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ABSTRACT OF THE DEISSERTATION 

 

Silicon-Germanium Based Tunnel Field Effect Transistor  

for Low Power Computation 

 

By  

 

Siguang Ma 

Doctor of Philosophy in Electrical Engineering 

University of California, Los Angeles, 2014 

Professor Kang L. Wang, Chair 

 

In this thesis we mainly focusd on design and implementation of silicon germanium based 

gate normal tunnel field effect transistor, aiming to reduce the device operation voltage 

down to below 0.5V. We carried out TCAD modeling with special attention paid to band 

structure modification of the silicon germanium heterojunction. By incorporation of 

bandstructure results from k·p theory into Sentaurus Device, we evaluated device 

performance of gate normal TFET with s-Si/s-Ge/Si0.5Ge0.5 source tunnel heterojunction. 

The device showed steep turn-on characteristic with subthrethold swing below 60mV/dec 
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spanning six orders of output current. Moreover, the device showed much better tolerance 

to variation in critical processing parameters such as source doping gradient.  

Motivated by theoretical results, we designed novel TFET structure named fin based 

vertical tunnel field effect transistor (FAVFET). Such a device configuration can achieve 

scaling potential comparable to FinFET, with added benefit of greatly saved processing 

complexity.  

Finally we developed key processes and physically implemented prototype of FAVFET, 

with Nickel silicided source as a replacement part for selective germanium epitaxy. 

Electrical characterization showed good tunneling behavior with promising performance 

like high output resistance.  Such results gave us confidence that FAVFET structure is a 

promising TFET configuration and holds bright future for application in low power 

electronics. 
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Chapter 1                                                       

Introduction 

1.1 Background and Motivation 

 

In the past half century, numerous innovations in device and material design have enabled 

consistent increase in the performance of computing devices so as to bolster the 

information technology. Following the famous Moore's Law, critical dimension of metal 

oxide semiconductor field effect transistor (MOSFET) being used in integrated circuits is 

shrunk by half for every eighteen months. Continuously transistor scaling results in higher 

packing density, increased circuit speed and most importantly, reduced cost per function, 

in terms of both fabrication cost and power consumption. Ideally, by requirement of the E-

field scaling law [1], as the density of devices keeps increasing, the operating voltage needs 

to be lowered down proportionally to make the power consumption per unit area constant. 

However, as shown in Figure 1.1, supply voltage Vdd as well as MOSFET threshold voltage 

Vth, can barely be scaled below 0.8V and 0.3V respectively. As explained below, the 

physical operational principle of conventional MOSFET, based on thermionic emission of 

carriers over a channel barrier, has imposed fundamental limits on voltage scaling and 

reduction of power dissipation.  
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Figure 1.1 Transistor scaling continues even though supply voltage levels off. Static power 

increases to the level comparable to dynamic power consumption. Compilation 

from ITRS [2]. 

 

1.2 Subthreshold swing as a physical limit for voltage scaling 

The key factor limiting the operating voltage is the subthreshold swing (SS), which 

determines the gate drivability to turn on the transistor, is defined as 

)1(3.2
)(log10 ox

sBg

C

C

q

Tk

I

V
SS 




       (1) 

where T, kB  and q are temperature, the Boltzmann constant and the electron charge, 

respectively, Cox is the gate oxide capacitance and Cs is the semiconductor capacitance 

including the depletion, channel to source and channel to drain capacitance [3]. Neglecting 

the body effect by setting Cs to be zero, the lower limit of SS at room temperature is 

60mV/dec. State of the art MOSFET has an on current level of 10-3A/um and off current 

in the range of a few nA/um, therefore to maintain an on/off ratio of 106, the threshold 

voltage should be at least 0.3V. Additional 0.4~0.5 V is required to have enough over-drive 
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current and output resistance (noise margin), therefore the overall gate drive can hardly be 

lower than 0.7V. In real case, when taking short channel effect into consideration, Vdd 

would have another 0.1~0.2V increase. The chip power density can be described as CV2f, 

where C is the capacitance (density) and f is the switching frequency. With increasing of 

the device density and operation speed, the inability of continued scaling of operating 

voltage leads to accelerated increasing chip power density for each technology node, which 

has become a severe roadblock to performance scaling. It is imperative to explore new 

physical mechanism for power efficient switching at lower working voltage. 

Among many novel device concepts aiming to reduce the operating voltage, tunnel field 

effect transistor (TFET) based on the band-to-band tunneling (BTBT) phenomenon have 

attracted lots of attentions. The semiconductor bandgap acts as a natural filtering in carrier 

injection from source thus in principle enables TFET to turn on abruptly. It has been 

demonstrated theoretically that the SS of TFET could be reduced to below the thermal limit 

of conventional MOSFET, i.e. 60mV/dec. However experimentally, SS below 60mV/dec 

has only been observed in low current (<100 nA/um) regime, significant technical barrier 

needs to be overcome to realize a high performance TFET [4].  
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Figure 1.2 Comparison of working mechanism between MOSFET and TFET. 

 

 

1.3 Principle of the band-to-band tunneling phenomenon  

Band-to-band tunneling, also called Esaki tunneling, was first discovered in 1958 by Leo 

Esaki when he observed negative differential resistance while studying the current-voltage 

characteristics of a degenerately doped p-n germanium diode. The basic working principle 

together with typical current-voltage characteristics is shown in Figure 1.3. A p-n junction 

with both sides degenerated doped produces a large density of states on both sides of the 

junctions. The depletion width is typically 10 nm or less, much narrower than many 

conventional p-n junctions. With zero applied bias at thermal equilibrium, there is no net 

current flow. When a positive bias is applied to the device as in Figure 1.3(b), electrons in 
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the n-type region can tunnel into the available states in the p-type region and create a 

tunneling current. Keep increasing the positive bias until the case as in Figure 1.3(c), the 

Fermi level in the n-type region is aligned within the bandgap of the p-type region therefore 

no available states for electrons to tunnel into, the tunneling current keeps decreasing to a 

minimum (valley) value. This process is responsible for the observed negative differential 

resistance (NDR). With further increase in the positive bias, the thermal current starts to 

dominant as shown in Figure 1.3(d), With a negative bias applied, the conduction band in 

the n-type region is pulled below the Fermi energy in the p-type region, electrons in the 

valence band of the p-type region can tunnel to the free states available in the conduction 

band of the n-type region and create a current as shown in Figure 1.3(e).  

 

Figure 1.3 The current-voltage characteristics of an Esaki diode. (a) thermal equilibrium at 

zero bias with zero net current; (b) forward-bias with the peak current obtained; 

(c) forward-bias with no available states to tunnel into, leading to negative 

differential resistance (NDR); (c) further forward bias results in dominance of 

diffusion current; (e) reverse-bias with the electrons tunnel from the valence 

band to the conduction band [5].  
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Figure 1.4 The energy diagram of tunneling process with a triangular potential barrier. 

 

Using WKB (Wentzel-Kramers-Brillouin) approximation, tunneling probability through a 

triangular potential barrier as shown in Figure 1.4 is obtained as  

 

     
2

1

])(2exp[
x
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the tunnel current across a reverse biased Esaki diode can be expressed as  
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3
2⁄
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 is called reduced effective mass,  

    
1

𝑚𝑟
=

1

𝑚𝑒
∗ +

1

𝑚ℎ
∗  

𝑚𝑒 
∗  is the conduction band effective mass along electric field direction in n junction and 

𝑚ℎ
∗  is the conduction band effective mass along electric field direction in p junction. Eg is 

the bandgap energy, Veff is the difference between electron and hold quasi Fermi levels and 

 is the electric field strength in the depletion layer.  

