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Abstract 

A large part of the success of integrated circuits could be attributed to the 

continuous scaling of metal-oxide-semiconductor-field effect-transistors (MOSFETs), 

which lead to faster and cheaper transistors simultaneously. However, as the transistor 

dimensions shrink down to the sub-100 nm regime, it has become challenging to 

continuously improve transistors‟ performance by conventional scaling techniques. It 

is found that on-state current, power consumption and short channel effects have a 

tradeoff relationship with each others. As a result, any technique to improve transistor 

performance needs to overcome/mitigate the stringent constrains of this tradeoff.  

The nanowire transistor architecture and germanium (Ge) channel are 

considered to be promising performance boosters to improve transistor performance 

which can effectively overcome/mitigate the tradeoff between on-state current, power 

consumption and short channel effects. In this thesis, nanowire gate-all-around (GAA) 

Schottky Barrier (SB)-MOSFETs and Ge nanowire transistors are studied as potential 

candidates for future high performance transistor applications. 

Nanowire GAA MOSFETs integrated with 1-D NiSi Schottky source/drain 

(S/D) were explored and demonstrated on silicon (Si) nanowires with diameter down 

to 4 nm. Although NiSi has a high hole SB height of 0.46 eV, the Si nanowire SB-

MOSFET still demonstrated a high on-state current and a subthreshold swing (SS) 

close to the ideal value 60 mV/dec. The performance improvement was attributed to 

the improved carrier injection as a result of the superior gate electrostatic control over 

the channel in the GAA nanowire device architecture.  
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As a potential performance booster, Ge nanowire transistors were explored. 

Ge nanowires (NWs) were fabricated on an epitaxial grown Ge layer by a novel 

technique of two-step etching with polymerization in between. Ge-nanowires 

(GeNWs) with diameter down to 14 nm were integrated with the TaN/High-k gate 

stack to form Ge nanowire pMOSFETs.  The on/off ratio as high as 6 orders at -1.2 V 

VDS was achieved on the 14 nm diameter Ge nanowire transistor. However, hole field 

effect mobility was low due to the surface roughness scattering and the Coulomb 

scattering caused by the heavy interface state trap density. To improve the GeNW 

surface topology, Epitaxial-Si over GeNW was employed. The Ge/Si core/shell 

nanowires were integrated with the TaN/HfO2 gate stack to form GAA GeNW 

pMOSFETs. With the introduction of the Si epitaxial shell, the Ge nanowire transistor 

performance was significantly improved. A 200 nm gate length Ge/Si core/shell 

nanowire GAA pMOSFET demonstrated high on-state current of 150 µA/µm, a peak 

field effect mobility of 254 cm2/V-s, and a backscattering coefficient of 0.31.  
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Chapter 1                          
Introduction 

 

Nowadays, integrated chips (ICs) have been widely used and become a 

critical component in almost every aspects of our daily life. ICs mainly consist of 

planar silicon (Si) Metal-Oxide-Semiconductor-Field-Effect-Transistors 

(MOSFETs) and the performance of the individual MOSFET is a key factor of the 

whole circuits‟ performance. Thus, intensive studies have been carried out to 

improve MOSFET performance ever since its invention in the early 1960s. This 

chapter will discuss various approaches to improve MOSFET performance and 

their challenges. At the end, it is the thesis organization.  

 

1.1  Approaches to improve MOSFET performance 

The schematic of an nMOSFET is shown in Fig. 1.1 (a). A MOSFET is an 

electrical switch and the current flowing between the two terminals of source & 

drain (S/D) is controlled by the electric field from the third terminal of gate (G). 

There are two operating modes of a transistor. One is the off-state at which its gate 

bias is the same as its source bias. At off-state mode, there is no current flow 

between the S/D. The other mode is on-state at which its gate bias is the same as 

its drain bias. At on-state mode, a thin layer of inversion charge below the gate 

electrode is formed by the electrical field from the gate electrode. This layer of 

charges connects the S/D and let the current flows between them. Fig. 1.1 (b) 
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shows a typical inverter circuit. If the input voltage (VIN) is initially zero at ground 

voltage, nMOSFET is at off-state and pMOSFET is at on-state. In this case, the 

loading capacitor (CLOAD) is charged and the output voltage (VOUT) is at supply 

voltage (VDD). When VIN is switched from zero to supply voltage VDD, nMOSFET 

turns to on-state and pMOSFET turns to off-state. In this case, CLOAD is 

discharged through the nMOSFET. In this discharging process, VOUT switches 

from VDD to zero in response to the switching of VIN from zero to VDD. The 

responding speed of this circuit is determined by the on-state current of 

nMOSFET and the amount of charge stored in the loading capacitor CLOAD. 

Similarly, the capacitor is charged through the pMOSFET when VIN switches 

from VDD to zero, and the responding speed of this circuit is determined by the on-

state current of pMOSFET and the amount of charge stored in CLOAD.     

 

Figure 1.1: (a) Schematic of a conventional planar NMOS cross-sectional 

image and (b) a typical inverter circuit consisting of one NMOS and one 

PMOS.  

 

As discussed above, the switching speed of the inverter circuit is 

determined by the on-state current of the transistors and the loading capacitor 

CLOAD. In real applications, CLOAD consists of both the interconnect capacitance 

and transistors‟ capacitance, which is complicated and circuit dependent. For 
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simplicity, the speed of an individual transistor is evaluated by its intrinsic gate 

delay τ [1]: 

  
         

   
                                                    (1.1) 

where CGATE is the transistor gate capacitance, VDD is the supply voltage and ION 

is the on-state current. The on-state current of a long channel transistor can be 

described as: 

     
                

   
                                         (1.2)  

where COX is the gate capacitance per unit area, µ is the effective carrier mobility, 

W is the transistor width, VG is the gate voltage, LG is the channel length, and VT 

is the threshold voltage which can be expressed as a portion of the supply voltage 

VDD. Thus, VT = α*VDD, where α is a constant between 0 and 1. At the on-state in 

which VG = VDD, after replacing ION with the equation 1.2, the intrinsic gate delay 

can be described as: 

  
         

   
 

            

   
 

       
 

     
                   (1.3) 

 

According to the equation 1.3, there are four approaches to improve the 

transistor speed:  

1. Increasing the supply voltage VDD;  

2. Decreasing the constant α to have a smaller VT;  

3. Decreasing the transistor gate length LG;  

4. Increasing the carrier mobility µ.  
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Approach (1) and (2) are not preferred as the gain of speed by these 

approaches has a cost of higher power consumption. The power consumption of 

one transistor can be roughly described by [2]: 

                
        

  
                    (1.4) 

where A is a constant value, f is the operating frequency, Io is the drain current at 

VG = VT, ILEAK is the total leakage current including gate and junction leakages, 

SS is the subthreshold slope. The equation 1.4 clearly shows larger VDD and 

smaller VT would increase the power consumption significantly.  

Approach (3) has been adopted by the semiconductor industry and kept 

improving the MOSFET performance for around four to five decades. This 

approach is generally referred as scaling down. The magic of scaling down is that 

it could improve the transistor performance and lower the fabrication cost 

simultaneously. However, it has become challenge to scale down further due to 

stringent constrains in the tradeoff between on-state current, power consumption 

and short channel effects in sub-100 nm technology node. This approach, 

including its advantages and challenges, will be discussed in details in section 1.2.   

Approach (4) is an alternative and increasingly important approach of 

improving the MOSFET performance for advanced transistors. Since approach (3) 

of scaling down Si-MOSFET is much cheaper and easier, this approach has not 

being attractive for a long time. However, as the scaling of Si MOSFETs 

approaches its physical limit, this approach has attracted increasingly more 

attention recently. Some technologies under this category, such as strain 
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engineering, have been employed to improve the carrier mobility in sub-90-nm 

technology nodes already [3]. Furthermore, semiconductor with higher carrier 

mobility such as germanium (Ge) [4-8] and III-V compounds [1, 9, 10], have been 

intensively investigated as alternative channel materials for future transistors.  

 

1.2 MOSFET scaling 

1.2.1 Overview of MOSFET scaling 

Perhaps, a large part of the success of the planar Si MOSFET is due to the 

fact that it can be scaled down to increasingly smaller dimensions, which gains 

two benefits simultaneously: (1) faster transistor, which means higher 

performance ICs; (2) lower cost per transistor as each transistor takes less area on 

the chips. This remarkable trend was first pointed out by Gordon Moore and well 

known as Moore‟s law, which predicts that the number of transistors per 

integrated circuit would double approximately every ~ 2 years within 

approximately the same size  chip (Fig. 1.2)[1].   

 

Figure 1.2: 2009 ITRS product technology trends: MPU product 

functions/chip and industry average “Moore’s Law” and chip size trends[11].  
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Table 1.1: Transistor parameters in constant-voltage scaling and constant-

field scaling, assuming long channel device and power = ID*VD. 

