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Abstract 

Power consumption reduction of MOSFETs is pursued by the 

lowering supply voltage. However, keeping the trend is difficult due to 

increase in off-leakage current, which increases the total power consumption. 

Therefore, FETs with steep subthreshold slope (SS) have been intensively 

investigated. Among a few candidates for the steep SS FETs, tunneling FET 

(TFET) is a most promising one owing to its simple structure and its 

capability of the drain voltage reduction. However, TFETs suffer from 

relatively low drivability due to its high tunneling resistance. In order to 

boost the drivability, TFET using III-V semiconductor hetero-junction 

structure has been investigated, however III-V semiconductor FET itself has 

issues such as formation of gate stack with good interface integrity as well 

as realization of low contact resistance with conducting metal wires in 

circuits. Considering all of these backgrounds, a study on process and device 

structure of Si-based TFET with high drivability has been conducted.    

 

In this thesis, Si-based tunneling FETs (TFETs) with silicide/silicon 

junction are studied using 2-dimentional device simulation. One of such 

device is TFET using Schottky-type conducting silicide/Si interface. The 

study on the Schottky barrier TFET revealed that Schottky barrier height 

influence on the SS characteristics in a different manner between long 

(50nm) and short (10nm) gate length devices. Eventually, it has been 

revealed that this type of short channel TFET can achieve almost the same 

drivability to the conventional MOSFETs with smaller SS by the 

optimization of structural parameters.   

 

For the realization of the silicide/Si structure suitable for Schottky 

barrier TFETs, defect free silicidation at the interface with quite wide range 

of the barrier bn controllability is desired. In order to meet the demand, a 
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novel silicide formation process using annealing of metal/silicon thin film 

stack is proposed and its applicability to FETs was demonstrated. 

 

Since it is understood that the elimination of electrons which belong 

to a high energy tail in Fermi-Dirac distribution in the source electrode is 

effective to reduce SS further, the band-to-band tunneling from 

semiconducting source and the influence of valence band and conduction 

band discontinuities at source-channel interface are investigated using 

device simulations. A steeper SS with higher ON current can be both 

achieved with larger discontinuity, owing to reduced tunneling distance and 

lower energy barrier for the quantum mechanical tunneling of electrons. 

 

In order to realize such hetero-junction in Si-based TFETs, TFETs 

using semiconducting silicide/Si hetero-junction are proposed. The 

simulation study on TFETs using semiconducting silicide (Mg2Si)/Si hetero 

junction revealed that narrow band gap of the silicide and large 

conduction/valence band edge discontinuities at the junction lead to a drastic 

SS reduction. It could be concluded that this novel TFET is a promising 

candidate for a steep SS FET with comparable drivability to the conventional 

MOSFETs.  

 

  



iii 

 

 

 

Contents 
 

Chapter 1 introduction                                         Page 

1.1 The Scaling of MOSFET and Reduction of the Power Consumption 1 

1.1.1 History of integrated circuits  1 

1.1.2 CMOS scaling Law            2 

1.1.3 Ultimate CMOS downsizing 4 

1.1.4 Reduction of the operation voltage  6 

1.1.4.1 Power voltage reduction trend shown in ITRS  

1.1.4.2 Reduction of drain current  

1.1.4.3 Power consumption increase by Off leakage current 

1.2 Steep subthreshold swing devices     11 

1.2.1. I-MOS                                              11 

1.2.2 Feedback FET                                            12 

1.2.3 Tunneling MOSFET                                  14 

1.3 MOSFETs with Silicide Junction 16 

1.3.1Silicides as LSI material and their properties   16 

1.3.2 Effect of the surface states      19 

1.3.3 Schottky MOS transistor      19 

1.3.4 S parameters of Schottky junction and the effect of the surface states 21 

1.3.5 Schottky barrier modulation     24 

1.3.6 Semiconducting Silicide      24 



iv 

 

1.3.7 Tunnel FET with semiconducting silicide    25 

1.4 Conclusion and the objective of this thesis    26 

1.5 References of this chapter     28 

 

Chapter2: Detail of Simulation and device process 

2.1 Fabrication procedure       31 

2.2 Experimental details        32 

2.2.1 SPM cleaning and HF treatment     32 

2.2.2 RF magnetron sputtering      32 

2.2.3 Lift-off process       33 

2.2.4 Vacuum evaporation for Al deposition    33 

2.2.5 Rapid thermal annealing (RTA)     34 

2.3 Electrical characterization of Schottky diode    36 

2.3.1 Metal-silicon contact      36 

2.3.2 Image-force lowering      37 

2.3.3 Thermionic emission      38 

2.4 Detail of models in 2-D device simulation used in this thesis  39 

2.4.1 Mobility model       40 

2.4.2 Current model through Schottky barrier    40 

2.4.3 Band to band tunneling model     42 

2.5 References of this chapter    46 

 

 

 



v 

 

Chapter 3: Influence of Structural Parameters on Electrical Characteristics 

 of Schottky Tunneling FET and its Scalability 

   

3.1 Introduction    47 

3.2 Simulation and Device Structure     49 

3.3 Results and Discussion      51 

3.3.1 Structural parameter influence on SBTFET performance 51 

3.3.2 Gate length scaling of SBTFETs: comparison with   56 

the conventional MOSFETs 

3.4. Conclusions        61 

3.5 References of this chapter    62 

 

Chapter 4: A novel Silicide formation and Schottky Barrier Height  

Modulation 

4.1 Introduction    66 

4.2 Novel Ni silicide formation process using annealing of the Ni/Si thin film 67 

stack 

4.2.1 Thermally resistant Ni silicide formation by Ni thin film  67 

reaction with Si 

4.2.1.1 Introduction 

4.2.1.2 Thermal stability of Ni silicide formation 

4.2.1.3 Bonding states of Ni silicide film 

4.2.1.4 Conclusion 

4.2.2. Multiple Ni/Si process using this thin Ni film reaction with Si 71 

4.2.2.1 Introduction 



vi 

 

4.2.2.2 Interface reaction 

4.2.2.3 Morphology and composition 

4.2.2.4 XRD analysis of stacked silicide film 

4.2.2.5 XPS analysis of stacked silicide film 

4.2.2.6 Annealing temperature dependent the phase of stacked 

 silicide 

4.2.2.7 The effect of sputtering pressure on sheet resistance of  

stacked silicide 

4.2.2.8 Stacked silicidation process of other semiconductor  

substrates 

  4.2.2.9 Extension of stacked silicidation process for Ti 

4.2.2.10 Conclusion 

 4.2.3Electrical characteristics of Ni silicide Schottky diodes  93 

4.2.3.1 Introduction 

4.2.3.2 Schottky diode characteristics 

4.2.3.3 TiN capping on stacked silicide 

4.2.3.4 Conclusion 

4.2.4 References of this section     99 

4.3 Schottky barrier height modulation 104 

4.3.1 Introduction 104 

4.3.2 Bn modulation with stacked silicidation process 105 

   4.3.2.1 Interface reaction of impurity incorporation 

  4.3.2.2 SIMS impurity profiles 

  4.3.2.3 Bn modulation by impurity incorporation 



vii 

 

4.3.3 Bn controllability by impurity incorporation 109 

4.3.3.1 Annealing conditions dependent J-V  

characteristics with impurity at the interface 

4.3.3.2 Impurity position dependent J-V characteristics 

4.3.3.3 Annealing conditions dependent J-V  

characteristics with impurity far from the interface 

4.3.3.4 Impurity amount dependent diode characteristics 

 4.3.4 Conclusion       116 

       4.3.5 References of this section     116 

4.4 Demonstration of Schottky barrier S/D FET with barrier height   118 

modulation 

4.4.1 Introduction      118 

4.4.2 Fabrication process      118 

4.4.3 Electrical characteristics for SB-FET    119 

 4.4.4 Conclusion        120 

       4.4.5 References of this section     121 

 

Chapter 5: Band Discontinuities at Source-Channel Contact and their  

influence on Tunnel FET Performance 

5.1 Introduction     122 

5.2 Simulated model       123 

5.3 Influence of valence band discontinuity   125 

5.4 Conclusions        129 

5.5 Reference of this chapter      130 



viii 

 

 

Chapter 6: Hetero-junction Tunnel-FET using Semiconducting  

silicide-Silicon contact and its scalability  

6.1. Introduction        131 

6.2. Device Concept and simulation     133 

6.3. Results and discussion      136 

6.4. Conclusions        150 

6.5. References of this chapter    151 

 

Chapter 7: Conclusion of this thesis 

7.1 Summary of this thesis      154 

7.2 Further Study       157 

 

Acknowledgements     159 

List of Publications and Presentations    161 

  



ix 

 

 

List of Table                    Page 

 

 

Table 1-1 Comparison of Various NEW type MOS devices                     

 

Table 4.3.1 Electrical characteristics of P incorporation depending on 

incorporated position and annealing temperature and time              

 

Table 7.1: Comparison of TFETs using Silicide/Si junctions in this study to 

the conventional MOSFETs in short channel (Vd=0.3V)                                     

  

 

16 

 

112 

 

 

161 



x 

 

 

List of Figure 

Page 

Chapter 1 introduction 

Figure 1.1 History of Intel processer. Moore’s law predicted the the number of 

transistors on a chip would double every 24 months. 

 

Figure 1.2 Scaling of each component of MOS transistors and the power voltage   

with the scaling factor K. 

 

Figure 1.3 Power voltage as a function of the half pitch of MOS transistors from    

ITRS. The prediction until year 2024 is shown. 

 

Figure 1.4 Reduction of the threshold voltage leads to the increase in the off       

leakage current. A device with much steeper subthreshold characteristic is 

required for the reduction of the supply voltage. 

 

Figure 1.5 ITRS predicts the reduction of the supply voltage and the threshold 

voltage in accordance with the Vdd. Consequently, static power consumption due 

to the off leakage current becomes much larger than the dynamic power 

consumption. 

 

Figure 1.6 Device structure of Impact Ionization MOSFET (IMOS), (b) current 

through the IMOS under the ON state. [1.6] 

 

Figure 1.7 Structure of Feedback MOSFET. Holes and electrons gradually 

accumulate at the boundary portion (Li) between N+-source and i-channel, i-

channel and P+-drain under the on state, which reduces the potential barrier for 

the current flow between source and drain. [1.11] 

 

Figure 1.8 Band diagram of a tunneling MOSFET. P-i-N structure is formed with 

gate electrode above i-region. The gate voltage modulates the potential of i-

region so that it can control the tunneling phenomenon from the source to the 

channel region [1.12]. 

2 

 

 

3 

 

 

7 

 

 

10 

 

 

 

10 

 

 

 

 

12 

 

 

13 

 

 

 

 

14 

 



xi 

 

 

Figure 1.9 parasitic resistance of a MOSFET 

 

Figure 1.10 cross-sectional image of a MOSFET with the self-aligned silicide 

(SALICICE). 

 

Figure 1.11 schematic illustration of Schottky diode band diagram 

 

Figure 1.12 Dependence of Schottky barrier height to n-Si on the metal work 

function. [1.22] 

 

Figure 1.13 Energy band diagram of a Schottky contact without (a) and with (b) 

the effect of the surface states. The Fermi-level Ef is pushed towards the neutral 

level 0. 

 

Figure 1.14 Semiconducting silicide are listed as in the periodic table. Numbers 

inside each section represent bandgap of silicide.[1.26] 

 

Chapter2: Detail of Simulation and device process 

 

Figure 1.15 Chapter structure of this thesis. 

 

Figure 2.1 Fabrication flow of Schottky diode. 

 

Figure 2.2 Schematic illustration of RF magnetron sputtering. 

 

Figure 2.3 Schematic illustration of vacuum evaporation. 

 

Figure 2.4 Schematic illustration of Schottky diode process. 

 

Figure 2.5 Band diagram of metal-n-Si contact. (a) When the metal and the Si 

are far apart. (b) When the metal is in contact with the Si. bi is built-in potential. 

 

Figure 2.6 Band diagram of metal-n-Si contact incorporating image-force 

lowering. 

17 

 

18 

 

 

19 

 

21 

 

 

23 

 

 

 

25 

 

 

 

 

27 

 

31 

 

33 

 

34 

 

35 

 

37 

 

 

 

38 

 

 

 

 

 

 



xii 

 

 

Figure 2.7 Band diagram of metal-n-Si contact incorporating image-force 

lowering to show the thermionic emission current. 

 

Figure 2.8 Local tunneling generation rate representation of the universal 

Schottky tunneling model 

 

Figure 2.9 Schematic of band to band tunneling in p-n junction reverse bias 

 

Chapter 3: Influence of Structural Parameters on Electrical Characteristics of 

Schottky Tunneling FET and its Scalability 

 

Figure 3.1(a) Schematic device illustration of an SBTFET and (b) schematic band 

structure of p-SOI at the interface with the gate oxide, under ON (VG>Vth: solid 

line) and OFF (VG<Vth: dotted line) states. 

 

Figure. 3.2 (a) Id-VG and SS characteristics of SBTFET with different Bn values 

from 0.41 to 0.81eV. (b) Schematic band diagram under ON state and tunneling 

rate distribution near source/channel interface at subthreshold region for Bn 

values of 0.81eV and 0.41eV. Tunneling rate distribution maps at the source 

corner of the devices for both Bn cases at VG =0.45 and 0.55V are also shown. 

Much increase in the tunneling rate distribution from VG =0.45 to 0.55V is 

observed in the larger Bn case. 

 

Figure 3.3(a) Id-VG and SS characteristics of SBTFET with different channel 

doping concentrations from 5×1018 to 2×1019 cm-3. (b) Potential distribution in 

the channel near the source for Na of 5×1018 and 2×1019 cm-3 ,VG=0.55V. 

 

Figure 3.4. Id-VG and SS characteristics of SBTFET with different m* from 

0.03m0 to 0.1m0, where m0 denotes the electron mass in the free space. Bn and 

Na were set to 0.61 eV and 2×1019 cm-3 , respectively. 

 

Figure 3.5 (a) Id-VG and SS characteristics of SBTFETs and conventional 

MOSFETs. The Schottky barrier height of the SBTFET is 0.61eV. The channel 

doping concentration was set to 2×1019 cm-3 for both cases. (b) Smallest SS in 

the subthreshold regions and Vth as a function of gate length. 

39 

 

 

41 

 

 

43 

 

 

 

 

50 

 

 

 

52 

 

 

 

 

 

 

 

54 

 

 

 

55 

 

 

 

57 

 

58 

 

 

 

 

 

 

 



xiii 

 

 

Figure 3.6 Channel potential profile difference of SBTFET and conventional 

FETs with Lg scaling under VG smaller than Vth (OFF state). 

 

Figure 3.7 Id-VG and SS characteristics of SBTFET with Lg of 10 nm. (a) Na was 

varied from 5×1018 to 2×1019 cm-3. Bn was set to 0.61eV.  (b) Bn was varied from 

0.21 to 0.81eV. Na was set to 2×1019 cm-3 

 

Figure3.8 (a) SS and (b) ION/IOFF characteristics as a function of Lg. Gate 

overdrive is set to 0.5V. Bn was varied from 0.21 to 0.81eV. The channel doping 

was set to 2×1019 cm-3. 

 

Chapter 4: A novel Silicide formation and Schottky Barrier Height 

Modulation 

 

Figure 4.2.1 Sheet resistance (sh) of silicides with 3.0 and 5.5 nm thick Ni layers 

on annealing temperature (tNi is Ni thickness). 

 

Figure 4.2.2 Surface roughness of silicide films with 3.0 and 5.5 nm thick Ni 

layers on annealing temperature. 

 

Figure 4.2.3 Ni 2p3/2 spectra of the silicide films annealed at various temperature. 

 

Figure 4.2.4 Ni silicide phase and morphology change dependent on Ni thickness. 

 

Figure 4.2.5 Schematic illustration of stacked silicidation process. A set of Si/Ni, 

with an atomic ratio of 2:1, is cyclically stacked on n-Si (100) substrates, 

followed by annealing in N2 ambient to form NiSi2 film 

 

Figure 4.2.6 TEM images of stacked silicidation process at (a) as deposited and 

(b) after annealing at 500 oC. Atomically flat interface and surface are achieved. 

 

Figure 4.2.7 SEM images of Si Fins after annealing with (a) Ni or (b) stacked 

silicide. (a) Ni atoms encroach into Si Fin. (b) Complete suppression of 

encroachment can be achieved using Ni/Si stacked silicidation process. 

58 

 

 

59 

 

 

 

61 

 

 

 

 

 

69 

 

 

69 

 

 

70 

 

71 

 

 

72 

 

 

 

73 

 

 

74 

 

75 

 

 

 

 

 

 



xiv 

 

 

Figure 4.2.8 sh of stacked silicide, 3.0-nm- and 5.5-nm- thick Ni layers on 

annealing temperature. sh of stacked silicide is stable at wide process window. 

 

Figure 4.2.9 Surface roughness of stacked silicide, 3.0-nm- and 5.5-nm-thick Ni 

layers on annealing temperature. Surface roughness of stacked silicide is stable 

at wide process window. 

 

Figure 4.2.10 Out-of-plane XRD (2/ scan) profile of stacked silicide annealed 

at 500 oC. NiSi2(004) peak can be detected at 2 = 70.56o. 

 

Figure 4.2.11 Rocking curve measurement ( scan) at 2 = 70.56o. Because 

rocking curve width is about 0.1o which is narrow value, it is considered that 

NiSi2 formed by stacked silicidation process is epitaxially grown. 

 

Figure 4.2.12 In-plane XRD (2/ scan) profile of stacked silicide annealed at 

500 oC in  = 0.3o. Red line is  = 0o and blue line is  = 15o. When  is displaced 

to 15o, NiSi2(200) peak can not be observed, on the other hand, NiSi2(220) peak 

can be observed. 

 

Figure 4.2.13 Rocking curve measurement ( scan) at NiSi2(200). Because 

rocking curve width is about 0.6o which is narrow value, NiSi2 is epitaxially 

grown. 

 

Figure 4.2.14 The images of orientation of NiSi2 film. It is suggested that (111)-

oriented texture can be formed in addition to the epitaxial element. 

 

Figure 4.2.15 Ni 2p3/2 spectra of the silicide films annealed at 500 oC. The phase 

of stacked silicide is NiSi2. 

 

Figure 4.2.16 Ni 2p3/2 spectra of stacked silicide annealed at 500 oC measured by 

Angle Resolved-XPS (AR-XPS) changing TOAs from 30o to 80o. Stacked 

silicide film is uniform NiSi2. 

 

 

 

75 

 

 

76 

 

 

 

77 

 

 

77 

 

 

 

79 

 

 

 

 

80 

 

 

 

80 

 

 

81 

 

 

82 

 

 

 

 

 

 

 

 

 

 

 



xv 

 

 

Figure 4.2.17 Ni 2p3/2 spectra of stacked silicide on annealing temperature. The 

phase of stacked silicide changes from Ni-rich silicide to NiSi2 with increase in 

annealing temperature. 

 

Figure 4.2.18 Ar 1s spectra of stacked silicide on annealing temperature. The 

decreasing of Ar intensity is related to the decreasing of sh. 

 

Figure 4.2.19 sh of stacked silicide on annealing temperature. sh of stacked 

silicide is stable at wide process window. When the sputtering pressure is 0.55 

Pa, sh decrease occurs at the lowest annealing temperature. 

 

Figure 4.2.20 Out-of-plane XRD (2/ scan) profile of stacked silicide annealed 

at 500 oC. NiSi2(004) peak can be detected at 2 = 70.50o. 

 

Figure 4.2.21 Rocking curve measurement ( scan) at 2 = 70.50o. Because 

rocking curve width is about 0.2o which is narrow value, it is considered that 

NiSi2 formed by stacked silicidation process is epitaxially grown. 

 

Figure 4.2.22 sh of different stacked silicide thickness on annealing temperature. 

Each stacked silicide is deposited on (a) n-Si(100), (b) n-Si(110) and (c) n-Si(111) 

substrate. sh of stacked silicide is stable at wide process window independent of 

Si substrate orientation. 

 

Figure 4.2.23 sh of stacked silicide on Ge substrate on annealing temperature. 

sh of stacked silicide on Ge is more stable than that of 5.5-nm-thick Ni layer on 

Ge. 

 

Figure 4.2.24 sh of stacked silicide on GaN and AlGaN substrates on annealing 

temperature. sh of stacked silicide on each substrate is stable. 

 

Figure 4.2.25 Schematic illustration of Ti/Si stacked silicidation process. A set of 

Si/Ti, with an atomic ratio of 2:1, is cyclically stacked on n-Si (100) substrates. 

 

Figure 4.2.26 sh of Ti silicide which is formed by Ti/Si stacked silicidation 

process and 20-nm-thick-Ti layer on annealing temperature.  

83 

 

 

 

84 

 

 

86 

 

 

 

86 

 

 

87 

 

 

 

88 

 

 

 

 

89 

 

 

 

90 

 

 

91 

 

 

92 

 

 

 

 

 

 

 



xvi 

 

 

Figure 4.2.27 the presence of facets and roughness which occur leakage currents 

at interface and periphery [5.1]. 

 

Figure 4.2.28 The Schottky diode J-V characteristics of stacked silicide, 3.0-nm 

and 5.5-nm-thick Ni layers. J-V characteristic of stacked silicide is ideal. 

 

Figure 4.2.29 Bn and n-factor of stacked silicide, 3.0-nm- and 5.5-nm-thick Ni 

layers on annealing temperature. Bn and n-factor of stacked silicide are stable 

value up to 700 oC. 

 

Figure 4.2.30 Fabrication processes of Schottky diodes with or without TiN 

capping. 