 

1.4 Design of tunnel field effect transistor (TFET)  

Basically a TFET is a reversed biased p-i-n diode with gate modulation of tunneling 

probability. A typical TFET structure with band diagram is as shown in Figure 1.5. At off 

state, the potential barrier between the source and the channel is so wide that no tunneling 

occurs. In the on-state, gate voltage modulates the potential barrier and makes it narrow 

enough to allow a significant tunneling current. Theoretical analysis showed that the SS 

value of TFET can be reduced to below 60mV/dec. More recently several groups have 

shown experimental results [6] [7] [8] [9] and confirmed that in a certain bias range the S 

can be reduced to below 60mV/dec.  
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Figure 1.5 Device schematic and band diagram in the ON/OFF states of the n-channel 

TFET, desired Id~Vg curve of TFET is shown.  

 

The central issue with TFET is to make the gated tunneling process more efficient with 

various leakage path successfully suppressed. As can be seen in equation (2), tunneling 

probability is highly sensitive to the three variables in the exponential term: bandgap 

energy, reduced effective mass and the electrical field within tunnel barrier. Efficient 

tunnel process favors low tunnel barrier height, which is determined by the bandgap energy, 

and short tunnel width, which normally translates to high electrical field within an abrupt 

pn junction. The reduced effective mass is mainly material dependent and very sensitive to 

bandstructure modification by quantum confinement, strain effect, etc.  

The most straightforward way to boost the TFET performance is to adopt small bandgap 

material. Devices with replacement of the source material by silicon germanium alloy [10] 

or pure gemanium [11] have shown obvious reduction of SS and increase of the drive 

current. To increase the electrical field strength it is critical to fabricate abrupt junction. 

gate

p+ source n+ drain

Id

Vg

Conventional 
MOSFET

TFET

60mV/dec
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Unfortunately so far little success has been made in producing sharp junction in a FET 

structure. It is hard to eliminate the high energy tail of ion implantation dopant atoms, and 

subsequent high temperature annealing process to repair implantation damage can easily 

result in broadened doping profile preventing formation of abrupt junction. Furthermore, 

source to drain junction leakage current has negative effect on off-state current and SS of 

a TFET. Suppression of leakage current between source and drain can be done in many 

ways, for example, thin channel body (<10nm), gate-all-around structure (nanowire), in 

combination with high K dielectric to increase gate to channel coupling.  

 

1.5 Challenges in lateral TFET configuration 

Besides the aforementioned technical challenges in implementation of lateral TFET, there 

are more concerns regarding the basic device configuration. As shown in Figure 1.6, the 

lateral TFET is subject to large performance variations with respect to source junction 

doping profile (Fig 1.6b), gate to source alignment (Fig 1.6c), channel body thickness and 

gate oxide thickness (Fig 1.6d). Such variations poses extremely tight restrictions on 

process control and may eventually hinder the adoption of lateral TFET in mainstream 

transistor technology.  
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  (c) 
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Figure 1.6 (a) Simulated P-I-N silicon lateral TFET with varying source doping gradient. 

(b) Id~Vg curve showing 1nm/dec source doping profile is required for 

30mV/dec subthreshold swing [12]. (c) Simulated lateral TFET showing gate 

to source junction alignment greatly affects turn-on characteristics [13]. (d) 

Variation of SS value as gate oxide thickness and SOI thickness [7]. 

 

 

 

 

 

 

(d) 
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1.6 Gate normal TFET  

Other than the lateral TFET configuration, gate normal tunnel field effect transistor was 

proposed to improve TFET performance by enhancing the gate to source coupling [14] 

[15]. By placing the tunnel junction vertical, carriers tunnel across the junction in the 

direction perpendicular (normal) to the gate stack. Gate bias can effectively tune the 

available density of states for tunnel process uniformly across the entire junction. By 

simulation, gate normal TFET shows steeper turn-on characteristics because of the tight 

and uniform control of tunnel process. At the same time, high drive current can be obtained 

as the tunnel area (gate-to-source overlap) is significantly increased. 

 

Figure 1.7 Gate normal transistor shows good turn-on characteristics and high drive current 

[15]. 

 



13 

 

1.7 Thesis Organization 

The thesis is focused on silicon-germanium based tunnel field effect transistor (TFET), 

primarily on gate normal heterojunction based TFET, to understand the theory, to model 

the performance and to address technical difficulties in device fabrication. Chapter 2 

reviews theory of the strained Si/Ge type II staggered heterojunction and shows good 

performance gate normal TFET configuration with TCAD simulation. Chapter 3 discusses 

in detail technical feasibility of a newly proposed fin-based vertical tunnel field effect 

transistor (FAVFET) as a new practical scheme for realization of gate normal TFET. 

Chapter 4 describes critical key process development for fabrication of FAVFET. In 

Chapter 5, characterization of the FAVFET is presented. Finally summary and 

recommendation for future work is given in chapter 6.  
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Chapter 2                                                    

Heterojunction Gate Normal Tunnel Field Effect 

Transistor 

 

2.1   Theoretical Consideration for TFET performance 

enhancement 

 

Besides using smaller bandgap material to boost the tunnel efficiency, using type II 

staggered heterojuction at tunnel junction can result in an effective bandgap significantly 

smaller than that of the bulk materials, leads to orders of magnitude of enhancement of on 

state tunnel current. Material systems like Si/Ge, InGaAs/InP, InAs/GaSb have been 

extensively studied with encouraging results demonstrated. [10] [16]  [17] 

In this chapter we focus on TFET performance enhancement with pseudomorphically 

grown Si/Ge layers on relaxed Si1-xGex substrate. Particularly for x=0.5, biaxial tensile 

strain in Si layer and compressive strain in Ge layer are well balanced, high quality epitaxial 

growth of Si/Ge/Si0.5Ge0.5 has been extensively studied for strained channel MOSFET.    
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Figure 2.1 Schematics of Type II staggered heterojunction in SiGe system. 

 

2.2 Type II heterojunciton in silicon germanium system  

2.2.1 Strain effect on effective mass 

The silicon conduction band edge is at ∆ valley and six fold degenerated. When subject to 

biaxial tensile strain along (100) direction, the ∆ valley conduction band splits with 

downward in the ∆2, while degeneracy in valence band is also lifted by LH band shifts 

slightly upwards. Overall effect is shrink of bandgap with a net shift downwards with 

respect to the unstrained case. For germanium, biaxial compressive strain leads to splitting 

of heavy hole and light hole bands, and a relatively small shift of the conduction band edge 

at L valley, overall it is net upward shift compared to unstrained bands, together with a 

narrower bandgap  [18].   
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Figure 2.2 (a) Silicon band edge shift due to biaxial tensile strain. (b) SiGe band edge shift 

by effect of compressive strain [18][19].  

 

We calculate effective mass values with respect to biaxial strain applied to Si and Ge using 

Bandstructure Lab [20], a software package based on sp3sd5 thigh binding method for 

bandstructure calculation of Si, Ge and GaAs. Results of 2.1% tensile strained silicon and 

2.1% compressive strained germanium are obtained. The effective heavy hole mass is more 

of light hole like (0.1m0) in compressive strained germanium, even though in (001) 

direction tunneling, longitudinal silicon conduction band effective mass is fairly large (0.92 

m0), the overall effect on reduced effective mass mr , and consequently on tunnel probability, 

is relatively small (this is a first order simplified assumption. Even though TCAD 

simulation shows performance improvement with reduced effective mass value, how to 

deduce the reduced effective mass at heterojunction is a very interesting topic and deserves 

further in-depth investigation [21]) 
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2.2.2 Band offsets and effective bandgap at Si/Ge heterojunction 

Pseudomorphicly grown on relaxed Si1-xGex substrate, thin strained Si (tensile) and Ge 

(compressive) forms a typical type II staggered heterojunction. The band alignment of Si1-

xGex system has been extensively studied for more than four decades, both theoretically 

[22] [23] and experimentally [19]. Still, there has been controversy on the assessment of 

band alignment. Most recently, by carefully designed experiments in conjunction with 

quantum corrected simulation. Teherani et al [24] showed convincing results that ∆Ev,av = 

800 meV thus the effective bandgap can be as small as 101 meV for s-Si/s-Ge/Si0.48Ge0.52, 

which is 100mV lower than the smallest reported value before. Such result significantly 

boosted our confidence in Si/Ge based TFET research.   