Scaling factor: ξ Before Scaling Constant-Voltage  Constant-Field  

Gate Length  LG ξLG ξLG 

Gate Width  W ξW ξW 

Oxide Thickness Tox Tox ξTox 

Supply Voltage VDD VDD ξVDD 

Drain Current  ID ID ξID 

Power / Area P P/ ξ
2
 P 

Delay   τ ξ
2
τ  τ 

 

There are two types of scaling, constant-voltage scaling and constant-field 

scaling. Table 1.1 shows the transistor parameters in the two scaling approaches. 

In constant-voltage scaling, only the lateral dimensions – the gate length LG and 

gate width W of the transistor – are scaled down by the scaling factor ξ; while in 

constant-field scaling, the lateral and perpendicular dimensions as well as the 

supply voltage, are scaled down proportionally to maintain an approximately 

constant electrical field in the channel and the gate oxide.  

In constant-voltage scaling, both the perpendicular dimensions and the 

supply voltage remains the same. Thus, as the gate length scales down, the 

electrical field between drain and source would keep increasing. At certain point, 

the electrical field is so strong that the Source/drain (S/D) depletion region would 

meet with each other and lead to mal-function transistors. Hence, the 

perpendicular dimension and the supply voltage need to be scaled down as well in 
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practical application, which is similar to constant-field scaling. In real application, 

it is generally required that the next generation of scaled-down circuit works faster 

than the last generation. This requirement is generally accomplished by not 

scaling down the supply voltage as aggressively as other parameters for a tradeoff 

with higher power density consumption. 

 

1.2.2 Challenges of further scaling MOSFET 

For a long time, a faster and cheaper transistor can be obtained by adopting 

the constant field scaling approach without causing any serious issues. However, 

it has been recognized that, in sub-100 nm regime, this conventional device 

scaling has confronted the difficulty that the three main performance indexes 

associated with MOSFET performance – on current, power consumption and short 

channel effects – have a tradeoff with each other, owing to several physical and 

essential limitations directly related to the device scaling down [10].  

Short channel effects arise when the MOSFET channel length is scaled 

down to the same order of magnitude as the depletion-layer width of the S/D 

junction. As the gate length is reduced, drain and source become so close that the 

channel potential is influenced not only by the gate bias, but also by the drain bias. 

Thus, the potential barrier at channel is no longer effective to block the carrier 

transportation between source/drain. To suppress short channel effects, it is 

required to have thinner gate oxide, higher substrate doping (Nsub), smaller S/D 

junction depth (Xj), lower extension concentration and lower supply voltage (VDD). 

However, it is obvious that those requirements conflict with those of higher ION 

and lower power consumption. Thinner gate oxide will increase gate leakage (IG) 
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exponentially, which increase the power consumption significantly. It is reported 

that the direct tunneling current of IG increases approximately one order with 

every 2 Ǻ reduction of gate oxide thickness for a normal gate oxide thickness of 

15 Ǻ [12]. Smaller Xj and lower extension concentration increase S/D series 

resistance, which consequentially decrease on current significantly. The increase 

of Nsub is necessary in suppressing short channel effects in bulk MOSFETs; 

however, it increases Ileak due to junction tunneling current and gate induced drain 

leakage current. In addition, it causes the reduction of ION as it lowers the carrier 

mobility. 

From equation 1.4, it is required to have smaller VDD, larger VT and 

thicker gate oxide to have lower power consumption. Apparently, smaller VDD and 

larger VT decrease ION while thicker gate oxide leads to worse short channel effect 

performance. On the other hand, achieving larger on-state current requires higher 

VDD, smaller VT, thinner gate oxide, higher extension concentration, higher 

junction depth and lower substrate doping, which apparently conflict with those of 

lower power consumption and better short channel effects immunity.  

As a result, for any approach of further improving the MOSFET 

performance, it needs to overcome these difficulties or to mitigate these stringent 

constraints in this tradeoff, that is to satisfy the high performance and low power 

consumption against these physical limitations simultaneously. High-k/metal-gate, 

which can mitigate the tradeoff between gate leakage and equivalent-oxide-

thickness (EOT) requirements, have already been implemented for advanced 

MOSFETs. Employing the nanowire gate-all-around (GAA) transistor architecture 

is another approach to reduce the stringent requirement on EOT. High mobility 
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semiconductor such as Ge has also attracted heavy attentions as alternative 

channel materials to improve on-state current without sacrificing the power 

consumption and short channel effects performance.  

 

1.3 High-k/metal-gate for gate dielectric scaling 

High-k gate dielectric is necessary to scales down the EOT further for 

advanced transistors. One of the main challenges to scale down advanced 

MOSFETs is the gate oxide scaling. As listed in table 1.1, the oxide thickness is 

required to be reduced by the scaling factor ξ for the next generation transistors. 

For the last four decades, the SiO2 gate dielectric thickness has been scaled down 

and reached its physical limit. According to International Technology Roadmap 

for Semiconductors (ITRS), a MOSFET with gate length below 90 nm will need 

oxide thickness of less than 12 Ǻ as shown in Fig. 1.3. That corresponds to only a 

few layers of SiO2 atoms, and it is so thin that the gate leakage has already 

become a major portion of the transistor power consumption. Further scaling 

down the oxide thickness will increase the leakage current exponentially, as the 

gate leakage current increases approximately one order with every 2 Ǻ reduction 

of SiO2 thickness when the SiO2 thickness is less than 15 Ǻ [12]. An alternative 

gate dielectric with dielectric constant (k) greater than SiO2 (k=3.9) has been 

proposed to reduce the gate tunneling leakage. With the benefit of higher 

dielectric constant, the gate dielectric physical thickness can be larger to suppress 

leakage current while maintain the same capacitive coupling to the channel. 

Among all the reported high-k materials, hafnium based oxide compound has 

already been employed by the semiconductor industry for its sufficiently large 
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bandgap (Eg ~ 5.6 eV) and fairly high k value ~ 20 - 25. Additionally, thermal 

stable HfO2 with EOT ~ 10 Ǻ has been demonstrated on both Si [13] and Ge [6]. 

However, many challenges remains on further scaling down the EOT of hafnium 

oxide based material, such as the undesired interfacial layer formed by oxygen 

atoms and the substrate. The dielectric constant (k value) of this interfacial layer, 

such as SiO2 for high-k on Si substrate, is much lower compared than that of high-

k materials, and it limits further scaling down of the gate stack EOT. Thus, more 

scientific and technological innovations are needed to continue the scaling.  

 

Figure 1.3: The limit of the gate leakage current (Jg,limit) required by ITRS 

versus the simulated gate leakage current (Jg,simulated) for high performance 

applications[11].  

 

Another performance booster is the metal gate. The conventional gate 

electrode of heavily doped poly-Si has many advantages, such as adjustable work 

function, excellent compatibility to SiO2 and superior thermal stability. As 

MOSFETs scales down, it is found that poly-Si electrode has several problems 

and it is no longer a suitable gate electrode for advanced MOSFETs. The first 
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problem is poly-depletion effect, which refers to the phenomenon that a thin layer 

of heavily doped poly close to the gate oxide is depleted and leads to ~ 3 - 5 Ǻ 

thicker EOT. This phenomenon is ignored for a long time as the EOT of the 

conventional long channel transistors is large. However, since the EOT of 

advanced transistors has been scaled down to less than 15 Å already, the 

additional 3 - 5 Ǻ EOT due to the poly depletion effect becomes a significant 

portion and makes further gate oxide scaling problematic. Another problem of 

poly gate is that, the gate oxide of advanced transistors is so thin that boron could 

easily diffuse through the gate oxide into the substrate channel, which leads to a 

shifted threshold voltage and larger the gate dielectric leakage. Moreover, for 

high-k dielectric applications, the thermal dynamical stability of poly on high-k 

gate stacks and work function‟s Fermi-level pinning effects are all well reported 

problems. As a replacement of poly-Si gate, metal gate electrodes do not have all 

of these problems.  

High-k/metal-gate has become necessary for advanced transistors, as it is 

able to reduce the gate leakage current or suppress short channel effects without 

sacrificing other key transistor performance parameters. Dual work function metal 

gates are normally required for deeply scaled planar devices. However, mid-

bandgap metal gate is adequate for a GAA device due to better electrostatic 

coupling of GAA architecture. Among all the metal gate candidates, TaN is one of 

the well reported metal electrodes and it is chosen as the metal gate in this work 

for its good thermal stability on high-k materials and their mid-bandgap work 

function.  
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1.4 Objectives and scopes 

This project is to explore the top-down engineered nanowire GAA 

MOSFET for future transistor applications and to address its possible performance 

bottlenecks. The nanowire GAA architecture is well reported for its superior gate 

electrostatic coupling to the channel which is able to overcome/mitigate the 

stringent constraints in the tradeoff discussed in section 1.2; thus, it makes further 

scaling possible. In this project, two main issues are addressed:  

1. The high parasitic series resistance of a nanowire GAA transistor 

limits its on-state current. The possible solution is studied in this 

project by replacing the heavily doped source/drain with highly 

conductive metal. The fabrication and understanding of the Si 

nanowire gate-all-around MOSFET with 1-D NiSi Schottky barrier 

source/drain is included in this thesis. The effective Schottky 

barrier height and Schottky barrier shape of Si nanowire and planar 

Schottky barrier MOSFETs are studied by both experimental data 

and MEDICI simulation in this project.  