 

Figure 4.2.31 The Schottky diode J-V characteristics of stacked silicide with or 

without TiN capping. J-V characteristics remain ideal characteristics even with 

TiN capping. 

 

Figure 4.2.32 Bn and n-factor of stacked silicide with or without TiN capping 

on annealing temperature. Scatter of Bn and n-factor with TiN capping is 

suppressed compared with without TiN capping. 

 

Figure 4.3.1 Schematic illustration of stacked silicidation process with impurity 

incorporation. P is incorporated at the interface by 0.68-nm-thick Ni3P 

deposition instead of the first Ni layer. B is incorporated at the interface. 

 

Figure 4.3.2 TEM images of stacked silicidation process incorporated (a) P and 

(b) B at the interface after annealing at 500 oC. Even with impurity incorporation, 

atomically flat interface and surface are maintained. 

 

Figure 4.3.3 SIMS profiles of (a) P and (b) B before and after annealing. 

Although some of the impurities diffused into silicide layer, significant amount 

of them remained at silicide/Si interface. 

 

 

 

94 

 

 

95 

 

 

96 

 

 

 

97 

 

 

97 

 

 

 

98 

 

 

 

104 

 

 

 

105 

 

 

 

106 

 

 

 

 

 

 

 

 

 

 



xvii 

 

 

Figure 4.3.4 J-V characteristics of stacked silicide with P and B incorporation 

annealed at 500 oC. Successful effectively Bn shift by P or B incorporation with 

stacked silicidation process. 

 

Figure 4.3.5 Bn and n-factor of the diodes extracted from J-V characteristics 

depending on annealing temperature. Ohmic characteristic and larger Bn is 

realized by incorporating P and B, respectively. Bn and n-factor were stable up 

to 700 oC. 

 

Figure 4.3.6 J-V characteristics of stacked silicide incorporated P at the interface 

annealed at (a) 400 oC, (b) 500 oC and (c) 600 oC for 1 and 30 min. Ohmic 

characteristics can be achieved by long time or high temperature annealing. 

 

Figure 4.3.7 J-V characteristics of stacked silicide dependent the position of P 

incorporation annealed at 500 oC. When the position of P incorporation gradually 

comes close to the interface, small Bn and ohmic characteristic are obtained. 

 

Figure 4.3.8 J-V characteristics of stacked silicide incorporated P far from the 

interface annealed at (a) 400 oC, (b) 500 oC and (c) 600 oC for 1 min and 30 min. 

(d) the image of P diffusion by annealing. Ohmic characteristics can be achieved 

by long time or high temperature annealing. 

 

Figure 4.3.9 Schematic images of interface dipole model [6.4]. 

 

Figure 4.3.10 J-V characteristics of stacked silicide dependent the amount of B 

incorporation at the interface annealed at 500 oC. Bn can be controlled by the 

amount of B incorporation. 

 

Figure 4.3.11 Bn of the diodes extracted from J-V characteristics depending on 

the amount of B incorporation at the interface. Large Bn modulation can be 

achieved by increasing the amount of B incorporation at the interface. 

 

Figure 4.4.1 Fabrication process of Schottky S/D FET. 

 

 

107 

 

   

 

108 

 

 

 

 

109 

 

 

 

110 

 

 

 

111 

 

 

 

 

113 

 

114 

 

 

 

114 

 

 

 

118 

 

 

 

 

 

 



xviii 

 

 

Figure 4.4.2 Id-VG characteristics of SB-FET with Bn modulated stacked 

silicide. P incorporated device shows larger on-current with suppressed 

ambipolar characteristics. 

 

Figure 4.4.3 Band diagram of the SB-FET at (a) on and (b) off-states with 

different Bn. Ambipolar characteristics are suppressed and larger on-current is 

obtained by modulating Bn to smaller value. 

 

Chapter 5: Band Discontinuities at Source-Channel Contact and their 

influence on Tunnel FET Performance 

 

Figure 5.1 Band diagrams of source-channel junction (a) with band 

discontinuities and (b) without band discontinuity. 

 

Figure 5.2 Device structure in simulation in this chapter 

 

Figure 5.3 Id-VG characteristics of for each band offset in TFET  

 

Figure 5.4 Subthreshold swing characteristics of for each band discontinuity at 

source/channel interface of TFET 

 

Figure 5.5 Transconductance characteristics of for each band each band 

discontinuity at source/channel interface of TFET 

 

Figure 5.6 (a): Threshold voltage dependence on EV, Vth, is defined as VG at 

Id=10-8A/m. 

 

Figure 5.6 (b): Drain Current dependence on EV. Ion at VG=Vth+0.7V is plotted 

in this figure. 

 

Figure 5.6 (c): Leakage current Ioff dependence on EV. 

 

Figure.5.7 Band alignment of various semiconductor materials. Well-known 

semiconducting silicide is also shown in this figure. 

119 

 

 

 

119 

 

 

 

 

 

123 

 

 

123 

 

124 

 

125 

 

 

125 

 

 

126 

 

 

127 

 

 

127 

 

128 

 

 

 

 

 

 

 



xix 

 

Chapter 6: Hetero-junction Tunnel-FET using Semiconducting silicide-

Silicon contact and its scalability 

 

Figure 6.1 (a) Band alignment of Si, Ge and semiconducting silicides. (b) Band 

diagram of P+-Si/n-Si homo-junction and P+-Mg2Si/n-Si hetero-junction 

 

Figure 6.2. Schematic device illustration of a tunnel FET with Mg2Si source 

structure. Structural parameters in the device simulation is also shown. 

 

Figure 6.3(a). Id –VG characteristics of the TFET with p-Mg2Si source hetero-

junction. The gate length Lg and the channel doping concentration Nd are 100nm 

and 1x1017cm-3, respectively. The drain voltage was set to be 1.0V. Also shown 

are the characteristics of Si homo-junction tunneling FET and that of p-Ge/Si 

source hetero-junction tunneling FET. 

 

Figure 6.3(b) The subthreshold swing SS dependence on the gate voltage for the 

three cases. 

 

Figure 6.4(a) Current density at the channel depth of 1nm from the gate dielectric 

and substrate interface. The horizontal axis shows the position along the hetero-

junction with metallurgical junction position as the origin. The current in the left 

shows the hole current in the p-type source, while that in the right shows the 

electron current in the Si channel. Solid lines and dotted lines indicate the result 

for the Mg2Si hetero-junction TFET and the conventional Si TFET, respectively. 

The tunneling width was defined as the length along the channel between points 

where the hole and electron current show maxima. Gate voltage range shown in 

(a) is indicated. 

 

Figure 6.4(b) Tunneling width as a function of gate voltage. 

 

Figure 6.5(a) Id –VG characteristics of the TFET with Mg2Si hetero-junction with 

the gate length Lg of 100nm (black lines) and 20nm (red lines). The drain voltage 

was set to be 1.0V. The channel doping concentration Nd was varied as a 

structural parameter from 1x1015 to 1 x1018cm-3. 
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Figure 6.5(b) Tunneling width as a function of gate voltage for TFET Mg2Si 

hetero-junction TFET with the gate length Lg of 20nm.  

 

Figure 6.6(a) Id –VG characteristics of the TFET with Mg2Si hetero-junction with 

the gate length Lg and Nd of 100nm and 1 x1017cm-3, respectively. The drain 

voltage was set to be 1.0V. 

 

Figure 6.6(b) Definition of the gate overlap: it is positive when gate electrode 

edge is located above Mg2Si, while it is negative when it is located above Si 

substrate.  

 

Figure 6.7(a) Band diagram of Mg2Si hetero-junction just under the gate 

dielectric/substrate interface with positive gate overlap and negative overlap. 

The amount of the overlap is varied from -20 to 20nm. The gate voltage was 1V 

for both cases. 

 

Figure 6.7(b) Minimum subthreshold slope and drain current (VG=Vth+0.5V) as 

a function of the gate overlap. 

 

Figure 6.8 (a), (b) Id –VG characteristics of the TFET with Mg2Si hetero-junction 

with the Nd and 1 x1017cm-3, the gate length Lg of (a) 100nm and (b) is 20nm. 

The drain voltage is varied from 0.1 to 1.0V for both cases. 

 

Figure 6.9 (a) Minimum subthreshold slop SS as a function of drain voltage. 

Gate length is taken as a parameter 

 

Figure 6.9 (b) On-state drain current as a function of drain voltage at 

VG=Vth+0.5V. The results for devices with gate length 20 to 100nm are almost 

the same. 
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Fig.6.10 Comparison of the performance of Mg2Si hetero-junction TFET 

(Lg=20nm) with the conventional SOI-MOSFET as well as those in recent 

literatures on other highly-scaled TFETs [8, 25-27]. The performance of the 

conventional SOI-MOSFET with similar device structure to Fig.2 was 

simulated. In this simulation, source/drain electrodes were n+-Si and the channel 

doping concentration was 1x1017cm-3. Performance of TFETs (Lg=20nm) with 

Si homo-junction and Ge/Si hetero-junction were also simulated with the 

channel doping concentration of 1x1017cm-3 . Performance of all devices at 

VG=Vth+0.3V and Vd=0.3V are plotted for the comparison. 
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Chapter 1 

Introduction 

 
1.1 The scaling of MOSFETs and the reduction of the power consumption 

1.1.1 History of integrated circuits 

 

The first commercial release of a computer based on integrated circuit (IC) 

technology dates back to late-1960s. Due to the low-cost manufacturing potentialities 

offered by emerging ICs, researchers and industrial partners have directly joined their 

effort to convert a promising technology at its birth to the biggest technological 

revolution of the twentieth century. Initially mainly designed for military applications, 

the computers integrate nowadays our every day’s life: from basic communication and 

entertainment to fussy scientific supports for the forthcoming new technologies. In the 

heart of this tremendous adventure, lies the silicon Complementary 

Metal-Oxide-Semiconductor (CMOS) transistor - currently the most widespread 

semiconductor switch. The big success of the CMOS devices is explained by the 

possibility to increase the drive current and the cut-off frequency at the same time only 

by reducing the size of the devices [1.1]. The downscaling of the transistors has allowed 

very large scale integrated chips operating at increasingly high frequency. The 

functionalities of the computers have become more and more various and complex for a 

lower cost per functions of the chips. 

The CMOS scaling has been governed by the so-called Moore’s law since 1965. 

The co-founder of Intel company, G. Moore, predicted that the number of transistors on 
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a chip would double every 24 months. In order to meet the Moore’s law specifications 

and the market requirements, the International Technology Roadmap for 

Semiconductors (ITRS) , has suggested for more than 10 years the strategies to adopt 

for the semiconductor industry, forecasting the market evolution 15 years ahead. 
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Figure 1.1 History of Intel processer. Moore’s law predicted the the number of 

transistors on a chip would double every 24 months. 

 

1.1.2 CMOS scaling Law 

As briefly introduced in the previous section, MOSFETs and the integrated circuits 

using the devices has been developing along the scaling law [1.1] In this rule, the power 

voltage is scaled with the minimization of the device scale in order to keep the electric 

field inside the devices constant. Figure 1.2 shows the scaling of each component of 

MOS transistors and the power voltage with the scaling factor K.   



Chapter 1 

3 
 

Parameter Symbol Scaling

Channel Length L 1/K
Channel Width W 1/K
Gate Oxide Thickness Tox 1/K
S/D Junction Depth Xj 1/K
Channel Doping Conc. Na K
Power Voltage V 1/K

 

 

 

 

 

 

Figure 1.2 Scaling of each component of MOS transistors and the power voltage 

with the scaling factor K. 

 

The drain current Id is simply written as follows: 

	

          (1.1) 

 

, where Cox, VG, Vth are mobility of the carrier, gate capacitance of unit area, gate voltage, 

and the threshold voltage, respectively. When the scaling is applied to the equation, Id 
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can be scaled by 1/K. On the other hand, gate delay can be modeled as follows: 

 

                                 

   

, where CG is the gate capacitance. Therefore, the gate delay is scaled by 1/K. It means 

that the device speed can be increased by a factor of K. The power consumption of the 

each device is modeled as follows: 

 

                          (1.3) 

 

, where f is the device speed. Therefore, one can estimate the scaling reduces the power 

consumption of device drastically by the factor of 1/K2. 

 

1.1.3 Ultimate CMOS downsizing 

 

Nowadays, the best processors available in the market are clocked at a frequency of 

around 3.5 GHz with a gate length of 22nm (Intel Core i7 4770K). Meanwhile, 

microelectronic research is currently working towards the 14 nm technology node and 

even far beyond. According to the ITRS forecasts, research follows two different 

directions: either pushing the conventional Metal-Oxide-Semiconductor Field- Effect 

Transistor (MOSFET) toward its physical limits, with a possible modification of the 

planar architecture, or exploring a new way of making transistors, e.g. devices based on 

Si nanowires, carbon nanotubes, single electrons FETs, and much more advanced 

                  (1.2) 
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devices such as quantum cellular automata and spin-based electronics. For the 10 years 

to come, it is believed that the aggressive downscaling of MOSFETs will be adopted for 

the mass-production devices. The downscaling of CMOS transistors is now facing 

several difficulties stemming from the reduced size of the devices. Technological 

solutions must be brought by the research centers in order to make the small transistors 

meeting the ITRS requirements. Currently, four trends emerge from the publications 

related to this subject: 

 

New transistor architectures 

The downscaling toward short-channel transistors implies a threshold voltage 

(Vth ) reduction and a drain-induced barrier lowering (DIBL), i.e the reduction of Vth 

induced by the drain voltage. Both effects belong to phenomena of so-called Short- 

Channel Effects (SCE). Fully depleted silicon-on-insulator substrates and multiple 

gate devices such as FinFET have been proposed to overcome SCE by the 

suppression of the charge share issue [1.2] and the enhancement of the 

controllability of the gate electrode. 

  

Replacements of the gate stack 

In order to boost the gate controllability, a lot of studies are related to a better 

gate engineering, however, one of the biggest problems is the current leakage 

trough the thin gate stacks. The gate oxide should be scaled in the same way as the 

channel length and have reached down to 1nm region, where SiO2 shows a vast 

amount of leakage current. Therefore, high-k dielectric materials such as Hafnium 

oxide (HfO2) and metal gate have been proposed to replace the usual SiO2 oxide 



Chapter 1 

6 
 

and the poly-silicon gate for sub-45 nm transistors.  

 

Change of the channel material  

Another trend is the increase of the channel mobility. Alternative substrates 

such as Ge, III-V or strained-Si could be used for improving the hole and electron 

channel mobility. Since the introduction of different materials such as III-V, Ge on 

Si is a difficult challenge, it need lots of work to be done. Therefore, it seems that 

the strained-Si is the best alternative channel to be implemented in CMOS 

technology, so far. 

  

Reduction of parasitic resistance  

The miniaturization of the device geometry also brings the shrink of the source 

drain to metal contact windows. This leads to the drastic increase in the contact 

resistance of those regions [1.3]. In order to use the window as much as possible, 

self-aligned silicide technology has been developed. TiSi2 [1.4], CoSi2[1.4], and 

NiSi[1.5] are used as the materials in this process because of their low resistivity as 

well as relatively high thermal stability. Nowadays, however, the contact resistivity 

near to or less than 1x10-8 cm2 is required.  

 

1.1.4 Reduction of the operation voltage 

As mentioned in previous sections, the scaling of the MOS transistors requires the 

shrink of each part of the devices and the power supply voltage at the same time. This is 

because the electric field inside the devise has to be kept constant [1.1].It is necessary to 

reduce the threshold voltage in accordance of the power voltage reduction. In order to 
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keep the drain current high and abide by the scaling law, gate over drive, i.e. the portion 

(VG -Vth) in the eq.(1) should be scaled by 1/K. Therefore, in case that power voltage VG 

is scaled to be 1/K, the threshold voltage should also be scaled down by 1/K. 

 

1.1.4.1 Power voltage reduction trend shown in ITRS 

 

Power voltage reduction trend of MOS transistors until 2020 is shown in 

Figure 1.3. It clearly shows although the scaling law requires the reduction of the power 

voltage by the factor of 1/K in accordance with the technology node, the reduction is not 

expected to be kept. Figure 1.3 shows power voltage as a function of the half pitch of 

MOS transistors predicted in ITRS until 2024. For example, for the reduction of 

technology node from 55nm to 22nm, the power voltage is reduced only by 20% and 

5% for high-performance (HP) and low stand-by power (LSTP) transistors although one 

expects the reduction should be 60% in this case, if he tries to meet the scaling law. 
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Figure 1.3 Power voltage as a function of the half pitch of MOS transistors from 

ITRS. The prediction until year 2024 is shown. 

 

In the following sections, the reason why the power voltage cannot be scaled will 

be explained closely. 

 

1.1.4.2 Reduction of drain current 

 

Drain current Id is represented by the eq.(1). This equation indicates that the supply 

voltage reduction drastically decreases Id by the power of two. This relationship can be 

explained by the fact that the reduction of the gate overdrive leads to the decrease in the 

number of sheet charge in the unit area under the gate, and in addition to that the 

reduction of the electric field along the channel leads to the decrease in the carrier 

velocity in the channel. These two factors influence on the drive current by the 

reduction of supply voltage. Scaling law predicts that the gate capacitance and voltage 

decrease compensate the above-mentioned drain current decrease, resulting in the gate 

delay decrease, however in reality, the threshold voltage cannot be scaled due to the off 

leakage current increase, which will be discussed in the next section. High threshold 

voltage reduces VG -Vth much more than expected and this fact leads to the reduction of 

drain current in a great manner.   

 

1.1.4.3 Power consumption increase by Off leakage current 

 

As the size of the MOSFET becomes small, the leakage current in the subthreshold 

region increases. This is the short channel effect (SCE) mentioned in the previous 
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section. In order to overcome the issues, ultra-thin silicon on insulator (UTSOI) or 

High-k gate oxide have been applied in order to improve the controllability of the 

channel potential against the shot channel effects. Recently, nanowires with gate 

all-around structure have been studied intensively.  But even without the SCE, the Vth 

reduction of the MOSFET leads to the increase in the off-leakage current. This 

phenomenon has its origin in the intrinsic characteristics of MOSFETs: The 

subthreshold swing S, which represents the cut-off property of the device, is expressed 

as in the following equation. 

 

                           (1.4) 

 

, where k, T, q, Cd, Cox are the Boltzmann constant, temperature of the device, 

elementary charge, capacitance of the space charge region under the channel in the 

substrate, and the gate oxide capacitance, respectively. This equation means that the 

diffusion current flowing through the channel at the weak inversion state is governed by 

the numbers of the carriers inside the source electrode which are thermally exited up to 

the channel potential. At the room temperature, the minimum S is 60mV/dec, provided 

that the Cd/Cox<<1, i.e. the gate oxide is very thin compared to the space charge region 

thickness. Because of this fact, MOSFETs need a certain amount of threshold voltage in 

order to reduce the off current to very low levels. The lowering of the threshold voltage 

in accordance with the scaling law brings about the increase in the off current as shown 

in Figure 1.4, This phenomenon throughout the USLI chips results in the drastic 

increase in the power consumption in the static states. Figure 1.5 shows the increase in 

the power consumption predicted for the coming years. (Pleak represents the power 
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consumption by the leakage current.) 
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Figure 1.4 Reduction of the threshold voltage leads to the increase in the off 

leakage current. A device with much steeper subthreshold characteristic is 

required for the reduction of the supply voltage.  

 

 

 

Figure 1.5 ITRS predicts the reduction of the supply voltage and the threshold 

voltage in accordance with the Vdd. Consequently, static power consumption 

due to the off leakage current becomes much larger than the dynamic power 
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consumption. 

 

 

1.2 Steep subthreshold swing devices 

Many MOSFETs whose function is not governed by the drift-diffusion mechanism 

in the channel region as in the conventional MOSFETS are proposed in order to realize 

steeper subthreshold characteristics. In the following sections some examples which has 

been intensively studied are introduced. 

 

1.2.1. I-MOS 

 

It is well known that when electrons obtain large kinetic energy around the MOS 

channel/drain interface enough to transfer the energy to the electron inside the valence 

band and enhance them to the conduction band, proliferation of electron-hole pairs 

happens in that region. In most cases, it brings about adverse effect such as degradation 

of MOSFET and floating body effect of SOI MOSFETs. Recently, however Stanford 

university proposed a novel concept of MOSFET in which this phenomenon is used for 

obtaining the steep subthreshold characteristics. This is called ‘Impact Ionization MOS 

transistor (I-MOS). [1.6,1.7] In this device, gate voltage is used to form channel in the 

i-region under the gate in order to modulate the width of the intrinsic semiconductor 

region between p-type and n-type source and drain as shown in Figure 1.6. By this 

modulation, amount of the impact ionization and eventually the drain current is 

changed.[1.6]  
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Figure 1.6 Device structure of Impact Ionization MOSFET (IMOS), (b) current 

through the IMOS under the ON state. [1.6] 

 

S slope below 10mV/dec has been obtained [1.6]. Issue for this device is that high 

drain voltage Vd >>1 is required to obtain a reasonable level of drain current. Therefore, 

many measures for the enhancement of the drain current such as vertical multi 

nano-wire structure [1.8] strain introduction [1.9], as well as introduction of smaller 

bandgap material [1.10] have been proposed. Another issue is the controllability of the 

length of intrinsic semiconductor region between the gate and P-type region (LI in 

Figure 1.6(a)). 