 

2.3 Gate normal TFET based on SiGe Type II heterojunction 

Gate normal TFET was proposed as an effective way to enhance gate coupling to tunnel 

junction [15][25], hence the turn on process can be steeper and the on-state current can be 

significantly boosted with large uniform tunnel junction area. As tunnel junction is in close 

proximity to gate oxide, strong effect of quantum confinement on tunneling process is 

expected. In addition, to apply staggered heterojunction into such gate normal TFET will 

further improve the device performance, the effective bandgap energy needs to be 

accurately determined.  
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2.3.1 Quantum confinement at Si/Oxide interface 

 

 

Figure 2.3 Schematic diagram of characteristics of the two- and four-fold valleys in two-

dimensional electrons on a (100) surface [26] 

 

In MOS structure, due to the quantum confinement in the (triangle) potential well at the 

Si/oxide interface, inversion layer electrons (holes) have subbands formed with charge 

centroid located away from the interface. If silicon channel is tensily strained, the 

degeneracy of six folds at conduction band edge breaks into ∆2 and ∆4 group. As shown 

in Figure 2.3, ∆2 has lower conductivity mass (mt = 0.19 m0 ) and higher mz (ml = 0.92 m0) 
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thus has lower subband energy. The separation of ∆2 and ∆4 has been adopted for mobility 

enhancement for NMOSFET as an effective way to suppress intervalley scattering and 

decrease transport effective mass. In TFET, however, the subband is not preferable since 

silicon bandgap enlarges at interface by ∆Ec (∆Ev). Higher mz helps alleviate such effective 

bandgap increase, and with minimal impact of the reduced effective mass as explained in 

2.3.2.  

 

 

 

 

 

 

Figure 2.4 Schematics for inversion layer subbands formed by quantum confinement. 

Larger mz is preferred for smaller addition to the bandgap. 

 

2.3.2 Band structure calculation with k·p theory 

To compute strain shift and valence band mixing, combined with quantum confinement 

effect a gate oxide interface, we used software package nextnano3 based on the well-known 

k·p theory with Luttinger-Kohn 6 x 6 Hamiltonian [27]. With calibration to Teherani’s 

most recent results, we obtained result of effective band gap at s-Si/s-Ge on Si0.5Ge0.5 as 

150 meV, which will be included in the TCAD database. 
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In which key components are:  
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The strain related terms are: 

     

 Ɛxx = Ɛyy =  
𝑎𝑠−𝑎𝐿

𝑎𝐿
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Key parameters applied to k·p bandstructure calculation of Si/Ge/Si0.5Ge0.5 are summarized 

as in table 2.1 

   

 

Table 2-1 Key parameters used for k·p bandstructure calculation with nextnano3
 and 

Sentaurus Device. 

 

 Si Ge 

Luttinger parameter γ1 4.285 13.38 

Luttinger parameter γ2 0.339 4.24 

Luttinger parameter γ3 1.446 5.69 

Effective heavy hole mass mhh (m0) 0.537 0.284 

Effective light hole mass mlh (m0) 0.28 0.095 

Effective split-off hole mass mso (m0) 0.153 0.044 

Hole split off ∆so (eV) 0.044 0.296 

Lattice constant a (nm) 0.5431 0.5646 

Elastic moduli, C11 (GPa) 165.8 128.5 

Elastic moduli, C12 (GPa) 63.9 48.3 

Elastic moduli, C44 (GPa) 79.6 66.8 

Deformation potential,  av  (eV) 2.46 2.10 

Deformation potential,  ac (eV) 4.18 2.55 

Deformation potential,  bv (eV) -1.73 -1.88 

Deformation potential, bc (eV) 9.16  9.42 



23 

 

In s-Si/s-Ge/Si0.5Ge0.5, Si layer and Ge layer experience biaxial strain of 2.1% and -2.1%, 

corresponding to tensile stress of 3.7866 GPa and compressive stress of 2.9503 GPa 

respectively. 

In Figure 2.5 the calculated strain modified band lineup is shown, we can see that both 

silicon and germanium bandgap shrink, in silicon conduction band ∆2 and ∆4 separation 

reaches 0.32 eV, In Germanium, compressive strain split heavy hole and light hole with 

heavy hole band lifted, the overall density of states changed to more 2D like rather than 

parabolic as in bulk germanium. 

 

Figure 2.5 Band lineup at s-Si/s-Ge interface on Si0.5Ge0.5 relaxed substrate as calculated 

by nextnao3 
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2.3.3 TCAD model basis 

Two dimensional device simulation were carried out with commercial TCAD tool 

Sentaurus Device. The BTBT process was modeled with WKB-based dynamic nonlocal 

tunneling model. Fermi-Dirac statistics, hydrodynamic transport, Schokley-Read-Hall 

generation/recombination models were also applied. Bandstructure modification due to 

strain were taken into account by adoption of adjusted effective mass and density of states 

calculated with 6x6 k·p theory for valence band. Band lineup between strained silicon and 

germanium layers were adjusted to be 150 mV according to the k·p calculation done in 

previous section. Non-local mesh were adopted for BTBT simulation. 

 

2.3.4 Density Gradient Model for Quantum Confinement  

It is well known that in MOS structure quantum confinement at oxide interface can alter 

the charge distribution, such effect is expected to play a more important role in the TFET 

structure as tunnel probability is very sensitive to local electrical field distribution as well 

as available density of states. However, detailed self-consistent Schrȍdinger/Poisson 

solution is not compatible with BTBT model in current version of Sentaurus Device. We 

used density gradient model to approximate the quantum correction to classical potential, 

which was expected to get first order correction on the quantum confinement of electrons 

at oxide interface. 

Density-gradient theory provides a macroscopic approach to modeling quantum transport. 

It is particularly well adapted to semiconductor device analysis and engineering, thanks to 

its computing efficiency and numerical robustness. It has been applied to MOSFET, 
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quantum wells and SOI structures, giving reasonable description of quantum confinement 

and quantum tunneling situations. Here we give a brief description of density gradient 

theory.  

Sentaurus Device introduced a potential like quantity ᴧn (ᴧp) in the classical electron 

(holes) density formula 

 

The most important effects related to density modification can be captured by proper 

models for ᴧn (ᴧp), among which density gradient model has been validated to be an 

efficient and accurate one.  

In density gradient model, ᴧn is given by a partial differential equation 

  

in which γ is a fitting parameter, 

it can be further generalized as 
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In which β = 1/kTn ,  ξ = η = 1 in semiconductors and = 0 in insulators, ϑ is a fitting 

parameter and α is a symmetric matrix that defaults to be one. ᴧPMI is a user deefined  model 

and by default equals to zero. 

At internal (non-ohmic) interfaces between regions where the density gradient equation is 

solved,  

must be continuous. 

We first carried out self-consistant 1D self-consistent Schrȍdinger/Poisson simulation of a 

capacitor with 5nm HfO2 on top of Si/Ge/Si0.5Ge0.5 layered structure. Later we did 

simulation with density gradient quantum correction on the same structure and fitted carrier 

distribution at Si/HfO2 interface by tuning parameters γ and ϑ to match the results from 

Schrȍdinger/Poisson simulation. As can be seen from figure 2.6, the fitting is very good by 

setting γ = 3.58 and ϑ = 0.285 for carrier distribution across large gate bias range, also 

shown is the electrical field distribution (figure 2.7), results also match very well for the 

two simulation scheme. 
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Figure 2.6 Density gradient correction of carrier concentration distribution at Si/HfO2 

interface.  
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Figure 2.7 Density gradient correction of electric field distribution at Si/HfO2 interface.  