2. Ge is explored as a high carrier mobility channel and it is 

integrated with the nanowire GAA transistor architecture. A novel 

technique of fabricating Ge nanowires on an epitaxial Ge layer is 

presented in this thesis. The passivation layer of GeO2 and Si shell 

are explored and characterized in this project. Ge nanowire 

transistors integrated with HfO2/TaN gate stack are characterized 

and studied in this project.    
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1.5 Thesis organization  

This thesis is organized in the following chapters:  

Chapter 2 gives a background and literature review on nanowire and Ge 

transistors. The evolution of transistor architectures is presented and the 

motivation of developing nanowire GAA transistors is highlighted. The two main 

streams of nanowire fabrication technique - bottom-up and top-down techniques - 

are discussed. The background knowledge on Ge transistors is also discussed in 

chapter 2, including the motivation and major challenges of replacing Si channel 

with Ge channel. The development history of gate oxide of Ge MOSFETs is 

presented in chapter 2. Other challenges such as junction leakage and process 

integration are also discussed in chapter 2.  

Chapter 3 presents the work of the Si nanowire gate-all-around MOSFET 

integrated with 1-D NiSi Schottky barrier source/drain. The background 

knowledge of Schottky barrier MOSFET is discussed first. The detailed 

fabrication processes of Si nanowire GAA MOSFETs integrated with 1-D NiSi 

Schottky source/drain are presented in this chapter. Device characterization is 

conducted on both Si nanowire and planar Schottky barrier MOSFETs. Carrier 

injection is found to be improved in nanowire GAA transistors in this chapter.     

Chapter 4 presents the Ge nanowire pMOSFET on epitaxial Ge substrate. 

The detailed processes of Ge epitaxial growth on Si substrate and Ge nanowire 

formation on the epitaxial Ge substrate are presented and characterized. Ge 

nanowires integrated with HfO2/TaN gate stack and GeO2 passivation shell are 

demonstrated and characterized in this chapter.  
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Chapter 5 presents Ge/Si core/shell nanowire pMOSFETs. Epitaxial grown 

Si shell on Ge is explored as a technique to smooth the Ge surface. Additional 

implantation and Ni germanidation process through contact holes are employed to 

reduce the high series resistance of Ge nanowire transistors presented in chapter 4. 

Ge/Si core/shell nanowire pMOSFETs are characterized and studied in this 

chapter. The integration of the Si shell is found to be able to improve hole 

mobility in the Ge nanowire channel significantly.  

Chapter 6 summarizes the major results and findings. It also provides some 

suggestions on future research.   
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Chapter 2                    
Literature Review 

 

2.1 Nanowire gate-all-around architecture 

As discussed in chapter 1, MOSFET scaling requires scaling down the gate 

oxide thickness to suppress short channel effects for conventional bulk transistors, 

which, however, trades off with power consumption. While employing high-

K/metal-gate is an approach to overcome/mitigate this tradeoff, employing 

innovative transistor architectures is another effective approach. Those innovative 

transistor architectures are able to enhance the gate electrostatic coupling to the 

channel. As a result, short channel effects can be effectively suppressed without 

scaling down the gate oxide thickness when switching from the conventional 

transistor architecture to those innovative ones. Fig. 2.1 shows those transistor 

architectures that have been extensively explored in the last decades. They are the 

fully depleted silicon-on-insulator (FD-SOI) transistor [14-16], the double-gate 

transistor [17, 18], the tri-gate transistor [19-21], the π-gate transistor[22-24], the 

Ω-gate transistor[24-27] and the gate-all-around (GAA) nanowire transistor[28-

30], with the gate electrostatic coupling capability becomes better and better.  

Among all those innovative architectures, GAA nanowire MOSFETs have 

attracted intensive attentions from the research community for reasons discussed 

in the following paragraphs.   



16 
 

 

Figure 2.1: Schematics of transistor architecture evolution: (a) FD-SOI 

MOSFET; (b) double gate transistor; (c) Tri-gate transistor; (d) π-gate 

transistor; (e) Ω-gate transistor; (f) GAA transistor.  

 

The first advantage of the nanowire GAA architecture is its best 

electrostatic control over the channel and thus it has the best scalability [27, 31, 

32]. By solving the Poisson‟s equation for potential in a double-gate SOI and a 

nanowire GAA transistor architecture, it has been clearly shown that the GAA 

nanowire architecture has better immunity to short channel effects [17, 32, 33]. At 

1997, Auth et al. showed that, compared with double-gate MOSFETs, the minimum 
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gate length of GAA transistors could be reduced up to 40 % while maintaining the 

same short channel performances with the same gate oxide and channel thickness[32]. 

Bescond et al. reported a simulation work on various device architectures with the 

gate length in sub-10-nm regime, and predicted that the GAA nanowire transistor 

has the best control over short channel effects[31]. His simulation work shows 

that a reasonable small subthreshold swing (SS) and drain induced barrier 

lowering (DIBL) are achievable at the sub-10-nm gate length regime with the 

GAA nanowire architecture.  

 

Table 2.1: Summary of key device parameters of some of reported nanowire 

nMOSFETs. 

 Ref. [29] Ref.[34]  Ref. [35] Ref. [27] Ref. [36] 

NW diameter (nm) 5 8 1.5 5 ~5 

Gate structure GAA GAA GAA Ω-gate GAA 

Gate type Poly-Si TiN Poly-Si Poly-Si Poly-Si 

Dielectric SiO2 SiO2 SiO2 SiO2 SiO2 

Lg(nm) 8 15 350 10 130 

EOT (nm) 4 3.5 4 1.9 5 

Vdd (V) 1.2 1 1.2 1 1.5 

Ion (µA/µm) 3740 1440 2400 522 1039 

Normalization Diameter Diameter Diameter --- Diameter 

SS (mV/Dec) 75 72 60 75 72-74 

DIBL (mV/V) 22 50 6 80 4~12 

Ion/Ioff >10
7
 10

6
 10

6
 10

5
 >10

8
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Experimental works confirmed the excellent scalability of the nanowire 

transistor. At 2004, Yang et al. reported the first sub-10 nm gate length nanowire 

transistors [27] with fairly good short channel performance in terms of Ion/Ioff ratio, 

SS and DIBL. The reported 10 nm gate length inversion mode nanowire 

nMOSFET achieved intrinsic gate delay of 0.22 ps, on/off ratio of 52200, SS of 

75 mV/dec and DIBL of 80 mV/V. The reported 5 nm gate length Ω-gated 

accumulation mode nanowire pMOSFET achieved intrinsic gate delay of 0.48 ps, 

on/off ratio of 5 orders, SS of 63 mV/dec and DIBL of 14 mV/V. Those values are 

much better than those of reported double-gate FinFET [37], planar SOI [38, 39] 

and conventional bulk transistors [40] with similar gate length. Table 2.1 lists some 

of the reported nanowire transistor performance.  

The second advantage of the nanowire GAA architecture is the higher carrier 

mobility. Firstly, the acoustic phonon scattering should be suppressed because of the 

reduced phase space for backscattering in 1-D system[41]. Secondly, the channel is 

intrinsic; thus, coulomb scattering is minimized. For a conventional bulk transistor, 

the channel doping level kept increasing to suppress short channel effects as device 

scales down. However, higher dopant concentration degrades the carrier mobility 

significantly. Lastly, the surface scattering is suppressed due to volume inversion 

effect[42], and reduced transverse electric fields due to the increased capacitive 

coupling of the geometry.  

Another advantage of the nanowire architecture is the ultra low power 

consumption. This advantage enables the nanowire transistor of great potential in 

mobile electronics as well as bio-applications which require ultra-low power 

consumption. The leakage of the nanowire transistor is ultra-low, which is 
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possibly due to: (1) the channel leakage is suppressed by the superior gate 

coupling to the channel; (2) the S/D-channel junction leakage is minimized as a 

result of the minimized junction area; (3) the gate leakage is reduced due to the 

mitigation of gate oxide scaling. The ultra-low leakage in the nanowire transistor 

also partially contributed to its high on/off ratio.  

Currently, there are two approaches to fabricate nanowires: bottom-up 

approach and top-down approach. These two approaches have their advantages and 

disadvantages and both of them will be discussed in the following two sections.  

