1) and U(x) 

of Eq. (4.4) with the de-biased parameters are plotted in Fig. 4.7(b). Note that there is less 

source depletion in the Vds = 0.1 V case because of the lower field at the junction due to 

de-bias. The model curves are generally consistent with those of Sentaurus taken at the 

center of the semiconductor film. At the surface, the Sentaurus potential at mid-channel 

closely matches that of the analytic model. But there is more source depletion in the surface 

potential of Sentaurus due to the effect of gate fringe field not considered in the analytic 

model.      
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          (a) 

    
(b) 

Figure 4.7: Conduction band energy of channel from source to drain and valence band 

energy of source for a 20 nm TFET. Vgs = 0.5 V. Solid lines are calculated from (a) no de-

bias and (b) de-bias model. Nc = 8.71016 cm-3 (InGaAs) is assumed in Eq. (4.9). d2 = 0. 

Circles are from Sentaurus simulations taken at the center of film [both (a) and (b)]. 
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By using the de-biased V(x) and U(x) in T(E) of the current integral, Eq. (4.7), 

continuous Ids-Vds characteristics are generated for L = 20 nm and 10 nm TFETs, as shown 

in Fig. 4.8. Similar to short-channel MOSFETs, finite output conductance appears in the 

saturation region of the 10 nm TFET. It is due to the drain effect on the source-to-channel 

barrier, as noted before with the L = 10 nm curve (green) in Fig. 4.2. This effect does not 

become significant until L  . 

With the de-bias model, low drain voltage (50 mV) Ids-Vgs characteristics are 

calculated and plotted in Fig. 4.9 along with high drain characteristics. The drain bias has 

no effect on the subthreshold current of a 40 nm TFET. For a 15 nm TFET, however, both 

the off current and the subthreshold slope are sensitive to the drain voltage. Unlike 

MOSFETs, there is no region of parallel shift between the high drain and low drain curves.   

 
            (a) 

Figure 4.8: Ids-Vds characteristics for (a) L = 20 nm 
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(b) 

Figure 4.8: continued (b) 10 nm TFETs generated by the analytic model with de-bias. Nc 

and d2 are the same as in Fig. 4.7. 

               

 

Figure 4.9: Model generated high-drain and low-drain Ids-Vgs characteristics for long 

channel (40 nm) and short channel (15 nm) TFETs 
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The text of Chapter 4, in part, is a reprint of the material as it appears in “Short 

channel effects in tunnel FETs” by Jianzhi Wu, Jie Min and Yuan Taur, IEEE Transaction 

on Electron Devices, Sept. 2015. The dissertation author was the primary investigator and 

author of this paper. 
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Chapter 5  Examinations of twoband E(k) relations for band-to-band 

tunneling 

 

Thus far, one-band E(k) relation has been assumed in the previous chapter. To more 

accurately model the current in TFETs, imaginary E(k) relationship in the forbidden 

bandgap needs to be thoroughly investigated. In this chapter, four different two-band E(k) 

relations for band-to-band tunneling in the literature are examined. Three of them are 

continuous functions, from Franz, Kane, and Flietner, respectively. One is piecewise, 

consisting of two linear lines from the band edges in a k2 versus E plot. 

5.1 Introduction 

Imaginary E(k) relationship in the forbidden bandgap plays an important role in the 

current model of tunnel FETs (TFETs). Several two-band E(k) relations have been 

published in the literature since the 1950s. They have commonalities as well as distinctions. 

No detailed comparison has been made on the different mathematical behavior of these 

models in various limits. This chapter examines four different two-band E(k) models in 

terms of their k2-E plots. A power-n model is introduced which is a general form of two of 

the published models. 

5.2 Model descriptions 

The tunneling probability is expressed by the WKB integral, 

  







  dxE

m
dxEkET B )(
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where k is the imaginary wave vector, B  ħ2|k|2/2m is the energy barrier height. The carrier 

energy E is conserved in the tunneling process. The x-dependence comes from the bands: 

conduction (Ec) and valence (Ev). At the two ends of the tunneling path (i.e. in Fig. 4.1), 

B(E = Ec, Ev) = 0. Each E(k) model provides a relation between k and E, but cannot be 

separated into m and B in a rigorous way, as the imaginary wave vector for conduction 

band kc and that of valence band kv are coupled together. In the following description, we 

express the models in terms of the mass-barrier product [mB], or ħ2|k|2/2.  

For the semiconductors with both heavy hole (HH) and light hole (LH) bands, the 

tunneling probability is the sum of the tunneling components from each hole band to the 

CB. While the LH band has a lower tunneling mass, its density of states is smaller than that 

of the HH band. For thin film TFETs, the quantization effect is stronger with the LH band, 

thereby moving it farther from the CB. 

5.2.1  Franz’s model 

Franz was the first to publish a continuous two-band E(k) model for band-to-band 

tunneling, as early as 1952 [5.1]. The initial model, Eq. (5.19) below, applies only for the 

simplest mathematical case of equal mass. Later on, it evolved to the more general form 

for unequal masses [5.2][5.3]. The massbarrier height in terms of the electron energy E 

in the bandgap, or Ev  E  Ec, is 

1
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Here, mc and mv are the effective masses of electrons and holes in the tunneling direction.  
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It can be shown that the maximum mass-barrier product is 
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where Eg = Ec  Ev, and Ei = (Ec + Ev)/2.   

 

5.2.2  Kane’s model 

Kane is well known for his pioneering work on band to band tunneling [5.4]. His 

result has been incorporated in many textbooks. He derived the following E(k) relation 

from a perturbation solution to Schrodinger’s eq. under the assumption of a constant field.  
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It has a maximum mass-barrier of 
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at an energy  
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5.2.3 Flietner’s model 

Flietner published his model in 1972 [5.5]. It has been frequently cited in recent 

TFET publications.  
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The maximum value is 

4
)(][ max

vcg

B

mmE
Flietnerm                                       (5.9) 

at the same energy as that of Franz’s model, Eq. (5.4). 

5.2.4 Piecewise linear k2-E model 

This model simply takes the parabolic E(k) relations, or the linear k2-E relations, at 

the conduction band edge and the valence band edge and linearly extrapolate them into the 

forbidden gap until they intersect with each other. While the k2-E function is piecewise 

continuous, the derivative at the point of intersection is not. Note that this model has been 

associated with indirect tunneling where a phonon is involved [5.6][5.7]. 

The mass-barrier product or ħ2|k|2/2 is  

maxfor          )()]([ EEEEmpiecewisem vvB              (5.10) 

and 
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The maximum massbarrier is  
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5.2.5  Generalized Power-n model 

By mimicking (i.e. taking a mean power) a mathematical expression from the 

MOSFET velocity saturation model [5.10], one can consolidate Franz’s model and the 

piecewise linear model into the following generalized equation:  
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n = 1 gives Franz’s model, while n =  yields the piecewise linear model. n = 10 gives a 

close approximation to the piecewise model with a k2-E function continuous and 

differentiable at every E. 

5.3  Model comparison 

The first general observation of all two-band models is that they are all symmetric 

with respect to CB and VB. In other words, the model remains invariant under the exchange 

of mcmv and (Ec  E)(E  Ev).    
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From Eqs. (5.6) and (5.13), [mB]max(Kane) = 0.5[mB]max(piecewise). Furthermore, 

it can be shown that 

)(][)(][)(][ maxmaxmax FlietnermFranzmKanem BBB                  (5.15) 

It can also be shown that 

)(][)(][)(][ maxmaxmax piecewisemFranzmKanem BBB              (5.16) 

However, the order of [mB]max(Flietner) and[mB]max(piecewise) depends on mv/mc, as 

discussed below. 

5.3.1  Near the band Edges  

All five models share the same asymptotic behavior near Ec and Ev, namely,  

vvvB EEEEmm  for             )(][                               (5.17) 

and 

cccB EEEEmm  for             )(][  .                           (5.18) 

This is expected of the continuity of parabolic E(k) from the CB and VB into the bandgap.  

 

5.3.2  Equal masses 

If mc = mv, the three continuous models, Franz, Kane, Flietner, yield identical E(k) 

or k2-E (Fig. 5.1), 
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The maximum massbarrier height is [mB]max = mcEg/4 at E = (Ec + Ev)/2 or the midgap. 
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This is the simple parabolic function Franz first came up with in 1952. Fig. 5.1 shows that 

the piecewise linear model has a maximum massbarrier twice as high, mcEg/2, at the 

midgap. 

 

Figure 5.1: [mB]/mc or ħ2k2/2mc versus E in units of Eg for mc = mv. All three continuous 

models are described by the same curve. 

5.3.3  Mismateched masses 

In the case of highly mismatched mc and mv, [mB]max is controlled by the lighter of 

the two masses in four of the five models. The only exception is Flietner’s model in Eq. 

(5.8), in which the heavier mass plays as important a role in [mB]max as the lighter mass.  

Here, we designate mc to be the lighter of the two, as usually is the case. Fig. 5.2 

plots all four models for mv/mc = 10. Consider the slope d[mB]/dE from Ev to Ec. All slopes 

start with mv at E = Ev, then decrease to zero at the peak (for the three continuous models) 

and continue to negative values until reaching mc at Ec. For Franz’s and Kane’s models, 

d[mB]/dE decreases monotonically. However, for Flietner’s model, the curve goes outside 
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the piecewise curve between Emax and Ec. This means that the slope reaches a value more 

negative than mc before coming back to mc at Ec. This becomes more evident in Fig. 5.3 

for mv/mc = 100. 

 

Figure 5.2: [mB]/mc or ħ2k2/2mc versus E in units of Eg for mv/mc = 10. 

Fig. 5.3 also shows that in the limit of mv/mc >> 1, both Franz’s model and the 

piecewise linear model converge to a mass-barrier product of [mB] = mc(Ec  E), 

independent of mv. This can simply be interpreted as a one-band model with mass mc and 

barrier height Ec  E. Kane’s model also becomes independent of mv in the same limit, but 

with [mB]max = mcEg/2—only half of Franz’s or the piecewise model.          