 

 

2.3.5 TCAD simulation results 

In Figure. 2.8, We show the simulated gate normal TFET structures. The gate to source 

overlap is 20nm long, distance between source and drain is 20nm with gate to drain 

undercut of 5nm.  
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Figure 2.8 (a) Gate normal TFET device structure for simulation. (b) Band diagram at on-

state (Vgs = 0.3V) 

 

In the simulated structures, unlike normally reported in literature, we purposely relaxed the 

doping concentration at the heavily Boron doped source junction. We keep channel n 

doping at gate to source overlap region to be constant at 1e18 cm-3 and fix germanium 

doping at the Si/Ge interface at the same level, while choose three different doping 

gradients in germanium layer. As shown in Figure 2.6, doping gradients (in Gaussian 

profile) in TFETa, TFETb and TFETc are 2.5nm/dec, 3nm/dec and 5nm/dec, as shown in 

Figure 2.6. The effect of doping gradient on TEFT will be discussed later on. 
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Figure 2.9 Three different doping gradients chosen to evaluate doping profile effect on gate 

normal TFET performance. 
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Figure 2.10 Id~Vg characteristics of the simulated gate normal TFETa, steep turn on 

process and high drive current can be obtained staggered s-Si/s-Ge type II 

heterojunction. 

 

Shown in Figure. 2.10 is TFETa with germanium doping gradient of 2.5nm/dec. The device 

shows sharp turn-on characteristics and good on-state current as well, make it promising 

to work under supply voltage of 0.3V. In Figure 2.7 we extracted subthreshold swing (SS) 

value, it can be seen SS is smaller than 60mV/dec across more than six decades of the drain 

output current, making it a good candidate for low leakage, low power application. In 

Figure. 2.8, the tunnel generation rate shows that in device on-state, highest tunnel 
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generation rate exists at region close to silicon and germanium interface. This can be 

explained as can be seen in the inset of Figure. 2.11, highest electron concentration is at 

about 1nm away from oxide interface, as can be expected from quantum confinement effect. 

Therefore most of the available states for tunneling are located close to Si/Ge interface 

rather than Si/oxide interface. In such case, the gate has less control over tunnel junction 

because of the screening effect of the high density electrons, leading to slow increase of 

drain current at on-state.  

 

Figure 2.11 Subthrethold swing (SS) extracted from turn-on characteristics from TFETa, 

SS is lower than 60mV/dec for more than six decades of drain current. 
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Figure 2.12 Electron tunnel generation rate in TFET on state. Inset shows electron 

concentration (in unit of cm-2) at Si/HfO2 interface, charge centroid is located 

at about 1nm away from Si/HfO2 interface. 

 

Figure 2.13 Output characteristics of TFETa showing good saturation. 
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We further compared the turn-on characteristics of the three TFET configuration with 

different source doping gradients. As can be seen in Figure. 2. 13, for the worst case 

scenario, TFETc with Boron doping gradient of 5nm/dec still shows reasonable steep turn 

on process. Compare to the case of lateral TFET we discussed in Chapter1, gate normal 

TFET shows much better tolerance for source doping variation therefore requirement for 

junction sharpness is significantly relaxed.   

  

Figure 2.14 Gate normal TFETs with different source doping gradient (2.5nm/dec for 

TFETa, 3nm/dec for TFETb and 5nm/dec for TFETc) shows better process 

tolerance than lateral TFET. 
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2.4 Summary 

In this chapter we studied in detail on gate normal TFET, which is based on type II 

staggered heterojunction between tensilely strained silicon and compressively strained 

germanium. Specifically we carried out bandstructure calculation to determine the strain 

modified effective mass and band lineup at heterojunction, both are very critical to 

tunneling process. Based on the effective mass and effective bandgap values, we did TCAD 

simulation on gate normal TFET structure and shows such device configuration can deliver 

sharp turn-on process with high drive current and more importantly, with better tolerance 

for parameter variation such as source doping gradient.  

 

 

 

 

 

 

 



36 

 

Chapter 3                                                           

Design of Fin-based Asymmetric Vertical Tunnel 

Field Effect Transistor (FAVFET) 

 

3.1  Introduction 

As examined in Figure 3.1 of the evolution of state of the art CMOS technology, besides 

consistent scaling of the gate dimension, many technology innovations have been 

implemented to further boost device performance [28]. Since 90nm technology node, strain 

engineering has been widely adopted for mobility enhancement, typically nitride liner is 

used for tensile strain in nFET and embedded Si1-xGex source/drain results in compressive 

strain of pFET. High K/ metal gate technology officially entered mass production since 45 

nm, significantly reduced gate leakage thus chip standby power dissipation. Most recently, 

nonplanar structure, i.e. FinFET [29] (also known as Tri-Gate FET) was introduced at 

22nm, which was broadly regarded as a milestone for the new 3D era of CMOS technology. 

FinFET enables tight electrical static control of the channel thus leads to steeper SS 

(~60mV/dec). Consequently FinFET can operate at lower voltage for equally good 

performance, therefore it serves as a good example of minimizing SS for low power 

computation.  

Hereby we propose fin based asymmetric vertical TFET (FAVFET) structure, a high 

performance TFET configuration in which we leverage all the technical achievements 
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mentioned above and make it fully compatible with main stream CMOS technology. 

Meanwhile, the new structure circumvents technical difficulties in layered epitaxy growth 

while still maintain a small chip estate to enable further scaling.  

 

  

 

 

Figure 3.1 (a) Evolution of transistor technology showing introduction of stained silicon, 

high-k/metal gate and FinFET; (b) Transistor I-V chracteristics for FinFET 

(Tri-Gate) vs planar transistor showing steeping SS slope and ability to operate 

at lower Vt and Vdd [28] 

(a) 

(b) 
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3.2 Silicon germanium FAVFET structure 

In principle, FAVFET is like a planar gate normal TFET turned by 90⁰, as shown in Fig 

3.2. Starting with silicon fin structure, we can carry out process of gate stack and source 

junction by accessing individual side of the fin seperately. Typical channel body thickness 

is 5nm for effective gate control. Heavily p doped germanium and/or Si1-xGex source 

junction can be formed with defect-free selective epitaxy, as will be elaborated in next 

section. Both the heterojunction area and channel length can be extended in vertical 

direction without increasing planar area. The drain junction depth is not limited by fin 

thickness thus minimizes parasitic resistance [30]. In such a configuration, gate normal 

TFET has the same scaling potential as FinFET.  

 

Figure 3.2 FAVFET is basically a planar gate normal TFET turning 90 degree thus leading 

to saved device and reduced process complexity. With source/drain contacts 

added, such a configuration is expected to have the same scaling potential with 

FinFET while retain the benefits of gate normal TFET.  
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3.3 Technical feasibility of FAVFET 

3.3.1 Fin definition with thickness below 10nm 

To make fin thickness below 10nm poses significant technical challenge. First the 

dimension is well below the resolution of the most advanced optical lithography. 

Furthermore silicon lattice constant of 5.431 Ǻ, 10nm only span several tens atomic layers, 

variation of a few layers can introduce large variations to device performance. Especially 

for TFET, the tunnel probability is very sensitive to bandstructure modification by quantum 

confinement, thickness variation is expected to play a more important role than that in 

MOSFET. 

Extensive research efforts have been directed to make high quality silicon fin with uniform 

thickness and minimal sidewall damage. Among various methods, spacer technology has 

been well developed as a very promising option [31]. Using dielectric (normally nitride) 

layer with precise thickness control as hard mask for dry etching,  combined with wet etch 

and other techniques like oxidation trimming, silicon fin with thickness below 10 nm can 

be readily fabricated [32]. The thinnest fin reported can be 1.9 nm with atomic sharp 

surfaces [33]. 
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Figure 3.3 (a) Typical spacer technology to form silicon fin with thickness well below 

lithography resolution; (b) Cross section TEM picture of FinFETs with silicon 

fin thickness of 6nm [32] and 1.9nm [33] respectively. 