 

2.2 Nanowires fabricated by bottom-up approach 

In bottom-up approach, nanowires are synthesized. There are a number of 

methods reported that can synthesize nanowires, such as template-directed growth 

[43-46], laser ablation growth [47-50], catalyst-assisted growth [51-56] and other 

methods [57]. Among those methods, vapor-liquid-solid (VLS) growth, one of the 

catalyst-assisted growth mechanisms, is the most well studied and reported 

methods for semiconductor nanowires synthesis [51-54, 58]. In VLS growth, the 

nano-scale particles of the catalyst are dispersed on a substrate. Then, the 

temperature is raised high enough to transform the catalyst nano-particles into 

liquid clusters. Those liquid catalytic clusters act as the energetically favored sites 

for localized decomposition of the vapor phase reactants, absorption of vapor 

phase reactants and crystallization of crystalline nanowires[59]. As the absorption 

and crystallization continues, the nanowires are grown from the catalytic clusters. 

The advantages of this approach are: (1) the size of the synthesized nanowire is 

determined by the size of the liquid catalytic cluster. The nanowire diameter as 
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small as 10 nm has been demonstrated with this technique; (2) uniform in-situ 

doping can be obtained by including the doping gas sources during the wire 

synthesis, and it can be well controlled to switching from n-type to p-type by 

simply switching the dopant gas sources. It is reported that Si[60], Ge [55, 57], 

SiGe and some III-V compounds nanowires[46] can be synthesized by this 

approach and the nanowire diameter and doping can be well controlled [61].  

The bottom up approach has the advantage of low cost, as it does not 

require the expensive lithography process. However, the biggest challenge of this 

approach is to integrate those synthesized nanowires into functional ICs in a cost 

effective and reliable way. Typically, the synthesized nanowires are randomly 

spread over the wafer and they need complicated techniques to be integrated into 

device architecture for achieving specific functionalities. Some of the techniques 

reported for this purpose are „pick-and-place‟ with AFM tip [62], liquid 

suspension[63], electric- or magnetic-field schemes[64-66], and fluid flow[59, 60]. 

Such processes lack control in repeatability and scalability. Moreover, the 

throughput is very low, which is a main economical factor for any new technique 

to be accepted in manufacture industry. These integration issues limit the 

nanowire fabricated by bottom-up approach from commercial applications.  

 

2.3 Nanowires fabricated by top-down approach  

In top-down approach, the pattern is first defined by lithography process 

and then transferred into the substrate to form fin-like structures, which are then 

converted into nanowires by trimming down the fins. Si nanowires have been 

successfully demonstrated with this technique, in which the converting process 
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normally is thermal oxidation followed by wet etch of oxide. The controllability 

and process window of the Si nanowire oxidation process is reported to be good 

due to a self-limiting effect, which refers to the phenomenon that the oxidation 

rate becomes slower and self-limiting as the Si-fin is trimmed down to nanowire 

size [35, 67-73].  

The self-limiting oxidation of Si nanowires is first reported by Liu et al. at 

1993[68]. It was reported that, unlike oxidation of planar Si surface where the 

oxide thickness increases along a parabolic curve, the oxide thickness over a Si 

column structure is self-limited and the final nanowire diameter was controlled by 

the oxidation temperature. It was reported that, the nanowire diameters were 

limited to be 11 and 6 nm after the dry oxidation of 30 nm diameter Si column at 

800 and 850 ℃ separately for a long time [68].  In the following works, Liu et al. 

reported that the self-limiting phenomenon could be observed only when the 

oxidation temperature is below 950 ℃ and the main mechanism of the self-

limiting effect was suggested to be attributed to the increase in the activation 

energy of oxide diffusivity as a result of the large stress in the formed oxide 

during the oxidation process [69]. In that work, 2-nm-wide Si nanowires with 

aspect ratio of more than 100 to 1 was achieved[69]. At 2000, Heidemeyer et al. 

reported the pattern dependent oxidation and the self-limiting effect in the 

oxidation of Si dots [70]. It was proposed that the oxidation rate decreases with 

increasing stress perpendicular to the Si surface and self-limiting occurs when the 

stress is over a critical value[70]. At 2008, Cui et al. suggested that the origin of 

the self-liming oxidation comes from the change of distribution of diffusion 

activation energy in the high density region which rises monotonically along with 
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the oxidation[71]. CMOS compatible process for nanowire fabrication utilizing 

the self-limiting oxidation has also been reported. Theng et al. explored the self-

limiting technique for dual nanowire channels on SOI platform[73]. Although thin 

Si bridge is observed because the oxidation time is not long enough in Theng‟s 

work, the later work reported by Singh et al. successfully demonstrated circular 

single crystalline Si nanowire with diameter down to 3 nm formed by self-limiting 

oxidation on SOI wafers [35].   

Unlike the bottom-up approach, the top-down approach does not have the 

integration issue as all the nanowires are printed by the lithography process. 

Moreover, the top-down fabrication process has the advantages of excellent 

repeatability, scalability, high throughput and compatible with the conventional 

CMOS process technology. 

 

2.4 Germanium channel for future transistors 

As discussed in chapter 1, replacing Si with other semiconductor having 

higher carrier mobility is another effective way to improve the MOSFET 

performance. The domination of Si MOSFETs in the ICs market could partially be 

attributed to the fact that Si has much better native oxide than its counterparts. The 

Si-SiO2 system is perfect for MOSFET gate oxide, for its low interface state 

density, good thermal stability and low leakage current. However, this advantage 

of Si has gone as SiO2 has been replaced by high-k gate dielectric, for suppressing 

gate leakage current while satisfying the EOT requirement. Thus, nowadays, other 

semiconductor with higher intrinsic carrier mobility, such as Ge, become very 



23 
 

attractive to be integrated with high-k gate dielectric for the future advanced 

transistors.  

Table 2.2 lists the intrinsic materials properties of Si, Ge and a few popular 

III-V compounds. As shown in the table, Ge offers the highest intrinsic hole 

mobility, ~ 4 times higher than that of Si,  and 2.5 times higher electron mobility 

than that of Si. Several times higher carrier mobility than the Si universal hole 

mobility has been demonstrated based on high-k/Ge system [6, 7]. Furthermore, a 

compressively strained Ge pMOSFET is demonstrated to have ten times or higher 

hole mobility against a Si pMOSFET [74-77]. As the scaling of the Si MOSFET 

approaches its physical limits, high-k/Ge system has received more and more 

attentions as an alternative way of improving the MOSFET performance [78]. 

Therefore, the Ge channel MOSFET is generally regarded as one of the most 

promising channel materials for high speed applications. 

 

Table 2.2: Intrinsic material properties of Si, Ge and a few popular III-V 

compounds.   

 Si Ge GaAs InP InAs InSb 

Electron mob. (cm
2
/Vs) 1600 3900 9200 5400 40000 77000 

Hole mob. (cm
2
/Vs) 430 1900 400 200 500 850 

Band gap (eV) 1.12 0.66 1.42 1.34 0.36 0.17 

Permittivity 11.9 16 12 12.6 14.8 17 

Melt Point (℃) 1415 937 1238 1059 941 525 
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2.5 Challenges of the Ge channel transistor 

Although Ge has great potential of higher performance, there are several 

challenges associated with the fabrication of Ge MOSFETs.  

 

2.5.1 Gate dielectric 

The first and biggest challenge of fabricating Ge MOSFETs is the lacking 

of high quality gate stacks. Unlike Si, native Ge oxides (GeO and GeO2) are water 

soluble and thermodynamically unstable[79]. This has been a bottleneck in 

introducing Ge channels into CMOS technology. Thermally grown native oxide of 

Ge is found to be primarily GeO2 with small amounts of GeOx (x < 2)[79]. GeO2 

is water soluble, which not only leads to reliability concern but also makes the 

fabrication process challenge most of the cleaning processes have water. 

Furthermore, this Ge/GeOx system is reported to have high interface state density 

(Dit) [80] which leads to lower mobility. GeOxNy has better thermal and chemical 

stability than native Ge oxides and it was once explored as a gate dielectric 

candidate. Shang et. al. reported ~ 40% enhancement in hole field effect mobility 

over the silicon universal curve [81] with this GeOxNy gate dielectric. Chui et al. 

studied the scalability of GeOxNy on Ge and reported CET down to 1.9 nm [82]. 

However, none of those works demonstrated GeOxNy as a suitable candidate for 

the future ultra-scaled MOSFET due to the high leakage based on experimental 

results. Probably the contribution of these studies is to use GeOxNy as a surface 

passivation layer in high-k/Ge system. Introducing nitrogen at the interface by 

annealing Ge in NH3 ambient at 500-600 ℃ was first reported by Bai et al. [83] as 

an effective way to suppress gate leakage. The film grown by this technique is 
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found containing oxygen as well and its chemical composition is GeOxNy. 

However, the interface trap density of GeOxNy/Ge system is not sufficient low for 

high performance transistor application. Those traps reduce the mobility gains of 

replacing Si with Ge and lead to a large hysteresis in the MOS device.  