 

1.2.2 Feedback FET 

 

Feedback FET is depicted in Figure 1.7. This devise uses the trapping of electrons 

and holes at channel/drain and channel/source interface region, where spacers separate 

the i-region under the gate from source/drain. 
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Figure 1.7 Structure of Feedback MOSFET. Holes and electrons gradually 

accumulate at the boundary portion (Li) between N+-source and i-channel, i-channel 

and P+-drain under the on state, which reduces the potential barrier for the current 

flow between source and drain. [1.11] 

 

This device operates as follows: Positive voltage is applied to P+-type drain so that 

the P-i-N diode is under forward condition. Once channel is formed by the gate voltage 

increase, electrons and holes flow under the gate. Due to the energy barrier existence at 

the boundary portion (Li) beside the gate region, holes and electrons gradually  

accumulate at the portion (Li) between N+-source and i-channel, i-channel and P+-drain 

under the on-state. Those holes and electrons reduce the potential barrier for the current 

flow between source and drain, resulting in the enhancement of the forward P-i-N diode 

current. [1.11] Such a ‘positive beedback’ makes the subthreshold characteristics very 

steep and S factor less than 10mV/dec was obtained. 

According to the functional principle of this device, LI portion is indispensable to 

this device, however, the existence of this portion increases the channel resistance, 
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resulting in the small drivability of this device. Similar to I-MOS, the controllability of 

the length of LI between the gate and source, gate and drain may become the issue for 

the mass production of these devices in ULSIs.  

 

1.2.3 Tunneling MOSFET 

 

Similar to IMOS and feedback FET, Tunneling MOSFET uses p-i-n structure, the 

device concept which makes this device different from others is that this device uses 

quantum-mechanical tunneling phenomenon through the bandgap of semiconductors. In 

this device the function of the gate electrode is to modulate the potential of i-region so 

that it can control the tunneling phenomenon from the source to the channel region. 

[1.12] Figure 1.8 shows the principle for the case of N-type tunneling MOSET.  

 

 

Figure 1.8 Band diagram of a tunneling MOSFET. P-i-N structure is formed with 

gate electrode above i-region. The gate voltage modulates the potential of i-region 

so that it can control the tunneling phenomenon from the source to the channel 
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region [1.12]. 

By using the novel function, this device also shows the subthreshold swing less 

than 60mV/dec.[1.12] Advantage of this device to IMOS and Feedback MOSFETs is 

that this device does not require the existence of Li region, however, using the 

quantum-mechanical tunneling through a certain bandgap of semiconductor materials, 

this device also suffers from the low drivability compared to the conventional 

MOSFETs. In order to boost the drain current many measures such as high-mobility (i.e. 

small effective mass) channel[1.13], hetero-junction source/channel structure [1.14], 

nano-wire, nano-tube structure [1.15] have been proposed.  

 

Table1.1 shows the FETs with new carrier injection mechanisms. Tunneling FET 

uses the electron/hole tunneling probability so that a subthreshold slope less than 60 can 

be achieved. On the other hand, impact ionization FETs use the phenomenon around the 

channel/drain interface to dramatically increase the number of carriers so that the 

subthreshold slope can be kept small. Feedback FET uses dramatic charge injection 

modification at the sidewall of the gate by the potential profile change under the 

sidewall between on and off states. These new FETs have features that the off-current 

can be suppressed even at a temperature of operation. One of the issues of I-MOS as 

well as the feedback FETs is the degradation of the on-current, and therefore, the 

operation voltage cannot be scaled. And also there exists a reliability problem with 

charge trappings during the operation. Therefore, among these devices, tunneling FET 

can be one of the candidates for future FETs with low power consumption. 
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Table 1-1 Comparison of Various NEW type MOS devices  

Device type 
n+-p-n+ 

(Conv) 

Tunnel 

 (P-i-N) 

FET 

Impact 

ionization 

FET 

Feedback FET 

Subthreshold Slope 

(mV/dec.) 
60> 60< 60<< 60<< 

Temperature 

Dependence of Ioff
Large Small Small Small 

ON current ○ △ Small Small 

Scaling of VApply ○ ○ △ △ 

Reliability Issues － － Hot carriers 
Charge injection

into sidewall 

 

 
 
 
1.3 MOSFETs with Silicided Junction 

 

1.3.1 Silicides as LSI material and their properties 

 

Silicides are chemical compounds between metal and silicon. Variety of metals 

ranging from Magnesium (atomic No.12) to Tungsten (74), and even Uranium (92) 

reacts with silicon to form silicides. Some silicides such as Ti silicide [1.4] , Co silicide 

[1.4] and Er silicide [1.16] are conductors, while others such as Mg silicide [1.17] as 

well as Fe silicide [1.18] have semiconducting properties. Until recently, a few 

conducting metal silicides have been applied to ULSIs in order to reduce the parasitic 

resistances. Figure 1.9 shows the parasitic resistance of a MOSFET. 
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Figure 1.9 parasitic resistance of a MOSFET 

 

The parasitic resistance can be categorized as follows: 

1) source/drain sheet resistance  

2) contact resistance between the source/drain and conducting metal 

3) sheet resistance of extension 

4) spreading resistance  

5) gate electrode resistance 

Highly-doped diffusion layer have been used as source drain electrodes, however 

its resistivity is as high as 1m Ωcm. In order to reduce the parasitic resistance, metal 

silicide is formed on the source drain diffusion layer. The formation of the low 

resistivity silicide can reduce the source/drain sheet resistances, spreading resistance 

and moreover contact resistance between the source/drain and conducting metal due to 

the widening the contact area between the source/drain diffusion layer and metal part 
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(metal silicide in this case). Selective formation of metal silicide only on the 

source/drain is indispensable, because otherwise, the source-gate-drain electrode would 

be short-circuited. Self-aligned silicide (SALICIDE) process [1.4,1.5] is used for the 

selective formation, in which metal thin film is deposited all over the surface followed 

by the silicide annealing. In this annealing, silicide is formed only on source/drain 

surface region where metal thin film and Si surface contact directly. Unreacted metal 

removal by chemical solution leaves the silicide layer, keeping the electrical isolation 

between source, drain and gate electrodes. Among various silicide, those with low 

resistivity such as TiSi2[1.4], CoSi2[1.4] and NiSi[1.5] are used for this process. Figure 

1.10 shows the cross-sectional image of a MOSFET with the self-aligned silicide.  

                                         Dielectric layer 

 

Figure 1.10 cross-sectional image of a MOSFET with the self-aligned silicide 

(SALICICE). 

 

As far as the parasitic resistance of MOSFETs along the gate electrode is concerned, 

reduction of the gate electrode resistance is important, because it influences the speed of 

charge/discharge of the gate electrode. In order to reduce the resistance, self-aligned 

silicide is also very effective.  
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1.3.2 Schottky MOS transistor  

 

Other than the application of the metal silicide to MOSFETs mentioned above, 

Schottky transistors [1.19, 1.20] have been proposed. In these devices, metal silicides 

are formed not on heavily-doped source/drain diffusion layers but directly on Si 

substrate. Therefore, in these devices, metal silicides form a Schottky junction in 

source/drain with rectifying electrical characteristic, which is explained in the next 

section. For example, N-type MOSFETs use silicide/p-type Si source/drain. Metal 

silicide with large Schottky barrier height to p-type is used in order to cut off the 

leakage current under null or negative gate voltages. Once positive gate voltage is 

applied and the n-channel under the gate is formed, large drain current starts to flow 

because the metal silicide has small barrier height to n-type silicon. The operation 

mechanism for P-type device is totally opposite. N-type channel and metal silicide with 

large Schottky barrier height to n-type are used in this device. Schottky MOSFETs have 

several advantages to the conventional MOSFETs, such as smaller parasitic resistance, 

low-temperature process capability, and elimination of parasitic bipolar action. [1.21]  

 

1.3.3 Principle of the Schottky junction 

 

The junctions between a metal and a semiconductor find numerous applications in 

microelectronic devices. The semiconductor industry has been using for several decades 

metallic junctions with heavily doped semiconductor, for the electric contacts between 

the semiconductor regions and the copper wires in integrated circuits as mentioned in a 

previous section. 

In the case of metal and silicon contact, the potential that is called Schottky barrier 
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height is formed at metal/silicon interface and this shows rectifying characteristics 

similar to the pn junction. Supposing the work function of metal is m and the electron 

affinity is  the schottky barrier height is calculated as in the following equation: 

  mB                               (1.5) 

Theoretically, electrons should flow through or over this potential barrier. But, in 

fact the schottky barrier heights are measured and it is revealed that they do not follow 

the metal work function dependence shown in the equation (1.5). In general, the 

dependence on work function is much smaller than that in equation (1.5). That reason 

for this is believed to be the existence of interfacial trap and interfacial layer.  
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Figure 1.11 schematic illustration of Schottky diode band diagram 
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A lot of models are suggested in relationship among Fermi level pinning. In any 

cases, when reverse bias is applied to the Schottky junction, the electron transportation 

includes that of thermal electron emission over the potential barrier JTH, and tunneling 

component through Schottky potential barrier JTN as shown in Figure 1.11.  

 

1.3.4 S parameters of Schottky junction and the effect of the surface states 

 

 

Figure 1.12 Dependence of Schottky barrier height to n-Si on the metal work 

function. [1.22] 

 

Figure 1.12 shows the dependence of Schottky barrier height to n-Si on the metal 

work function. [1.22] This figure indicates that Schottky barrier heights do not follow 

the values predicted by eq.(1.5). Kurtin et al. analyzed a large set of relationship 
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between Schottky barrier height and metal work function and extracted the following 

linear equation [1.23] : 

                          (1.6) 

, where S is slope factor and C is a constant. S is sometimes called S parameter.  

According to Figure 1.12, S parameter wou1.5ld be around 0.2-0.3 in case of 

chemically etched Si surface. The crystal configuration in surface semiconductors 

differs from its bulk structure due to the presence of dangling bonds at the boundaries of 

the lattice. Within the solid, the electrons are influenced by the periodic electrostatic 

potential resulting in the energy band configuration with the forbidden energy gap. At 

the surface, the potential is abruptly terminated and is no longer periodic. The band 

configuration no longer prevails, which means that electrons can occupy surface states 

whose wave function decays exponentially from the surface to the bulk (imaginary 

wave vector k). Some of these states have an energy located within the energy gap. 

A simple model associates the surface states to the dangling bonds of the atoms at 

the surface. The unpaired atomic orbitals can either accept (acceptor states) or give up 

(donor states) an electron. The occupancy of donor and acceptor states is fully 

determined by the charge neutrality condition. A neutral level 0 is usually defined as 

the position of the Fermi level corresponding to electrical neutrality at the surface 

(Figure 1.13). The main effect of these surface states to the SBH is to reduce its 

dependency on the metal workfunction as in eq. (1.6). Bardeen claimed that these 

surface states located at the Metal/semiconductor junction screen the effect of the metal 

to the semiconductor.  

In the absence of surface states, the negative charge Qm on the surface of the metal 
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must be equal and opposite to the positive charge Qd due to the uncompensated donors 

in the depletion region. Due to their nature, surface states can also store charges, 

modifying the equilibrium situation Qm = Qd. In the Schottky model assuming no effect 

of the surface states, the Fermi level is located below the neutral level of the surface. On 

the other hand, in Bardeen model, a positive charge is stored in the surface states and 

the charge in the depletion region will be reduced accordingly to the neutrality condition. 

The reduction of the charge in the depletion region pushes the Fermi level towards 0 

and the barrier height is lowered [see Figure. 1.13-(b)]. Similarly, if the Fermi level is 

located above the neutral level, a negative charge is stored and the increase of the 

positive charge in the depletion region pushes again the Fermi level towards 0. 

Therefore, 0 acts as an attractor for the Fermi level. In the limit of high surface states 

density, the SBH remains constant at 0-no matter how large is the metal work 

function. In most semiconductors, we see experimental data set show intermediate 

situation between the two cases. 

 

 

 

Figure 1.13 Energy band diagram of a Schottky contact without (a) and with (b) the 

effect of the surface states. The Fermi-level Ef is pushed towards the neutral level 

0. 



Chapter 1 

24 
 

 

1.3.5. Schottky barrier modification 

 

As mentioned in the previous section, in order to modify the Schottky barrier 

height B from one end to the other of Si bandgap, we should change the metal work 

function by the factor of 2 to 3. ErSix [1.16] is used for the realization of B of 0.28eV, 

while PtSi is used for B of 0.82eV. [1.24] But for the continuous modification of the 

Schottky barrier height, changing the silicide material is not very appropriate. Moreover, 

changing the silicide material by devices in ULSI (for example, N-MOS and P-MOS) is 

not a convenient way as far as the ULSI manufacturing process is concerned. Therefore, 

impurity segregation method, in which specific impurities such as As, P and B are 

segregated, is proposed. [1.25] Impurities in Si are segregated at the silicide-Si interface 

during the silicidation reaction and these unique peak regions could modify the 

Schottky barriers. This technique provides continuous modification of Schottky barriers 

using one kind of silicide in ULSIs.  

 

1.3.6. Semiconducting Silicides 

 

Metal silicides and their application to ULSIs have been introduced, so far. However 

it is well-known that there are several semiconducting silicides. These silicides are 

listed in Figure 1.14.[1.26] 

 Inside the list, numbers in each section represent bandgap of materials. These range 

from 0.1-1.8eV, indicating these materials have semiconducting properties. These 

silicides have been intensively investigated as materials applied to photovoltaic devices 

and thermoelectric devices. [1.26]  
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Figure 1.14 Semiconducting silicide are listed as in the periodic table. 

Numbers inside each section represent bandgap of silicide.[1.26] 

 

1.3.7 Tunnel FET with semiconducting silicides 

 

As mentioned in section 1.2.3 (Tunneling FET), hetero-junction source/channel 

structure [1.14] is investigated in order to boost the drain current of the device, which 

suffers from the lack of the drivability. In most of the case, the hetero-junction consists 

of the III-V semiconductors with only exception of GeSi(Ge)/Si [1.13]. Recently, III-V 

semiconductor MOSFET technology has been developed intensively with a hope of the 

future application to high-speed, low power consumption MOSLSIs, however there are 

still several issues to be solved in fields such as metal gate/high-k/III-V semiconductor 

gate stack formation with small EOT (ex. Less than 1nm), low gate leakage and good 

interface integrity. In addition to that, metal contact formation with low parasitic 

resistance should be accomplished. On the other hand, GeSi(Ge)/Si hetero-junciton does 
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not provide large drain current enough to compete with the conventional MOSFETs. 

Therefore, Si based tunneling FETs with appropriate hetero-junction structure which 

could provide a large drain current is desired. Since some semiconducting silicides have 

smaller bandgap than that of Si and moreover they can form hetero structure desirable 

for the large tunneling probability [1.27], a study on the semiconducting silicide 

application to Si-based tunneling FETs is important. 

 

1.4 Objective and outline of this thesis 

 

As mentioned in this chapter, MOSFETs have been developed in accordance with 

the scaling law in order to enhance the device speed and reduce their power 

consumption during the operation. Scaling law requires the reduction of the supply 

voltage of MOSFETs, however recently the subthreshold leakage started hindering this 

trend. Therefore steep subthreshold FETs have been intensively investigated. Among a 

few candidates for the steep subthreshold FETs, tunneling FET is a most promising one 

due to its simple structure and its capability of the drain voltage reduction. Therefore, it 

is very important to conduct a research on tunneling FETs especially in terms of their 

on-state and subthreshold characteristics. On the other hand, Si base technology is still 

prevailing in ULSI field even with an intensive work all over the world for the 

development of III-V semiconductors. Therefore, Si-based tunneling FET could be one 

promising solution for the drastic power consumption reduction of the ULSI chips. 

Concerning all of these backgrounds, I conducted the research on a study on process 

and device structure impact on Silicide-Silicon Schottky or Heterojunction Tunnel FET 

characteristics. This thesis consists of 7 chapters as listed in Figure 1.15.  
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1. Introduction 

2. Detail of Simulation and device process

4. Schottky contact and barrier 
height alignment 

5. Band Discontinuities at Source‐Channel 
Contact in Tunnel FET Performance

6. Hetero‐junction Tunnel‐FET using 
Semiconducting silicide‐Silicon contact and 

its scalability 

3. Evaluation of Schottky contact 
MOSFET with considering  

7.conclusion

. Semiconducting silicide/ Si hetero junction 

 

Figure 1.15 Chapter structure of this thesis. 

 

In chapter 2, basic carrier transportation models inside the simulation tool SILVACO, 

which is used in this study for the extraction of the electrical characteristics and its 

dependence on the device fine structures, are explained. Moreover experimental setups 

and analyzing tools used for the study on a novel silicide formation process using 

annealing of metal/silicon thin film stack structure are introduced.  

In chapter 3, the influence of structural parameters, including the Schottky barrier 

height, channel doping, on the electrical characteristics of a scaled Schottky barrier 

tunneling FET have been clarified by the device simulation.  

In chapter 4, a novel silicide formation process using annealing of metal/silicon thin 

film stack structure is proposed as the suitable process for these devices. It is realized 

that an atomically flat interface and surface are formed. This stacked silicide formation 
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process could achieved ideal diode characteristics and robust Schottky barrier and 

n-factor against the subsequent annealing because of formation of an atomically flat 

interface. It is also obtained that the significant amount of the impurity incorporation at 

the silicide-Si interface could modify and control the Schottky barrier height.  

In chapter 5, the influence of valence band discontinuity at source and channel 

interface on device performance of tunneling FET are revealed by the device 

simulations. A steep slope with high ION can be both achieved with larger discontinuity, 

owing to reduced tunneling distance and lower energy barrier for tunneling. 

In chapter 6, silicon-based tunneling FET using semiconducting silicide Mg2Si/Si 

source-channel hetero-junction is proposed and the device simulation has been 

presented. With narrow bandgap of silicides and the conduction and valence band 

discontinuous at the hetero-junction, larger drain current and smaller subthreshold 

swing than those of Si homo-junction TFET can be obtained. Finally in chapter 7, this 

thesis is summarized. 
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Chapter 2  

Detail of Simulation and Device Process 

 

2.1 Fabrication procedure 

Figure 2.1 shows fabrication procedure of Schottky diodes. The diodes were 

fabricated on n-type (100)-oriented Si substrate. The substrate impurity concentration is 

3 x 1015 cm-3. To determine the diode area, 400nm thermal oxide was formed, patterned 

by photolithography and etched SiO2 by buffered HF (BHF). After SPM cleaning and 

HF treatment, thermal oxidation was performed because of protecting Si surface from 

resists and developers. Lift-off patterning and HF treatment due to removing SiO2 

formed by thermal oxidation were performed. Metal layer was deposited by RF 

sputtering. Metal which exists at excess area was removed by lift off process. An Al 

film was formed as a back contact by thermal evaporation. Rapid thermal annealing 

(RTA) in N2 ambient was performed due to silicidation. 

 

SPM and HF cleaning

Deposition by RF sputtering in Ar

Silicidation by RTA in N2

Diode patterning

Backside Al contact

BHF etching of SiO2

Lift-off

n-Si(100) Sub with 400 nm SiO2 (3x1015 cm-3)

 

Figure 2.1 Fabrication flow of Schottky diode. 
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2.2 Experimental details 

 

2.2.1 SPM cleaning and HF treatment 

 

Particles and organic substance at the surface of Si substrate become a cause of false 

operation. Therefore, it is important to clean the surface of Si substrate. SPM cleaning is 

one of the effective cleaning methods. The cleaning liquid is made from H2O2 and 

H2SO4 (H2O2:H2SO4 = 1:4). Because of its oxidizability, particles and organic substance 

are oxidized and separated from the surface of Si substrate. However, the surface of Si 

substrate is oxidized and SiO2 is formed during SPM cleaning. 1% HF is used to 

eliminate the SiO2. 

 

2.2.2 RF magnetron sputtering 

 

Metal is deposited by radio frequency (RF) magnetron sputtering with Ar gas. An 

RF with 13.56 MHz is applied between substrate side and target side. Because of the 

difference of mass, Ar ions and electrons are separated. A magnet is set underneath the 

target, so that the plasma damage is minimized. Electrons run through the circuit from 

substrate side to target side, because substrate side is subjected to be conductive and 

target side is subjected to be insulated. Then, target side is negatively biased and Ar ions 

hit the target. 

 



Chapter 3  

34 
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Substrate
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(Ni, Si, Ni3P, B, Ti)

~

 

Figure 2.2 Schematic illustration of RF magnetron sputtering. 

 

 

2.2.3 Lift-off process 

 

Lift-off is the process which selectively removes deposited films. Following 

photolithography and deposition, resists and deposited films which exist on excess area 

are left by ultrasonic cleaning with acetone. 

 

2.2.4 Vacuum evaporation for Al deposition 

  

Al for wiring and backside contact is deposited by vacuum evaporation. Al source is 

set on W boat and heated up to boiling point of Al by joule heating. However, melting 

point of W is higher than boiling point of Al, W boat doesn’t melt. The base pressure in 

the chamber is maintained to be 10-3 Pa (Figure 2.3). 
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AlAl
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Substrate

Al source

W boat

←

~ 10-3 Pa

 

Figure 2.3 Schematic illustration of vacuum evaporation. 

 

 

2.2.5 Rapid thermal annealing (RTA) 

Rapid thermal annealing (RTA) is performed for silicidation. Heating chamber is 

filled with N2 to interfere with oxidation. In this study, the time of elevated temperature 

is 30 seconds and the time of annealing is 1 minute. 

 

 A schematic illustration of Schottky diode fabrication process is shown in Figure 2.4. 
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n-Si(100)

SiO2 SiO2 400 nm

n-Si(100)

SiO2 SiO2

SiO2

n-Si(100)

SiO2 SiO2

Resist

n-Si(100)

SiO2 SiO2

n-Si(100)

SiO2 SiO2

Metal

n-Si(100)

SiO2 SiO2

n-Si(100)

SiO2 SiO2

Al

SPM and HF cleaning

Diode patterning

BHF etching of SiO2

Thermal oxidation to protect Si surface

Lift-off patterning

HF treatment

Deposition by RF sputtering in Ar

Lift-off by ultrasonic cleaning with acetone

Backside Al contact by vacuum evaporation

 

Figure 2.4 Schematic illustration of Schottky diode process. 
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2.3 Electrical characterization of Schottky diode 

 

Schottky diode characteristics are evaluated by J-V characteristics, B and n-factor. 