Flietner’s model behaves very differently in the limit of mv/mc >> 1. The mass-barrier 

product or |k|2 keeps rising with mv, with [mB]max = mcEg(mv/mc)1/2/4. It is not clear how to 

physically interpret the mass and barrier separately. Mathematically, Flietner’s model 
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yields a maximum |k|2 higher than that of the piecewise linear model when the mv/mc ratio 

exceeds 14. 

 

Figure 5.3: [mB]/mc or ħ2k2/2mc versus E in units of Eg for mv/mc = 100 

5.3.4  Beyond band Edges 

As far as band-to-band tunneling is concerned, only the E(k) relation within the 

bandgap matters. Nevertheless, a reasonable degree of continuity of the mathematical 

functions is expected when extrapolating back into the valence band (E < Ev) and the 

conduction band (E > Ec). The piecewise linear model of course just continues its trends 

outside Eg. For mc = mv, the common function of the first three models, Eq. (5.19), extends 

well into the bands, as seen in Fig. 5.1. For mv/mc = 10 in Fig. 5.2, however, there are a few 

adverse effects of the models. Kane’s model turns imaginary when E is only 0.01Eg below 

Ev. Franz’s and Flietner’s models both exhibit a singularity when E is a fraction of Eg below 

Ev. The singularity is avoided in the n = 2 generalized model. 
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5.3.5 T(E) under uniform field 

 

Figure 5.4: Tunneling probability under a constant field versus mass ratio. 

 

To illustrate the effect of two-band E(k) models on the tunneling probability of Eq. 

(5.1), we consider a uniform field case in Fig. 5.4. For a uniform field, the tunneling 

distance and therefore T(E) is independent of E. The tunneling probability is plotted as a 

function of mv/mc ratio with mc set to 0.01m0. At mv/mc = 1, all three continuous two-band 

models give the same T somewhat higher than the piecewise model as noted before. In the 

limit of mv/mc >> 1, the piecewise model approaches the well-known expression for a 

triangular barrier, 

3/24 2
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                                                  (5.20) 

where the tunneling is electron-like throughout the bandgap. Franz’s model also 

approaches the same limit. However, Flietner’s model continues to go down as mv/mc 
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increases. Kane’s model, on the other hand, settles to a value higher than the piecewise 

model. This suggests that Franz’s model is the model of choice for the widest range of mv 

and mc.    

5.4 Summary 

By examining the four published two-band E(k) relations, including a piecewise case, 

we found that both Franz’s model and the piecewise linear model behave reasonably in all 

asymptotic limits. They are both reduced to a one-band model when one mass is much 

lighter than the other, as one might expect. Kane’s model under-predicts the maximum 

barrier height when the masses are highly mismatched. Flietner’s model, on the other hand, 

can give mass-barrier height products or k2 larger than that of the piecewise linear model 

in the same limit. Franz’s model is the model of choice for the widest range of mv and mc.   

 

The text of Chapter 5, in part, is a reprint of the material as it appears in “Examination 

of two-band E(k) relations for band-to-band tunneling” by Yuan Taur and Jianzhi Wu, 

IEEE Transaction on Electron Devices, Feb. 2016. The dissertation author was a co-author 

of this paper. 
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Chapter 6 A continuous and semianalytic I-V model for DG and NW 

TFETs  

6.1 Model descriptions  

 
Figure 6.1: Schematic band diagram of a TFET. 

 

The band diagram of a DG or NW TFET with p+ source and n+ drain is shown in Fig. 

6.1. The material dependent parameters are V1: the staggered bandgap of the source to 

channel heterojunction, and V3: the channel bandgap. The bias dependent parameters are 

V0: controlled by the gate voltage, V2: controlled by the drain voltage, and : band bending 

in the source region of doping density Na. The zero energy reference is chosen to be the 

top of the source valence band. From an approximate solution to 2D Poisson’s eq., the 

channel conduction band is expressed as [6.1]:     

 
)/sinh(

)/sinh(
)()(

)/sinh(

/)(sinh
)( 102100









L

x
VVVVV

L

xL
VxV 


         (6.1) 

It satisfies the source and drain boundary conditions, V(0) = V1  and V(L) = V2. Here, 
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is the scale length given by the device dimensions in the direction perpendicular to the 

gate. Consider the simplest case of the same permittivity between the semiconductor and 

the gate insulator,  = ts + 2ti for DG [6.2] and  = (rs + ti)/ for NW where ts is the 

semiconductor thickness, rs is the nanowire radius, ti is the insulator thickness, and  = 

2.405 is the first zero of the zeroth order Bessel function [6.3]. 

By employing the depletion approximation, the source valence band is expressed as:                               

2
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                                       (6.2) 

where Wd = [2s/(q2Na)]1/2 is the depletion width. Both V0 and  increase with the gate 

voltage Vgs. We assume a gate work function such that at Vgs = 0, V0 = V1   and the 

tunneling window starts to open. When the TFET is biased in saturation, or when V2 > V0 

 (V1  ), the channel potential is directly modulated by the gate voltage so qVgs = V0  

(V1  ). Substituting this relation into dV/dxx=0 = dU/dxx=0, the condition for continuity 

of field at the heterojunction, yields   
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              (6.3) 

Here, V2 is given by the source-drain voltage: V2 = qVds + d1 + d2, with d1 and d2 defined 

as the source and drain degeneracies. They are given by the Fermi integrals, F1/2(d1/kT) = 

(1/2/2)(Na/Nv) and F1/2(d2/kT) = (1/2/2)(Nd/Nc), in terms of the source and drain doping Na, 

Nd and the effective density of states Nv, Nc. For given Vgs and Vds, V0 is solved from Eq. 

(6.3), a quadratic equation [6.4]. 
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Figure 6.2: A magnified view of the tunneling region in Fig. 6.1. Ev and Ec are the carrier 

kinetic energies in the direction perpendicular to the tunneling path. 

 

For electrons at energy E with perpendicular kinetic energy of Ev and Ec in Fig. 

6.2, the probability of band-to-band tunneling is given by the WKB integrals: 
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where kis and kim are the imaginary wavevectors for tunneling in the source and in the 

channel, respectively. If mv and mc are the effective masses associated with the valence 

band and the conduction band, conservation of perpendicular momentum requires mvEv = 

mcEc. By adopting Franz’s two-band E(k) relation [6.5]-[6.8],  

2/1

3 ])([

1

])([

12
),(





 
















ccvv

vim
EExVmEExVVm

EEk


          (6.5) 

Note that V(x)  V3 is the valence band energy and mcEc can be replaced by mvEv. The 
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end of the tunneling path in the conduction band of channel is such that V(l2) + E + Ec = 

0. 

For tunneling in the source, a one-band E(k) model is used under the assumption that 

the source bandgap is much wider than V1: 
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                         (6.6) 

The end of the tunneling path in the valence band of source, l1 < 0, is given by U(l1) + E  

Ev = 0. This WKB integral can be done analytically, 
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The WKB integral of kim [2nd in Eq. (6.4)] must be evaluated numerically. For electron 

energies below the staggered bandgap, or E > , there is only one WKB integral, that of 

electron tunneling in the channel. For energies further below V1 –  – V3, the lower limit 

of the 2nd integral is changed to l0 > 0 where V(l0) – V3 + E  Ev = 0.    

 

The current for a 3D ballistic TFET is given by [6.9]: 
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                        (6.8) 

where fs(E) and fd(E) are the state occupancy factors at the source and the drain. Since 

mvEv = mcEc, the upper limit of Ev can be imposed by the kinetic energy in the valence 

band Ev  E, or by Ec  V2  E in the conduction band. Em is then the smaller of E and 

(mc/mv)(V2  E).  
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For heterojunction TFETs, mv of the channel may be different from the mv of source. 

If we designate mv and Ev as those for the channel, then mvEv = mvEv = mcEc. The 

denominator of the first term in the bracket of Eq. (6.5) becomes mv[V3 – V(x) – E + Ev] 

= mv[V3 – V(x) – E] + mvEv. In other words, the only change is mv to mv in front of the 

[V3 – V(x) – E] factor in Eq. (6.5). The model can also be generalized to accommodate 

anisotropic mass in the source or channel bands by straightforward modifications of Eqs. 

(6.5) and (6.6):  
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where m//v, mv are the effective masses for channel material along two orthogonal 

directions, which are different from m//v, mv for the source material. 

Eq. (6.8) is a triple integral for current calculation. A standard approach is to expand 

T(E, Ev) to the first order of Ev so the Ev integration can be carried out analytically [6.10] 

to reduce the current to a double integral. We found that while this approach gives accurate 

results when mc  mv in the absence of source depletion, the error is generally not acceptable 

in other cases. 

6.2 Scaling guideline 

With V1 = 0, V3 = 1.0 eV, and Vds = 0.5 V, Fig. 6.3 shows the Ids-Vgs characteristics 

generated by the model for several channel lengths. Both the source doping and the 

effective density of states are set at 51018 cm-3. The on current is essentially independent 

of L, as its contribution is mostly from source to channel tunneling, or E  (0, V0  V1 + ) 
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in the current integral. But the off current, mainly from source to drain tunneling over the 

energy range E  (V0  V1 + , V2), is very sensitive to L. 

 

Figure 6.3: Model generated Ids-Vgs characteristics for varying L. The drain degeneracy is 

d2 = 0.3 eV based on Nd = 31019 cm-3 and Nc = 1018 cm-3. The rest of the parameters are 

= 9 nm, ts = 5 nm, mc = mv = 0.1m0. 