To obtain high quality high-k/Ge interface, several other pre-gate surface 

passivation techniques have been investigated, such as PH3 gas treatment[84], 

AlNx passivation[84], sulfur passivation[85, 86], Si passivation [87, 88] and GeO2 

passivation[6, 89-91]. These surface passivation techniques can either reduce the 

interface state density or suppress the Ge out-diffusion into high-k dielectrics.  

Recently, GeO2 as an interfacial passivation layer has attracted a renewed 

attention. Takahashi et al. reported that GeO2 decomposition is the root of high 

interface state density at the GeO2/Ge interface and low interface trap density of 

thermally grown Ge oxide could be obtained once the decomposition of GeO2 are 

suppressed [91]. Later, Xie et al. reported that high quality gate stack with Dit as 

low as 2 × 10
11

 cm
-2

*eV
-1

 could be achieved by incorporating fluorine passivation 

in GeO2/Ge system, and reported hole mobility as high as three times of the Si 

universal hole mobility based on this system [6, 89, 90]. However, further 

reliability studies are needed for this approach.  

The most popular and intensive studied approach is Si passivation [87, 92-

95]. Wu et al., report that annealing Ge in SiH4 right before HfO2 deposition could 

suppress gate leakage and achieve ~ 140 % higher hole mobility [94]. Later, Bai et 

al. reported Si passivation achieved low Dit of 7 × 10
10

 cm
-2

*eV
-1

 and low gate 

leakage simultaneously [95]. The Si passivation layer works in such a way that it 

is consumed to form an interfacial layer before the underneath Ge reacts with 
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HfO2. There are two advantages of this approach: (1) the formation of unstable 

GeO2 could be minimized; (2) the dangling bonds between Si and Ge could be 

minimized, as the lattice mismatch between them is small enough to be handled 

by the ultra-thin Si layer. Hence, it could be expected to have the improved 

MOSFET performance. De Jaeger et al. reported that that the Si thickness must be 

controlled within a few monolayers to obtain a high quality, defect free Ge-HfO2 

interfacial layer on the planar substrate [93].  

 

2.5.2 Junction leakage 

The smaller bandgap of Ge compared with Si has been a concern because 

of its influence on band-to-band tunneling which leads to junction leakage. The 

reported junction leakage of n
+
/p and p

+
/n Ge diodes formed by boron and 

phosphorus implantation can be reduced to 10
-4

 A/cm
2
 with annealing, which is 

considered acceptable for device operation[5]. However, it is still necessary to 

optimize the implantation and activation process to achieve this optimum result.  

 

2.5.3 Process integration 

Although Ge process is CMOS technology compatible, process integration 

issues should be taken care. For instance, the widely used chemical cleaning 

solution for Si such as piranha and SC1 cannot be used for Ge cleaning process. 

Process temperature is another issue. As shown in table 2.2, the melting 

temperature of Ge is 937 ℃. The melting temperature of nano-scale structure is 

reported to be lower than that of bulk material[96]. Thus, process temperature of 
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Ge device needs to be taken care, especially for Ge nanowires investigated in this 

project. Normally, the process temperature is kept to be below 600 ℃ for safety.  

 

2.6    Summary  

This chapter reviews the reported works on nanowire and Ge devices. 

GAA nanowire device architecture shows scaling advantage on its best gate 

coupling to the channel, which has been proved by both simulation works and 

experimental works. The nanowire fabrication methods are generally categorized 

into two groups, bottom-up and top-down approaches. Pros and cons of these two 

approaches are reviewed. The advantages of devices built on Ge are reviewed in 

this chapter. The Ge process challenges, including lacking of proper gate oxide, 

junction leakage and process integration, are reviewed in this chapter.  
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Chapter 3                      
Si Nanowire GAA 

MOSFETs Integrated 

with 1-D Schottky 

Barrier Source/Drain  

 

3.1 Schottky diode 

When metal is in contact with semiconductor, carriers move from the 

higher energy level to the lower energy level between the semiconductor and the 

metal. The redistribution of carriers leaves the fixed charge behind, forming a 

depletion region close to the semiconductor interface. This type of contact is 

referred as Schottky diode. Fig. 3.1 shows the energy band diagram of a typical 

Schottky diode on p-type silicon at equilibrium.      is the Schottky barrier 

height (SBH) for electrons,      is the SBH for holes, Vbi is the built-in potential 

and W is the depletion region width. Intuitively, the SBH depends on the affinity 

difference between the metal and the semiconductor as shown in Fig. 3.1. 

Experimental data shows that the SBH and the affinity difference is not a simply 

linear relationship. Further research attributes this difference to the Fermi-level 

pinning effect, which states that the interfacial states between the metal and the 

semiconductor offset the affinity difference. 
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Figure 3.1: Schematic energy band diagram of a Schottky diode on p-type 

silicon. 

 

Fig. 3.2 shows a Schottky junction under forward bias. For a Schottky 

junction, the net current has four components: 

1. Holes travel from semiconductor to metal by thermal emission;  

2. Holes travel from semiconductor to metal by quantum mechanical 

tunneling; 

3. Recombination of electrons and holes in the depletion regime; 

4. Electrons travel from metal to semiconductor by thermal emission. 

 

For a Schottky diode presented in Fig. 3.2, the current from the 

recombination of electrons and holes normally can be neglected because of the 

low density of defect states. The current from the electrons travel from metal to 

semiconductor can be neglected because of the high thermal emission barriers. 

Thus, the net current can be approximately presented by the sum of thermal 

emission and quantum mechanical tunneling current. In Fig. 3.2, holes with 

energy higher than the Schottky barrier are able to overcome the barrier and 
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contribute to the net current by thermal emission (hole 1). For holes with energy 

lower than the barrier, it is still possible for them to tunnel through the barrier and 

contribute to the net current by quantum mechanical tunneling (hole 2).  

 

Figure 3.2: Schematic of hole transport mechanism in a Schottky diode. The 

energy of hole 1 is higher than the Schottky barrier, traveling from the 

semiconductor to the metal by thermal emission. Hole 2 travel from the 

semiconductor to the metal by quantum mechanical tunneling.   

  

The depletion width W in a Schottky diode can be calculated with equation 

3.1: 

   
      

   
                                             (3.1) 

where      is the permittivity of Si, Vbi is the built-in potential and VF is the 

applied forward bias. According to equation 3.1, the depletion width W decreases 

as the dopant concentration increases. For NA ≥ 1 × 10
20

 cm
-3

, the depletion width 

is in the order of a few nanometers, and it is so thin that the tunneling current 

would become significant. For moderate doped semiconductor (ie. NA < 1 × 10
17

 

cm
-3

), the diode current could be described by:  

         
   

   
                                          (3.2) 
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with 

              
   

  
                                      (3.3) 

where Is is the saturation current, A is the diode area and A** is the effective 

Richardson constant,     is the SBH and n is the ideality factor. From equation 

3.3, the ideality factor n can be derived as: 

   
 

  

  

        
                                               (3.4) 

This parameter includes all the factors leading to a deviation of the Schottky diode 

in which n = 1.  

 

3.2 Schottky barrier MOSFETs 

3.2.1 Advantages of SB-MOSFETs 

Fig. 3.3 shows the cross sectional view of a conventional and a Schottky 

barrier (SB) nMOSFET. The difference between a SB-MOSFET and a 

conventional MOSFET is that the heavily doped S/D in the conventional 

MOSFET is replaced by highly conductive metal in the SB-MOSFET, normally 

silicide for Si MOSFETs. The replacement of the p/n junction with the Schottky 

diode gives the SB-MOSFET several advantages:  

1. Atomic abrupt junction. The interface between the metal and the 

semiconductor channel is atomic abrupt and can be accurately 

controlled by the reactant metal thickness and the process thermal 

budget, which implies high potential of scalability, especially 

applicable for the sub-10 nm gate length devices [97]. 
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2. Simpler device fabrication. For SB-MOSFET, various 

implantations and the successive high temperature anneals are not 

needed any more; thus, it is easier for the integration of high-

k/metal-gate due to its low-temperature fabrication process.  

3. Reduced parasitic series resistance. The silicide has much lower 

sheet resistivity than heavily doped Si. This advantage is especially 

important for Ge channel devices, as the large S/D series resistance 

due to the low dopant solid solubility in Ge can be avoid by 

employing highly conductive germanide S/D. 

 

 

Figure 3.3: Schematic cross sectional view of (a) a conventional heavily doped 

S/D nMOSFET and (b) a Schottky barrier nMOSFET.  