B and n-factor can be extracted by fitting with ideal J-V curve. In this study, for 

analyzing Schottky diode characteristics, image force lowering and thermionic emission 

are considered [2.1]. In this chapter, Schottky diodes of metal (silicide) and n-Si 

contacts are discussed. 

 

2.3.1 Metal-silicon contact 

 

When metal and silicon contact, these must share the same free electron level at the 

interface [2.2]. Also, at thermal equilibrium or when there is no net electron or hole 

current through a system, the Fermi level of the system is spatially constant. These two 

factors lead to the band diagram as shown in Figure 2.5 for a metal-n-Si contact at 

thermal equilibrium. Considering free electron energy level, Schottky barrier height for 

electron (Bn0) is given by 

                             (2.1) 

 

where m is the metal work function and  is the electron affinity of silicon. 
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Figure 2.5 Band diagram of metal-n-Si contact. (a) When the metal and the Si are far 

apart. (b) When the metal is in contact with the Si. bi is built-in potential. 

 

2.3.2 Image-force lowering 

 

Image-force lowering is the image-force-induced lowering of the barrier energy for 

charge carrier emission [2.2]. Image-force lowering () for the metal-Si contact is 

 

     (2.2) 

 

where Em is maximum value of electric field and Si is the Si permittivity. Therefore, 

Schottky barrier height (Bn), considering image-force lowering, is given by 

 

      (2.3) 
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as shown in Figure 2.6. 

 

Ec
EfEf

qBn0
qBn

q

 

Figure 2.6 Band diagram of metal-n-Si contact incorporating image-force 

lowering. 

 

2.3.3 Thermionic emission 

 

In thermionic emission, the simplest theory is to deal with the electron as an ideal 

gas that follows Boltzman statistics in energy distribution [2.1]. The electron emission 

current from Si into metal (Js→m) is given by 

 

   (2.4) 

 

where A* is effective Richardson’s constant, n is ideality factor (n-factor) and V is 

applied voltage. On the other hand, the electron emission current from metal into Si (Jm

→s) is 
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     (2.5) 

 

Therefore, the total current Jn0 is given by 

 

   (2.6) 

 

With an addition of image-force lowering, total current Jn is 

 

   (2.7) 

 

as shown in Figure 2.7. Bn and n-factor are extracted by fitting measurement data and 

(2.7). 
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Figure 2.7 Band diagram of metal-n-Si contact incorporating image-force 

lowering to show the thermionic emission current. 

 

 

 

2.4  Detail of models in 2-D device simulation used in this thesis 

 

MOSFET with Schottky and band to band tunneling mechanism is modeled in the 

2-dementional device simulator ATLAS by SILVACO Inc. It is considered by 

Matsuzawa and Ieong’s Schottky tunneling model [2.4, 2.5] and Kane’s band to band 

tunneling model [2.3]. Tunneling rates using this model is calculated for silicon , 

silicide and germanium then put into ATLAS for each material contact tunneling 

simulations. 

 

2.4.1 Mobility model 

To obtain accurate results for MOSFET simulations, need to account for the mobility 

degradation that occurs inside inversion layers. The degradation normally occurs as a 

result of the substantially higher surface scattering near the semiconductor to insulator 

interface. 
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The inversion layer model from Lombardi (CVT) is selected in this simulation. In the 

CVT model, the transverse field, doping dependent and temperature dependent parts of 

the mobility are given by three components that are combined using Matthiessen’s rule.  

These components consists of the impurity scattering , the phonon scattering b , 

and the surface roughness scattering sr as in the following equation: 

 

          (2.8) 

 

2.4.2 Current model through Schottky barrier 

 

Current through the Schottky barrier consist of two injection current models: 

Thermionic (ITH), tunneling (ITN) injection. Figure 2.8 [2.6] shows the electron 

tunneling current is represented by localized tunneling rates at grid locations near the 

Schottky contact. The key feature of the model is that tunneling current through the 

barrier is converted into a local generation or recombination process where the local rate, 

GT (T), depends on the local Fermi-level, n and the potential profile along the tunneling 

path.  This is possible because the tunneling integral over distance and energy can be 

transformed into a double integral over distance alone.  

 



Chapter 3  

43 
 

 

Figure 2.8 Local tunneling generation rate representation of the universal 

Schottky tunneling model 

 

The local generation rate associated with the tunneling can be related to the local 

tunneling current (JT)  

          (2.8) 

Here, JT is the tunneling current density, A* is the effective Richardson's coefficient, 

TL is the temperature, (E) is the tunneling probability, fs(E) and fm(E) are the 

Maxwell-Boltzmann distribution functions in the semiconductor and metal and E is the 

carrier energy.  

The GT is the localized tunneling rate which applying by the transformation 

    (2.9) 

Appling the transformation given in equation 2.8 and 2.9, these can obtain the 

expression given in next 
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    (2.10) 

Here,  is the local electric field, n is the local electron concentration, Nc is the local 

conduction band density of states, n  is the local Fermi-Dirac factor, Ec is the local 

conduction band edge energy and EFM is the Fermi level in the metal. 

The tunneling probability  can be described by next 

    (2.11) 

In equation 2.11, m is the electron effective mass for tunneling, and Ec(x) is the 

conduction band edge energy as a function of position. Assuming linear variation of 

each grid location of Ec around.  

    (2.12) 

b is the Schottky barrier height. Similar expression to (2.8) through (2.12) exist for 

hole. 

 

2.4.3 Band to band tunneling model 

Tunneling injection in heavily doped p-n semiconductor junction at high back bias 

was shown by Zener break down [2.3]. In 1960s, the tunnel diode with the reverse 

resistivity was published by Dr. Esaki and receive the honor price novel in 1973.  

The band-to-band tunneling models described so far in this section calculate a 

tunneling generation rate at each point based solely on the field value local to that point. 

For this reason, we refer to them as local models. To model the tunneling process more 

accurately, you need to take into account the spatial variation of the energy bands. You 

also need to take into account that the generation/recombination of opposite carrier 

types is not spatially coincident. Figure 2.9 illustrates this for a reverse biased p-n 
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junction where it is assumed that the tunneling process is elastic. For degenerately 

doped p-n junctions, you can obtain tunneling current at forward bias and consequently 

can obtain negative differential resistance in the forward I-V curve. 

In this Tunneling current calculate model considered energy band profile along each 

tunneling slice with reverse bias applied across the junction. [2.4]The range of valence 

band electron energies for which tunneling is permitted is shown in the schematic of the 

energy band profile in Figure 2.9. The highest energy at which an electron can tunnel is 

E upper and the lowest is E lower. The tunneling can be thought of being either the 

transfer of electrons or the transfer of holes across the junction. The rates for electrons 

and holes are equal and opposite because the tunneling results in the generation or 

recombination of electron-hole pairs. 

Eupper

Elower

E
E+E

E‐E
J(E)E

 

Figure 2.9 Schematic of band to band tunneling in p-n junction reverse bias 

 

The resolution of the tunneling slices in the tunneling direction should also be fine 

enough to capture these rapid changes. Each tunneling slice must include exactly one 
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p-n junction for the model to work. The start and end points of the tunnel slices should 

ideally be in the flat band regions on either side of the junction. 

Considering the tunneling process as a transfer of an electron across the junction the net 

current per unit area for an electron with longitudinal energy E and transverse energy ET 

is 

     (2. 13) 

where T(E) is the tunneling probability for an electron with longitudinal energy E.(ET) 

is the 2-dimensional density of states corresponding to the 2 transverse wavevector 

components and 

     (2. 14) 

is the Fermi-Dirac function using the quasi Fermi-level on the left hand side of the 

junction. Similarly 

      (2. 15) 

uses  the  quasi-Fermi  level  on  the  right  hand  side  of  the  junction.  

This assumes that the transverse energy is conserved in the tunneling transition. 

Because we are using a 2-band model to give the evanescent wavevector, the transverse 

electron effective mass and the transverse hole effective mass are combined in the 2D 

density of states 

        (2. 16) 

By integrating over transverse carrier energies, we obtain the contribution to the current 

from the longitudinal energy range E - E/2 to E + E/2 as follows: 
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(2. 17) 

where the upper limit of integration, Emax is smaller of E - Elower and Eupper - E. This is 

consistent with the 2-band model of the tunneling and the restriction on total carrier 

energy for tunneling Elower ≦ E + ET ≦ Eupper. Putting the above integration limits 

into Equation (2.17) we obtain 

     (2. 18) 

The Fermi levels used in Equation (2.18) are the quasi-Fermi levels belonging to the 

majority carrier at the relevant side of the junction. In Figure 2.9, the start and end 

points of the tunneling paths, xstart and xend, depend on Energy. This model calculates 

these start and end points for each value of E and calculates the evanescent wavevector 

at points in between as 

  (2. 19) 

where 

  (2. 20) 

and 

  (2. 21) 

This ensures that the energy dispersion relationship is electron-like near the conduction 

band and hole-like near the valence band, and approximately mixed in between. The 

tunneling probability, T(E), is then calculated using the WKB approximation 

  (2. 22) 
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Chapter 3  

Influence of Structural Parameters on Electrical 

Characteristics of Schottky Tunneling FET and its 

Scalability 

 

3.1 Introduction  

 

As the metal-oxide-semiconductor field-effect transistor (MOSFET) scaling goes 

down to 10-nm gate length (Lg) region, MOSFETs suffer from severe SCE, losing their 

gate controllability, which results in threshold voltage (Vth) shifts, and an increase in 

subthreshold swing (SS) to degrade the off-state leakage current (Ioff), and so on.[3.1] 

Although the supply voltage (Vdd) is expected to be lowered, Vth should be redesigned 

accordingly so as to meet the requirements for on-state drive current (Ion). [3.2] [3.3] 

Therefore, an important task to suppress the Ioff is to achieve an SS as low as possible by 

using an extremely scaled gate oxide thickness and/or channel doping optimizations. 

[3.4] Recently, non-planar MOSFETs, using three dimensional channels, including fins 

or nanowires, have been focused on as they allow higher gate controllability by 

wrapping the channel with gate electrodes. [3.5-8] However, even with three 

dimensional channels, the issue of the lateral spread of on doping profile in the channels 

near source and drain (S/D) regions is still presented to increase the Ioff current due to 

dopant diffusions due to heat treatments. [3.9] Historically, the use of a metal S/D, 
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especially silicide Schottky barrier S/D MOSFETs (SBFET), has been proposed to solve 

this issue. [3.10-12] In addition to its atomically abrupt junction formations at silicide 

and channel interfaces, low parasitic S/D resistance, low-temperature process capability, 

and elimination of parasitic bipolar action are some of the advantages of SBTFETs. 

[3.13] Despite these numerous advantages, silicides with proper Schottky barrier height 

(B) for both NMOS and PMOS should be selected since the potential barrier limits the 

on-state drive current. Commonly, rare-earth silicides, such as YbSi or ErSi with a 

barrier height of 0.3 eV for electrons (Bn), have been used for NMOS [3.14] and PtSi 

with a barrier height of 0.2 eV for holes (Bp) has been used for PMOS. [3.15, 16] 

However, compared to MOSFET with a conventionally doped S/D, SBTFETs with 

smaller B or even with a negative barrier height should be achieved to surpass the FET 

performances. [3.17] In addition, owing to the strong Fermi level pinning of metals on 

Si substrates, the achievement of a very small or negative B has been one of the most 

difficult challenges for SBFETs. [3.18] On the other hand, beside thermionic emission 

current (ITH), another important carrier conduction in SBFETs is the tunneling current 

(ITN) through the silicide and channel barrier. [3.19] Recently, the reduction of SS of 

MOSFETs by using the band-to-band tunneling current has been investigated[3.20-24] 

and by enhancing the tunneling current (ITN) in SBFETs, a similar functional advantage 

is expected. [3.25] [3.26] As the tunneling probability is dependent on the 

triangular-shape potential determined by a B and the channel doping concentration, one 

may expect better FET performances if proper tunneling parameters are well designed. 

Therefore, we try to redesign the SBFETs in terms of this aspect and we call the device 

a SBTFET. 

 In this chapter, the device simulations have been performed to investigate the influence 
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of the structural parameters on the electrical characteristics of SBTFETs. The 

dependence of the characteristics on gate-length scaling have also been investigated, 

using Bn, channel doping concentration (Na), and effective masses (m*) as 

parameters. For simplicity, an SBTFET on an SOI wafer is used as a model 

with a constant gate oxide thickness. 

 

3.2 Simulation and Device Structure 

 

  Silvaco TCAD tool ATLAS[3.27] was adopted for the simulation in this study. In this 

simulation tool, a universal current model including thermionic emission and tunneling 

components through the Schottky contact, which was verified by the fit to the 

experimental data[3.19], is implemented. A schematic illustration of the calculated 

device is shown in Figure 1(a). Subscript Figure 1(b) shows the schematic band 

structure of p-SOI at the interface with the gate oxide, under ON (VG>Vth) and OFF (VG 

<Vth) states. An N-type silicon MOS structure on an SOI wafer with a thickness of 6 nm 

was used in the present simulation. The silicide-source region was modeled with a 

source-to-channel Schottky contact. The Bn at this interface was varied intentionally 

from 0.21 to 0.81eV, which is practically attainable with various silicides such as ErSi2 

(0.28eV) [3.28], NiSi2 (0.66eV) [3.29], and PtSi (0.88eV) [3.30] on Si. On the other 

hand, the Bn of silicide at the channel-to-drain region was set to 0 eV. The purpose of 

this drain structure resides in the elimination of parasitic resistances in this region under 

ON state as well as the suppression of drain-to-channel hole current, which would 

increase Ioff. Electrical characteristics for MOSFET with the conventional S/D were also 

simulated, assuming an ideal abrupt S/D doping profile. 
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The gate oxide thickness and the buried-oxide thickness (BOX) were set to 

0.3 and 1000 nm, respectively, and the work function of the metal gate was 

set to 4.8 eV. The gate electrode was overlapped to the source and drain with 

the overlap distance of 100nm for all simulations.  

(a)

(b)

VG>VTH VD=0.3V
ITH

ITN

Source Channel Drain

bn

bn= 0(eV)

p‐SOI

BOX

conductor

Source/Channel contact

100nm 100nmGate Length(nm)

Gate oxide 0.3nm

6nm

1000nm

Channel/Drain contact

 

Figure 3.1(a) Schematic device illustration of an SBTFET and (b) schematic 

band structure of p-SOI at the interface with the gate oxide, under ON (VG 

>Vth: solid line) and OFF (VG <Vth: dotted line) states. 

 

 Na was tuned mainly from 5×1018 to 2×1019 cm-3. m* was varied from 0.03 
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to 0.10m0, where m0 is the mass of a free electron. For all Na value, the SOI 

layers of the devices are fully depleted when the inversion channel is formed 

in it. Bn=0.61eV, Na=2×1019 cm-3, and m*=0.08m031) are used as a default 

parameter set for both SBTFETs and conventional FETs. Considering the 

required supply voltage in sub-10 nm FETs, the drain voltage is set to be 0.3 

V. Gate length scaling of FET characteristics was carried out in the range of 

10 to 50 nm. All simulations were carry out at room temperature. 

 

3.3 Results and Discussion 

 

3.3.1 Structural parameter influence on SBTFET performance 

 

  Firstly, the effect of Bn on the drain current (Id) and SS for devices with Lg of 50 nm 

is examined and its gate voltage (VG) dependency is shown in Figure 2(a) with three 

different Bn values (0.41, 0.61, and 0.81 eV). Here, the channel doping was set to 

2×1019 cm-3. In this figure, dotted lines for the drain current correspond to the ITH 

component, while the solid lines correspond to the total Id of the devices. It can be easily 

expected that the lower the Bn is, the larger the current is, and this is indeed true in the 

low VG region as shown by a dashed line in Figure 2(a). However, when ITN is taken 

into account, the main current component beyond Vth becomes ITN. As the triangular-like 

potential profile becomes steep with larger VG, the tunneling probability increases 

exponentially and most of the carriers can tunnel through the barrier. As a result, the SS 

at each VG just below the Vth, defined as an Id of 10-7A/m at a Vd of 0.3 V, is mostly 

dominated by ITN and reflects the change in tunneling probability. The Bn dependency 

also leads to significant change in SS, where  
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Figure. 3.2 (a) Id- VG and SS characteristics of SBTFET with different 

Bn values from 0.41 to 0.81eV. (b) Schematic band diagram under 

ON state and tunneling rate distribution near source/channel interface 

at subthreshold region for Bn values of 0.81eV and 0.41eV. 

Tunneling rate distribution maps at the source corner of the devices 

for both Bn casesat VG =0.45 and 0.55V are also shown. Much 

increase in the tunneling rate distribution from VG =0.45 to 0.55V is 

observed in the larger Bn case. 
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a smaller Bn exhibits a smaller SS value, which is favorable for low standby power 

applications (LSTPs). Tunneling rate distribution maps at the source corner of the 

devices for Bn of 0.81, and 0.41eV at VG =0.45 and 0.55V are shown in Figure 2(b). 

For a large Bn, the distribution hardly changed with the increase in VG, while obvious 

tunneling probability enhancement was observed for a small Bn. The energy 

dependence of the electron concentration in the source region can be understood from 

the Fermi distribution of electrons, where the number of electrons higher than the Fermi 

level of the source exponentially decreases with energy. Therefore, this smaller SS for a 

small Bn can be explained by the drastic enhancement of the tunneling probability for 

large numbers of electrons near the Fermi level in the source electrode. As a smaller Bn 

also leads to a larger Ion of SBTFETs as shown in this figure, we could conclude that a 

smaller Bn is preferable for this relatively long Lg. 

  Secondly, the influence of channel doping on Id and SS is examined. Figure 3.2 

shows the Id- VG characteristics with four different doping densities, 5×1018, 8×1018, 

1×1019 and 2×1019 cm-3. Here, Bn was set to 0.61 eV. With the increase in channel 

doping, the Vth shifts toward the positive direction, reflecting the change in the Fermi 

level of the channel. Although the smallest SS showed almost comparable values down 

to 60 mV/dec for all cases, when we focus on the SS values in the VG range around Vth 

or higher, they are smaller for a larger Na. Furthermore, the Id values with the same gate 

drive (VG -Vth), for example, 0.55V, were 0.43 and 0.52 mA/m for the doping 

concentrations of 5×1018 and 2×1019 cm-3, respectively. Therefore, we could conclude 

that a larger Na is preferable for this relatively long Lg. As shown in Figure 3.2, under 

ON state, Id is dominated by ITN. Therefore, this phenomenon can be understood by the 

steeper and thinner triangular-like potential barrier for a higher channel doping 
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concentration, as depicted in Figure 3(b). 
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Figure 3.3(a) Id- VG and SS characteristics of SBTFET with different 

channel doping concentrations from 5×1018 to 2×1019 cm-3. (b) Potential 

distribution in the channel near the source for Na of 5×1018 and 2×1019 

cm-3 , VG =0.55V. 
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 As tunneling probability is a function of m*, the Id of the SBTFET, which is mainly 

dominated by ITN, should have strong influence of m*. Figure 4 shows the Id- VG and SS 

characteristics with three different m*values; 0.03m0, 0.08m0, and 0.1m0. Here Bn and 

Na were set to 0.61 eV and 2×1019 cm-3, respectively. One can see an increase in Id once 

VG surpasses Vth, and SS remains below 70 mV/dec, correspondingly. Moreover, owing 

to the increase in tunneling probability, the ION also increases with a smaller m*. An 

almost negligible difference was observed at regions of VG far below Vth, where ITH 

dominates. Therefore, it can be concluded that higher SBTFET performance can be 

achieved with the use of smaller the m*. A practically small m* can be obtained using a 

strained Si channel or III-V materials.[3.32] 
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Figure 3.4. Id- VG and SS characteristics of SBTFET with different m* from 

0.03m0 to 0.1m0, where m0  denotes the electron mass in the free space. Bn and 
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Na were set to 0.61 eV and 2×1019 cm-3 , respectively. 

 

3.3.2 Gate length scaling of SBTFETs: comparison with conventional MOSFETs 

 

 The Id- VG and SS characteristics of SBTFETs and conventional MOSFETs with 

different Lg values are shown in Figure 5(a) and summarized in Figure 5(b). Here, the 

Schottky barrier height of the SBTFET is 0.61eV. The channel doping was set to 2×1019 

cm-3 for both cases. One can observe a severe roll-off shift in Vth with conventional 

FETs. This implies that further Lg scaling for conventional MOSFETs requires higher 

channel doping to suppress the SCE. On the other hand, the Vth roll-off is well 

suppressed even for a Lg of approximately around 10nm. Although slight degradations 

were observed in the smallest SS in the subthreshold region for both FETs, the values 

were almost comparable at Lg values down to 10 nm. As a whole, the SBTFET showed 

improved resistance against Lg scaling to 10 nm.  