 

Depending on the exact specification for Ioff, the minimum acceptable channel length 

in Fig. 6.3 is L  18 nm, or about 2. To further scale the TFET length for circuit density, 

 needs to be reduced. Fig. 6.4(a) considers a 3 scaling scenario to L = 6 nm with  = 3 

nm. Curve (i) shows that although the geometric scaling of  preserves the 2D field pattern, 

it is insufficient to contain the short channel off currents. Raising V1 to 0.23 eV [curve (i)] 

does not help either. This is because the WKB integral,  dxkim2 , is proportional to m

where m stands for both mc and mv. T(E) goes up by an exponential factor when  is reduced 

by 3. To keep the WKB integral invariant under scaling, both mc and mv need to be 
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increased by 9 to 0.9m0. On the other hand, just scaling mc and mv to 0.9m0 with the same 

 = 9 nm [curve (ii) in Fig. 6.4(a)] does not work either. Mathematically, the proper scaling 

relations derived from the model equations are: /, mc2mc, mv2mv, Na2Na, 

Nv2Nv, resulting in IdsIds. In Fig. 6.4(b), we show that for  = 2 and  = 3, the entire 

Ids-Vgs characteristics simply shift up by the scaling factor. If Na and Nv are not scaled up, 

Ioff is not affected, but Ion does not increase by the scaling factor [curve (ii) in Fig. 6.4(b)]. 

While the above rules apply to constant voltage scaling, Vdd can be reduced at any node by 

trading off Ion. For example, with a requirement of Ioff = 1 nA/m, the on current at Vdd = 

0.3 V is  0.45 of that at Vdd = 0.5 V from the solid curves in Fig. 6.4(b). The CV/I delay 

is then (0.3/0.5)/0.45 or  30% longer at Vdd = 0.3 V, while the active power, IV  

0.45(0.3/0.5), is  3.7 less [6.11].   

 
            (a) 

Figure 6.4: (a) 3 scaling of (0) L = 18 nm TFET to L = 6 nm, with (i)  scaling only, (ii) 

m scaling only, and the dotted curve (i) same as (i) with V1 = 0.23 eV. All solid curves 

are for V1 = 0 as in Fig. 5. 
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              (b) 

Figure 6.4: continued (b) 2 and 3 scaling from the same (0) as in (a) to (i) L = 9 nm and 

(ii) L = 6 nm. The dotted curve (ii) is the same as (ii) but without Na, Nv scaling. 

 

Of course, physics and material availability will limit how far TFETs can be scaled. 

In one study, an empirical mc/m0  Eg(eV)/20 relationship was found for III-V 

semiconductors [6.12]. Another study took the effect of quantum confinement into account 

and found that Si or Ge nanowire TFETs can deliver the highest mc/m0 [6.13]. The 3 

scaling scenario depicted in Fig. 6.4(b) may not be realizable without material innovation. 

 

6.3 Ambipolar effects 

Thus far we assumed a wide channel bandgap, V3 = 1.0 eV, so there is no ambipolar 

effect in the range of Vgs and Vds studied. Fig. 6.5 shows that ambipolar effect comes in 

when V3 < 0.5 eV. It causes unacceptably high Ioff and subthreshold swing. This stems from 
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the channel-to-drain tunneling depicted in Fig. 6.6 [6.14]. The tunneling window opens 

when qVgs < V2  V3, or qVgs < qVds + d1 + d2  V3. For the case of V3 = V2 = 0.5 eV in Fig. 

6.5, the tunneling probability near the off condition is plotted in Fig. 6.7 as a function of E. 

At Vgs = 0, there is only a minimum current due to source-to-drain tunneling very close to 

E = 0. A slightly positive Vgs opens the window for source-to-channel tunneling. At 

negative Vgs, channel-to-drain tunneling starts to show up at E = 0.5 eV, then spreads to 

lower E. To avoid the increase of Ioff at Vgs = 0 due to ambipolar effect, the design guideline 

is to use V3 > qVdd + d1 + d2.   

 

Figure 6.5: Model generated Ids-Vgs characteristics for varying V3. Fixed are V1 = 0.1 eV 

and V2 = 0.5 eV. The rest of the parameters are the same as in Fig. 6.3. 
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Figure 6.6: Schematic band diagram of TFET at Vgs = 0, showing channel-to-drain 

tunneling or ambipolar effect. 
 

 
Figure 6.7: Tunneling probability versus energy at several Vgs near zero for the V3 = 0.5 

eV case in Fig. 6.5. 

 

6.4 Drain doping effects 

For TFETs with sub-10 nm channel length, both the off-current (Ioff) and the 



83 

 

 

subthreshold swing (SS) go up sharply because of source to drain tunneling [6.4]. A 

number of TFET designs early on have exercised moderately doped drain [6.15]-[6.17]. In 

this section, we developed a comprehensive model on the use of lightly doped drain to 

suppress the Ioff and SS of short-channel TFETs.  

Fig. 6.8 shows the band diagram of a DG TFET with depletion in the source and the 

drain. V1 is the staggered bandgap of the source to channel heterojunction. V3 is the channel 

bandgap. V0 expresses the effect of gate voltage, and V2 the drain voltage. The potential 

profile of the device consists of three regions, channel, source, and drain: 
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Here,  is the scale length given by the device thickness [6.4]. L >  is assumed so higher 

order terms can be left out of V(x). and are the band bending in the source and drain 

regions. If their doping densities are Na and Nd, then the depletion widths for U(x) and W(x) 

are Wd = [2s/(q2Na)]1/2 and Wd’ = [2s/(q2Nd)]1/2, respectively. The gate work function 

is chosen such that at Vgs = 0, V0 = V1   and the tunneling window starts to open. For Vgs > 

0, qVgs = V0  (V1  ) when biased in saturation. Continuity of field at the source and drain 

junctions, dV/dxx=0 = dU/dxx=0 and dV/dxx=L = dW/dxx=L, yields 
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which allow andto be solved for given Vgs and V2. Note that V2 = qVds + d1 + d2, with 

d1 and d2 the source and drain degeneracies given by the Fermi integrals, F1/2(d1/kT) = 

(1/2/2)(Na/Nv) and F1/2(d2/kT) = (1/2/2)(Nd/Nc), where Nv, Nc are the effective density of 

states of the source and the drain.   

 

Figure 6.8: Top: TFET cross-section. The gates are assumed to cover an intrinsic channel 

of length L, with no overlap of the source and drain. Bottom: Band diagram of a 

heterojunction TFET. U(x) is the valence band energy of the source, V(x) and W(x) the 

conduction band of channel and drain. 
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The band-to-band tunneling probability is calculated from the sum of up to three 

WKB integrals: 

2 3

0 1

0

( , ) exp 2 ( , ) ( , ) ( , )
l l
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l l L

T E E k E E dx k E E dx k E E dx   

  
       

                    (6.15) 

where ks, kch and kd are the imaginary wavevectors for tunneling in the source, channel and 

drain, respectively. Ev and Ec are the carrier kinetic energies perpendicular to the 

tunneling direction. If mc and mv are the effective masses of the conduction and the valence 

band, conservation of momentum requires mvEv = mcEc. Franz’s two-band E(k) relation 

is employed for tunneling in the channel region [6.5]. 

1

2

3

2 1 1
( , )

[ ( ) ] [ ( ) ]
ch v

v v c c

k E E
m V V x E E m V x E E





 

 
  

     
             (6.16) 

One-band E(k) models are used for tunneling in the source and the drain, 
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The ks and kd integrals in Eq. (6.16) can be done analytically [6.18], but the kch integral 

needs be evaluated numerically. The lower limits of the WKB integrals, l0 and l1, are solved 

from the intercepts of E + Ev with U(x) and V(x) – V3. The upper limits, l2 and l3, are 

solved from the intercepts of E  Ec with V(x) and W(x), respectively. Note that l0 < 0, l1 

 0, and l2  L. Not all three integrals are present in T(E, Ev) of Eq. (6.16). They depend 
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on the tunneling energies and the bias conditions. For E + Ev < – and E  Ec > –V2 + 

’, only the kch integral is in the tunneling path.                

The 3D ballistic TFET current is given by [6.9]:  
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where the fs(E) and fd(E) are the state occupancy factors at source and drain. Em is the 

smaller of E and (mc/mv)(V2  E). This model has been found to be in agreement with the 

atomistic simulations shown in Fig. 7.4 of Chapter 7. 

Fig. 6.9 plots the model generated Ids-Vgs characteristics for several channel lengths. 

The parameters assumed are generally in the range of those for an AlGaAsSb source and 

InGaAs channel. The on current is essentially independent of L, since its contribution is 

mainly from source-to-channel tunneling, or E  (0, V0  V1 + ). But the off current, 

dominated by source-to-drain tunneling for E  (V0  V1 + , V2) is very sensitive to L. The 

L = 10 nm TFET exhibits unacceptably high Ioff and SS for a high drain doping of Nd = 

31019 cm-3. By decreasing the drain doping to 21018 and 1017 cm-3, it is shown in Fig. 

6.10 that the added depletion width Wd’ to the source-drain tunneling path greatly reduced 

the off current in the 10 nm TFET with very little impact to the on current. The SS in the 

Nd = 1017 cm-3 case is also improved to  28 mV/decade. The inset to Fig. 6.10 shows very 

high output resistance in the saturation region of the 10 nm TFET, indicating diminished 

drain induced barrier lowering (DIBL).  
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The series resistance of the lightly doped drain is not a serious issue if its length is 

limited to  10 nm or so, by backing it up with a n+ contact. For InGaAs, for example, the 

resistivity is 0.007 -cm for n-type doping of 1017 cm-3. A region 5 nm thick and 10 nm 

long adds a resistance of  140 -m on the drain side, with little impact on the saturation 

current.    

 

Figure 6.9: Ids-Vgs characteristics for varying gate lengths with a high drain doping of Nd = 

3.5×1019 cm-3. Other parameters are V1 = 0.15 eV, V3 =1 eV,  = 9 nm, mc = mv = 0.1m0. 

For the source, Na = 3.5×1019 cm-3, Nv = 2×1019 cm-3. Nc = 1017 cm-3 for the drain. 
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Figure 6.10: Ids-Vgs characteristics for a fixed L = 10 nm, versus a range of drain doping. 

Other parameters are the same as those in Fig. 6.9. The inset shows Ids-Vds for the Nd = 1017 

cm-3 case. 