 

3.2.2 Operating principles of SB-MOSFETs 

The operating principles of SB-MOSFETs are illustrated with the energy 

band diagrams in Fig. 3.4. Fig. 3.4 (a) shows the energy band diagram without 

gate and drain bias. The bending up of the energy band is due to the built-in 

potential between the metal and the semiconductor.  
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Figure 3.4: Energy band diagram of (b-d) SB-pMOSFETs and (e-g) SB-

nMOSFET under various gate and drain bias. VDS2 is more negative than 

VDS1 and VDS4 > VDS3.   
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A SB-MOSFET can function both as a pMOSFET and an nMOSFET, 

depending on the gate and the drain bias. Fig. 3.4 (b) – (d) illustrate the energy 

band diagrams when biasing the SB-MOSFET as a pMOSFET. At positive VG, 

the energy band is pushed down by the gate bias, which leads to tunnel electron 

current at the drain side. As gate bias reduces, the energy band is pushed upward, 

and the Schottky barrier at the drain side gradually becomes thicker and leads to 

smaller leakage current. The leakage current of this SB-MOSFET is similar to, but 

have different mechanism from gate induced drain leakage (GIDL) of 

conventional MOSFETs. As the gate bias increases negatively, the energy band is 

pushed up and transformed from (b) to (c). In this process, the hole barrier at the 

source side gradually becomes transparent while the electron barrier at drain 

becomes thicker. Thus, tunneling electrons at drain side reduces exponentially 

while tunneling holes at source side increases exponentially, and the dominate 

transport carriers are switched from electrons to holes. A typical transfer 

characteristics of SB-pMOSFET is shown later in Fig. 3.12, in which, the net 

current first decreases and then increases as the gate bias increases negatively. 

This transfer output behavior of SB-MOSFET is named as ambipolar behavior [98] 

and it will be further discussed later. Fig 3.4 (d) shows that a forward biased 

Schottky barrier would exist at the drain side junction when the drain bias is small 

and the gate bias is large, which would limit the current at small drain bias. Fig. 

3.4 (e)-(g) shows the energy band diagrams when biasing the same device as an 

nMOSFET and similar principles could be applied to understand the operations of 

SB-nMOSFET.  
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3.2.3 Challenges of SB-MOSFETs 

In history, the investigation of SB-MOSFETs is based on planar transistor 

architecture. Simulation works show that the SB-MOSFET can be scaled down to 

sub-10 nm gate regime[99]. However, SB-MOSFET suffers from lower drive 

current compared with a conventional MOSFET having heavily doped S/D, as 

SB-MOSFET has an additional Schottky barrier at the source junction, which 

limits the on-state current. 

 Simulation works suggest that the S/D Schottky barrier height should be 

less than 0.1 eV in order to have comparable current drivability as the 

conventional p/n-doped S/D MOSFET [100, 101]. However, although a lot of 

efforts have been devoted to explore and characterize the various silicides, none of 

the reported silicides has a Schottky barrier height satisfying this requirement. 

Table 3.1 lists some of the typical SBH of heavily reported silicides. Among all 

the reported silicides, the best candidate for a pMOSFET is PtSi, which has the 

smallest Schottky barrier height for hole, ~ 0.2 eV [102]; the best candidates for 

nMOSFET are ErSi[103-107] and YbSi [104], which have the smallest Schottky 

barrier  height for electron, ~ 0.27-0.36 eV. Apparently, the SBH of these silicides 

are not low enough to provide comparable high drive current as a conventional 

heavily doped S/D planar MOSFET and innovations are needed to lower down the 

SBH in SB-MOSFETs in order to have larger drive current.  
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Table 3.1: Commonly reported silicide Schottky barrier height on n-type Si.  

Silicide Φb (eV) Preparation Ref. 

TiSi2 0.61 - [108] 

CoSi2 0.65 - [108] 

NiSi 0.67 - [108] 

YSi1.7 0.39 Furnace [103] 

ErSi1.7 0.39 Furnace [103] 

ErSi1.7 0.36/0.35 Furnace [103] 

ErSi2-x 0.41 RTA [104] 

ErSi1.7 0.43/0.29 RTA [104] 

ErSi2 0.27 UHV [105] 

ErSi2 0.283 Furnace [106] 

DySi1.7 0.37 Furnace [103] 

YbSi1.7 0.27 RTA [104] 

TbSi2-x 0.52 RTA [104] 

PtSi 0.9 Furnace [102] 

 

 

3.3 Advantages of Si nanowire GAA SB-MOSFETs 

In view of lacking of silicide with sufficiently low Schottky barrier height, 

it is important to turn the efforts to minimize the Schottky barrier width to 

maximize the tunneling current. Fig. 3.5 shows the energy band diagram of a SB 

junction at various gate bias. Intuitively, we can see that at V3, the SB width is 
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thinner and the drive current would be larger. In this way, the Schottky barrier 

width is modulated by the gate bias, leading to a lower effective Schottky barrier 

height. Thus, better gate coupling could lead to thinner Schottky barrier width at 

the same gate bias. As discussed in chapter 2, the nanowire GAA architecture is 

known for its best electrostatic control over the channel and it is considered as a 

potential candidate for the end-of-the-roadmap devices [32]. Thus, it is interesting 

to investigate the effects of nanowire GAA architecture on the SB-MOSFET.  

 

Figure 3.5: Schematic of gate modulation of Schottky barrier width. 

 

Additionally, the nanowire GAA MOSFET suffers from high parasitic 

series resistance due to the narrow S/D conducting cross sectional area. The 

resistance R can be described as  

   
 

 
                                                         (3.5) 

where ρ is the resistivity, L is the length and A is the conducting area. One 

potential solution of this problem could be to replace the S/D with highly 

conductive metal in the nanowire GAA Schottky barrier MOSFETs. For the 

heavily doped S/D nanowire MOSFETs, the resistivity ρ is limited by the dopant 
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solid solubility. The continual scaling of MOSFETs has reduced the channel 

resistance significantly, which has led to the increasing dominance of the parasitic 

series resistance in advanced MOSFETs [109, 110]. The narrower S/D conducting 

area in the nanowire device architecture makes the situation worse, leading to high 

S/D resistance forming a larger fraction of total resistance. In this point of view, 

lower S/D resistance is another advantage of nanowire GAA SB-MOSFET 

comparing with the heavily doped S/D in the nanowire GAA MOSFET.  

In this chapter, nanowire GAA pMOSFETs integrated with 1-D Schottky 

barrier S/D will be discussed.  

 

3.4 Si nanowire SB-MOSFETs fabrication 

The process flow schematic is shown in Fig. 3.6. The starting material was 

8" (100) silicon-on-insulator (SOI) wafers with a top Si (p-type, ~ 1×10
15

 cm
-3

) 

thickness of 120 nm on a buried oxide (BOX) thickness of 150-nm. SiO2/SiN (100 

Å/700 Å) were used as the hard mask to define uniform fins (Fig. 3.6(a)), 

followed by S/D lithograph to define S/D (Fig. 3.6(b)). These two steps 

lithographs define the active area and they ensure the uniformity of Si-fins and 

thus, the uniformity of Si nanowires. Si-fins patterns with different drawn length 

from 200 to 1000 nm long and different width from ~ 40 nm width to 80 nm width 

were transformed into the Si layer by reactive ion etch and stopped at the BOX 

layer (Fig. 3.6(c)).  

Si nanowires were formed by oxidation of the Si-fins in dry O2 at 875℃ 

for 5 hours (Fig. 3.6(d)). Si fins in this experiment are positive sloped and the top 

width is less than the bottom width as shown in Fig. 3.7 (a). The oxidation rate at 
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the corner is much slower than that at the flat surface due to the stress effects; thus, 

the thermal oxidation results into a dumbbell shaped Si fin for initially wider Si 

fins. The dumbbell shape means larger Si width at the two ends connected with a 

thinner Si bridge as shown in Fig. 3.7 (b). If the initial Si fin width is smaller, the 

Si bridge connecting the two ends of the Si dumbbell will be fully oxidized and 

leads to two Si nanowires as shown in Fig. 3.7 (c). If the initial Si fin width is 

smaller enough (for the 40 nm Si fin in this experiment), the smaller top Si 

nanowire will be fully oxidized and only left one Si nanowire at the bottom as 

shown in Fig. 3.7 (d).  

After 5 hours‟ oxidation, the Si nanowires were released from the oxide by 

dipping into 1:25 diluted HF. ~ 5 nm gate oxide was thermally grown as gate 

dielectric (Fig. 3.6(e)) and ~ 100 nm amorphous Si was deposited by low pressure 

chemical vapor deposition (LPCVD) successively. Gate implantation condition 

was phosphorous/4×10
15

cm
-2

/25 KeV in 4 rotations with 45 degree tilted to the 

wafer surface, which leads to an Ω-shaped dopant profile surrounding the 

nanowires. The dopant was activated by rapid thermal annealing (RTA) at 1050 ℃ 

for 10 sec. In view of the dopant profile and the small dimension of  Si-

nanowire/gate-oxide, the poly directly below the Si nanowire is believed to be 

doped, and thus, forming a fully surrounding poly gate. SiN/SiO2 was deposited as 

hard mask before the gate lithography. SiN/SiO2 was deposited as hard mask 

before the gate lithography. The poly gate length was trimmed to expose the two 

ends of the Si nanowires near S/D pads for silicidation. This trimming was done 

by first trimming the gate photoresist in O2 plasma, followed by trimming the hard 

mask (SiN/SiO2) in phosphorous acid.  
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Planar Si Schottky barrier pMOSFETs are fabricated on the same wafer, 

following exactly the same processes described above. The only difference is the 

drawn width of planar devices is several micrometers instead of 50 nm fin width; 

therefore, the nanowire oxidation has ignorable impact over the planar devices.    