The improved SCE immunity with the SBTFET can be understood from the channel 

potential profile in the OFF-state, where the depletion layer width in the channel near 

the source end is small due to the smaller built-in potential between the source electrode 

and the channel p-Si, as shown in Figure 6 For example, the built-in potential at the 

source end is about 0.3eV a with Bn of 0.81eV. (the Fermi level in p-Si with the doping 

concentration of 2×1019 cm-3 lies almost at the Ev level in Si.) On the other hand, FETs 

with a conventional n+-S/D have a large built-in potential of 1.1eV. These built-in 

potentials of 0.31 and 1.1eV lead to the depletion layer thicknesses of about 4.5 and 

8.7nm, respectively, without the influence of the gate. Therefore, it may be expected 

that the conventional FETs tend to suffer from the increasing channel potential for 
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short-channel devices more than SBTFETs.  
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Figure 3.5(a) Id - VG and SS characteristics of SBTFETs and conventional 

MOSFETs. The Schottky barrier height of the SBTFET is 0.61eV. The channel 

doping concentration was set to 2×1019 cm-3 for both cases. (b) Smallest SS in 
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the subthreshold regions and Vth as a function of gate length. 
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Figure 3.6 Channel potential profile difference of SBTFET and conventional 

FETs with Lg scaling under VG smaller than Vth (OFF state). 

 

 The influences of Na and Bn on the Id- VG and SS characteristics of the SBTFET 

with an Lg of 10 nm are shown in Figure 7. With the increase in Na, the Vth shifts to the 

positive direction, reflecting the change in the Fermi level of the channels. Along with 

the shift in Vth, one can see an improvement in SS with higher Na. On the other hand, the 

improved Id- VG with a smaller SS was obtained with a large Bn, which is in contract to 

the results obtained with an Lg of 50 nm. This can be understood from the depletion 

layer thickness reduction at the source side for a larger Bn owing to the smaller built-in 

potential between the source electrode and the channel p-Si. A larger Bn leads to the 

suppression of the SCE. Therefore, these results strongly imply the existence of an 
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optimum Bn for each Lg.  
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Figure 3.7 Id- VG and SS characteristics of SBTFET with Lg of 10 nm. (a) Na 

was varied from 5×1018 to 2×1019 cm-3. Bn was set to 0.61eV.  (b) Bn was 

varied from 0.21 to 0.81eV. Na was set to 2×1019 cm-3 
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 Figure 3.8 shows the ION/IOFF ratio of the SBTFET and the smallest SS as a function of 

gate length. For the Ion/Ioff ratio calculation, the gate overdrive is set to 0.5V. The 

Schottky barrier for electrons Bn is taken as a parameter. The channel doping was set to 

2×1019 cm-3. It can be observed that SS and ION/IOFF behave in completely different 

ways between the short Lg region and the long Lg region with the critical channel length 

at approximately 15 nm in the case of these structural parameters. Compared with the 

conventional FET at an Lg of 10 nm, SBTFET shows higher ION/IOFF for Bn larger than 

0.41eV. Taking a small SS and a large ION/IOFF ratio and their stabilities against Lg 

fluctuation at around 10nm into consideration, we can conclude that an optimum Bn 

value for the SBTFET exists at around 0.61 eV, which is practically attainable with 

silicides such as NiSi 29). It should be noted that this optimum barrier height is for the 

above-mentioned device structure (SOI thickness of 6nm) and operation condition 

(Vd=0.3V) and that the value could be varied for different SOI thicknesses as well as 

drain voltage conditions.  
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Figure3. 8 (a) SS and (b) ION/IOFF characteristics as a function of Lg. Gate 

overdrive is set to 0.5V. Bn was varied from 0.21 to 0.81eV. The channel 

doping was set to 2×1019 cm-3. 

 

3.4. Conclusions 

The device simulation has been performed to investigate the structural parameter 

influence on the electrical characteristics of SBTFETs. Schottky barrier height and 

channel doping concentration as well as gate length are mainly taken as the structural 

parameters. For relatively long-channel MOSFETs (50 nm), a low Schottky barrier 

height as well as a high substrate impurity concentration lead to the increase in the 

tunneling probability through the barrier, resulting in the smaller SS. On the other hand, 

for short channel length MOSFETS (10 nm), the SCE has much influence on the 

characteristics of SBTFETs. Since a larger SBH is effective to suppress the SCE, an 
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optimum Bn exists for the short-channel SBTFETs. The SBTFET showed good 

subthreshold performance and a higher Ion/Ioff than the conventional SOIMOS-FET in 

the 10nm region with the Schottky barrier height optimization. 
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Chapter 4 

A novel Silicide formation and Schottky Barrier 

Height Modulation 
 

4.1 Introduction 

 

As described in chapter 1, Ni silicide is widely used for the reduction of the parasitic 

resistance of MOSFETs. In addition to that, this material can be a good candidate for the 

application to Shottky barrier type tunneling FETs mentioned in chapter 3. However as 

far as the stable formation of the silicide with thermal stability is concerned, there is a 

room for the improvement of the silicidation process. Moreover simulation study in 

chapter 3 revealed that the precise control of the Schottky barrier is required to obtain 

the optimum electrical characteristics. Since the simulation study indicated the optimum 

Schottoky barrier height depends on the gate length of the devices, it is desired that this 

control is accomplished on the same silicide material basis.  

This chapter consists mainly of 3 parts: in section 4.2, a novel Ni silicide formation 

process using annealing of the Ni/Si thin film stack is introduced as a means of the 

stable formation of the silicide with thermal stability. In section 4.3, Schottky barrier 

modification in the new process is explained followed by the result of these process 

application to SOI MOSFETs in section 4.4. 
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4.2 Novel Ni silicide formation process using annealing of the Ni/Si thin film stack 

 

Introduction 

This novel Ni/Si stack process is based on the fact that thin Ni reaction with Si could 

form very thin flat NiSi2 on Si with high thermal stability. Therefore this concept is 

firstly introduced in section 4.2.1 and then the multiple Ni/Si process using this thin Ni 

film reaction with Si is introduced in following section 4.2.2. The electrical 

characteristics of the resultant Ni silicide/Si interface are described in section 4.2.3. 

 

4.2.1 Thermally resistant Ni silicide formation by Ni thin film reaction with Si 

 

4.2.1.1 Introduction 

 

Ni silicides have been widely investigated for contact materials in microelectronic 

devices because of relatively low resistivity, relatively low formation temperature and 

relatively small Si consumption during the formation in comparison with other silicide 

materials [4.2.1]. One of the issues of Ni silicides is that the formed NiSi, a 

low-resistive phase in Ni silicides, starts to agglomerate at an annealing temperature of 

600 oC [4.2.2]. As the agglomeration is the results of minimizing the gain boundary 

between NiSi grains and the interface energy of NiSi and Si substrate, the temperature 

for agglomeration decreases when the thickness of NiSi is reduced [4.2.3]. Recently, Ni 

films with thicknesses less than 4 nm were found to be resistant to agglomeration up to 

an annealing temperature of 850 oC [4.2.4]. The difference in the silicide films is the 

formation of NiSi2 phase even at an annealing temperature of 300 oC, which is 

commonly formed at an annealing temperature of 800 oC [4.2.5]. Therefore, the 
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suppression of the agglomeration can be understood by the difference in the energy of 

NiSi2 and NiSi phases. The suppression of agglomeration is also advantageous to obtain 

a flat interface between silicides and Si substrates. The interface of silicide and Si 

substrates tends to form pyramid shapes with Si(111) plane [4.2.6]. Therefore, another 

advantage of agglomeration-resistant Ni silicides is the suppression of forming 

interfaces with different crystallographic orientations. This chapter confirms the phase 

and the surface morphology changes of Ni silicide films on annealing temperature.  

 

4.2.1.2 Thermal stability of Ni silicide formation 

 

Figures 4.2.1 and 4.2.2 show sheet resistance (sh) and surface roughness of the films 

on annealing temperature, respectively. For the sample with 5.5-nm-thick Ni layer, sh 

showed a large decrease over 300 oC, which is attributed to the formation of NiSi phase 

in the silicide. When the annealing temperature is over 500 oC, the sh showed a large 

increase due to agglomeration of the silicides which is shown in figure 4.2.2. On the 

other hand, for the sample with Ni thickness of 3.0 nm, a gradual reduction in the sh 

was observed over 300 oC, and the value became stable at annealing temperatures from 

400 to 800 oC, which is in good agreement with previous reports [4.2.4, 4.2.6]. 

Considering the resistivity of typical bulk NiSi2 (34~50 cm) [4.2.7], the phase of the 

silicide film can be considered as NiSi2. Consequently, both of the thickness of these 

samples is estimated about 10 nm [4.2.7]. 
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Figure 4.2.1 Sheet resistance (sh) of silicides with 3.0 and 5.5 nm thick Ni 

layers on annealing temperature (tNi is Ni thickness). 
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Figure 4.2.2 Surface roughness of silicide films with 3.0 and 5.5 nm thick Ni 

layers on annealing temperature. 
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4.2.1.3 Bonding states of Ni silicide film 

 

Ni 2p3/2 spectra of the samples annealed at various temperatures are shown in figure 

4.2.3. The binding energy at the peak intensity was found to shift to higher energy from 

pure Ni, which was obtained by as-deposited sample. At an annealing temperature of 

250 oC, the spectrum indicates the main composition is Ni-rich phase, which is in good 

agreement with the sh as high resistivity is reported for Ni-rich phase. The sample with 

5.5-nm-thick-Ni showed a single peak at 500 oC annealing, which corresponds to the 

NiSi phase at 853.72 eV [4.2.8]. For 3-nm-thick-Ni samples, while increasing the 

annealing temperature, two peak intensities, one at 854.19 eV with large intensity and 

the other Ni-rich phase with small intensity, were observed at 500 oC. The intensity at 

854.19 eV further increased when the sample was annealed at 800 oC, indicating that the 

residual Ni-rich phase was converted to NiSi2 phase by annealing [4.2.9]. 
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Figure 4.2.3 Ni 2p3/2 spectra of the silicide films annealed at various temperature. 
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4.2.1.4 Conclusion 

 

Ni silicides, reactively formed by 3.0-nm-thick Ni, have shown a stable sheet 

resistance, flat morphology against annealing temperature up to 800 oC compared to 

those formed with thicker Ni film. These properties are owing to the formation of stable 

NiSi2 phase at a temperature as low as 500 oC. The summary of Ni silicide phase and 

morphology change is shown in figure 4.2.4. 
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Figure 4.2.4 Ni silicide phase and morphology change dependent on Ni thickness. 

 

 

4.2.2. Multiple Ni/Si process using this thin Ni film reaction with Si 

 

4.2.2.1 Introduction 

 

As shown in the section 4.2.1., the case of 3.0-nm-thick Ni layer deposition, the 

stable composition and morphology can be obtained at wide process temperature range 

because NiSi2, which is the most stable phase in Ni silicides, is formed at low 

temperature. However, there remain some issues which are pattern dependent reaction 
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and limitation of silicide thickness because of limitation of initial Ni thickness within 

4.0 nm to form NiSi2 at low temperature [4.2.10-12]. Thereby, to solve these issues, 

stacked silicidation process is proposed as shown in figure 4.2.5. In this process, 

interface reaction can be suppressed because Si substrate reacts with only first 

0.5-nm-thick Ni layer and silicide thickness can be changed easily by changing the 

number of a set of Ni/Si. In this chapter, therefore, characteristics of Ni silicide using 

stacked silicidation process are investigated. Furthermore, stacked silicidation process 

of other semiconductor substrates and extension of stacked silicidation process to Ti are 

examined. 

 

n-Si(100)

NiSi2(corresponding to atomic
concentration of 2:1)

・
・
・

n-Si(100)

Si/Ni

Annealing

 

Figure 4.2.5 Schematic illustration of stacked silicidation process. A set of 

Si/Ni, with an atomic ratio of 2:1, is cyclically stacked on n-Si (100) substrates, 

followed by annealing in N2 ambient to form NiSi2 film. 

 

4.2.2.2 Interface reaction 

 

As shown in figure 4.2.6, TEM images of silicide/Si interface formed from Ni/Si 

stacked silicidation process before (Figure 4.2.6(a)) and after annealing at 500 oC for 1 

min in N2 ambient to form NiSi2 (Figure 4.2.6(b)). TEM images revealed the formation 

of 10-nm-thick stacked silicide, no change in the thickness and atomically flat interface 
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and surface before and after annealing at 500 oC because consumption of Si from 

substrate is limited to the first Ni layer.  

Owing to little reaction of NiSi2 formed from stacked silicidation process with Si 

channel, diffusions of Ni atoms into channels can be well suppressed. Figure 4.2.7 

shows SEM images of Si Fins after annealing with (a) Ni or (b) stacked silicide stripe 

on the right-hand-side. Due to excess supply of Ni atoms into Si Fins, in the case of Ni 

deposition, lateral silicidations were observed with scattered encroachment length. 

 

as deposited
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Si(1.9nm)/Ni(0.5nm)

RTA: 500 oC

10nm

NiSi2

Si(100)

  

Figure 4.2.6 TEM images of stacked silicidation process at (a) as deposited 

and (b) after annealing at 500 oC. Atomically flat interface and surface are 

achieved. 

 

On the other hand, with the use of stacked silicidation process, one can observe a 

complete inhibition of encroachments into Si Fins, owing to suppression of interface 

reaction between silicide and Si Fins. In other words, interface position can be 

well-defined by using stacked silicidation process. Although suppression of lateral 
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encroachments has been reported with 2-step annealing or nitrogen atom incorporation 

[4.2.13, 4.2.14], stacked silicidation process has an advantage for S/D in 3D Si channels 

as it completely suppresses the encroachments. 
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Figure 4.2.7 SEM images of Si Fins after annealing with (a) Ni or (b) stacked 

silicide. (a) Ni atoms encroach into Si Fin. (b) Complete suppression of 

encroachment can be achieved using Ni/Si stacked silicidation process. 
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4.2.2.3 Morphology and composition 

 

4.2.2.3.1 Thermal stability of stacked silicidation process 

 

Figure 4.2.8 and Figure 4.2.9 show sheet resistance (sh) and surface roughness of the 

films on annealing temperature, respectively. The silicide thickness of all samples is 10 

nm. For the sample with Ni/Si stacked silicidation process showed a decrease over 325 

oC and kept the stable value up to 875 oC. Although sh of stacked silicide is slightly 

larger than 3.0-nm-thick Ni layer, sh of stacked silicide is stable at wide process 

temperature window. On the other hand, the surface roughness of stacked silicide is 

slightly larger than those of 3.0-nm-thick Ni sample, however, the value is small enough. 

The surface morphology of stacked silicide was flat over wide range temperature. 
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Figure 4.2.8 sh of stacked silicide, 3.0-nm- and 5.5-nm- thick Ni layers on 
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annealing temperature. sh of stacked silicide is stable at wide process window. 

400 600
Annealing temperature (oC)

800200

0.6

0.4

0.2

0.8

1.0

0

rm
s

R
o

u
g

h
n

es
s 

 (
n

m
)

RTA : 1min in N2

agglomeration

3 x 3 m2

n-Si(100)

n-Si(100)

Ni:3.0nm

n-Si(100)

Ni:5.5nm

 

Figure 4.2.9 Surface roughness of stacked silicide, 3.0-nm- and 5.5-nm-thick 

Ni layers on annealing temperature. Surface roughness of stacked silicide is 

stable at wide process window. 

 

4.2.2.4 XRD analysis of stacked silicide film 

 

Figure 4.2.10 shows Out-of-plane XRD (2/ scan) profile of stacked silicide. 

NiSi2(004) peak can be detected at 2 = 70.56o. Whereat, Rocking curve measurement 

( scan) at 2 = 70.56o is shown in Figure 4.2.11. Because rocking curve width is about 

0.1o which is narrow value, it is considered that NiSi2 formed by stacked silicidation 

process is epitaxially grown. 
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Figure 4.2.10 Out-of-plane XRD (2/ scan) profile of stacked silicide 

annealed at 500 oC. NiSi2(004) peak can be detected at 2 = 70.56o. 
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Figure 4.2.11 Rocking curve measurement ( scan) at 2 = 70.56o. Because 

rocking curve width is about 0.1o which is narrow value, it is considered that 

NiSi2 formed by stacked silicidation process is epitaxially grown. 
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Figure 4.2.12 shows that In-plane XRD (2/ scan) profile of stacked silicide 

annealed at 500 oC in  = 0.3o. In-plane XRD has some characteristics which are large 

irradiated area and small penetration depth due to low incident angle. Red line shows 

X-ray incident direction can be observed Si(400) peak ( = 0o) and blue line shows  = 

15o. In the case of  = 0o, NiSi2(200) and NiSi2(220) peaks are detected. When  is 

displaced to 15o, NiSi2(200) can not be observed, on the other hand, NiSi2(220) can be 

observed. Rocking curve measurement ( scan) at NiSi2(200) is shown in figure 4.2.13. 

Because rocking curve width is about 0.6o which is narrow value, it is considered that 

NiSi2 is epitaxially grown. On the other hand, when  is displaced, NiSi2(220) can be 

observed. Thus, it is expected that in-plane orientation is random. Therefore, it is predict 

that the element which is cube-on-cube epitaxially grown for Si substrate and the 

oriented element that (110) axis is distributed at random in in-plane exist. However, 

NiSi2(200) peak can not be observed in  = 15o (figure 4.8 blue line). From this result, it 

is expected that the oriented element has a texture that (111) axis is oriented to surface 

normal direction. In the crystal structure of NiSi2 (Fluorite type structure), (111) plane is 

dense plane, it is suggested that this orientation texture can be formed in addition to the 

epitaxial element as shown in Figure 4.2.14. 
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Figure 4.2.12 In-plane XRD (2/ scan) profile of stacked silicide annealed 

at 500 oC in  = 0.3o. Red line is  = 0o and blue line is  = 15o. When  is 

displaced to 15o, NiSi2(200) peak can not be observed, on the other hand, 

NiSi2(220) peak can be observed. 
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Figure 4.2.13 Rocking curve measurement ( scan) at NiSi2(200). Because 

rocking curve width is about 0.6o which is narrow value, NiSi2 is epitaxially 

grown. 
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Figure 4.2.14 The images of orientation of NiSi2 film. It is suggested that 

(111)-oriented texture can be formed in addition to the epitaxial element. 
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 4.2.2.5 XPS analysis of stacked silicide film 

 

Ni 2p3/2 spectra of the samples annealed at various temperatures are shown in Figure 

4.2.15. Stacked silicide showed similar peaks with 3.0-nm-thick-Ni, thus, the phase of 

stacked silicide is NiSi2. 

Ni 2p3/2 spectra of the stacked silicide annealing at 500 oC measured changing 

photoelectron take-off angles (TOAs) from 30o to 80o are shown in Figure 4.2.16. 

Inelastic mean free path () is calculated by TPP-2M. In this case,  is equal to 9.6 nm. 

All spectra were close to the same each other independent of TOAs. From the results of 

TEM images, XRD profiles and Ni 2p3/2 spectra, it is considered that stacked silicide 

film is uniform and epitaxially grown NiSi2. 
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Figure 4.2.15 Ni 2p3/2 spectra of the silicide films annealed at 500 oC. The 

phase of stacked silicide is NiSi2. 
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Figure 4.2.16 Ni 2p3/2 spectra of stacked silicide annealed at 500 oC measured 

by Angle Resolved-XPS (AR-XPS) changing TOAs from 30o to 80o. Stacked 

silicide film is uniform NiSi2. 

 

4.2.2.6 Annealing temperature dependent the phase of stacked silicide 

 

Ni 2p3/2 spectra of stacked silicide annealed at various temperatures are shown in 

figure 4.2.17. The phase of stacked silicide is Ni-rich silicide from as deposited to 300 

oC. At 325 oC, the phase of stacked silicide is Ni-rich silicide and NiSi2. The Ni-rich 

silicide intensity decreased and NiSi2 intensity increased with increase in annealing 

temperature, indicating that the residual Ni-rich silicide is converted to NiSi2 by 

annealing. Therefore, the silicide phase change on annealing temperature corresponds 

with sh of stacked silicide on annealing temperature. Then, Ar 1s spectra of stacked 

silicide annealed at various temperatures are shown in figure 4.2.18. Ar intensity is large 
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from as deposited to 300 oC. Over 325 oC, Ar intensity decrease. This trend corresponds 

with the trend of sh. Therefore, it is speculated that the decrease of Ar in stacked 

silicide film causes the decrease of sh, which means formation of NiSi2. In the 

following chapter, the relation between the amount of Ar in the stacked silicide film and 

the annealing temperature is investigated. 
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Figure 4.2.17 Ni 2p3/2 spectra of stacked silicide on annealing temperature. The 

phase of stacked silicide changes from Ni-rich silicide to NiSi2 with increase in 

annealing temperature. 
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Figure 4.2.18 Ar 1s spectra of stacked silicide on annealing temperature. The 

decreasing of Ar intensity is related to the decreasing of sh. 

 

4.2.2.7 The effect of sputtering pressure on sheet resistance of stacked silicide 

 

As previously indicated, it is shown that there are Ar atoms into the silicide film and 

NiSi2 is formed by desorption of Ar atoms from the silicide film with annealing. Thus, 

in this section, stacked silicide is deposited in various sputtering pressures to change the 

amount of Ar atoms in the silicide film. Thereby, the effect of Ar atoms which are in the 

silicide film on the formation of NiSi2 is investigated. 

  The amount of Ar atoms in sputtering chamber by increasing sputtering pressure, 

consequently, it is considered that the amount of Ar atoms in silicide film increases. 

Also, there is a relationship between sputtering pressure and film properties, such as 

surface morphology, crystallographic orientation and grain size [4.2.15, 4.2.16]. 
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Therefore, it is possible to relate to quality of NiSi2. 