 

3.3.2 Heterogeneous Selective Epitaxy 

Conventionally, heterogeneous epitaxy, especially for material systems with large lattice 

mismatch has experienced great challenge in reduction of dislocation density. 

Psudomorphic growth is always limited by finite thickness, i.e. critical thickness, beyond 

which misfit dislocation will be generated to relieve strain. As device size shrinks to tens 

of nanometers regime, new opportunities immerge to overcome the difficulties in strain 

relaxation. Both theoretical [34] and experimental [35][36] studies have demonstrated 

promising results that selective epitaxy in localized area can efficiently relieve strain 

between materials with large lattice mismatch, such as Ge/Si [35], InAs/Si [36]. F. Y. 

Huang carried out detailed theoretical study [26] and found out that by tailoring Si substrate 

in both lateral and vertical direction, i.e. mesa structure with substrate compliance, the 

critical thickness of Si1-xGex layer can be significantly increased compared to that grown 

on the bulk Si substrate, as shown in Fig 3.4(a). When the silicon substrate is scaled below 

certain threshold value, Si1-xGex alloy can grow an infinite thickness without dislocations. 

(a) (b) 
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Experimental evidence of strain relief by compliant substrate was shown with quality SiGe 

film grown on BSG (boron-silicate-glass) SOI [37]. Benefits of shrinking lateral dimension 

for high quality heteroepitaxy have been confirmed recently by Ge or InAs nanowire grown 

on Si (111) substrate, with lattice mismatch of 4.2% and 11.7% respectively.  

In FAVFET configuration, epitaxy of Ge or Si1-xGex source junction on silicon fin has 

combined benefits of both localized selective epitaxy and thin compliant substrate, since 

silicon fin can be taken as an ultrathin substrate sitting on vacuum for compliance. 

Therefore we can expect good quality heterojunction for efficient tunnel process. 
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Figure 3.4 (a) Critical thickness of SiGe alloy as a function of germanium content on 

substrate with different lateral and vertical dimensions. (b) Critical thickness of 

Si0.5Ge0.5 as a function of the Si substrate thickness. For Si substrate value 

below 20nm, the critical thickness can be infinite. (c) Clear interface between 

Ge and Si was obtained by VLS growth of Ge nanowire on Si (111) substrate, 

strain relaxation happens along wire axial direction. (d) Low dislocation density 

was confirmed at the interface between InAs nanowire and Si (111) substrate, 

selective-area epitaxy benefits strain relaxation even bulk lattice mismatch 

between bulk materials can reach 11.7%. 

(a) 

(b) 

(c) 
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3.3.3 High K/metal gate process 

Hafnium-based dielectric was first introduced in Intel 45 nm logic technology, together 

with metal gate process. By replacing SiO2 with high kappa dielectric, gate oxide of 

transistor can be made physically thicker to greatly suppress gate tunneling leakage (25x 

for NMOS and >1000x for PMOS). Electrically, we can have a smaller equivalent thinner 

oxide which enables better electrostatic control on the channel. In the prevailing gate last 

process flow, polysiliconSiO2 sacrificial gate stack are applied first, then replaced by high 

K/metal gate after source/drain activation. Gate last process can avoid high temperature 

degradation of the gate stack (i.e. crystallization of high K dielectric and effective gate 

work function shift). By replacing the sacrificial polysilicon/SiO2 gate stack, we can 

eliminate poly depletion effect thus improve drive current, also we have more metal 

material options to tune NMOS and PMOS gate work functions. An added benefit is that 

channel strain can be further enhanced by removal of the polysilicon gate [38]. 

  

Figure 3.5 Stress contours shows that channel stress increases 50% with removal of dummy 

polysilicon gate [38]. 

 



44 

 

3.3.4 Asymmetric (Independent) Double Gate FinFET Process 

Asymmetric (independent) double gate FinFET has been developed for flexible threthold 

voltage control [39]. More recently, asymmetric gate-oxide thickness double gate FinFET 

(also called 4T-FinFET, T stands for terminal) has been fabricated, in which tilted Ar ion 

implantation was applied to break Si-O bond thus SiO2 etch rate on implanted side of the 

fin could be enhanced. Similar process can be applied to FAVFET to define oxide opening 

for selective source junction epitaxy. 

 

Figure 3.6 Schematic fabrication process flow for asymmetric Tox in 4T-FinFETs. (a) Fin 

channel oxidation and tilted ion implantation. (b) ion-bombardment-enhanced 

etching (IBEE) process in diluted HF. 

 

3.4 Process flow for FAVFET 

From discussions in previous sections, we can draw conclusion that there is no significant 

technical roadblock for realization of FAVFET. In Fig 3.7 we show schematics for process 

flow of fabrication of FAVFET. 
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(a) (b) 

(c) (d) 
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Figure 3.7 Schematic process flow for FAVFET (a) Silicon fin etch with nitride spacer 

(hard mask formed at sidewall of mesa). (b) Drain junction implantation with 

0⁰ implantation. (c) HDP CVD field oxide deposition followed by angled (45⁰) 
Ar ion implantation from short side of the fin. (4) Diluted HF etch to remove 

oxide at short side of the fin while leave long side of the fin covered with oxide. 

(5) Selective epitaxy growth of heavily doped Ge on short side of the fin as 

source tunnel junction. (6) High K dielectric deposition followed by metal gate 

deposition and patterning (with CMP to remove nitride hard mask). Finalization 

of process flow with contact hole etch and metal contact process. 

  

(e) (f) 
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3.5  Summary 

In this chapter we proposed a new TFET architecture, namely FAVFET (fin-based 

asymmetric vertical tunnel field effect transistor), which leverages many innovations in 

state of the art transistor technologies to realize a heterojunction based gate normal TFET. 

Such a device is projected to have high performance with strong potential for future scaling. 

The benefits of FAVFET structure can be summarized as following: 

 Selective epitaxy circumvents difficulties of layered epitaxy on thick virtual 

substrate thus enables great flexibility in implementation of gate normal tunneling 

injection though source heterojunction; 

 Thin fin enables good gate electro-static control of source tunnel junction, together 

with thin channel body thickness to minimize source to drain leakage;  

 By leveraging established success of high K/metal gate process on silicon, gate 

oxide/semiconductor interface can be guaranteed high quality with various leakage 

paths (TAT, Dit) effectively suppressed. Also high K dielectric enables better 

electrostatic control, leading to more efficient gate normal tunnel process. 

 Drain junction is made from bulk wafer rather than thin epitaxial layer therefore 

serial resistance is not an issue; 

 The structure is based on bulk wafer thus lower the wafer cost, gate to source 

overlap region is oriented in vertical direction thus enable small footprint for the 

device and renders potential for future scaling down. 
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 Local strain engineering can be further exploited to enhance tunnel process at 

source heterojunction, by carefully optimize the strain distribution, band lineup and 

effective mass can be fine-tuned to achieve high tunneling probability. 
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Chapter 4                                                        

Physical Implementation of FAVFET 

 

4.1 Silicon fin definition with dry/wet etch 

Generally, silicon fin is etched out of bulk wafer by dry etch with (hard mask defined) fin 

thickness and minimal side roughness and damage. We tried various tool options in UCLA 

nanolab and could not find a suitable dry etch tool to satisfy this purpose. Typical dry etch 

result is as shown in Fig 4.1, the sidewall roughness is more than 10nm and steepness is 

poor for narrow fin definition.  

 

Figure 4.1 Silicon mesa by reactive ion etch showing poor sidewall roughness and slope. 