One of the challenge processes in this experiment is the poly gate etching. 

As shown in Fig. 3.6 (e), there is a distance (typically ~ 40 - 50 nm) between the 

Si nanowire and the BOX substrate and the poly in-between needs to be removed 

by over etch after the etching plasma reaches the Si nanowire. Since the chemistry 

property of Si nanowires and poly Si is the same, the gate oxide surrounding Si 

nanowire needs to be able to resist the poly Si over etch to protect the Si nanowire 

from the etching plasma; otherwise, the exposed two ends of the Si nanowire will 

be etched away and the S/D pads will be disconnected. The gate oxide is as thin as 

5 nm in this experiment; thus, the poly Si over etch process needs to be optimized 

for high etch selectivity of poly Si over oxide. In this experiment, the poly etch is 

conducted in APPLIED MATERIALS PRECISION 5000, and the etch parameters 

are shown in table 3.2. The poly etching has two phases. The first phase is a 

standard poly etch, referred as “main etch” in table 3.2. The second phase is the 

optimized over etch process, referred as “over etch” in table 3.2. In order to 

achieving a selectivity of poly Si over oxide greater than 50, the pressure is 

increased from 70 × 10
-3

 Torr to 80 × 10
-3

 Torr; the power is reduced from 400 W 

to 75 W and the etch gas is switched from Cl2 to HBr.  

After the poly-Si gate patterning, gate hard mask was removed by 

phosphorous acid and diluted HF (Fig. 3.6(f)). Then, 100 Å SiO2 / 150 Å SiN 

were deposited and etched to form the spacer (Fig. 3.6(g)). After a diluted HF dip 



41 
 

to clean the oxide on the S/D extension pads and the exposed nanowire edges, 1-

nm Ti followed by 9-nm Nickel was sputtered by physical vapor deposition (PVD) 

system (Fig. 3.6(h)). NiSi was formed at the exposed Si nanowire tips and S/D 

pads by RTA process at 500C for 30 sec, and the excess Ni was successively wet 

removed by 10 min piranha (H2SO4+H2O2+H2O, 1:1:5) (Fig. 3.6(i)). Standard 

metal contact formation and sintering process was done before the measurement.  

 

Table 3.2: Etching parameters in PRECISION 5000 for highly selective etch 

of poly Si over oxide.  

 Pressure Power Gas Flow rate 

Main etch 70 mTorr 400 W Cl2 

O2 

60 sccm 

10 sccm 

Over etch 80 mTorr 75 W HBr 

O2 

35 sccm 

5 sccm 
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Figure 3.6: Schematics of the Si nanowire NiSi S/D MOSFET fabrication 

process. Schematics after (a) fin hard mask pattern and etch; (b) S/D 

photoresist pattern; (c) Si-fin etch; (d) self-retarded Si-fin oxidation; (e) gate 

oxide growth; (f) LPCVD amorphous Si deposition; (g) poly-gate etch and 

spacer formation; (h) oxide wet etch and Ni deposition; (i) Ni silicidation and 

Ni wet removal. From (a) to (c), the left side is the cross-sectional view and 

the right side is the top view. From (d)-(f), the left side is the side view and the 

right side is the cross-sectional view.  
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Figure 3.7: Schematics of the Si nanowire oxidation process. (a) Initial Si fin 

shape. (b) - (d) are after dry oxidation at 875 ℃ of (b) a wider Si fin, (c) an 

intermediate Si fin and (d) a thinner Si fin.  

 

Fig. 3.8 (a) shows the secondary electron micrograph (SEM) image of the 

device after nanowire oxidation and oxide strip. Two nanowires are observed, 

with a smaller diameter nanowire on top and a bigger diameter nanowire at the 

bottom. The diameter difference between the two nanowires can be attributed to 

the initial Si fin geometry as shown in Fig. 3.7. Fig. 3.8(b) shows the SEM image 

after poly gate etch, which shows the two tips of the Si nanowire are exposed for 

silicidation process. 

 

Figure 3.8: SEM image (a) after Si nanowire oxidation and oxide wet diluted 

HF strip and (b) after poly gate etch.  
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In previous studies, Lu et al. reported NiSi encroaches into a 37.5-nm Si 

nanowire after annealing, and the diffusion speed is reported to be 1.1 Å/s [111]; 

Appenzeller et al. reported NiSi has a faster diffusion speed along Si nanowires 

with smaller diameter and the diffusion length of Ni2Si is over 100 nm along the 

Si nanowires with diameter ~ 50 – 100 nm at 280 ℃ for 30s [4]. Based on these 

works, we estimate the NiSi in our Si nanowire devices have encroached through 

the thin spacer (~ 15 nm, confirmed by TEM) after 500 
o
C, 30s RTA process and 

the final device structure schematic is shown in Fig. 3.6 (i), with NiSi encroached 

through the thin spacer.  

 

3.5 Device physical characterization 

Fig. 3.9 shows the cross sectional transmission electron microscope (TEM) 

image of an 80 nm wide Si fin after dry oxidation at 875℃ for 5 hours. 

Unfortunately, the TEM is not focused well that the Si lattice is not clear. 

However, it still could be observed that the oxide thickness close to the fin corner 

is obviously thinner than that at the middle of the fin height. The different oxide 

thickness could be attributed to the lower oxidation rate at the fin corner due to the 

larger compressive stress generated during oxidation. This stress retarded 

oxidation lead to a Si bridge connecting the wider top and bottom. Fig. 3.10 and 

Fig. 3.11 show the TEM images of a 12.5 nm height triangular shape Si nanowire 

and a 4 nm diameter circular nanowire cross section perpendicular to the gate 

extension. As shown in the TEM images, only one nanowire is left, suggesting the 

top thinner nanowire has been fully oxidized as explained in Fig. 3.7. The 
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surrounding oxide thickness is ~ 5 nm, slightly different at different surface 

orientation. An interesting phenomenon is that the 12.5 nm width Si nanowire is 

triangle shape while the 4 nm diameter Si nanowire is circular shape. The 

difference in nanowire shapes could be attributed to the difference of the initial fin 

width.  

 

Figure 3.9: TEM image of 80-nm-wide Si fins after 875℃ dry oxidation.  

 

 

Figure 3.10: TEM images of a single 12.5-nm height triangular shape Si 

nanowire formed by dry oxidation at 875℃.  
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Figure 3.11: Cross sectional TEM images of a single 4 nm diameter Si 

nanowire formed by dry oxidation at 875℃. A circular Si nanowire 

surrounded by 5 nm gate oxide is observed.  

 

3.6 Device IV characteristics 

Fig. 3.12 (a) shows the experimental transfer characteristics of a 3 µm 

width and 850 nm gate length planar Si pMOSFET with NiSi Schottky barrier S/D. 

Typical ambipolar behavior of a SB-MOSFET is observed.  For the hole current at 

negative gate bias, two different subthreshold regime could be identified, one with 

SS of 458 mV/dec and the other one with SS of 95 mV/dec separately. This could 

be illustrated by the energy band diagram shown in Fig. 3.12 (b). Initially, the 

valence band bends down due to the built-in potential. In this case, the carrier 

transport is dominated by thermal emission of holes from the source into the Si 

channel. As the gate bias increases negatively, the valence band would be pushed 

up, indicated by the symbols from □ to × in Fig. 3.12 (b). Thus, the barrier of 
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thermal emission become lower in a manner similar to the conventional heavily 

doped S/D MOSFET, leading to a small SS close to the theoretical value of 60 

mV/dec. As gate bias increases more negatively, the valence band is pushed 

further upward from × to ○. In this case, the metal-semiconductor junction 

becomes a reverse biased Schottky barrier; thus, the current is limited by the 

Schottky barrier and a larger SS is observed.   

 

Figure 3.12: (a) IDVG characteristics of a planar Si Schottky barrier 

pMOSFET. (b) Energy band diagram of a Si Schottky barrier pMOSFET. 