  Figure 4.2.19 shows the sh of stacked silicide on annealing temperature deposited in 

various sputtering pressures. The temperature of decreasing sh decreased with decrease 

in sputtering pressure. The sample of 0.55 Pa achieves the lowest sh and the lowest 

annealing temperature of formation of NiSi2. Because for the sample of 0.55 Pa, the 

amount of initial Ar atoms in silicide film is few in comparison to the sample of 2 Pa, it 

can be formed NiSi2 at lower annealing temperature. Thus, it is considered that NiSi2 

can be formed at low temperature by decreasing sputtering pressure to decrease the 

amount of Ar in the stacked silicide film. 

  The crystallinity of NiSi2 film dependent on sputtering pressure is discussed below. 

Figure 4.2.20 shows XPS profile of stacked silicide which is deposited in 0.55 Pa 

annealed at 500oC. NiSi2(004) peak can be detected at 2 = 70.50o. Whereat, Rocking 

curve measurement ( scan) at 2 = 70.50o is shown in figure 4.17. Because rocking 

curve width is about 0.2o which is narrow value, it is considered that NiSi2 formed by 

stacked silicidation process is epitaxially grown. However, the crystallinity of the 

sample of 2 Pa is well in comparison to the sample of 0.55 Pa from the result of rocking 

curve width (figure 4.2.11). From the results of sh, it is considered that NiSi2 is formed 

by desorption of Ar atom from stacked silicide film. However, from the XRD profiles, 

the crystallinity of NiSi2 is good when the the amount of Ar in the film is few. The 

relationship of these results has not cleared yet. SIMS profile of Ar should be measured. 
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Figure 4.2.19 sh of stacked silicide on annealing temperature. sh of stacked 

silicide is stable at wide process window. When the sputtering pressure is 0.55 

Pa, sh decrease occurs at the lowest annealing temperature. 
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Figure 4.2.20 Out-of-plane XRD (2/ scan) profile of stacked silicide 

annealed at 500 oC. NiSi2(004) peak can be detected at 2 = 70.50o. 
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Figure 4.2.21 Rocking curve measurement ( scan) at 2 = 70.50o. Because 

rocking curve width is about 0.2o which is narrow value, it is considered that 

NiSi2 formed by stacked silicidation process is epitaxially grown. 

 

4.2.2.8 Stacked silicidation process of other semiconductor substrates 

 

4.2.2.8.1 Characteristics of stacked silicide on different Si orientation 

 

Figure 4.2.22 shows the sh of stacked silicide which is several thicknesses deposited 

on various oriented Si substrates. Figure 4.2.22(a), (b) and (c) show Si(100),  Si(110) 

and Si(111), respectively. In these results, morphology of stacked silicide is stable at 

wide temperature range independent of stacked silicide thickness and Si substrate 

orientations. Therefore, it is considered that the stacked silicidation process is promising 

for Si Fin or Si nanowire FETs. 
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Figure 4.2.22 sh of different stacked silicide thickness on annealing 

temperature. Each stacked silicide is deposited on (a) n-Si(100), (b) n-Si(110) 

and (c) n-Si(111) substrate. sh of stacked silicide is stable at wide process 

window independent of Si substrate orientation. 

 

4.2.2.8.2 Characteristics of stacked silicide on other semiconductor substrates 

Germanium has been receiving attention as an alternative channel material [4.2.17, 

4.2.18] because of its high intrinsic mobility (two times higher for electrons and four 

times higher for holes as compared to those in silicon). Reduction of parasitic resistance 



  
 

91 
 

of metallic contact on Ge substrate is one of the issues for Ge FETs, and low contact 

resistance of NiGe with Ge substrate has been studied as metallic contact on Ge 

substrate [4.2.19]. However, agglomeration of NiGe roughens metal/Ge interface 

thereby increasing the sheet resistance at the interface [4.2.20]. Therefore, in order to 

obtain resistant agglomeration compared to NiGe, Ni/Si stacked silicidation process is 

applied for Ge substrate. 

 Figure 4.2.23 shows sh of stacked silicide on Ge substrate on annealing temperature. 

Although small sheet resistance could be obtained by forming NiGe on Ni films, 

process temperature were limited (Ni-5.5-nm film was from 250 oC to 375 oC) due to 

agglomeration of the NiGe surface. On the other hand, once NiSi2 is formed over 350 

oC, stable sheet resistances can be obtained up to 700 oC, which gives process 

compatibility for dopant activation in Ge devices. 
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Figure 4.2.23 sh of stacked silicide on Ge substrate on annealing temperature. 

sh of stacked silicide on Ge is more stable than that of 5.5-nm-thick Ni layer 

on Ge. 
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GaN based devices have been focused as a semiconductor for power electronics 

applications [4.2.21]. One of the issues is that metal contact with GaN based devices is 

degraded by surface agglomeration. Thus, it is proposed that stacked silicidation process 

is applied for GaN based devices. 

  Figure 4.2.24 shows sh of stacked silicide on GaN and AlGaN substrates on 

annealing temperature. It is considered that stable rsh can be obtained due to 

suppression of interface reaction and formation NiSi2 at low temperature. 
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Figure 4.2.24 sh of stacked silicide on GaN and AlGaN substrates on 

annealing temperature. sh of stacked silicide on each substrate is stable. 
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4.2.2.9 Extension of stacked silicidation process for Ti 

 

TiSi2 is the most stable phases in Ti silicides, however, there are two crystal structure 

in TiSi2. One is C49-TiSi2 and the other is C54-TiSi2 [4.2.22]. C54-TiSi2 is the most 

stable phase in Ti silicides [4.2.23]. C54-TiSi2 has been used due to low resistivity but 

there are some issues. One of the issues is that formation temperature is high and the 

other is degradation of surface morphology by agglomeration [4.2.24]. As previous 

indicated, stacked silicidation process using Ni has some advantages compared to 

conventional Ni silicidation process. Thus, it is investigated about extension of stacked 

silicidation process for Ti as shown in figure 4.2.25. 

  Figure 4.2.26 shows sh of Ti silicide formed by stacked silicidation process and by 

deposition 20-nm-thick Ti layer on annealing temperature. In 20-nm-thick Ti layer, it is 

confirmed that sh decreases over 600 oC and further decreases at 800 oC that 

correspond with formation of C49-TiSi2 and C54-TiSi2, respectively. On the other hand, 

Ti/Si stacked silicidation process shows different trend to 20-nm-thick Ti layer. 

Moreover, Ti/Si stacked silicide can not achieve stable sh at wide range temperature 

range. 
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Figure 4.2.25 Schematic illustration of Ti/Si stacked silicidation process. A set 

of Si/Ti, with an atomic ratio of 2:1, is cyclically stacked on n-Si (100) 
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substrates. 

The reaction of Ti/Si stacked silicide is between thin-Ti-layer and thin-Si-layer, on 

the other hand, the reaction of 20-nm-thick Ti layer is between thick-Ti-layer and single 

crystal Si substrate. Therefore, it is considered that the phase or crystallinity of these 

samples is different. However, the phase and crystallinity of Ti/Si stacked silicide is not 

still measured. It is considered that to form the most stable silicide phase by stacked 

silicidation process at wide process temperature range is unique characteristics of Ni 

silicide. 

 

40

0

60

S
h

ee
t 

re
si

st
an

ce
 

s
h

(
/s

q
)

20

80

400 600
Annealing temperature (oC)

800200

RTA : 1min in N2

Ti/Si stack

tTi:20nm

1000

agglomeration

C54-TiSi2

C49-TiSi2

n-Si(100)

n-Si(100)

Ti:20nm

 

Figure 4.2.26 sh of Ti silicide which is formed by Ti/Si stacked silicidation 

process and 20-nm-thick-Ti layer on annealing temperature.  

 

4.2.2.10 Conclusion 

 

In order to achieve the control of interface reaction and stable composition and 
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morphology at wide temperature range, stacked silicidation process has been 

investigated. It is realized that an atomically flat interface and surface are formed before 

and after annealing and Ni atoms encroachment into Si Fin is suppressed completely. In 

fact, it is an advantage for scaled 3D devices that the shape of Si substrate after 

silicidation does not change due to suppression of interface reaction. 

 Second, it is achieved that NiSi2 which is formed by staked silicidation process is 

stable composition and morphology at wide temperature range. Moreover, it is 

suggested that NiSi2 formation is advanced by desorption of Ar atoms which are in 

silicide films. 

 Third, it is accomplished that the sh of stacked silicide on various substrates is stable 

at wide temperature range. Stacked silicidation process can be applied for 3D Si channel 

and other semiconductor substrates. 

 And finally, extension of stacked silicidation process for Ti has been examined. It is 

considered that to form the most stable silicide phase by stacked silicidation process at 

wide process temperature range is unique characteristics of Ni silicide. 

 As discussed above, it is considered that Ni/Si stacked silicidation process is the key 

for future scaled 3D SB-FET. 

 

4.2.3Electrical characteristics of Ni silicide Schottky diodes 

 

4.2.3.1 Introduction 

 

In previous sections, the physical properties of silicide films, which are formed by 

different methods, such as interface reaction, composition and morphology are 

examined. In this chapter, the electrical characteristics of Schottky diodes which are 
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formed by those silicides are investigated. 

 There are some problems in Ni silicide Schottky diodes [4.2.25]. One is increasing 

the reverse leakage current because of the leakage current at the electrode periphery 

where excess silicidation occurs, and the other is the variation of Bn and n-factor due to 

existing on roughness and facets at the interface and the electrode periphery. Thus, to 

obtain the ideal Schottky diode characteristics, it is necessary to achieve an atomically 

flat interface including the electrode periphery. In this chapter, therefore, Schottky diode 

characteristics using stacked silicidation process which can be obtained an atomically 

flat interface are investigated. 

 

(a) 350 oC (b) 350 oC

(c) 750 oC

 

Figure 4.2.27 the presence of facets and roughness which occur leakage 

currents at interface and periphery [5.1]. 

 

4.2.3.2 Schottky diode characteristics 

 

Figure 4.2.28 shows diode current density-voltage (J-V) characteristics of the 

fabricated Ni silicide Schottky diodes. For 3-nm-thick and 5.5-nm-thick Ni samples, the 

increase of reverse current from theoretical value was observed. On the other hand, for 
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stacked silicide, the increase of reverse current from theoretical was not observed. 

Figure 4.2.29 shows Bn and ideality factor (n-factor) extracted by J-V characteristics on 

annealing temperature. For stacked silicide, it is observed that Bn is stable value 0.61 ~ 

0.63 eV and n-factor is less than 1.05 up to 700 oC. On the other hand, for 3.0-nm-thick 

and 5.5-nm-thick Ni samples, Bn was not stable and n-factor was worse than that of 

stacked silicide. From these results, it is considered that these differentials between 

stacked silicide and conventional silicides depend on a method of silicide formation. For 

conventional silicide which formed by reacting between Ni film and Si substrate, issues 

of interface reaction such as excessive growth of silicide at the periphery of the 

electrodes and formation of plane orientation which is not Si(100) existed [4.2.25, 

4.2.26]. Thereby, it is considered that increasing reverse current from theoretical value 

and variation of Bn and n-factor occurred. On the other hand, for stacked silicide, issues 

of interface such as conventional silicide did not occur because stacked silicide was able 

to form suppressing the reaction with Si substrate as shown in figure 4.2.1. Using 

stacked silicide, the issues of conventional silicide are overcome. 
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Figure 4.2.28 The Schottky diode J-V characteristics of stacked silicide, 

3.0-nm- and 5.5-nm-thick Ni layers. J-V characteristic of stacked silicide is 

ideal. 
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Figure 4.2.29 Bn and n-factor of stacked silicide, 3.0-nm- and 5.5-nm-thick Ni 

layers on annealing temperature. Bn and n-factor of stacked silicide are stable 

value up to 700 oC. 

4.2.3.3 TiN capping on stacked silicide 

 

Ni silicides should be protected by etchant, which is used in etching process, in 

fabrication process of transistors because Ni silicides can be etched by HF [4.2.27]. 

Then, the protection of Ni silicides by TiN capping is proposed. In this section, the 

effect of TiN capping on electrical characteristics is stated. 

Figure 4.2.30 shows the fabrication procedures of Schottky diodes with or without 

TiN capping. 50-nm-TiN layer is deposited by sputtering. 

  Figure 4.2.31 shows J-V characteristics of diodes with or without TiN capping. It is 

clear that J-V characteristics remain ideal even with TiN capping. However, Bn of with 
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TiN capping is a little bit larger than that of without TiN capping. Figure 4.2.32 shows 

Bn and ideality factor (n-factor) extracted by J-V characteristics on annealing 

temperature. It is investigated that stable Bn and n-factor remain even with TiN capping, 

furthermore, scatter of Bn and n-factor with TiN capping is suppressed compared with 

without TiN capping. Therefore, it is considered that TiN capping on stacked silicide 

does not degrade electrical characteristics of Schottky diode. 
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Figure 4.2.30 Fabrication processes of Schottky diodes with or without TiN 

capping. 
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Figure 4.2.31 The Schottky diode J-V characteristics of stacked silicide with or 

without TiN capping. J-V characteristics remain ideal characteristics even with 

TiN capping. 
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Figure 4.2.32 Bn and n-factor of stacked silicide with or without TiN capping 

on annealing temperature. Scatter of Bn and n-factor with TiN capping is 

suppressed compared with without TiN capping. 

 

4.2.3.4 Conclusion 

 

Electrical characteristics of Schottky diodes using Ni silicides are investigated. 

Schottky diode characteristics of conventional Ni silicides show the reverse leakage 

current and the variation of Bn and n-factor due to excess silicidation at the electrode 

periphery. On the other hand, those of stacked silicide are achieved ideal diode 

characteristics and robust Bn and n-factor because of formation of an atomically flat 

interface including the electrode periphery. Moreover, more robust Bn and n-factor even 
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with ideal J-V characteristics are obtained by TiN capping on stacked silicide. 
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4.3 Schottky barrier height modulation 

 

4.3.1 Introduction 

 As described in chapter 3, it is necessary to modulate B to achieve SB-FET 

with high performance [4.3.1]. B modulation has been achieved by dopant segregation 

using ion implantation, however, there are some issues [4.3.2, 4.3.3]. Thereby, it is 

proposed that the method of impurity incorporation without ion implantation, and B 

modulation by the impurity incorporation is examined. 

 In this study, P and B are used as impurity. It is reported that Bn becomes small value 

by P and Bn becomes large value by B [4.3.4, 4.3.5]. The method of impurity 

incorporation with stacked silicidation process is to deposit Ni3P or B by sputtering. For 

B incorporation, pure B target is used for sputtering, whereas for P case, a 

0.68-nm-thick Ni3P layer is deposited instead of the first 0.5-nm-thick Ni layer as shown 

in figure 4.3.1. The number of Ni atoms in 0.68-nm-thick-Ni3P layer equals that of 

0.5-nm-thick Ni layer. This method can incorporate impurity without ion implantation, 

moreover, the control of impurity position is expected because stacked silicidation 

process can suppress interface reaction. 

 In this chapter, interface reaction with impurity incorporation at the interface, impurity 

profiles and electrical characteristics with impurity incorporation are investigated. 

Furthermore, Bn modulation depending on impurity position and amount are examined. 
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Figure 4.3.1 Schematic illustration of stacked silicidation process with impurity 

incorporation. P is incorporated at the interface by 0.68-nm-thick Ni3P deposition 

instead of the first Ni layer. B is incorporated at the interface. 

 

4.3.2 Bn modulation with stacked silicidation process 

 4.3.2.1 Interface reaction of impurity incorporation 

 As shown in figure 4.3.2, TEM images of silicide/Si interface formed from 

Ni/Si stacked silicidation process incorporated P (Figure 4.3.2(a)) and B (Figure 

4.3.2(b)) at the interface at annealed 500 oC for 1 min in N2 ambient. TEM images 

revealed no change in the thickness and atomically flat interface and surface. Even with 

impurity incorporation, the interface reaction with stacked silicidation process is also 

maintained. 
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Figure 4.3.2 TEM images of stacked silicidation process incorporated (a) P and (b) B at 

the interface after annealing at 500 oC. Even with impurity incorporation, atomically flat 

interface and surface are maintained. 

 

4.3.2.2 SIMS impurity profiles 

 Figure 4.3.3 shows SIMS profiles of (a) P and (b) B before and after annealing 

when impurities incorporated at interface. Although some of the impurities diffused into 

silicide layer, significant amount of them remained at the silicide/Si interface which is 

initial incorporated position. Therefore, impurity position can be controlled by stacked 

silicidation process because stacked silicidation process can be suppressed interface 

reaction. 
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Figure 4.3.3 SIMS profiles of (a) P and (b) B before and after annealing. Although 

some of the impurities diffused into silicide layer, significant amount of them remained 

at silicide/Si interface. 

 

4.3.2.3 Bn modulation by impurity incorporation 

 Figure 4.3.4 shows the J-V characteristics of the stacked silicide Schottky 

diodes with P and B incorporation annealed at 500 oC. Bn can be effectively modulated 

by placing P or B atoms at the interface, where the initial Bn of 0.63 eV was modulated 

to ohmic and 0.68 eV, respectively. Furthermore, robust Bn and n-factor were obtained 

at wide process window as shown in figure 4.3.5. 
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Figure 4.3.4 J-V characteristics of stacked silicide with P and B incorporation annealed 

at 500 oC. Successful effectively Bn shift by P or B incorporation with stacked 

silicidation process. 
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Figure 4.3.5 Bn and n-factor of the diodes extracted from J-V characteristics depending 

on annealing temperature. Ohmic characteristic and larger Bn is realized by 

incorporating P and B, respectively. Bn and n-factor were stable up to 700 oC. 
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4.3.3 Bn controllability by impurity incorporation 

 4.3.3.1 Annealing conditions dependent J-V characteristics with impurity at the 

interface 

 

 Figure 4.3.6 shows J-V characteristics of stacked silicide incorporated P at the 

interface annealed at (a) 400 oC, (b) 500 oC and (c) 600 oC for 1 min and 30 min. As 

shown in figure 6.6(a), annealed at 400 oC, large current density can be obtained by 

annealing for 30 min compared to the sample annealed for 1 min. On the other hand, 

current density is almost unchanged annealed 500 oC and 600 oC independent of 

annealing time. Therefore, large current density can be achieved by long time or high 

temperature annealing. 
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Figure 4.3.6 J-V characteristics of stacked silicide incorporated P at the interface 

annealed at (a) 400 oC, (b) 500 oC and (c) 600 oC for 1 and 30 min. Ohmic 

characteristics can be achieved by long time or high temperature annealing. 

 

4.3.3.2 Impurity position dependent J-V characteristics 

 As shown in figure 4.3.6, when P is incorporated at the interface, ohmic 

characteristics can be obtained by annealing at 500 oC for 1min. In this chapter, the 

impurity position dependent J-V characteristics investigated. Figure 4.3.7 shows J-V 

characteristics of stacked silicide depending on the position of P incorporation annealed 

at 500 oC for 1 min. When the position of P incorporation gradually comes  
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Figure 4.3.7 J-V characteristics of stacked silicide dependent the position of P 

incorporation annealed at 500 oC. When the position of P incorporation gradually comes 

close to the interface, small Bn and ohmic characteristic are obtained. 

 

close to the interface, small Bn and ohmic characteristic are obtained. Therefore, it is 

considered that P which exists at interface is the key to modulate Bn. 

 

 4.3.3.3 Annealing conditions dependent J-V characteristics with impurity far from 

the interface 

 Figure 4.3.8 shows J-V characteristics of stacked silicide incorporated P far 

from the interface annealed at (a) 400 oC, (b) 500 oC and (c) 600 oC for 1 min and 30 

min. As shown in figure 4.3.8(a), which is annealed at 400 oC, J-V characteristics are 

Schottky characteristics both of annealing for 1min and 30 min, however, Bn of 30 min 

is smaller than that of 1 min. On the other hand, Ohmic characteristics are obtained by 

annealing for 30 min at 500 oC and 600 oC as shown in figure 4.3.8(b) and (c), 
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respectively. Therefore, it is realized that Bn modulation and ohmic characteristics can 

be achieved even with the position of P incorporation far from the interface because P 

atoms are diffused by high temperature or long time annealing and arrive at interface as 

shown figure 4.3.8(d). 
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Figure 4.3.8 J-V characteristics of stacked silicide incorporated P far from the interface 

annealed at (a) 400 oC, (b) 500 oC and (c) 600 oC for 1 min and 30 min. (d) the image of 

P diffusion by annealing. Ohmic characteristics can be achieved by long time or high 

temperature annealing. 
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 Finally, electrical characteristics of P incorporation depending on incorporated 

position and annealing temperature and time are summarized, and here the origin of Bn 

modulation is discussed. One of the origins is the formation of a dipole which is 

generated from dopant at the silicide/Si interface as shown in figure 4.3.9 [4.3.4]. The 

other of the origins is the change of silicide work function by impurity doping into 

silicide [4.3.5]. As the result of table 4.3.1, it is considered that the origin of Bn 

modulation is not so much the change of silicide work function as the presence of 

impurities at the interface in using stacked silicidation process. 

 

Table 4.3.1 Electrical characteristics of P incorporation depending on incorporated 

position and annealing temperature and time 
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Figure 4.3.9 Schematic images of interface dipole model [6.4]. 