 

We finally settled with narrow fin process by wet etch on silicon (110) wafer. Anisotropic 

TMAH wet etch on silicon (110) wafer along <112> direction results in atomic sharp 

sidewall in (111) plane. Such wet etch process has been well studied, here we adopt the 



50 

 

high aspect ratio fin process, in which nitride spacer was formed along atomic sharp (111) 

plane thus enables precise controlled narrow fin thickness (down to well below 10nm). Fig 

4.2 shows detailed process flow [33], first thin thermal oxide (~40nm) was grow on top of 

lightly doped (110) wafer, followed by oxide patterning with perfect alignment to <112> 

direction and first time TMAH etch to form mesa with vertical sidewall. Then RIE etch 

process was done after LPCVD low stress nitride deposition, therefore nitride spacer is 

formed with thickness determined by LPCVD nitride thickness and two parallel atomic 

sharp surface. TMAH etch was then carried out at 80 ⁰C to form asymmetric fin. As shown 

in the SEM picture, narrow 30 nm silicon fin, with perfect vertical sidewall extends more 

than 10um can be readily made, indicating precise alignment to <112> crystal orientation. 

Due to drastic etch rate difference between (111) and (110) direction, lateral thinning of 

silicon fin with respect to nitride spacer is only about 30nm with 1 µm etch depth, high 

etching anisotropy allows large process margin for fin thickness control, combined with 

thermal oxidation we can make fin thickness well below 10nm to satisfy requirements of 

FAVFET structure.  

 

 

(a) 
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Figure 4.2 (a) Process flow for fin definition using nitride spacer hard mask and highly 

selective TMAH etch [33]. (b) SEM picture of high aspect ratio fin structure 

made by TMAH etch on Si (110) wafer. 
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4.2 Source/Drain Isolation with HDP CVD oxide 

High density plasma chemical vapor deposition (HDP CVD) of silicon-based dielectrics 

plays a key role in microelectronics technology [40]. With HDP CVD oxide, high aspect 

ratio (up to 4:1) small structures (in the size of tens to hundreds nanometers) can be filled 

and locally planarized in a single processing step, which greatly saves efforts compared to 

multistep deposition/etch or spin-on dielectric processing. Fig 4.3 shows schematic of the 

reactor of HDP CVD system, an inductively coupled plasma source is applied for high-

density plasma generation, and an RF biasing power source is applied to wafer holding 

electrode to create a significant ion bombardment (sputter-etching) component during 

deposition. Such simultaneous deposition and sputtering etching process makes sure 

loosely deposited films over topographical surfaces sputtered off by reactive ions and 

radicals hence enables high aspect ratio gap filling.  Typical HDP CVD oxide deposition 

conditions and films properties are summarized in table 4.1. It is essential to lower both 

RF bias power and chamber pressure to ensure void free, filled structures [41].  
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Figure 4.3 Schematics of (a) HDP CVD chamber. (b) Angle dependent simultaneous 

deposition and sputter etching.  

 

Source rf power range 1000-4000 W 

Gases SiH4/SiF4/Ar/O2=0-34/0-34/0-20/47-60 sccm 

Pressure <4 mTorr 

Deposition/sputtered ratio 3.2:1 (filled 0.25 μm, >3:1 aspect ratio structure) 

Deposition temperature 300-375°C 

Deposition rate 130-300 nm/min 

Refractive index rangs 1.43-1.47 

Film stress (0.7 μm, 25°C) (-)1.0-1.6 x 109 dynes/cm2 

Wet-etching rate (6:1 buffered HF) 1.5-1.9 x that of thermally grown oxide 

CMP rate (oxide slurry) 1100 Å/min (1.05 x that of plasma CVD oxide) 

 

Table 4-1 Typical deposition parameters and film properties of HDP CVD silicon oxide [40]. 

 

(a) (b) 
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Our HDP CVD oxide process were developed with BMR-HiDep system. By adjusting RF 

bias power, oxide coverage can be modified from conformal to directional. With RF power 

increased from 40 to 75 Watt, sidewall coverage can be reduced to one third of bottom 

oxide thickness. Afterwards, diluted HF etch removes thin sidewall oxide while retain two 

thirds of the original thickness for isolation purpose. Remaining oxide thickness defines 

distance between source and drain junction on one side, and gate stack alignment over drain 

junction on the other side of the fin. Combined with asymmetric fin process, such HDP 

CVD directional oxide offered great ease in both S/D isolation and gate stack alignment.  

 

 

 

Figure 4.4 HDP CVD oxide deposited by BMR-HiDep with RF bias power set at (a) 40W 

(b) 75W, film coverage changes from conformal to directional. 

 

 

 

 

(a) (b) 
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process Ar O2 SiH4 Chamber 

pressure 

ICP RF power 

(W) 

Bias RF power 

(W) 

Conformal 20 27 15 30 1000 40 

Directional 20 27 15 30 1000 75 

 

Table 4-2 Parameter settings for HDP CVD oxide processes 

 

4.3  Final process flow and device structure 

4.3.1 Silicided source junction FAVFET 

As a first step proof-of-concept, we use nickel silicide at source junction to emulate 

selective epitaxy of Ge source junction.  

Nickel silicide has been adopted in main stream transistor technology due to its low 

resistivity and low thermal budget requirement [42]. It is well know that during silicidation 

process, dopants tend to segregate at the silicide to silicon interface to form a high 

concentration region, as shown in Fig 4.5. 

 

Figure 4.5 Arsenic (a) and Boron (b) dopant segregation at the silicon and nickel silicide 

interface. 
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By application of nickel silicidation induced dopant segregation, Jeon [43] demonstrated 

silicon tunnel FET with SS less than 46 mV/dec. In addition, studies on silicidation of 

silicon/germanium nanowires showed that for (111) direction nanowire, silicide (or 

germanide) can be single crystal and form atomic sharp interface with the hosting material 

[44] . Considering our silicon fin is with atomic sharp (111) sidewall surface, it is highly 

desirable to apply nickel silicide process on FAVFET structure. 

 

Figure 4.6 Comparison between TFET made with and without silicide source, TFET with 

silicide source shows much lower subthreshold swing [43]. 

 

Detail description of process flow for silicide FAVFET is shown as below in table 4-3. 
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4.3.2 Process flow for silicided FAVFET 

Silicon Fin Definition 

1 Thermal oxidation 40nm thermal oxide on (100) wafer 

2 Oxide mesa patterning 1st lithography followed by BOE etch; must 

align to (112) direction perfectly 

3 Photoresist strip  

4 Mesa etch with oxide pattern TMAH @ 80 ⁰C for 45 sec. etch depth about 

400nm 

5 Nitride deposition LPCVD low stress nitride, deposition rate 

about 4nm/min, thickness ~ 60nm, BOE etch 

rate <1nm/min 

6 PECVD oxide deposition Conformal PECVD oxide covering nitride 

sidewall, ~100nm 

7 Oxide pad patterning 2nd lithography; define area for single fin 

definition 

8 BOE etch and resist removal Open area for nitride wet etch 

9 Nitride wet etch Phosphorous acid 85% @180 ⁰C for ~10 

min; only oxide protected area left with 

nitride 

10 BOE etch Remove PECVD oxide, with patterned 

nitride left 

11 Nitride Dry etch To form spacer hardmask (AOE 12sec) 

12 Silicon fin etch diluted HF removal of native oxide; TMAH 

@ 80 ⁰C for 45 sec. etch depth about 400nm;  

Drain Junction Formation 

13 Drain patterning 3rd lithography 

14 Drain implantation 10keV phosphorous implantation at 0⁰; dose 

1e15 

15 PR strip  

16 Drain dopant activation RTP 1000 ⁰C 60 sec 

Field Oxide for S/D isolation 

17 HDP CVD oxide deposition Directional oxide deposition with BMR-

HiDep; 300nm 

18 Fin exposure by wet etch Diluted HF etch to remove oxide covering 

fin, bottom field oxide thickness remaining 

defines source/drain distance 

Source Junction Formation 

19 Source implantation 10keV BF2 implantation at 45⁰ to short side 

of the fin; dose 2e15 

20 Source dopant activation RTP 1000 ⁰C 60 sec 

21 Nickel evaporation 10nm nickel evaporation at 45⁰ to short side 

of the fin to emulate selective source junction 

growth 
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22 Nickel silicidation 2 steps nickel silicidation (250 ⁰C 45sec 

followed by nickel etch then 400 ⁰C 30sec) 