When the channel bandgap V3 is below qVdd + d1 + d2, ambipolar effect or channel-

to-drain tunneling comes into play at Vgs  0, as shown in Fig. 6.11. Lightly doped drain is 

very effective in suppressing ambipolar effect as it increases the tunneling distance from 

the channel valence band to the drain conduction band. Note that ambipolar effect is 

insensitive to channel length because it takes place near the drain junction. This is unlike 

the off current, for which a longer L would help, at the price of density in a way similar to 

the lightly-doped drain. But a longer L does not reduce ambipolar effect [dotted curve in 

Fig. 6.11], while the lightly-doped drain does. 



89 

 

 

 

Figure 6.11: Ids-Vgs characteristics for varying Nd. with fixed V3 = 0.4 eV. All solid curves 

are for L = 20 nm, while the dotted curve is for L = 40 nm. Other parameters are the same 

as in Fig. 6.9. 

 

To generate the Ids-Vds characteristics in the linear region, a de-bias model is invoked 

to account for the retardation of gate effect by inversion charge, namely, through q(Vgs  

Qinv/Cox) = V0  (V1  ) [6.4]. When V2  V0 + V1  , i.e., when the Ec of drain is higher 

than the Ec of channel, there is no depletion charge in the drain. In that case,  is set to 

zero and  is simply solved from Eq. (6.13).       

A possible drawback of the lightly doped drain is non-degeneracy if the density of 

states of the drain is not low enough. Since the tunneling window is bounded by V2 = qVds 

+ d1 + d2, a negative d2 could cause a delayed opening of the tunneling window until Vds > 

(d1 + d2)/q. This is shown in Fig. 6.12(a) where d2 = 0.06 eV for Nd = 1017 cm-3 and Nc 

= 1018 cm-3. The delayed rise of Ids with Vds causes superlinearity hence lower currents in 
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the linear region. The problem can be cured by using a lower density of states, Nc = 1017 

cm-3, in Fig. 6.12(b). Here, the channel is assumed to be the same material as the drain, so 

the extent of de-bias is also reduced [6.2]. A good choice of the material is InGaAs, for 

which Nc = 8.71016 cm-3. 

  

(a)                                                                     (b)                                                                                                                                          

 Figure 6.12: Ids-Vds characteristics for the same drain doping, Nd = 1017 cm-3, but different 

Nc, the effective density of states of the drain, resulting in d2 = 0.06 eV for (a) and 0.01 

eV for (b). For both (a) and (b), d1 = 0.03 eV. 

The text of Chapter 6, in part, is a reprint of the material as it appears in “A 

continuous, semi-analytic current model for DG and NW TFETs” by Jianzhi Wu and Yuan 

Taur, IEEE Transaction on Electron Devices, Feb. 2016. The dissertation author was the 

primary investigator and author of this paper. 

The text of Chapter 6, in part, is a reprint of the material as it appears in “Reduction 

of TFET off current and subthreshold swing by lightly doped drain” by Jianzhi Wu and 

Yuan Taur, IEEE Transaction on Electron Devices, August 2016. The dissertation author 
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was the primary investigator and author of this paper. 
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Chapter 7 Survey of hardware data and model correlations  

7.1 Hardware data of 14nm FinFET (Natarajan et al, IEDM’14) 

In IEDM 2014, Intel announced the 14 nm logic technology with 2nd generation 

FinFET transistors [7.1]. The Ids-Vgs characteristics are shown in Fig. 7.1. In this section, 

we compare our TFET model predicted I-V performance with that of the 14 nm FinFETs. 

 

Figure 7.1: Ids-Vgs characteristics of the 14 nm 2nd generation FinFET. The device 

dimensions are Wfin = 8 nm, Height = 42 nm. Adapted from [7.1].  

 

 

    Fig. 7.2(a) shows the Ioff-Ion plot generated by our TFET model, along with a 

benchmark of the Ioff-Ion data from 14 nm FinFETs [7.1]. Note that no model or threshold 

voltage is needed for the Ioff-Ion plot. The tradeoff between Ion and Ioff is self-generated by 

the data. Fig. 7.2(a) makes it clear that the narrower the effective bandgap V1, the higher 

the TFET performance. For a standard specification of Ioff = 1 nA/m, Ion = 0.13, 0.28, 0.56 

mA/m for V1 = 0.23, 0.1, 0 eV, respectively. When the Ioff-Ion curve of a TFET intersects 
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with the dotted MOSFET line, the TFET performs better below the crossover, whereas 

about it the MOSFET is better. The steeper slopes of the TFET curves are indication that 

their subthreshold swings (SS) are smaller than MOSFETs. When the supply voltage is 

reduced from 0.5 V to 0.3 V, as shown in Fig. 7.2(b), TFETs are far superior to MOSFETs. 

In fact, the 60 mV/decade SS limits the MOSFET Ion/Ioff ratio to 105 for a Vdd of 0.3 V. 

With an Ioff specification of 1 nA/m, the maximum Ion MOSFETs can have is 0.1 mA/m.    

 

 

          (a) 

Figure 7.2: (a) Ioff-Ion  plots generated from the TFETs Ids-Vgs characteristics for Vdd = 0.5 

V. The Vdd = 0.7 V point is from published data of 14 nm FinFET [7.1]. The dotted line is 

generated by sliding a Vgs = 0.5 V window across the FinFET data with Vds = 0.7 V. 
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          (b) 

Figure 7.2: continued (b) Vdd = 0.5 V line and curve are the same as in (a). Vdd = 0.3 V 

TFET curve is from the model with Vds = 0.3 V and Vgs = 0.3 V. The Vdd = 0.3 V dotted 

line is from the same FinFET data, but with Vgs = 0.3 V. 

            

 

7.2 Atomstic simulations of GaSb-InAs TFET (Luisier et al, IEDM’09) 

The performance of GaSb-InAs broken gap double-gated tunnel FETs has been 

reported by Luisier et al [7.2] utilizing a ballistic, atomistic, full-band, quantum transport 

simulator.  
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Figure 7.3: Ids-Vgs characteristics for a GaSb-InAs broken gap TFET. Lg = 40 nm, Na = 4

×1019 cm-3, Nd = 1×1018 cm-3, Vdd = 0.5 V. Adapted from [7.2]. 

 

This is a broken gap system in bulk form. When the semiconductor film is 5 nm thick 

in a DG configuration, quantization effect raises the electron subband energy above the 

bulk Ec so the TFET is close to the V1 = 0 condition. Quantization also mitigates the 

ambipolar effect. The low drain doping in [7.2] effectively adds a depleted region to their 

40 nm gate length so the source-to-drain distance L is more like 60 nm. This is mainly for 

the purpose of Ioff reduction as Ion is totally insensitive to L. Fig. 7.4 shows that the Ids-Vgs 

characteristics calculated from our analytic model are largely consistent with those from 

the full band quantum simulation [7.2]. 
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Figure 7.4: Comparison of GaSb-InAs TFET characteristics generated by the analytic 

model and by full-band quantum simulations [7.2].  

 

7.3 Hardware data of Ids-Vds characteristics (superlinear turn-on) 

Fig. 7.5 and 7.6 show the experimentally measured Ids-Vds characteristics for a 

strained SiGe/Si TFET and a B-Si1-xGex heterojunction n-TFET, respectively. Both of them 

exhibit the superlinear onset in the linear region output characteristics. Hence, these 

experimental results qualitatively validate our model predicted superlinear behavior due to 

de-bias effects, as explained in chapter 3.  
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Figure 7.5: Experimentally measured Ids-Vds characteristics for a strained SiGe/Si TFET 

with varying implant dose (10-keV boron). Adapted from [7.3].  

 

 

Figure 7.6: Experimental Ids-Vds characteristics for a B-Si1-xGex heterojunction n-TFET 

featuring an array of 20 nanowires of dNW = 200 nm. Adapted from [7.4]. 
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7.4 Homojunction TFETs 

In [7.5], Choi et al experimentally demonstrated, for the first time, a silicon-based 

TFET featuring sub-60-mV/dec subthreshold swing at room temperature.  

 

Figure 7.7: Schematic illustration of the n-channel Si TFET. Adapted from [7.5]. 

The schematic device structure of the Si TFET is shown in Fig. 7.7. A gated p-i-n structure 

is fabricated on a silicon-on-insulator (SOI) substrate.   

 

Figure 7.8: SEM image (cross-section) of the fabricated Si TFET. The gate length is 

measured as 70 nm. Adapted from [7.5]. 

The gate length of the device is 70 nm, oxide thickness is 2 nm, and SOI substrate is 

70 nm as shown in Fig. 7.8. 
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Figure 7.9: Ids-Vgs characteristics of the fabricated TFET. Adapted from [7.5]. 

Fig. 7.9 shows the measured Ids-Vgs characteristics. The observed minimum 

subthreshold swing (S.S.) value is 52.8 mV/dec at room temperature. Yet, the on-current 

is only 12.1 A/m at Vdd = 1.0 V operation, which is far too low compared to that of 

conventional MOSFETs. The on-current may be further improved by optimizing the source 

doping as illustrate in Chapter 3. But the inherent reason for this Si-TFET suffering from 

low on-current is its indirect and wide bandgap, and the heavy tunneling mass. Therefore, 

III-V materials, e.g. GaSb, InAs, InGaAs, outstand for their narrower, direct bandgaps and 

light tunneling mass, which are very promising to achieve high tunneling probability.  

 

In [7.6], a vertical InGaAs based TFET is reported by Zhao et al as shown in Fig. 

7.10.  
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Figure 7.10: (a) Schematic view of the InGaAs vertical TFET with TaN gate and HfO2 gate 

dielectric (b) TEM image of the TaN/HfO2/InGaAs interface. (c) TEM image of the 

sidewall. Adapted from [7.6]. 

 

 

Figure 7.11: (a) Ids-Vds characteristics for InGaAs TFET at 300K. (b) logIds-Vds 

characteristics for varying Vgs at 300K. (c) logIds-Vds characteristics of the same device for 

varying temperature. Device dimension: W = 560 m, L = 100 nm. Adapted from [7.6]. 