 

4.3.3.4 Impurity amount dependent diode characteristics 

 In the previous chapters, it is investigated that impurities which exist at the 

interface cause Bn modulation. In this chapter, it is stated that impurity amount 

dependent diode characteristics. Figure 4.3.10 shows J-V characteristics of stacked 

silicide dependent the amount of B incorporation at the interface annealed at 500 oC for 

1 min. Reverse currents decrease with increasing the amount of B incorporation at the 

interface compared to control sample. In addition, figure 4.3.11 shows Bn of the diodes 

extracted from J-V characteristics depending on the amount of B incorporation at the 

interface. Large Bn modulation can be achieved by increasing the amount of B 

incorporation at the interface. Therefore, effective Bn modulation is controlled by 

controlling the amount of B atoms which exist at interface. 
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Figure 4.3.10 J-V characteristics of stacked silicide dependent the amount of B 

incorporation at the interface annealed at 500 oC. Bn can be controlled by the amount of 

B incorporation. 
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Figure 4.3.11 Bn of the diodes extracted from J-V characteristics depending on the 

amount of B incorporation at the interface. Large Bn modulation can be achieved by 

increasing the amount of B incorporation at the interface. 
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4.3.4 Conclusion 

 The effect of impurity incorporation on Bn is investigated. At first, even with 

impurity incorporation, the interface reaction with stacked silicidation process is also 

maintained. Second, it is obtained that the significant amount of the impurities remained 

at the initial incorporated position due to suppression of interface reaction. Further, 

effective Bn modulation is achieved by impurity incorporation at interface with stacked 

silicidation process. Moreover, impurity incorporation position and amount dependent 

Bn modulation is examined. As a result, the main fact of Bn modulation is that impurity 

exists at the interface. Additionally, it is found that Bn modulation is controlled by 

controlling the amount of impurity which exists at interface. 
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4.4 Demonstration of Schottky barrier S/D FET with barrier height modulation 

 

4.4.1 Introduction 

 

 As described above, it is considered that stacked silicidation process with 

impurity incorporation is the key to achieve the future scaled 3D SB-FETs. In this 

chapter, SB-FET using stacked silicidation process with Bn modulation is demonstrated. 

Then, the effect of Bn modulation on the device characteristics is investigated. 

 

4.4.2 Fabrication process 

 

 SB-FET using the stacked silicide with B or P incorporation at S/D was 

fabricated on a SOI wafer as shown in figure 4.4.1. After SOI patterning, gate oxide was 

formed by thermal oxidation in 1000 oC. To form S/D, stacked silicidation process with 

impurity incorporation was performed. SiO2 was deposited by plasma CVD (TEOS) 

owing to passivation. After gate metal deposition and etching, Al was deposited as 

contact by vacuum evaporation. Finally, annealing was performed at 500 oC in forming 

gas (F.G.) (N2:H2=97:3), so that the effect of terminating the dangling bonds with H+ at 

the interface of oxide/Si substrate is obtained. Therefore, this process can achieve a 

process temperature below 500 oC, except for the gate oxidation. 
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Figure 4.4.1 Fabrication process of Schottky S/D FET. 

 

4.4.3 Electrical characteristics for SB-FET 

 

 Id- VG characteristics are shown in figure 4.4.2. B incorporated device showed 

ambipolar characteristics. On the other hand, P incorporated device can suppress 

ambipolar characteristics with lower Bn, moreover, improvement in the on-current (VG 

=Vd=3V) also supports the Bn modulating. The schematic illustration of band diagram 

for operation is shown in figure 4.4.3 [4.4.1, 4.4.2, 4.4.3]. 
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Figure 4.4.2 Id - VG characteristics of SB-FET with Bn modulated stacked silicide. P 

incorporated device shows larger on-current with suppressed ambipolar characteristics. 
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Figure 4.4.3 Band diagram of the SB-FET at (a) on and (b) off-states with different Bn. 

Ambipolar characteristics are suppressed and larger on-current is obtained by 

modulating Bn to smaller value. 
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4.4.4 Conclusion 

 SB-FETs using stacked silicidation process with B or P incorporation at S/D 

were fabricated below 500 oC except for the gate oxidation. The effect of Bn 

modulation on the device characteristics is confirmed. It is considered that ambipolar 

characteristics are suppressed and on-current is improved because Bn is modulated to 

small value. It is necessary for high performance to modulate Bn to smaller value. 

 

4.4.5 References of this section 

[4.4.1] M. Zhang, J. Knoch, Q. T. Zhao, U. Breuer and S. Mantl, “Impact of dopant 

segregation on fully depleted Schottky-barrier SOI-MOSFETs”, Solid-State Electron., 

50, pp.594-600 (2006). 

[4.4.2] C. Urban, C. Sandow, Q. T. Zhao, J. Knoch, S. Lenk, S. Mantl, “Systematic 

study of Schottky barrier MOSFETs with dopant segregation on thin-body SOI”, 

Solid-State Electron., 54, pp.185-190 (2010). 

[4.4.3] L. E. Calvet, H. Luebben and M. A. Reed, C. Wang, J. P. Snyder, J. R. Tucker, 

“Suppression of leakage current in Schottky barrier matal-oxide-semiconductor 

field-effect transistors”, J. Appl. Phys., 91, pp.757-759 (2002). 

 

 



  
 

123 
 

 

Chapter 5 

Band Discontinuities at Source-Channel Interface 

and their influence on Tunneling FET Performance 

 

5.1 Introduction 

 

 Upon further device size scaling, transistors with steep subthreshold slope have been 

focused as low standby power devices for next generation [5.1]. Among variety of steep 

subthreshold devices including feedback FET [5.2], impact-ionization FET [5.3] and 

nano-electro-mechanical FET [5.4], tunnel FETs (TFET) have been considered to have 

high potentials to achieve a large ION-IOFF ratio over a small gate voltage swing. As 

shown in chapter 3, Schottky barrier tunneling FETs have advantages to the 

conventional MOSFETs such as steeper subthreshold swing and larger Ion/Ioff for short 

Lg regions, keeping their drivability high. This devices also receive several 

benefits of the Schottky MOSFETs such as low parasitic S/D resistance, 

low-temperature process capability, and elimination of parasitic bipolar 

action. [5.5] However the Schottky barrier tunneling FETs suffer from relatively large 

subthreshold swing compared to the band-to-band tunneling MOSFETs, presumably due 

to the presence of the high-energy electron distribution tail of the Fermi-Dirac 

distribution in source metal region, whose influence is discussed as the subthreshold 

swing of highly degenerated p+ source region in ref [5.6]. Therefore the elimination of 

the high-energy tail is effective in order to obtain small subthreshold swings, by using 

band-to-band tunneling with an appropriate impurity concentration source 
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semiconductor region. In addition to that, recently, hetero-junction TFETs (H-TFETs) 

with the presence of a band discontinuity at source/channel interface have been 

proposed in order to boost the drivability of the devices. [5.7] Since H-TFET operation 

is based on band-to-band tunneling from valence band of the source region (EV,source) to 

conduction band of the channel (EC,channel), the tunneling probability can be determined 

by a potential barrier with triangular shape as shown in Figure 5.1(b)[5.7], in which a 

tunneling barrier and tunneling distance are determined by (EC,channel –EV,source), gate 

bias and channel concentration(Nd). In this study, we investigate the influence of 

valence band discontinuity (EV) at source and channel interface on device performance 

of TFET by numerical simulations. 

 

5.2 Simulated model 

 

 SILVACO TCAT tool ATLAS with non-local tunneling model was used for the 

simulation. The device structure used for this simulation was depicted in Figure 5.2. An 

n-type SOI layer (Eg=1.12eV, Nd=1×1017 cm-3) with a thickness of 10 nm and a channel 

length of 100 nm were used. Gate oxide with an equivalent oxide thickness of 0.3 nm 

was adopted. EV between the p+-source and channel was varied from 0 (homojunction) 

to 0.6 eV. The bandgap of semiconductor in source region was kept to be 1.12eV, 

meaning that Ec at source/drain interface is equal to EV. The carrier distribution of 

source material property sited Si carrier. 
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Figure 5.1 Band diagrams of source-channel junction (a) with band discontinuities 

and (b) without band discontinuity. 
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Figure 5.2 Device structure in simulation in this chapter 
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5.3 Influence of valence band discontinuity 

 

 Figures 5.3, 5.4 show Id- VG and subthreshold swing (SS) characteristics of TFET with 

different values of EV. One can observe higher ION as well as smaller SS with larger 

EV. The drivability increased by 2 order of magnitude and the SS values are well under 

the conventional MOSFET minimum value of 60mV/dec for large VG range. The 

smallest SS of 14 mV/dec. was obtained with EV of 0.6 eV. Transconductance (gm) 

also increased with larger EV as shown in Figure 5.5.  
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Figure 5.3 Id - VG characteristics of for each band offset in TFET  
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 Figure 5.4 Subthreshold swing characteristics of for each band discontinuity at 

source/channel interface of TFET 
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Figure 5.5 Transconductance characteristics of for each band each band discontinuity at 

source/channel interface of TFET 
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Threshold voltage, Vth, which is defined as VG at Id=10-8A/m, decreased gradually with 

larger EV as shown in Figure 5.6(a), due to reduced tunneling distance.. Large increase 

in ION, defined as VG =Vth+0.7V as shown in Figure 5.6(b), is due to lower energy 

barrier. On the other hand, IOFF, defined as VG =Vth-0.3V, showed no dependency on 

EV as shown in Figure 5.6(c), which lead to the large ION/IOFF ratio. 

 

0

0.3

0.6

0.9

1.2

0 0.2 0.4 0.6
Ev (eV)

Th
re
sh
o
ld
 V
o
lt
ag
e
, V

th
 (V

)

Id=10
‐8(A)

Due to reduced
tunneling distance

 

Figure 5.6 (a): Threshold voltage dependence on EV. Vth, is defined as VG at 

 Id=10-8A/m. 
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Figure 5.6 (b): Drain Current dependence on EV. Ion at VG =Vth+0.7V is plotted in this 

figure. 
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Figure 5.6(c): Leakage current Ioff dependence on EV. 
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  Potential semiconductors for source region in terms of the formation of band 

discontinuity with channel region are summarized in Fig. 5.7 [5.8], Mg2Si (Eg=0.75 eV) 

[5.9] source can be a good candidate for n- TFETs with Si channel. In the same 

way,-FeSi2 (Eg=0.85eV) [5.10] can be a prospective candidate for p-TFETs.  

 

Figure.5.7 Band alignment of various semiconductor materials. Well-known 

semiconducting silicide is also shown in this figure. 

 

5.4 Conclusions 

 

 We have investigated the influence of valence band discontinuity at source and channel 

interface on device performance of TFET by numerical simulations. A steep slope with 

high ION can be both achieved with larger discontinuity, owing to reduced tunneling 

distance and lower energy barrier for tunneling. As prospective candidates for the 

source semiconducting materials, Mg2Si and -FeSi2 are selected for N-channel and 
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P-channel tunneling FETs, respectively. 
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Chapter 6 

A novel Hetero-junction Tunnel-FET using 

Semiconducting Silicide-Silicon contact and its 

scalability 

 

6.1. Introduction 

The scaling of metal-oxide-semiconductor field-effect transistors (MOSFETs) has been 

pursued for more than 3 decades and the device size reached down to less than 30-nm 

gate length (Lg) region. The scaling law of MOSFETs requires the proportional 

downsizing of each component of the device such as gate length, gate oxide and 

source/drain junction depth 1). The reduction of the supply voltage (Vdd) is also required 

in order to keep the electric field inside the devices constant [6.1]. The threshold voltage 

(Vth) is expected to be lowered accordingly so as to keep on-state drain current (Ion) high. 

However, the lowering of the Vth leads to the drastic increase in off-state leakage current 

between source and drain (Ioff), because of the intrinsic lower limit of the subthreshold 

swing (SS) of MOSFET at room temperature (60mV/dec) [6.2]. The increase in SS due 

to the short channel effect for extremely scaled MOSFET even makes the situation 

worse [6.3]. Recently, in order to keep SS low and obtain the value less than 60mV/dec 

at RT, the tunneling field effect transistor (TFET) has been proposed [6.4,6.5]. For this 

device, gate voltage controls the channel potential in order to modulate the tunneling 

current through the source/channel junction, instead of modulating the drift-diffusion 



  
 

134 
 

current in the channel as in the conventional MOSFETs. However, as the TFETs use the 

tunneling phenomenon through the semiconductor junctions with a certain bandgap, 

they suffer from the small Ion, in general [6.4-6]. Improvement of the drivability of 

TFETs has been pursued by using hetero-junctions [6.7,6.8], in which the tunneling 

probability is enhanced by the reduction of tunneling width with the conduction or 

valence band discontinuities. In most cases, the hetero-junction has been realized by 

III-V semiconductors, with much experiences of hetero-junction engineering such as 

high-electron-mobility transistor (HEMT) and power MOS transistors. Although much 

work has been done so far in terms of the implementation of III-V transistors in Si ULSI 

technologies, further developments are necessary in issues such as the formation of the 

high-k gate stack with low interface state density and low gate leakage current [6.9] and 

the metal contact formation to the semiconductors with low contact resistance [6.10]. 

On the other hand, hetero-junctions among semiconductors of group IV has also been 

proposed for their application to the TFETs using Ge-Si and SiGe-Si structures 

[6.11,6.12].  

Metal silicides have been used as self-aligned silicide (SALICIDE) on source 

and drain in order to reduce the parasitic resistance of the electrodes in Si ULSI 

technology [13]. Metal silicides such as TiSi2, CoSi2 and NiSi are used as conductors 

with low resistivity for that purpose [6.13,6.14]. On the other hand, semiconducting 

silicide such as FeSi2, BaSi2 and Mg2Si have been developed for the photovoltaic cells 

and thermoelectric materials [6.15,16]. By using these semiconducting silicides as 

hetero-junction materials with Si, TFETs with low SS and high drivability could be 

realized. Furthermore, application of SALICIDE technology to these semiconducting 

silicide formations could makes self-aligned formation of the hetero-junction much 
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easier than the molecular beam epitaxy (MBE) of other semiconductors. 

In this study, novel silicide hetero-junction tunneling FET using the 

semiconducting silicide is proposed and the device simulations have been performed to 

investigate the influence of the structural parameters such as channel doping 

concentration and the gate-source overlaps on the electrical characteristics of TFETs. 

The dependence of the characteristics on gate-length has also been investigated in order 

to elucidate the scalability of this device. 

 

6.2. Device Concept and simulation 

 

Figure 6.1(a) shows the band alignment of Si, Ge and semiconducting metal Silicides. 

Among various silicides, the figure shows that Mg2Si has a relatively small bandgap of 

around 0.7-0.8eV and that there are large conduction band and valence band 

discontinuities with Si as the result of its large band energy shift towards the vacuum 

level [6.15, 6.17, 6.18]. Previous work revealed that this material can be doped as 

n-type as well as p-type [18, 19] and this fact also indicates the good potential of this 

material as a candidate for the Si hetero-junction tunneling FETs.  Figure 6.1(b) shows 

the band diagram of the p-type Mg2Si/n-type Si hetero-junction along with that of Si 

homo-junction. The tunneling probability through the pn junction PT can be calculated 

as follows [6.2]: 

 

(6.1), 

 where m*, Eg, q, h, are tunneling mass of electron, bandgap of 

semiconductor, elementary charge, Plank constant and electric field in the junction, 
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respectively. In the case of hetero-junction, Eg of semiconducting silicide is much 

smaller than that of Si and moreover, the effective tunneling barrier is reduced by the 

presence of large conduction and valence band discontinuities once the electrons enter 

the silicon region as shown Figure 1(b). This leads to the enhancement of the 

probability and the resulting drivability of the tunneling FET.   

All simulation was done in Silvaco TCAD tool ATLAS. This simulation tool includes 

drift-diffusion, thermionic emission and tunneling components. The tunneling part uses 

a non-local band-to-band tunneling model with a two-band approximation for the 

evanescent wave vector, and it applies a careful Wentzel–Kramer–Brillouin method 

[6.20]. Gate leak current was neglected in these simulations. Bandgap narrowing, CVT 

(Lombardi) mobility [6.21] model was enabled.  

A schematic illustration of the device is shown in Figure 2(a). An n-type silicon 

MOS structure in an SOI with a thickness of 10 nm was used in the present simulation. 

The gate oxide thickness and the buried-oxide thickness (BOX) were set to 0.3 and 40 

nm, respectively, and the work function of the metal gate was set to 4.3 eV. The gate 

electrode overlapped was varied in the simulation. Doping concentration of channel (Si) 

Nd was tuned mainly from 1×1015 to 1×1018 cm-3. Doping concentration of source Na 

(Mg2Si, Ge, Si) was set to be 1x1020cm-3. The tunnel mass (m*) was set to be 0.25m0 

[22], where m0 is the mass of a free electron.  

The semiconducting Mg2Si source region was modeled according to Figure 6.1 

(a), where bandgap, conduction band offset, and valence band offset are 0.77eV, 0.42eV, 

and 0.73eV, respectively. The dielectric constant is of this material is set to be 20 

[6.17,6.23]. For the drain electrode, a conductor with an Ohmic-contact to Si channel is 

assumed in order to eliminate the parasitic resistance in this region.  
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Figure 6.1 (a) Band alignment of Si, Ge and semiconducting silicides. (b) Band 

diagram of P+-Si/n-Si homo-junction and P+-Mg2Si/n-Si hetero-junction 

 



  
 

138 
 

 

Considering the required supply voltage in less100 nm FETs, the drain voltage 

is varied. Gate length scaling of FET characteristics was carried out in the range of 20 to 

100 nm. All simulations were carried out at room temperature. The electrical 

characteristics for TFET with Si homo-junction and p+- Ge/n- Si hetero-junction were 

also calculated for comparison. 

ChannelSource

Gate

Gate length

: Conductor

BOX

p+‐Mg2Si n‐Si
10nm

Gate oxide 0.3nm

 

Figure 6.2. Schematic device illustration of a tunnel FET with Mg2Si source structure. 

Structural parameters in the device simulation is also shown. 

 

6.3. Results and discussion 

Figure 6.3(a) shows Id – VG characteristics of the TFET with p-Mg2Si source 

hetero-junction. The gate length Lg and the channel doping concentration Nd are 100nm 

and 1x1017cm-3, respectively. The drain voltage was set to be 1.0V in this case. Also 

shown are the characteristics of Si homo-junction tunneling FET and that of p-Ge/Si 

source hetero-junction tunneling FET. The drain current of Mg2Si hetero-junction TEFT 

was larger than that of Si case by more than two orders of magnitude. Even when it is 
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compared to the Ge-Si case, Id increase by about one order of magnitude was obtained. 

This figure also shows steeper subthreshold characteristic for the Mg2Si hetero-junction 

TFET. Figure 6.3(b) shows the subthreshold swing SS dependence on the gate voltage. 

The smallest SS less than 10mV/dec is observed for Mg2Si source hetero-junction TFET 

at the region where the drain current starts to rise from the off state. As the drive current 

increases, the SS gradually increases, however it keeps small value below 60mV/dec for 

the gate voltage range of about 0.2V. Although the SS dependence of Si homo-junction 

and the Ge-Si hetero-junction shows similar dependence on the gate voltage, those 

minima are larger than that of Mg2Si hetero-junction TFET.  

 

Figure 6.3 (a). Id – VG characteristics of the TFET with p-Mg2Si source hetero-junction. 

The gate length Lg and the channel doping concentration Nd are 100nm and 1x1017cm-3, 

respectively. The drain voltage was set to be 1.0V. Also shown are the characteristics of 

Si homo-junction tunneling FET and that of p-Ge/Si source hetero-junction tunneling 
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FET. 

 
Figure 6.3(b) The subthreshold swing SS dependence on the gate voltage for the three 

cases. 

 

In order to elucidate the reason for the smaller SS for the Mg2Si junction, the 

current density in the channel was closely checked as shown in Figure 6.4(a). This 

figure shows the current density at the channel depth of 1nm from the gate dielectric 

and substrate interface. In Figure 6.4(a) the horizontal axis shows the position along the 

hetero-junction with metallurgical junction position as the origin. The current in the left 

shows the hole current in the p-type source, while that in the right shows the electron 

current in the Si channel in this figure. Solid lines and dotted lines indicate the result for 
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the Mg2Si hetero-junction TFET and Si homo-junction TFET, respectively. The gate 

voltage range is in Figure 6.4(a) is 0.1V-0.16V for the Mg2Si hetero-junction case, while 

that is 0.18-0.24V for the Si homo-junction case. These gate voltage range was shown in 

Figure 6.3(a). 

 

Figure 6.4(a) Current density at the channel depth of 1nm from the gate dielectric and 

substrate interface. The horizontal axis shows the position along the hetero-junction 

with metallurgical junction position as the origin. The current in the left shows the hole 

current in the p-type source, while that in the right shows the electron current in the Si 

channel. Solid lines and dotted lines indicate the result for the Mg2Si hetero-junction 

TFET and the conventional Si TFET, respectively. The tunneling width was defined as 

the length along the channel between points where the hole and electron current show 

maxima. Gate voltage range shown in (a) is indicated. 
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Figure 6.4(b) Tunneling width as a function of gate voltage. 

 

The tunneling width was defined as the length along the channel between points where 

the hole and electron current show maxima as in Figure 6.4(a). Figure 6.4(b) shows the 

tunneling width as a function of the gate voltage. It indicates that the widths are shorter 

for Mg2Si hetero-junction TFET than those of the conventional Si TFET throughout the 

gate voltage simulated and this is considered to be the reason for the larger drain current 

of Mg2Si hetero-junction TFET. In addition to that, the figure shows the tunneling width 

drastically changes especially for the gate voltage range 0.1V-0.16V and this can be 

regarded as the reason for the smaller SS for Mg2Si hetero-junction TFET than that of Si 

homo-junction TEFT. 