Gate Stack 

23 ALD gate oxide Fuji ALD 4nm HfO2 (35cycles) 

24 Forming gas anneal Forming gas anneal 20min 

25 Gate contact patterning 4th lithography for metal gate liftoff (resist 

stripper won’t attack HfO2) 

26 Metal gate evaporation 200 nm Ni evaporated at 45⁰ to long side of 

the fin 

27 Metal liftoff Gate contact defined 

Backend 

28 PECVD nitride deposition 200 nm for passivation 

29 Contact via formation 5th lithography followed by BOE etch 

30 Contact pad patterning 6th lithography for contact pad liftoff 

31 Contact metal pad evaporation 400nm Al followed  

32 PR strip and metal pad sintering 380⁰ 1min 

 

Table 4-3 Process flow for silicide source FAVFET fabrication 

 

4.4 Summary 

In this chapter, we discussed key process development for realization of FAVFET. With 

silicon nitride mask we can apply highly anisotropic wet etching to define silicon fin with 

thickness down to 30 nm. Even though there is no real obstacle for further thinning down, 

we chose 30 nm as low end in consideration of the fin mechanical robustness since there 

is high chance for physical damage of the silicon fin in our processing condition. We also 

developed process for directional high density plasma chemical vapor deposition of silicon 

oxide, therefore isolation/planarization process can be greatly simplified. Lastly we 

adopted the widely used nickel silicidation technique aiming to get sharp tunnel source 

junction by silicide induced dopant segregation effect. 
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Chapter 5                                                

Experimental results of FAVFET 

 

5.1 Silicide FAVFET 

As discussed in last chapter, we fabricated nickel silicided FAVFET as shown in the top 

view picture in Fig. 5.1. 

 

Figure 5.1 Top view of silicide FAVFET. 

 

 

 

 

 

Table 5-1 Basic device parameters for nickel silicided FAVFET. 

Gate oxide (HfO2) thickness  4nm 

Channel length ~200nm 

Channel width 6µm 

Fin thickness 30nm 



60 

 

5.2 Electrical Characterization 

As shown in Fig. 5.2, silicided FAVFET shows fairly good output characteristics. 

 

Figure 5.2 Output characteristics of silicided FAVFET. 

 

Previously reported lateral TFETs using nanowire tends to have high series resistance [8] 

[45] because the small contact area, which results in low output current and late saturation. 

The saturation in our device starts early, thanks to the large gate to source overlap as 

depicted in Figure 5.3. This is one of the main advantages of the FAVFET configuration.  

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
0.0

1.0x10
-8

2.0x10
-8

3.0x10
-8

4.0x10
-8

5.0x10
-8

6.0x10
-8

7.0x10
-8

8.0x10
-8

9.0x10
-8

I d
s
 (

A
/

m
)

V
ds

 (V)

 V
gs

 = 0.0V

 V
gs

 = 0.2V

 V
gs

 = 0.4V

 V
gs

 = 0.6V

 V
gs

 = 0.8V

 V
gs

 = 1.0V



61 

 

 

 

 

Figure 5.3 (a) Schematics shows FAVFET has large gate to source overlap thus much lower 

series resistance. (b) Silicon nanowire TFET shows high series resistance and 

low drive current [45]. 

 

In Fig5.4 we can observe gated forward biased tunnel diode behavior, a typical  

NDR(negative differential resistance)-like hump happens at low drain forward bias. This 

confirms the high quality tunnel junction of our silicide FAVFET. 

Large tunnel area 

 
 

(a) 

(a) (b) 
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Figure 5.4 Forward biased tunnel junction shows gated NDR behavior. 

 

Very unfortunately as shown in the picture, the FAVFET has fairly large source junction 

area. Originally we designed the fin structure with large silicon mesa at both ends as 

mechanical fixation. However, due to the low doping of the substrate (1e16 cm-3 p type), 

there is no enough isolation between source and drain pad junctions therefore the parallel 

leakage path, which has tens of nano Ampere background current, prevents us from 

observation of the turn on characteristics of the FAVFET. Even though by cooling the 

device down to 77K, the parallel leakage current cannot be suppressed. 
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Figure 5.5 Typical Id~Vgs curve of silicide FAVFET. Parallel conducting path between 

source and drain pad junction undermined TFET subthrethold behavior. 

 

To minimize leakage current, we need better isolation between source and drain, for 

example, deep isolation junction surrounding drain. The most straightforward way is to 

remove any fixation part and make the fin in uniform thickness. In this case we may need 

to selectively grow thick epitaxy layer at the source junction to reduce series resistance. 

Such selective growth is part of our future FAVFET process flow.  
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5.3 Summary 

In summary, we successfully fabricated silicided FAVFET. Testing results shows good 

output characteristics as expected, which can be attributed to the large gate to source 

overlap. Also we observed gate NDR effect on forward biased tunnel junction. This 

validates the idea that good quality junction can be made by silicide induced dopant 

segregation. The parasitic PN junction along the fin prevents observation of turn-on 

characteristics. We need to design better isolation scheme to minimize leakage between 

source and drain. 
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Chapter 6                                                    

Conclusion and Recommendation for Future Work 

 

6.1  Conclusion 

In this thesis we mainly focus on silicon germanium based gate normal tunnel field effect 

transistor. We carried out TCAD modeling with special attention paid to band structure 

modification of the silicon germanium heterojunction. By incorporation of results of k·p 

theory into Sentaurus Device, we did calculation of gate normal TFET with s-Si/s-

Ge/Si0.5Ge0.5 heterojunction. The device showed steep turn on characteristic with 

subthrethold swing below 60mV/dec spanning six orders of output current. Moreover, the 

device showed much better tolerance for process variation such as change in source doping 

gradient. Motivated by theoretical results, we designed fin based vertical tunnel field effect 

transistor (FAVFET). Such a device configuration can achieve scaling potential 

comparable to FinFET and greatly save processing complexity as well. Finally we 

developed key processes and physically implemented prototype of FAVFET, with silicided 

source as a replacement part for selective germanium epitaxy. Electrical characterization 

showed good tunneling behavior with promising performance like high output resistance.  

Such results gave us confidence that TFET has bright future for low power electronics. 
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6.2 Recommendation for future work 

6.2.1 Quantum simulation of gate normal TFET 

Even encouraging results have been shown in gate normal tunnel FET, detailed study are 

still in great need in the following aspects: 

1. Effect of quantum confinement at oxide interface. Even though density gradient 

theory can capture carrier distribution at oxide interface, the correction on effective 

density of states available for BTBT is still an open question. There has been 

discussion about the validity of application of density gradient theory on tunneling 

through thin oxide [46], still in-depth study of DG theory on BTBT is lacking. 

2. The role of phonon in BTBT tunneling process is still lack of clear understanding. 

According to theory, phonon-assisted indirect BTBT process is supposed to be 

more than two orders of magnitude less efficient than direct tunneling. However 

Si/Ge based Esaki diode [47] and TFET [48] have already shown high performance 

comparable to the best of their III-V counterpart. Additionally, for structure like 

FAVFET, as there is strong confinement in the thin Si quantum well sandwiched 

between Ge and oxide, effect on phonon confinement needs more detailed 

investigation.  