 

The measured Ids-Vds characteristics are shown in Fig. 7.11. When the P-N diode is 

forward biased (-Vds > 0), the Esaki diode behavior [7.13] is exhibited as negative 

differential resistance (NDR) in Fig. 7.11 (b) and (c). Thus the band-to-band tunneling 
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mechanism is confirmed. Furthermore, the on-current is 20 A/m at Vdd = 1V, which is 

65% higher than the Si-TFET discussed before in [7.5]. Therefore the benefits of having a 

narrower, direct bandgap and smaller tunneling mass for InGaAs are evident from the 

boosted on-current.  

 

Figure 7.12: Ids-Vgs characteristics of InGaAs TFET for varying Vds. The inset figure shows 

the SS as a function of Ids at different Vds. Adapted from [7.6]. 

 

The Ids-Vgs characteristics for the fabricated InGaAs TFET with equivalent oxide 

thickness (EoT) = 1.2 nm is shown in Fig. 7.12. The minimum SS values are extracted as 

86 mV/dec and 93 mV/dec at Vds = 0.05 and 1.05 V, respectively. Unfortunately, those SS 

values are still no steeper than the thermionic limit 60 mV/dec. This is probably caused by 

the interface trap assisted tunneling and the subsequent thermal emission. The conductance 

method extracted midgap interface trap density for the HfO2/InGaAs interface is around 4

×1012 /eV/cm2. Therefore the oxide/III-V material interface needs to be improved to 

achieve the sub-60 mV/dec SS. 
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Figure 7.13: Cross-section of InGaAs TFET with p++/i or p++/n+ tunneling junction. Gate 

electrode is TaN and gate dielectric is HfO2. Adapted from [7.7]. 

 

To further improve the on-current, Zhao et al demonstrated to use a tunneling 

junction formed between p++ layer and a thin, fully depleted n+ layer as shown in Fig.7.13 

[7.7].  

 

Figure 7.14: Ids-Vds characteristics of the InGaAs TFET with p++/i and p++/n+ tunneling 

junctions. Adapted from [7.7]. 
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The resultant Ids-Vds contrast between the p++/n+ and p++/i junctions are shown in 

Fig. 7.14. The p++/n+ junction boosts the on-current by 61% and 20% at Vgs-Vt = 0.5 V, 

and 2 V, respectively. Such a current enhancement is believe to attribute to the n+ layer 

near the tunneling junction, which increases the electric field near the junction. It confirms 

our model finding that high junction field gives shorter tunneling distance, thus yields 

higher tunneling probability in Chapter 3.      

7.5 Staggered bandgap TFETs 

As summarized in section 7.4, steep switching slope has been observed for Si TFETs 

in [7.5], while high drive current is achieve by InGaAs TFETs [7.7], yet not simultaneously.  

In [7.8], Rajamohanan et al demonstrated a staggered bandgap InGaAs/GaAsSb TFET 

featuring both high on-current and steep subthreshold swing.    

 

Figure 7.15: (a) Cross-section view of the staggered bandgap TFET. (b) TEM image of the 

fabricated staggered bandgap TFET. Adapted from [7.8]. 

The layer structure of the staggered-gap InGaAs/GaAsSb TFET is shown in Fig. 

7.15. The effective bandgap of the InGaAs/GaAsSb heterojunction is estimated to be ~ 

0.31 eV. Three types of gate stacks are employed in the fabrication of TFETs. (1) 4 nm 

HfO2/Pd gate (2) 4 nm HfO2/Ni gate and (3) 3 nm HfO2/Ni gate. The Pd gate metal of (1) 
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is deposited by e-beam evaporator, while the Ni electrode of both (2) and (3) are formed 

by thermal evaporation.  

Fig. 7.16 plots the S.S. as a function of drain current for the TFETs with three types 

of gate stacks. The improved S.S. from 130 mV/dec of gate stack (1) to 105 mV/dec of 

gate stack (2) is believed to be due to the different gate metallization processes. The e-

beam evaporation generated X-ray can damage the oxide/semiconductor interface. The 

frequency dependent C-V measurement in Fig. 7.17 confirms that the thermal evaporated 

gate stack (2) results in less frequency dispersion, hence less traps. This explains why the 

gate stack (2) achieves better SS performance than (1) in Fig. 7.16. Furthermore, it is shown 

in Fig. 7.16 that the gate stack (3) further improves the SS to 97 mV/dec due to thinner 

HfO2. This has been well explained by our analytic model (in Chapter 2) that the thinner 

oxide gives shorter scale length ( = ts + 2tox), thus the better electrostatic control.  

 

Figure 7.16: Measured SS versus drain current for varying gate stacks. Adapted from [7.8]. 
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Figure 7.17: Measured C-V characteristics of the InGaAs MOSCAP. Adapted from [7.8]. 

To further enhance the S.S. by eliminating the trap assisted tunneling, fast Ids-Vgs 

measurement is performance and compared with DC I-V characteristics as shown in Fig. 

7.18.  

 

Figure 7.18: Ids-Vgs characteristics of the TFET measured from fast-IV and DC at room 

temperature. Adapted from [7.8]. 
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With the gate pulse rise time of 1 s, the fast I-V shows a minimum SS of 64 mV/dec 

over a Ids range between 10-3 and 2×10-2 A/m, at T = 300 K. The on-current is measured 

as high as 8.4 A/m at Vdd = 0.5V. The improvement of on-current is believed to benefit 

from the low tunneling barrier of the staggered-gap tunneling junction, which has been 

covered by our analytic model in Chapter 3.    

More recently, in [7.9] Pandey et al reported sub-kT/q switching slope for the n-

TFETs with the similar staggered-gap structure as in [7.8].   

       

(a)                                                      (b) 

Figure 7.19: Cross-section (a) schematic (b) TEM image of the fabricated n-TFET. 

Adapted from [7.9]. 

The layer structure of the fabricated n-TFET is shown in Fig. 7.19. The gate 

dielectric is 4 nm ZrO2 high-k dielectric with CET of 1.1 nm, deposited by ALD with in-

situ N2 plasma/TMA clean.   
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Figure 7.20: Pulsed/DC Ids-Vgs characteristics of the fabricated n-TFET at room 

temperature. Adapted from [7.9]. 

 
Figure 7.21: Extracted switching slope versus drain current from the measured data in Fig. 

7.20. Adapted from [7.9].  

The pulsed and DC Ids-Vgs characteristics is shown in Fig. 7.20. The extracted SS as 

a function of drain current is then plotted in Fig. 7.21. It shows the switching slope is 

becoming steeper towards shorter pulsed width, due to the mitigated trap assisted tunneling. 

The minimum SS achieved for this n-TFET is 55 mV/dec at room temperature, which beats 
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the kT/q limit. Such improvement is believed to be owing to the high-quality scaled high-

k gate dielectric.  

7.6 TFETs based on two-dimensional materials 

2D semiconductor material is a promising candidate for making nanometer scale 

TFETs because of its sheet form with atomic layer thickness. This facilities better 

electrostatic potential control according to the scale length theory covered in Chapter 2. In 

addition, the 2D material layers can be thinned without increasing the material bandgap, as 

opposed to their 3D counterparts. Furthermore, the stacked layers of 2D materials are 

weakly bonded by van der Waals force, hence alleviates the “lattice mismatch” issue while 

constructing heterojunctions with materials of different lattice constants.  

In [7.10], Roy et al reported a dual-gated MoS2/WSe2 van der Waals tunnel diode.  

  
(a)                                                                    (b) 

 
(c)                                                                       (d) 

Figure 7.22: (a) Schematic view (b) TEM image of the fabricated MoS2/WSe2 tunnel diode. 

(c) High-resolution STEM image (d) EDS mapping of the MoS2/WSe2 heterostructure. 

Adapted from [7.10]. 
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 The cross-section view of the fabricated MoS2/WSe2 tunnel diode is shown in Fig. 

7.22. The heterostack of MoS2/WSe2 is formed by dry transfer process [7.11]. Subsequently, 

Ni electrodes are patterned as electron contacts to MoS2, while Pd electrodes are formed 

as hole contacts to WSe2. By appropriately tuning the bottom-gate voltage, the MoS2 layer 

is electrostatically doped as n-type, from strong accumulation of electrons. Likewise, the 

WSe2 layer is accumulated of holes by biasing the top gate. Thus the device resembles an 

n+/p+ diode for the MoS2/WSe2 heterostack.  

 
Figure 7.23: Temperature dependent I-V characteristics of the MoS2/WSe2 tunnel diode 

with 4 layers each in thickness. Adapted from [7.10]. 

The measured I-V characteristics of the MoS2/WSe2 tunnel diode for varying 

temperature is shown in the Fig. 7.23. The negative differential resistance (NDR) manifests 

itself in the forward bias for temperature below 175K. However, for temperatures above 

175K, the thermionic current dominates over the tunneling current, thus the Esaki diode 

like NDR vanishes in the forward I-V characteristics. The current gain may need to be 

further improved by enhancing the gate coupling efficiency.  
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In [7.12], Sarkar et al reported, for the first time, a sub-thermionic tunnel FET with 

2D material for channel. The device structure of the atomically thin and layered 

semiconducting-channel tunnel-FET (ATLAS-TFET) is shown in Fig. 7.24. Highly doped 

Ge is employed as the p+ source. The channel is formed by a 1.3 nm thick bilayer MoS2. 

The carriers are supposed to inject from the p+ source to the MoS2 channel through band-

to-band tunneling, then be collected by the drain through drift/diffusion process.   

 
(a)                                                        (b)                                 (c) 

Figure 7.24: (a) Schematic view of the ATLAS-TFET. Band diagram in the (b) OFF and 

(c) ON state. Adapted from [7.12]. 

 

The fabrication process starts with a degenerately p-doped Ge substrate, then etch 

~300 nm trenches and subsequently fill with SiO2 dielectric. Ni (20nm)/Au(50nm) source 

contact is deposited to Ge. The MoS2 is synthesized by CVD and transferred onto the 

engineered Ge substrate. Solid polymer electrolyte including poly (ethylene oxide) and 

LiClO4 is utilized as gate dielectric. Y(20nm)/Au(50nm) is formed as the drain contact. 