It should be noted that the off leakage current is larger for the larger channel doping 

concentration. It is opposite trend to the conventional MOSFET, where smaller channel 

concentration leads to a larger off leakage. This is because of the difference in the 

channel doping type: For n-channel FET in which positive gate voltage is applied to let 
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electrons flow in the channel, p-type dopant is introduced in the conventional MOSFET, 

while n-type dopant is introduced in TFET case. Therefore, there is no short channel 

effect originated in charge share issue [24]. The larger off leakage current for higher Nd, 

especially for 20nm case, is regarded as the increase in the influence of the drain 

potential (drain-induced tunneling width reduction), which will be discussed in detail at 

Figure 8 below. Figure 5(b) shows the tunneling width as a function of gate voltage, 

taking the Nd as a parameter. This figure shows Lighter doping provides larger change in 

tunneling width with the same VG modulation, leading to smaller SS. On the other hand, 

Figure 6.5(a) shows almost the same level of on-state drain current at larger VG region 

with Nd variation. Therefore, lighter doping is preferable in terms of the TFET 

characteristics.  

 

  

Figure 6.5(a) Id – VG characteristics of the TFET with Mg2Si hetero-junction with the 

gate length Lg of 100nm (black lines) and 20nm (red lines). The drain voltage was set to 

be 1.0V. The channel doping concentration Nd was varied as a structural parameter from 
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1x1015 to 1 x1018cm-3. 

 
Figure 6.5(b) Tunneling width as a function of gate voltage for TFET Mg2Si 

hetero-junction TFET with the gate length Lg of 20nm. 

 

Figure 6.6(a) shows the Id – VG characteristics of the TFET with Mg2Si hetero-junction 

with the gate length Lg and Nd of 100nm and 1 x1017cm-3, respectively. The drain 

voltage was set to be 1.0V. The gate electrode edge position relative to the Mg2Si/Si 

interface, which is called gate-source overlap, was varied as a parameter. The 

gate-source overlap is positive when gate electrode edge is located above Mg2Si, while 

it is negative when it is located above Si substrate as shown in Figure 6.6(b). The 

overlap was changed from -20 to +20nm in this study. The drive current and minimum 

SS do not change much when gate overlap is positive, while the drain current decreases 

and SS increases much in case of negative gate overlap.  
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Figure 6.6(a) Id – VG characteristics of the TFET with Mg2Si hetero-junction with the 

gate length Lg and Nd of 100nm and 1 x1017cm-3, respectively. The drain voltage was set 

to be 1.0V. 

 

Figure 6.6(b) Definition of the gate overlap: it is positive when gate electrode edge is 

located above Mg2Si, while it is negative when it is located above Si substrate.  
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The band diagram of Mg2Si hetero-junction just under the gate dielectric/substrate 

interface is depicted in Figure 6.7(a) at VG =1.0V. In case of positive overlap, gate 

voltage slightly modifies the Mg2Si potential resulting in the slight decrease in the 

electric field in the hetero-junction. On the other hand, in case of negative overlap, gate 

voltage does not influence the Si potential at the hetero-junction interface much. 

Therefore, the electric field is drastically reduced, leading to the smaller drain current 

and large increase in the subthreshold slope. The result is summarized in Figure 6.7(b), 

where the amount of overlap is taken as the horizontal axis. It should be noted that the 

optimum overlap giving the most current drive as well as smallest SS is not 0nm. 

Therefore exact alignment of the gate edge to Mg2Si hetero-junction is desirable for 

obtaining the largest electric field at the hetero-junction.     



  
 

147 
 

 

Figure 6.7(a) Band diagram of Mg2Si hetero-junction just under the gate 

dielectric/substrate interface with positive gate overlap and negative overlap. The 

amount of the overlap is varied from -20 to 20nm. The gate voltage was 1V for both 

cases. 
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Figure 6.7(b) Minimum subthreshold slope and drain current (VG =Vth+0.5V) as a 

function of the gate overlap. 

 

Figure 6.8(a) shows the Id – VG characteristics of the TFET with Mg2Si 

hetero-junction with Lg of 100nm and Nd of 1 x1017cm-3. The drain voltage is taken as a 

parameter ranging from 0.1V to 1.0V. Also shown in Figure 6.8(b) is the Id – VG 

characteristics of the TFET with Mg2Si hetero-junction with Lg of 20nm and Nd of 1 

x1017cm-3. The drain voltage is also varied from 0.1V to 1.0V. Although there is not 

much change in the characteristics in 100nm case, the reduction in the off leakage 

current by the lowering of the drain voltage is clearly observed in 20nm case. This is 

considered to be due to the reduction of the drain-induced tunneling width modulation 

observed especially in short Lg devices. The tunneling width was increased (15.0nm to 

18.8nm) by the lowering of drain voltage from 1.0 to 0.3V.   
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Figure 6.8 (a), (b) Id – VG characteristics of the TFET with Mg2Si hetero-junction with 

the Nd and 1 x1017cm-3, the gate length Lg of (a) 100nm and (b) is 20nm. The drain 

voltage is varied from 0.1 to 1.0V for both cases. 

 

Figure 6.9(a) shows the minimum SS as a function of the drain voltage. It should be 

noted that the on-state drain current is not changed much even when the drain voltage is 

reduced to as low as 0.3V. The result is summarized in Figure 6.9(b). Therefore, it could 

be concluded that this device is scalable by the drain voltage reduction in accordance 

with its gate length minimization. 
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Figure 6.9 (a) Minimum subthreshold slop SS as a function of drain voltage. Gate 

length is taken as a parameter 

 

Figure 6.9(b) On-state drain current as a function of drain voltage at VG =Vth+0.5V. The 

results for devices with gate length 20 to 100nm are almost the same. 
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Finally, the performance of Mg2Si hetero-junction TFET (Lg=20nm) was 

compared with the conventional SOI-MOSFET as well as those in recent 

literatures on other highly-scaled TFETs [6.8, 6.25-27] as shown in Fig.6.10.  

 

 

Fig.6.10. Comparison of the performance of Mg2Si hetero-junction TFET 

(Lg=20nm) with the conventional SOI-MOSFET as well as those in recent 

literatures on other highly-scaled TFETs [8, 25-27]. The performance of the 

conventional SOI-MOSFET with similar device structure to Fig.2 was simulated. 

In this simulation, source/drain electrodes were n+-Si and the channel doping 

concentration was 1x1017cm-3. Performance of TFETs (Lg=20nm) with Si 

homo-junction and Ge/Si hetero-junction were also simulated with the channel 

doping concentration of 1x1017cm-3 . Performance of all devices at VG =Vth+0.3V 

and Vd=0.3V are plotted for the comparison. 

 

 

The performance of the conventional SOI-MOSFET with similar device structure to 
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Fig.6.2 was simulated. In this simulation, source/drain electrodes were n+-Si and the 

channel doping concentration was 1x1017cm-3. Performance of TFETs (Lg=20nm) with 

Si homo-junction and Ge/Si hetero-junction were also simulated with the channel 

doping concentration of 1x1017cm-3 . Performance of all devices at VG =Vth+0.3V and 

Vd=0.3V are plotted for the comparison. This figure indicates that Mg2Si hetero-junction 

TFET can provide the largest drivability with the smallest minimum SS as Si-based 

TFETs. Although the drain current was reduced from that of SOI-MOSFET, the 

reduction was limited to less than 1 orders of magnitude and the reduction of the SS was 

quite large. This performance is considered to be comparable to those of highly-scaled 

III-V hetero-junction TFETs. 

 

6.4. Conclusions 

In this work, new type of tunneling field-effect transistor using semiconducting 

silicide Mg2Si source /Si channel hetero-junction was proposed and the device 

simulation has been performed. With a large band discontinuity in conduction and 

valence band edges at the source/channel hetero-junction, the drain current was 

enhanced by about 2orders of magnitude from the Si homo-junction reference device. 

The subthreshold swing (SS), which is another key parameter of TFET, can also be 

reduced from that of Si homo-junction case. The structural parameter influence on the 

electrical characteristics revealed that a low substrate impurity concentration lead to 

lower SS as a result of larger tunneling distance modification by the gate voltage. It was 

also shown that the alignment of the gate edge to the hetero-junction lead to the smallest 

SS and the largest drain current by the realization of the largest electric field at the 

junction. Scaling of the gate length leads to the increase in SS because the drain 
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potential induce larger leakage current by the drain induced tunneling width reduction. 

But with the drain voltage decrease in accordance with the gate length scaling, the high 

drivability and low SS of Si based TFET device could be maintained. 
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Chapter 7 

Conclusions 
 

7.1 Summary of this thesis 

 

MOSFETs have been developed in accordance with the scaling law in order to enhance 

the device speed and reduce their power consumption during the operation. Scaling law 

requires the reduction of the supply voltage of MOSFETs, however recently the 

subthreshold leakage prevents us from pursuing the trend. Therefore steep subthreshold 

FETs have been intensively investigated. Among a few candidates for the steep 

subthreshold FETs, tunneling FET is a most promising one due to its simple structure 

and its capability of the drain voltage reduction. Therefore, it is very important to 

conduct a research on tunneling FETs especially in terms of their on-state and 

subthreshold characteristics. On the other hand, with the fact that Si base technology is 

still prevailing in ULSI field even with an intensive work all over the world for the 

development of III-V semiconductors. Therefore, Si-based tunneling FET could be one 

promising solution for the drastic reduction of the ULSI chips.  

Silicides have been used in SALICIDE process in ULSI manufacturing so far in order 

to reduce the parasitic resistance of MOSFETs. But Metal silicide can also be applied to 

form the Schottky tunneling interface, while semiconducting silicide can be applied to 

form the hetero-tunneling junction with Si channel. 

Considering all of these backgrounds, I conducted the research on a study on process 

and device structure Tunnel FETs using Silicide-Silicon Schottky or Heterojunction.  
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In chapter 3, the device simulation has been performed to investigate the structural 

parameter influence on the electrical characteristics of Schottky barrier tunneling FETs 

(SBTFETs). Schottky barrier height and channel doping concentration as well as gate 

length are mainly taken as the structural parameters. For relatively long-channel 

MOSFETs (50 nm), a low Schottky barrier height as well as a high substrate impurity 

concentration lead to the increase in the tunneling probability through the barrier, 

resulting in the smaller SS. On the other hand, for short channel length MOSFETS (10 

nm), the short channel effect (SCE) has much influence on the characteristics of 

SBTFETs. Since a larger SBH is effective to suppress the SCE, an optimum Schottky 

barrier exists for the short-channel SBTFETs, depending on the gate length as well as 

other device parameters.  

For the realization of the silicide/Si structure suitable for SBTFETs, defect free 

silicidation at the interface with quite wide range of Bn controllability is desired. In 

chapter 4, novel Ni silicide formation process using annealing of Ni/Si thin film stack is 

proposed. This process realizes stable NiSi2 composition and morphology at wide 

temperature range with an atomically flat interface without Ni atoms encroachment into 

Si channel. Introduction of Phosphorous and Boron at the silicide/Si interface made 

possible to modify the Schottky barrier height with quite wide range in Si bandgap. 

Finally, Schottky transistors are fabricated with this process in order to confirm the 

effectiveness of this process.  

The elimination of electrons which belong to a high energy tail in Fermi-Dirac 

distribution in the source electrode seems to be effective to reduce subthreshold swing 

further, the band-to-band tunneling from semiconducting source and the influence of 

valence band and conduction band discontinuities at source-channel interface are 
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investigated using numerical simulations in chapter 5. A steeper subthreshold swing 

with higher ON current can be both achieved with larger discontinuity, owing to 

reduced tunneling distance and lower energy barrier for the quantum mechanical 

tunneling of electrons. 

In chapter 6, new type of tunneling field-effect transistor using semiconducting silicide 

Mg2Si source /Si channel hetero-junction was proposed and the device simulation has 

been performed. With a large band discontinuity in conduction and valence band edges 

at the source/channel hetero-junction, the drain current was enhanced by about 2orders 

of magnitude from the Si homo-junction reference device. The subthreshold swing (SS), 

can also be reduced from that of Si homo-junction case. The structural parameter 

influence on the electrical characteristics revealed that a low substrate impurity 

concentration lead to lower SS as a result of larger tunneling distance modification by 

the gate voltage. It was also shown that the alignment of the gate edge to the 

hetero-junction lead to the smallest SS and the largest drain current by the realization of 

the largest electric field at the junction. Scaling of the gate length leads to the increase 

in SS because the drain potential induces larger leakage current by the drain induced 

tunneling width reduction. But with the drain voltage decrease in accordance with the 

gate length scaling, the high drivability and low SS of Si based TFET device could be 

maintained. 

Finally, advantages of Schottky barrier and heterojunction tunnel FET with 

silicide/silicon junction are summarized in the form of their performance comparison 

with the conventional MOSFETs as below. This table clearly indicates that with the 

minimal reduction of the on current, large Ion/Ioff ratio as well as small SS are realized 

in SBTFETs and heterojunction tunnel FETs especially for short channel devices. 
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Table 7.1: Comparison of TFETs using Silicide/Si junctions in this study to the 

conventional MOSFETs in short channel (Vd=0.3V) 

 

 

7.2 Further Study 

 As summarized above, I have studied Si-based tunneling FETs using Silicide/Si 

source-channel interface with 2-D device simulation, but the discussion was limited for 

N-type tunneling FETs. (I used the word ‘N-type’ as the device, in which electron is the 

main carrier in the channel under the gate.) Considering the utilization of CMOS 

circuits with N-type and P-type tunneling FETs, further study should be done for P-type 

tunneling FETs. As introduced in Chapter 5, the appropriate semiconducting silicide for 

P-type device would be -FeSi2. Therefore, similar discussion as in Chapter 6, assuming 

N-type -FeSi2/Si hetero-junction source/channel contact would be useful, although 

there still remains the issue such as how to implement different silicides for N-FETs and 
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P-FETs on the same surface. Further discussion on circuits such as SRAM and so on 

using those materials would be also very useful. 

On the other hand, although it is revealed that Mg2Si hetero-junction tunneling 

FET using band-to band tunneling can be one of the promising candidates for Si-based 

steep SS device with high drivability, this result is still a prediction from the device 

simulation. Therefore, this prediction should be verified with fabrication and evaluation 

of devices. Although Mg2Si has been investigated for its usage in optoelectronic, 

thermoelectricity, and photovoltaic devices, it is not studied as a material for 

nano-electronics. Therefore, its electrical characteristics as well as compatibility to Si 

ULSI processes have to be investigated.  

Formation of silicide/Si interface with a good integrity itself would be an 

important topic of research. In that sense, a novel silicidation process using annealing of 

metal/Si thin film stacks proposed in chapter 4 would be a good method also for the 

formation of semiconducting silicide/Si interfaces. 

 

  



  
 

162 
 

 

Acknowledgments 

 

I would like to express my gratitude to Prof. Akira Nishiyama and Prof. Hiroshi 

Iwai of Tokyo Institute of Technology for their guidance as an adviser on this thesis and 

for their continuous fruitful discussions.  

I am also grateful to Prof. Kuniyuki Kakushima, Prof. Kazuo Tsutsui, Prof. 

Hitoshi Wakabayashi, Prof. Yoshinori Kataoka, Prof. Nobuyuki Sugii, Prof. Takeo 

Hattori, Prof. Kenji Natori, and Prof. Parhat Ahmet for their invaluable guidance and 

assistance throughout my research. 

I would like to thank Prof. Kenji Ohmori and Prof. Keisaku Yamda of University 

of Tsukuba for useful discussion and encouragement. 

I would like to thank Dr. Anthony Villalon and Prof. Sorin Cristoloveanu of 

CEA-LETI and IMEP-LAHC, Grenoble for their useful discussion on band-to-band 

tunneling FET and encouragement through my 6-month-study in France. 

I would like to thank Mr. Shikahama and Mr. Zhusi and Prof. Takanobu Watanabe 

of Waseda University for their support on simulations and valuable discussion. 

I would like to thank Prof. Liu Ming of Chinese Academic of Sciences, Prof. Shi 

Yi of Nanjing University, Prof. Dong Zhen Chao of University of Science and 

Technology of China and Prof. Hey Wong of University of Hong Kong for reviewing 

this thesis and for valuable advices 

I would like to thank Prof. Y. Iwamoto of IPER program of Tokyo institute of 

technology for financial support of my research in France. 

I truly appreciate all the help from students in Prof. Iwai’s Laboratory provided to 



  
 

163 
 

me. In particular, I thank Master Students, K. Matsumoto, M. Koyama and H. 

Hasegawa for engineering discussion and support of my life in the Lab.  

I would also like to thank Prof. Iwai’s secretaries Ms. Akiko Matsumoto and 

Masako Nishizawa for their kind support and help for handing of numerous and various 

documents and forms throughout my student years.  

I would also like to thank secretaries Ms. Akiko Suzuki and Ms. Midori Hirano of 

University of Tsukuba for their kind support and help for handing of numerous and 

various documents and forms. 

 Finally, I would like to express my deepest gratitude to my parents and grandparents 

for their continuous and unconditional support, love and help, as I am indebted all my 

accomplishments to them 



  
 

164 
 

List of Publications and Presentations 

 

Journals 

[1] Y. Wu, C. Dou, F. Wei, K. Kakushima, K. Ohmori, P. Ahmet, T. Watanabe, K. 

Tsutsui, A. Nishiyama, N. Sugii, K. Natori, K. Yamada, Y. Kataoka, T. Hattori, and H. 

Iwai, “Influence of Structural Parameters on Electrical Characteristics of Schottky 

Tunneling Field-Effect Transistor and Its Scalability”, Japanese Journal of Applied 

Physics, Volume 52, Number 4, 04CC28. 

 

[2] Y. Wu, H. Hasegawa, K. Kakushima, K. Ohmori, T. Watanabe, A. Nishiyama, N. 

Sugii, H. Wakabayashi, K. Tsutsui, Y. Kataoka, K. Natori, K. Yamada, and H. Iwai, “A 

novel hetero-junction Tunnel-FET using Semiconducting silicide-Silicon contact and its 

scalability”, Accepted for publication, Microelectronics reliability 

 

International Conference (peer review) 

[1] Y. Wu, C. Dou, K. Kakushima, K. Ohmori, P. Ahmet, T. Watanabe, K. Tsutsui, A. 

Nishiyama, N. Sugii, K. Natori, K. Yamada, Y. Kataoka, T. Hattori, and H. Iwai,, 

“Influence of Structural Parameters on Electrical Characteristics of Schottky Tunneling 

Field-Effect Transistor and Its Scalability”,International Conference on Solid State 

Devices and Materials (SSDM 2012) 

 

[2] Y. Wu, H. Hasegawa, K. Kakushima, K. Ohmori, H. Wakabayashi, K. Tsutsui, A. 

Nishiyama, N. Sugii, Y. Kataoka, K. Natori, K. Yamada and H. Iwai, “Influence of Band 



  
 

165 
 

Discontinuities at Source-Channel Contact on Tunnel FET Performance”, 2013 

International Workshop on DIELECTRIC THIN FILMS FOR FUTURE ELECTRON 

DEVICES (IWDTF2013) 

 

Other conferences  

[1] Y. Wu, N. Shigemori, S. Sato, K. Kakushima, P. Ahmet, K. Tsutsui, A. Nishiyama, N. 

Sugii, K. Natori, T. Hattori and H. Iwai, “Observation of tunneling FET operation in 

MOSFET with NiSi/Si Schottky source/channel interface”,218th Electrochemical 

Society (ECS) Meeting 

 

[2] Y. Wu, N. Shigemori, S. Sato, K. Kakushima, P. Ahmet, K. Tsutsui, A. Nishiyama, N. 

Sugii, K. Natori, T. Hattori and H. Iwai, “Observation of NiSi/Si Schottky 

source/channel interface electrical characteristic”,Taiwan-Japan Workshop "Nano 

Devices" 

 

[3] Yan Wu, K. Kakushima, P. Ahmet, A. Nishiyama, N. Sugii, K. Tsutsui, K. Natori, T. 

Hattori and H. Iwai  “An analytical model of a tunnel FET with Schottky junction”, 

 G-COE PICE International Symposium and IEEE EDS Minicolloquium on Advanced 

Hybrid Nano Devices (IS-AHND) 

 

[4] Yan Wu, K. Ohmori, K. Kakushima, A. Nishiyama, K. Yamada, H. Iwai “The tunnel 

FET with schottky contact simulation”,Tsukuba Nanotechnology Symposium 2011 

 

[5] K. Matsumoto, M. Koyama, Yan Wu, K. Kakushima, P. Ahmet, K. Tsutsui, A. 



  
 

166 
 

Nishiyama, N. Sugii, K. Natori, T. Hattori, H. Iwai “Size dependent resistivity change of 

Ni-silicides in nano-region”, Workshop and IEEE EDS Mini-colloquium on Nanometer 

CMOS Technology 

 

[6] Yan Wu, K. Kakushima, P. Ahmet, A. Nishiyama, N. Sugii, K. Tsutsui, K. Natori, T. 

Hattori and H. Iwai  “A Study on Fabrication and Analytic Modeling of novel Schottky 

contact tunneling Transistors”,IEEE EDS MQ WIMNACT 32 

 

[7] Yan Wu, K. Ohmori, K. Kakushima, A. Nishiyama, K. Yamada, H. Iwai “Influence 

of Structural Parameters on Schottky Tunneling Field-Effect Transistor”,Tsukuba 

Nanotechnology Symposium 2012 

 

[8] Yan Wu, K. Kakushima, P. Ahmet, A. Nishiyama, N. Sugii, K. Tsutsui, K. Natori, T. 

Hattori and H. Iwai “Electrical Analyses of Nickel Silicide Formed on Si Nanowires 

with 10-nm-width”,International Symposium on Next-Generation Electronics (ISNE 

2013) 

 

[9] Yan Wu, K. Ohmori, K. Kakushima, A. Nishiyama, K. Yamada, H. Iwai “A study of 

Band offset in Source-Channel Contact improve Tunnel FET Performance”,Tsukuba 

Nanotechnology Symposium 2013 

 

 