3. Strain relaxation, redistribution at nanosize heterostructure needs further 

characterization and theoretical modelling. It has been reported that as Si/Ge layer 

was etched to nanowire, biaxial strain turned to uniaxial strain [49]. Within single 

nanowire, there is drastic change of spatial distribution of strains as shown in the 

simulation of the nanowire cross section. Such strain redistribution has intriguing 

effect on TFET especially FAVFET configuration. Not only there are band lineup, 
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effective mass, density of states variation in accordance with strain redistribution, 

the electric field (potential) of the device can also has drastic modification. How to 

benefit from such variation and minimize negative impact is a very challenging task. 

In addition, as we have learned from MOSFET strain engineering, there are many 

techniques to apply to modify local strain, therefore we can expect that strain 

engineering of TFET has strong potential for performance improvement.  

6.2.2 On realization of FAVFET 

We believe our proposal of FAVFET is very promising to address the critical challenge of 

physical implementation of type II heterojunction based TFET. Another key process under 

development is selective epitaxial growth of germanium on thin silicon fin. The thermal 

stability of fin under epitaxial condition needs special attention into it. Other major 

concerns on growth includes in situ doping, strain relaxation and redistribution, as in 

nanometer scale all these factors will show difference from that of planar thin layer growth.  

Furthermore, FAVFET concept can easily be applied to III-V material as we have more 

options for material selection [50]. Even though traditionally incorporation of III-V 

material into mainstream silicon technology has been technically challenging and 

economically prohibitive, our FAVFET concept can help lower down the cost and 

difficulty, though selective growth on silicon substrate [51], therefore accelerate adoption 

of III-V device in transistor technology,  
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Appendix                                                                                 

Molecular Beam Epitaxy Growth for TFET Study 

 

Molecular beam epitaxy (MBE) is a precise epitaxy technique for growing thin films of 

semiconductor (or metals) by depositing evaporated beams of atoms or molecules onto a 

heated substrate under ultra-high vacuum (UHV) conditions.  

Our SiGe MBE system is a Perkin-Elmer Model 430-S solid-source MBE system, the 

system configuration is shown schematically in Fig. A1. It consists of an UHV chamber 

with a heated substrate and several sources as shown. Electron guns are used for Si and Ge 

evaporation to reduce contamination from the heating elements and Knudsen cells are used 

for the doping sources. Ion-pumps and cryo-pumps are used to achieve a clean UHV 

condition. Flux of the source form the elelctron gun is monitored by optical thickness 

monitors. The flux of the doping source is correlated to heating temperature measured by 

thermocouple. Sb or P are used for n-type doping and B is used for p-type doping. The 

substrate is usually chemically cleaned to remove the surface contamination and to obtain 

a thin and weak surface oxide before loading into the chamber. The surface oxide is 

removed thermally at ~900 ˚C before growth. During growth, the substrate temperature 

can be monitored by an IR pyrometer or a thermocouple in contact with the backside of the 

substrate. Sample rotation is usually provided to reduce the nonuniformity in thickness or 

composition.  
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Fig. A.1 Schematic of the configuration of the solid state SiGe MBE system 

 

The major strength of the SiGe MBE can be described as follows: 

1. The slow growth rate (~1 Ǻ/sec) enables a precise control of thickness, composition, 

and doping density to within the atomic scale. 

2. The low MBE growth temperature (down to 200 ~300 C) minimizes most 

interdiffusion effectively. 
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3. The base pressure of Si MBE is in the order of 10-10 torr and the UHV environment 

allows in situ surface analysis (RHEED, Auger) to study chemical or structural 

properties. 

4. Sequential or parallel deposition of different materials is convenient. 

In summary, MBE has clear advantage in growth of Esaki tunnel diode structure, therefore 

we chose it as the primary growth technique for TFET starting material preparation.  

 

MBE growth of Esaki tunnel diode structure with delta-doping technique 

By MBE growth, we can easily realize very high doing level within a few nanometer 

thickness using technique called delta (δ) doping. Theoretically, in a monolayer delta 

doping, all the atomic sites of the sheet of atoms are occupied by the dopants. In reality, 

the doping profile is broader because of diffusion and segregation of atoms during growth. 

Usually growth is interrupted for the supply of the delta dopant with a sheet concentration, 

Ns, then continued with a lower temperature to reduce dopant segregation.  

We have done MBE growth of Esaki diode at temperature as low as 320 ˚C as a calibration 

of our delta doping process. The current-voltage characteristics of two back-to-back Esaki 

diode is shown in Fig. A.2(a) with growth structure shown in Fig. A.2(b).  
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  (a)       (b) 

Fig. A.2. (a) current-voltage characteristics of two back-to-back Esaki diodes, (b) growth structure. 

The differential resistance is clearly observed after 30 seconds rapid thermal annealing for 

reduction of defects, which can be taken as a signature of good material quality and 

successful delta-doping. It was found that the post growth annealing temperature has 

significant impact on device performance such as peak current value and peak to valley 

ratio, as shown in Fig. A.2. 

 

 

 

 

 

 

 

Fig. A.2 Dependence of rapid thermal annealing temperature of tunneling diode performance. 
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The best performance reported for MBE grown silicon based Esaki diode shows peak 

current level as high as 151kA/cm2, which used Si0.6Ge0.4 as as tunnel barrier material. The 

high current level is competing with the best results from the III-V materials even though 

theoretically band-to-band tunneling process in indirect band materials like SixGe1-x alloy 

involves phonon thus much lower tunneling probability is expected. By comparison, our 

delta doing technique still has ample space for improvement. Fine tuning of delta doping 

time, growth temperature, post growth annealing temperature and time, and investigation 

of using SixGe1-x as tunnel barrier material will all be addressed in future study.  

 

MBE growth of staggered Ge/Si heterojunction on Si0.5Ge0.5 virtual substrate 

 

High quality Si0.5Ge0.5 virtual substrate can be grown with Sb surfactant mediated 

technique. Previous study showed that this method can produce fully relaxed Si0.5Ge0.5 

virtual substrate with low defect density and good surface morphology. The growth 

structure is shown in Fig. A.3. After growth of 2 μm graded (with grading rate of 25% per 

μm) buffer layer with Sb surfactant, substrate temperature was increased to 600 ˚C to flash 

out the top Sb layer. Afterwards a 300nm heavily n-doped Si0.5Ge0.5 layer was grown. Then 

the substrate temperature was reduced to 350 ˚C for growth of 5nm strained silicon layer 

and 5 nm strained germanium layer. At the end of growth, 100nm heavily doped p type 

Si0.5Ge0.5 layer was grown before another 5nm strained Si capping layer growth.  
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Fig. A.3. Schematic (a) and Raman spectra (b) of the grown staggered Ge/Si heterojunction on top 

of a Si0.5Ge0.5 virtual substrate 

 

Raman spectra of as-grown sample is shown as in Fig. 2.4(b). The Ge-Ge, Ge-Si and Si-Si 

LO phonon peak are shown as 292 cm-1, 407 cm-1 and 486 cm-1 respectively, corresponding 

to data of fully relaxed SixGe1-x virtual substrate with x=0.50 as calculated with the 

following equation: xx
SiSi

68520)( 


 [52]. The little peaks at the right shoulder of Ge-

Ge and Si-Si peaks are Raman peak from the strained Ge layer and strained Si layer 

respectively. To further reveal the strained layer Raman signature, we did dry etching of 

120 nm to remove the top layer and the Raman signal from strained Ge layer is significantly 

enhanced. The peak position of 303.5 cm-1 is in good agreement with value reported in 
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[53]. On the other hand, Raman peak from strained Si layer after top layer removal is not 

detectable mainly because of the weak absorption at the incident laser wavelength (514.5 

nm). This indicates that the small shoulder peak at position of 505 cm-1 is signal from the 

top strained Si layer. If using UV laser (364 nm) as excitation we should be able to get 

strong signal from the strained Si peak.  
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Fig. A.4 Raman spectra of the strained Ge layer after removal of top layers 
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