The fabricated ATLAS-TFET device is shown in Fig. 7.25.  
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       (a)                                                                (b) 

Figure 7.25: (a) Optical image of the fabricated ATLAS-TFET (b) TEM image of the 

Ge/MoS2 heterojunction. Adapted from [7.12]. 

  Without gate yet, Fig. 7.26 shows the measured I-V characterisitcics by probing the 

source and drain contacts only. The trend towards negative differential resistance (NDR) 

is observed in the forward bias in Fig. 7.26 (b). This confirms the carrier injection 

mechanism consists of band-to-band tunneling.  

 

Figure 7.26: (a) Schematic diagram of the probing configuration (b) Measured I-V 

characteristics for the fabricated p-n junction diode at room temperature. Adapted from 

[7.12]. 
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Figure 7.27: (a) Schematic diagram of the probing configuration (b) Measured log (left) 

and linear (right) Ids-Vgs characteristics for the fabricated ATLAS-TFET at room 

temperature. Adapted from [7.12]. 

Then the measured Ids-Vgs characteristics at room temperature for the ATLAS-TFET 

(three-terminal device) is shown in Fig. 7.27. The subthreshold swing below 60 mV/dec is 

observed to cover ~ 4 decades of current, which go beyond the conventional MOSFET 

limited by thermionic tail. Thus its operating voltage of Vdd = 0.5V is less than Vdd = 0.7V 

of the state-of-the-art MOSFET in [7.1]. However, the on-current for ATLAS-TFET needs 

to be further boosted to enable fast switching.  

7.7 Summary 

  In this chapter, the experimental progress of tunnel FETs has been reviewed. Close 

to or sub-60 mV/dec turn-off slope has been confirmed for TEFTs with band-to-band 

tunneling mechanism. The results from the analytic model has been compared to the state-

of-the-art FinFET in [7.1] as well as atomistic simulation results of TFETs in [7.2]. The 
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superlinear onset behavior revealed by analytic model has been qualitatively validated by 

hardware data in [7.3][7.4]. Our model suggested staggered bandgap design is corroborated 

by [7.8][7.9], to boost the on-current due to the low effective tunneling barrier. Finally, the 

recent efforts of TFETs made of 2D semiconductor material has been discussed. Steep 

subthreshold swing has been observed as is consistent with our model, hence this work 

paves the way for choosing the appropriate material system for TFETs to achieve high 

output current while eliminating the undesired superlinear on-set behavior.  

 

The text of Chapter 7, in part, is a reprint of the material as it appears in “A 

continuous, semi-analytic current model for DG and NW TFETs” by Jianzhi Wu and Yuan 

Taur, IEEE Transaction on Electron Devices, Feb. 2016. The dissertation author was the 

primary investigator and author of this paper. 
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Chapter 8 GaN high electron mobility transistors (HEMTs) on 

diamond 

Besides improving the switching slope, the other option to scale down the supply 

voltage is to boost the on-current. III-V transistors stand out due to their high electron 

mobility as well as high saturation velocity. In recent years, GaN power switches attract a 

great deal of interest for their decent power conversion effecicency at both high power and 

frequencies. This significantly reduces device complexity and weight, thus leading to lower 

cost. This chapter primarily demonstrates the experimental results of GaN HEMTs for high 

power applications. 

8.1 Background information 

Due to the excellent material properties of wide bandgap nitride-semiconductor, high 

channel electron mobility AlGaN/GaN transistors have demonstrated the potential for high 

power densities at both low frequency (DC/60Hz) and microwave frequency [8.1]. 

Although AlGaN/GaN HEMTs with power density exceeding 40 W/mm have been 

reported for microwave power amplifiers by Y. F. Wu et al [8.2], their performance can be 

limited by the capability of thermal dissipation of the substrate. When temperature rises, 

electron mobility and saturated velocity in AlGaN/GaN HEMTs decrease due to optical 

phonon scattering at the interface of AlGaN/GaN channel [8.3], which limit the maximum 

output current and power conversion efficiency. SiC, with a high thermal conductivity of 

~350 W/m-K, is considered as a heterogeneous epitaxial substrate for AlGaN/GaN power 

HEMTs. An alternate yet promising way of heat management is to replace the substrate 

with a very high bulk thermal conductivity diamond substrate (>1500 W/m-K) [8.4]. 
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AlGaN/GaN HEMT on diamond was firstly demonstrated by G. H. Jessen et al. [8.5]. Due 

to the superb thermal conductivity of diamond substrates, GaN-on-diamond HEMT was 

considered to be an excellent candidate for high power operations as compared with GaN-

on-SiC HEMTs by J. G. Felbinger et al. [8.6]. More recently, TriQuint reported their GaN-

on-diamond transistor technology which enabled a new generation of RF amplifiers with 

up to three times the power of the present state-of-the-art GaN products [8.7]. Among all 

these GaN-on-diamond works reported, thermal resistance evaluation is of great interest to 

researchers. A convenient method for the process-control-measurement (PCM) of thermal 

resistance of devices on different substrates needs to be developed.   

Various methods, such as Three Omega method [8.8]，picosecond time-domain 

thermoreflectance (TDTR) [8.9] and micro-Raman/infrared thermograph analysis [8.10] 

have been commonly used for thermal characterizations. In spite of this, direct extraction 

of thermal resistance from electrical characterization which is fast and does not require 

special geometry has yet to be reported. In this study, we demonstrated a HEMT device 

made on diamond substrate and the methodology of thermal resistance extraction based on 

temperature dependent direct-current (DC) current-voltage (IV) measurements. As a 

comparison, a HEMT on Si substrate with the same device dimensions was also measured 

and analyzed. This work extracted thermal resistance of substrate material from GaN-on-

diamond HEMT’s electrical characteristics and thus quantitatively show how substrates’ 

thermal resistance correlates with the electrical performance of HEMTs. The experimental 

results are further corroborated by 3D thermal simulation.    
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8.2 Experimental procedures 

AlGaN/GaN HEMT device (Sample A) is made from a GaN epitaxial layer test 

structure on which polycrystalline diamond has been grown on the backside (from Element 

Six Technologies). The AlGaN/GaN HEMT structure initially includes an AlGaN 

transition layer during the epi-wafer preparation [8.14]. This low thermal conductivity 

transition layer is removed in our epi-wafer in order to avoid high thermal resistance 

between GaN epilayer and the diamond substrate. For comparison, a HEMT structure on a 

Si (111) substrate from a commercial vendor was also fabricated (Sample B). The 

schematic diagrams of the epilayer structure and cross-sections of the HEMT of the two 

samples are shown in Fig. 8.1. They both have similar Al0.25Ga0.75N barriers and thin GaN 

cap layers to prevent the AlGaN from being oxidized. GaN-on-diamond has a thinner GaN 

buffer (~ 800 nm) and substrate (~95 m) than GaN-on-Si wafer’s buffer layer (~ 2m) 

and substrate (~1mm). 

 

Figure 8.1: Schematic diagrams of the epitaxial layer structure and cross-sections of the 

HEMTs: (a) sample A and (b) sample B. 
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Devices from these materials were fabricated. To ease wafer handling, the GaN-on-

diamond was mounted to a 1.5mm × 1.5mm carrier using a wax adhesive and it was 

dismounted before each fabrication processing step that exceeded 200 ºC. Although the 

GaN-on-diamond wafer used in processing was diced into 1.0mm × 1.0mm squares, the 

available wafer size is up to 4 inch. 

For both material structures, mesa isolation was first achieved with Ar/Cl2/BCl3 

plasma based Reactive-ion etching (RIE) system. Ohmic contact was then formed by 

Ti/Al/Ti/Au e-beam evaporation followed by 30s rapid thermal annealing at 850 ºC in N2 

ambient. After opening the gate windows with photolithography, and prior to the gate metal 

deposition, diluted HCl solution was used for surface treatment. Then Ni/Au was e-beam 

evaporated as Schottky gate metals. Finally, Ti/Au was deposited as metal pads for 

measurement. The final device structure and top-view photo of the device are shown in Fig. 

8.2. 

 

Figure 8.2: (a) Device structure of AlGaN/GaN HEMT (b) Optical image of fabricated 

HEMT device. 
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8.3 Device characterizations and analysis 

Transmission Line Method (TLM) measurement was carried out using an Agilent 

B1500 system to obtain the contact resistance. The resistances for both devices are derived 

from the data in Fig. 8.3 and summarized in Table 8.1. The device made on GaN-on-

diamond has higher contact resistance since the contacts used here were not optimized for 

this particular epi-source, as well as from the higher sheet resistance in the GaN-on-

diamond HEMT channel.  

 
Figure 8.3: Measured resistance of TLM structures on both devices. Blue squares are for 

GaN-on-diamond HEMT, and red circles for GaN-on-Si. 
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Table 8.1: Contact resistance and sheet resistance of both devices obtained from TLM 

measurement. 

 

DC characterizations of HEMTs from both materials, with gate length of 2um, 

source-drain spacing of 6um, and gate width of 50um, were performed using the Agilent 

B1500. During the I-V measurement sweeps, both GaN-on-Si and GaN-on-diamond 

wafers were placed on a large aluminum stage (diameter ~20cm) which remained at nearly 

constant room temperature ~25 ºC. We applied drain and source voltage to devices through 

DC probes (Ni tips) and heat was generated in the channel. Results are shown in Fig. 8.4. 
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Figure 8.4: DC I-V characteristics for GaN-on-diamond (blue) and GaN-on-Si (red) 

HEMTs with 2um gate length and 50um width. 

 

The threshold voltage for GaN-on-diamond HEMT is -3V and for GaN-on-Si HEMT 

is -3.5V as can be seen in Fig. 8.5.  The gate voltage was swept from -4V to 1V with a step 

of 1V.  In the I-V characteristics shown in Fig. 8.4, thermally-induced negative output 

resistance in the saturation region at DC is observed for GaN-on-Si and is negligible for 

the GaN-on-diamond device at comparable power densities. Similar self-heating induced 

current droop for HEMTs has also been observed by other groups on various substrates 

([8.6], [8.10], [8.11]),.This limits AlGaN/GaN HEMTs from achieving their maximum 

current and lowers the power conversion efficiencies. In comparison, the current in the 

saturation region of GaN-on-diamond HEMT showed very little droop at the same level of 

power dissipation as shown in Fig. 8.4. However, the maximum current for GaN-on-

diamond HEMT is lower than GaN-on-Si owing to the higher sheet resistance and contact 

resistance in our GaN-on-diamond epitaxial structures. The field effect mobility extracted 
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from the I-V characteristics in Fig. 8.4 is 833 cm2/(V·s) and 1212 cm2/(V·s) for GaN-

on-diamond HEMT and GaN-on-Si HEMT respectively. The lower field effect mobility 

for GaN-on-diamond HEMT may due to greater roughness scattering in the GaN-on-

diamond epitaxial layers. 

 
Figure 8.5: Transfer characteristics for GaN-on-diamond (blue) and GaN-on-Si (red) 

HEMTs with 2um gate length and 50um width. 

 

In order to extract quantitatively the thermal resistance of diamond and Si substrates, 

I-V characteristics with varied substrate temperature were measured by Agilent B1500 

system with an external electric heating source to change the substrate temperature. Both 

devices measured had the same dimensions (2 m gate length, 6 m source-drain spacing 

and 50 m gate width) and a gate voltage of 1V was applied.  

We define the current droop Isat as the change in the quantity, Isat – I0, where Isat 

designates a current value in a particular HEMT working point and I0 denotes a reference 
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current when the substrate is at 25 ºC Similarly, T is defined as temperature change of T-

T0, where T is the present substrate temperature and T0 denotes a reference temperature of 

25 ºC. We plot the normalized drain current droop as a function of temperature change at 

a fixed source-drain voltage Vd, (we use Vd=10V in our calculation) and gate bias at 1V 

as shown in Fig. 8.6. As observed from Fig. 8.6. the current droop Isat has a linear 

dependence [12] on temperature change T as  sat≈I0T , where  is the thermal 

coefficient which can be determined from the slope of the curves in Fig. 8.6. =2.27×10-

3 ºC-1  for GaN-on-diamond HEMT and =2.66×10-3 ºC-1 for GaN-on-Si HEMT.  

 
Figure 8.6: AlGaN/GaN HEMT current droop in the satuartion region as a function of 

temperature change at gate bias of 1V and source-drain voltage of 10V. 

 

The channel temperaure rise Trise at different drain applied voltage can be estimated 

by  Trise = (Idroop I0)/. Here Idroop is the amount of current droop referred to the value 

of current at the knee point, and is the thermal coefficient extracted from Fig. 8.6. The 
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added power dissipation (P) at the corresponding HEMT working point can be calculated 

as P = P-P0, where P is the particular power dissipation (P = Vd·Isat) and P0 is the power 

dissipation at the knee point (P0 = Vknee·Isat).  The channel temperature rise versus added 

power dissipation is ploted in Fig. 8.7. The thermal resistance Rth can be extracted from 

the slope of the curves in Fig. 8.7 as Rth =TriseP [8.12]. Thermal resistances extracted 

from Fig. 8.7 are 41.1 ºC/W and 156.5ºC/W for diamond and Si substrates, respectively.  

 

Figure 8.7: Channel temperature change of operating GaN-on-diamond and GaN-on-Si 

HEMTs. 

 

It should be noted that trapping effects can also cause current collapse leading to 

current changes that can add to those from self-heating effects [8.13] [8.17] [8.18]. 

However, current collapse mainly affects the on-resistance at voltages lower than the knee 

voltage and the saturation region current droop is dominated by temperature rise as 
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indicated by [8.15]. In our analysis, we assume that the currents at the knee voltage point 

and at Vds = 10V have very similar trapping effects and the dominant control variable is 

channel temperature. With the assumption that temperature is the only control variable, the 

effective thermal resistance can thus be estimated from the self-heating induced current 

droop. 

8.4 Simulations 

3D thermal simulations were carried out using COMSOL and the simulation results 

are compared with the experimental results. The geometry of the model is shown in Fig. 

8.8. The heat source was considered to be uniform over a region of the size of the HEMT 

drain extension region which is around 1.5 m in length and 50 m in width. The layer 

structure included an adhesion layer and/or transition layer between the GaN buffer and 

the substrate material. Boundary conditions applied to the sidewalls were -n·(-k▽T)=0，

where k is thermal conductivity, T is temperature and n is normal vector to the peripheral 

facets. In other words, the heat flux normal to peripheral facets is zero. A heat sink was 

defined at the bottom of the structure at constant temperature of 293.15 K.     
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Figure 8.8: 3D thermal model of operating GaN HEMT 

The simulated temperature of the GaN was found to vary across the device cross-

section. A 1D temperature profile in the FET channel is shown in Fig. 8.9.  In order to 

provide the most accurate comparison with the results of the thermal resistance 

measurements via drain current variation, we defined an effective temperature Teff that 

corresponds to the average temperature of the channel in the region which governs the 

drain current of the device, which we estimate to be the region of the channel between the 

source side of the gate and the center of the gate. 
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Figure 8.9: 1D temperature profile across the simulated heat generation region 

The effective temperature Teff for the drain current control region of the HEMT was 

calculated by averaging the computed temperature over this area according to 
1 N

eff n

Area

T T
N

 
, 

and the temperature rise is Teff - Tsink, where Tsink is the temperature of the heat sink. Fig. 

8.9 shows the estimated drain current control region, the gate region and the heat generation 

region (located on the drain side of the gate). The calculation indicates that the rise in Teff 

defined in this manner is about 62% of the rise of temperature averaged over the heat 

generation region (the hottest part of the device).  

The theoretical thermal resistance Rth is calculated as effective temperature rise 

divided by input power (Pin) as Rth = (Teff -Tsink)/Pin. The thermal resistances for the HEMTs 

on the diamond, Si and SiC substrates calculated by 3D thermal simulation are 37.1 ºC/W, 
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163.4 ºC/W and 83.7 ºC/W respectively. These results are consistent with the experimental 

results for diamond and Si substrates shown in Table 8.2.  

Table 8.2: Comparison between experiments and simulations of HEMT thermal resistances 

on diamond and Si substrates. 

 

 

Since the thermal conductivity value for the adhesion layer is unknown to us, and it 

is difficult to precisely measure its value [8.14], we varied its thermal conductivity in the 

simulation to understand the effect of the adhesion layer on the overall effective thermal 

resistance of the FET. Results are shown in Fig. 8.10.  The figure shows that when the 

thermal conductivity of the adhesion layer falls below 10 W/m∙K, the effective thermal 

resistance of the FET starts to show a big increase. However, the thermal resistance of the 

FET on diamond substrate (41.1 ºC/W) extracted from our experiment suggests that the 

thermal conductivity of our adhesion layer is within the range of 50 to 150 W/m∙K in 

accordance with Fig. 8.10.   
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Figure 8.10: Effective thermal resistances of diamond substrate versus thermal 

conductivity of the adhesion layer. 

 

In addition, the Si substrate (~1mm thick) is much thicker than the diamond substrate 

(~95 m thick) as shown in the schematic diagram of epitaxial structure in Fig. 8.1.  From 

the simulation study, the calculated thermal resistance for Si substrate with a thinner 

substrate ~95 m is 155.23 W/m-K (only 5% improvement compared with the ~1mm Si 

substrate case). This suggests that for representative HEMT structures, diamond substrates 

can provide more than three times lower thermal resistance than Si substrates and two times 

lower than SiC substrate with the same thickness. 

8.5 Conclusion 

Performance of AlGaN/GaN HEMTs on Si and on diamond substrates have been 

compared. Self-heating induced negative differential output resistance has been observed 
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for GaN-on-Si HEMTs in the saturation region, and is negligible for GaN-on-diamond 

HEMTs. This phenomenon can be attributed to the higher thermal resistance of HEMTs on 

Si substrates than on diamond substrates.  The results have been further confirmed by 3D 

thermal simulation. 

The text of Chapter 8, in part, is a reprint of the material as it appears in “Thermal 

Resistance Extraction of AlGaN/GaN Depletion-Mode HEMTs on Diamond" by Jianzhi 

Wu, Jie Min, Wei Lu and Paul. K. L. Yu, Journal of Electronic Materials, vol. 44, no. 5, 

pp. 1275–1280, May 2015. The dissertation author was the primary investigator and author 

of this paper. 
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Chapter 9 Normally-OFF AlGaN/GaN MOS-HEMT with a Two-Step 

Gate Recess 

In addition to the thermal management issue discussed in Chapter 8, conventional 

AlGaN/GaN HEMTs are operated normally-on [9.1-9.3] due to the presence of high 

density two-dimensional electron gas in the channel induced by strong spontaneous and 

piezoelectric polarization charges [9.4]. However, normally-off devices are highly 

desirable as they are more suitable for reliable power-switching systems and enable the 

simpler power amplifier circuits using single-polarity voltage supply [9.5]. This chapter 

introduces the technology to enable normally-OFF operation for GaN HEMTs.  

9.1 Introduction 

Various fabrication techniques have been investigated for normal-off AlGaN/GaN 

HEMTs such as fluorine-based plasma treatment [9.6], gate injection transistor [9.7] and 

gate recess etching [9.8]. In view of long term reliability, the gate recess technique based 

on ICP etching has been widely adopted [9.8-9.9]. Nonetheless, such approaches always 

lead to undesirably rough and/or non-uniform surfaces, which can cause the surface 

roughness scattering [9.10] and thus greatly limit the maximum output current of the device.    

We studied a two-step gate recess etching technique which utilizes ICP plasma 

etching followed by wet chemical etching to realize the MOS-HEMT structure for 

normally-off operations. I-V characteristics of the device fabricated exhibits a high output 

current. 



134 

 

 

9.2 Experimental procedures 

The AlGaN/GaN HEMT sample used in this study is grown on Si (111) substrate by 

a commercial vendor. The epitaxial structure includes a ~2m unintentionally doped GaN 

buffer layer, a ~24 nm unintentionally doped Al0.25Ga0.75N barrier layer and ~3 nm GaN 

cap layer.  

Device fabrication starts with Ar/Cl2/BCl3 plasma based Reactive-ion etching (RIE) 

system for mesa isolation. Ti/Al/Ti/Au ohmic contact is subsequently deposited by e-beam 

evaporation followed by 30s rapid thermal annealing in nitrogen ambient. The gate 

recessed region is defined by optical photolithography with photoresist as etching mask. 

ICP BCl3/Cl2 plasma is used to recess the gate region in the first step. The photoresist etch 

mask is then removed by organic clean reagents. In the second gate recess step, the wafer 

is dipped into diluted HCl for 2min followed by 2min dip in diluted NH4OH solution. The 

gate recess depth profile is examined using Wyko NT1100 Optical Profiling System. Then 

a 20-nm-thick ALD Al2O3 layer is deposited as the gate dielectric followed by annealing 

at 400 oC for 10 min in forming gas ambient. Ni/Au is then deposited as gate metal by e-

beam evaporator and Ti/Au is finally deposited as metal pads for measurements. As control 

sample, a device with the same mesa isolation, ohmic, gate and pads metallization, but 

without gate recess process and Al2O3 deposition, is fabricated in the same processing run 

for comparison. The two devices structures are shown in Fig. 9.1 (a) and (b) respectively.  
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(a) 

 

(b) 

Figure 9.1: (a) Device structure of gate recessed MOS-HEMT, (b) device structure of 

(control sample) un-recessed gate AlGaN/GaN HEMT 

 

9.3 Results and discussions 

The etched depth in the recess region is ~25.7 nm which is close to the thickness of 

AlGaN barrier (~24 nm) plus the GaN cap (~3 nm) layer, as measured from  the optical 

profiling system (not shown here) and the etched surface is smoothened by the HCl and 

NH4OH surface treatment. It is believed that the HCl and NH4OH wet chemicals can 

effectively remove the damaged AlGaN residues at the recessed surface caused by the 

BCl3/Cl2 ICP etching. Moreover, HCl and NH4OH surface treatment has been reported to 
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be critical in the subsequent Al2O3 ALD process to achieve a low-trap density interface 

between GaN and Al2O3 gate dielectric [9.11]. 

DC I-V characteristics of the fabricated MOS-HEMT device and an un-recessed gate 

AlGaN/GaN HEMT device are measured by Agilent B1500 and displayed in Fig. 9.2.  

                    
Figure 9.2: Transfer characteristics of the gate recessed MOS-HEMT (red) and un-recessed 

AlGaN/GaN HEMT (blue) devices. Both are with 2m gate length, 6m source-to-drain 

spacing and 50m gate width. Inset: Ids-Vds characteristics, where the gate swing is Vgs=-2 

to +14V, step=2V and Vgs=-3 to +2V, step=1V for red and blue curves, respectively. 
 

Fig. 9.2 shows that the gate-recessed MOS-HEMT device achieves a +1V threshold 

voltage (Vth) compared with a non-recessed HEMT device with a Vth of -3.5V.  Vth is 

defined as the gate voltage intercept point of linear extrapolation of the Ids-Vg curve at its 

maximum first derivative point [9.12]. 

The inset figure of Fig. 9.2 further exhibits the Imax for the gate recessed MOS-HEMT 

device as 0.583 A/mm, which is the highest among the most recently reported Imax values 

for normally-off MIS-HEMT devices as evident from Fig. 9.3. The field-effect mobility 
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extracted from I-V curves is 150 cm2/Vs. Imax is expected to be higher with an improved 

epitaxial layer design. 

 
Figure 9.3: Comparison of the device maximum output current density with recently 

reported data with comparable gate length. 

 

The text of Chapter 9, in part, is a reprint of the material as it appears in “Normally-

OFF AlGaN/GaN MOS-HEMT with a Two-Step Gate Recess" by Jianzhi Wu, Wei Lu 

and Paul. K. L. Yu, IEEE International Conference on Electron Devices and Solid-State 

Circuits (EDSSC) (pp. 594-596), Singapore, 2015. The dissertation author was the primary 

investigator and author of this paper. 
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Chapter 10 Conclusion and future work 

10.1 Summary 

The goal of this dissertation is to develop a predictive and analytic model of tunnel 

FETs with a double-gate configuration. From the perspective of circuit simulations, it 

would be necessary to derive an analytic I-V model covering all regions of operations, i.e. 

subthreshold region, linear region and saturation region. Short channel effect, source 

doping effect, ambipolar effect, charge screening effect are successfully incorporated into 

the model. A set of TFET scaling rules has been derived that highlights the effective mass 

as the key to scaling TFETs to sub-10-nm channel lengths. The model is validated by 

comparison with numerical TCAD simulations for a broad range of channel lengths and 

bandgaps.  

The main contribution of this work, beyond the prior art, is revealing that the 

tunneling barrier in a TFET is of an exponential nature. It is derived by solving the 

Poisson’s equation in a 2D boundary value problem in chapter 2. Based on that finding, an 

analytic I-V model is formulated for the exponential barrier in closed form. It is concluded 

from the model that source degeneracy helps the linear region I-V characteristics, but 

degrades the saturation current. The performance of 1-D, 2-D, and 3-D heterojunction 

TFETs has been assessed as a function of supply voltage. In the best scenario of zero 

staggered bandgap, 1-D TFETs can achieve an ultimate lower limit of supply voltage ≈

6kT/q, with no loss of performance. Also concluded from chapter 3 is that the correlation 

between the optimum source doping and the effective density of states is found to be a key 

factor in TFET design. By investigating the short-channel effects in TFETs in chapter 4, it 
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is shown that below a minimum channel length about twice the thickness of the device, the 

off current increases sharply and the subthreshold swing fails to be below 60 mV/decade. 

To more accurately model the current TFETs, imaginary E(k) relationship in the 

forbidden bandgap is thoroughly investigated in chapter 5. Four published two-band E(k) 

relations was examined, including a piecewise case, showing that both Franz’s model and 

the piecewise linear model behave reasonably in all asymptotic limits. Based on this study, 

Franz’s two-band E(k) relation is employed to derive a continuous and semi-analytic TFET 

model in chapter 6. Based on which, a set of TFET scaling rules has been derived that 

highlights the effective mass as the key to scaling TFETs to sub-10 nm channel lengths. 

Furthermore, hardware data of TFETs are reviewed and compared to the analytic model 

results in chapter 7. Most published hardware data corroborate with analytic results 

showing similar superlinear on-set behavior. Also the trend revealed by model that small 

staggered bandgap design giving high output current is consistent with hardware data. 

  For high power and high frequency operations, AlGaN/GaN HEMTs on Si and on 

diamond substrates have been fabricated and compared in chapter 8. Self-heating induced 

negative differential output resistance has been observed for GaN-on-Si HEMTs in the 

saturation region, and is negligible for GaN-on-diamond HEMTs. To further change the 

AlGaN/GaN HEMT device to enhancement mode operations, chapter 9 presents a two-

step gate recess technique including ICP BCl3 and Cl2 plasma etching followed by HCl and 

NH4OH surface treatment to achieve positive Vth. 
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10.2 Future work 

From the perspective of tunnel FETs modeling work, there are a good number of 

physics models worth to be explored and incorporated into the present double-

gate/nanowire TFET model. For example, it is interesting to explore the temperature 

dependent effects on I-V characteristics of the tunnel FETs. Trap assisted tunneling effects 

may need to be embedded to more accurately predict the off-state current.  Both of the 

aforementioned physical mechanisms are supposed to have strong temperature dependence. 

Besides, noise model, source/drain parasitic resistance model and overlap capacitance 

model are also worth future investigating.  From this dissertation author’s point of view, 

the most challenging issue for tunnel FETs is the band-tailing issues. As indicated from 

chapter 3, the optimized source doping concentration for TFETs is in the range of a few 

~1019 cm-3. Hence, such a heavy doping implant will very likely cause defects, which 

results in a considerable number of density-of-states extending to the bandgap (i.e. band-

tail states). Consequently, those band-tail states would, in turn, significantly degrade the 

subthreshold swing and off-state leakage current. As a result, this dissertation author 

proposes a few approaches to possibly overcome the band-tail issues. 1) Use low-

dimensional semiconductor materials (e.g. 1-D material) for source/channel material. They 

are promising not only for their free of dangling bonds hence no band-tail states, but also 

for their near atomic thickness which gives better electrostatic control. As shown in chapter 

3, TFETs made of 1-D material give the best performance at low Vdd compared to their 2-

D and 3-D counterparts. 2) Employ III-nitride (e.g. AlN, GaN, InGaN, InN) materials for 

the TFET source material. They are attractive for their spontaneous and/or piezoelectric 
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polarization charges with no need for chemical doping. So that a sharp electrical field can 

be formed at the source-channel junction to boost the on-current, without worrying about 

band-tail states induced by heavy doping implantations.          

  From the GaN HEMT devices point of view, although a controllable fabrication 

process has been developed for normally-OFF GaN MOS-HEMTs, the reliability of the 

devices may need to be further tested and improved. For example, 1) the pulsed I-V 

measurement can be done in order to extract the dynamic on-resistance for the 

enhancement-mode HEMT devices. 2) Better surface treatment process is needed to further 

reduce the density of interface traps for AlGaN/GaN HEMTs to enable fast switching 

performance. 3) Multiple field-plate structure would be needed to further improve the 

breakdown voltage of the HEMT devices. 4) The temperature dependence and stability of 

the GaN HEMT devices need to be further characterized. Passivation technologies would 

help enhancing the stability of HEMT devices under high temperature.      

 