The □, × and ○ stand for the regime under different gate bias in the IDVG and 

in the energy band diagram.  
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Fig. 3.13 shows the transfer characteristic of a 4 nm diameter Si nanowire 

(Fig. 3.11), a 12.5 nm width Si nanowire (Fig. 3.10) and a 1 um width planar SOI 

SB-MOSFETs on a single wafer without normalization. The gate length of the 4 

nm diameter Si nanowire is 150 nm and the gate length of the 12.5 nm width Si 

nanowire and 1 um width planar SOI device are 850 nm. The planar SOI device 

shows a typical two subthreshold swing regime, showing the transition from 

thermal emission dominated current to tunneling dominated current as illustrated 

in Fig. 3.12(b). However, such transition disappeared in the transfer characteristics 

of Si nanowire Schottky barrier MOSFET as shown in Fig. 3.13, and lead to a 

small SS close to that of conventional heavily doped S/D transistors.  

Ambipolar behavior could be observed on GAA Si nanowire SB-

MOSFETs too; however, the off current is greatly suppressed by the GAA Si 

nanowire device structure as shown in Fig. 3.13. Fig. 3.13 did not show the 

electron current branch of the 4 nm diameter Si nanowire SB-MOSFET because 

the gate bias is not large enough at the positive side, ie., the net leakage current at 

the gate bias regime between -1V and 0V is so low that it is beyond the detection 

limit of the current analyzer. For a total suppression of ambipolar behavior, un-

symmetry transistor architecture could be used [54].  

The SS of the 4-nm diameter and the 12.5-nm width Si nanowire is 79 

mV/dec and 86 mV/dec separately, which is much smaller than the 442 mV/dec of 

the 1-um width 100-nm body thickness top-gated planar SOI device. Since the 

Schottky barrier of NiSi for holes is ~ 0.46 eV[108], much larger than the thermal 

energy kT, carrier transport related to thermionic emission can be neglected and 
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the SS is dominated by the change of the tunneling probability through the 

Schottky barrier with changing gate bias. Even though the SS is influenced by 

changes of the depletion charge as well as by the trapped charges at the Si/SiO2 

interface with changing VG, these factors has been estimated to be a minor effect 

on SS in un-doped SB-MOSFETs[112]. Therefore, SS represents a robust 

measurement of the carrier injection in SB-MOSFETs and the carrier injection has 

been improved in SB-MOSFETs based on Si nanowire GAA architecture. This 

improvement is significant in view of the SS of a 12.5-nm Si nanowire is 86 

mV/dec while the theoretical SS of a 12.5-nm Si body top-gated planar SOI SB-

MOSFET is ~ 254 mV/dec with the same gate oxide thickness[113]. Even though 

the gate length is the same, the Si nanowire GAA SB-MOSFETs achieved on 

current of 19 μA/μm from the 12.5-nm width Si nanowire with 850-nm gate 

length, which is much larger than the on current of 0.33 μA/μm from the 100-nm 

body thickness top-gated planar SOI device. Under -2.3 V gate bias and -1.2 V 

S/D bias, the 4-nm diameter, 150-nm gate length Si nanowire SB-MOSFET with 

5-nm gate oxide achieved the small SS of 79 mV/dec and the large on-current of 

207 μA/μm, which is comparable to those of conventional p/n doped S/D 

MOSFETs[35]. This on-current improvement can also be understood by the 

carrier injection improvement in Si nanowire GAA architecture.  

The output characteristic of a 4 nm diameter Si nanowire GAA pMOSFET 

with 1-D NiSi Schottky S/D is shown in Fig. 3.14. It is interesting to find that the 

drain current increases by 100 µA/µm as gate overdrive increases from -0.5 V to -

0.7 V, but it increases by over 200 µA/µm as gate overdrive increases from -1.1V 

to -1.3V. Since gate overdrive is linearly proportional to inversion carriers in the 
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channel, the non-linearity in drain current and gate overdrive suggests the current 

are still limited by the Schottky barrier. The effect of Schottky barrier could also 

be observed by the non-linearity in the linear regime in the output characteristics.  
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Figure 3.13: The IDVG characteristics of a 4-nm, 12.5-nm diameter GAA Si 

nanowire and a 100-nm Si thickness top-gate SOI NiSi S/D SB-MOSFETs.  
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Figure 3.14: Output characteristics of a 4-nm diameter, 150 nm gate length 

NiSi Schottky barrier S/D Si nanowire GAA FET. The non-linearity of the 

linear region suggests the impact of Schottky barrier.  
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Fig. 3.15 shows the log plot of a 12.5 nm width Si nanowire GAA SB-

MOSFET transfer characteristics at temperature from 260K to 360K. The 

corresponding linear plots are presented in Fig. 3.16. Clearly, at large negative 

gate bias, the hole current shows no temperature dependence at -1.2 V VDS while 

it increases as temperature increases at -0.05 V VDS. This difference could be 

explained by the energy band diagram shown in Fig. 3.4 (c) and (d) in section 

3.2.2. At -1.2 V VDS, drain current is limited only by the Schottky barrier at the 

source side; thus the drain current is dominated by tunneling current and shows no 

temperature dependence. At -0.05 V VDS, there is another Schottky barrier at the 

drain side limiting the drain current. Since this barrier is low and it is forward 

biased, carriers transport by thermal emission mechanism at this junction. Thus 

the drain current become temperature dependent and is larger at higher 

temperature.    
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Figure 3.15: The transfer characteristics of a 12.5 nm width 850-nm gate 

length Si nanowire Schottky barrier MOSFET at temperature from 260 K to 

360 K.  
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Figure 3.16: The linear plot of the transfer characteristic of a 12.5 nm width 

850-nm gate length Si nanowire Schottky barrier MOSFET at temperature 

from 260 K to 360 K at (a) VDS = -1.2 V and (b) VDS = -0.05 V.  

 

Another interesting phenomenon is that there are two slopes at the electron 

current branch, indicated by S1 and S2 in the graph. At 300K, the slope of S1 
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segment is 123 mV/dec while that is 484 mV/dec at S2 segment. As shown in the 

graph, the slope of S1 segment is temperature independent while the slope of S2 

segment is temperature dependent, suggesting that the tunneling current is 

dominating at S1 segment and thermal emission current is dominating at S2 

segment. Referring to the device structure of Si nanowire SB-MOSFETs, the 

electron current is limited by the Schottky junction at drain side at S1 regime and 

it is limited by the Schottky junction at source side at S2 regime.       

 

3.7 Effective SBH in Si nanowire SB-MOSFETs 

The subthreshold current of SB-MOSFET can be modeled using a 

thermionic emission equation: 

** 2 exp( / )[exp( / ) 1]effI wA T q KT qV KT                        (3.6) 

where w is the physical geometry factor, A** is the effective Richardson constant, 

k is the Boltzmann constant, T is temperature, and V is the source/drain bias. 

Equation 3.6 is generally used to derive the effective Schottky barrier height by 

assuming the current is dominated by thermionic current. In subthreshold regime 

(VG < VT), the Schottky barrier becomes thinner as the gate bias increases due to 

this gate modulation effect. In this process, the contribution of tunneling current 

will become larger while the contribution from the thermionic current will not 

change. Thus, the overall current will become less sensitive to the temperature 

change and the effective Schottky barrier height derived based on equation 3.6 

becomes smaller as the percentage of tunneling current becomes larger.  
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Figure 3.17: the effective Schottky barrier height of a 4-nm-diameter and a 

12.5-nm-diameter Si nanowire GAA SB-MOSFET as a function of gate bias.  

 

A series of subthreshold characteristics were measured at 260 ~ 360 K as 

presented in Fig. 3.16. The effective Schottky barrier height could be extracted 

from Arrhenius plot based on these data. The extracted effective SB heights from 

a 4 nm diameter, a 12.5 nm width Si nanowire GAA SB-MOSFETs and a 100 nm 

thick Si body top-gate SOI SB-MOSFET are plotted as a function of gate voltage 

as shown in Fig. 3.17. All of the three devices show ~ 0.46 eV effective Schottky 

barrier height at -1 V gate bias, close to its intrinsic Schottky barrier height. As the 

gate bias becomes larger (negatively), the effective Schottky barrier height of the 

4 nm Si nanowire GAA SB-MOSFET decreases faster than that of the 12.5 nm Si 

nanowire GAA SB-MOSFET, and the effective Schottky barrier height of the Si 

nanowire GAA SB-MOSFET decreases faster than that of the top-gate SOI SB-

MOSFET. This faster decrease of the effective Schottky barrier height suggests 

the carrier injection increased faster in the 4 nm Si nanowire than in the 12.5 nm 

Si nanowire GAA SB-MOSFETs, and faster in Si nanowire GAA SB-MOSFETs 
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than in top-gate SOI SB-MOSFET due to better gate coupling. This figure shows 

the tunneling current increases faster in smaller diameter nanowire SB-MOSFET 

than those larger diameter nanowire and planar SOI SB-MOSFETs.   

 

3.8 Simulation study of the Schottky barrier junction 

For a quantitative analysis on the impact of the gate structure over the 

tunneling current at the on state gate bias, the barrier shape of Schottky junction in 

top-gate planar SOI and Si nanowire GAA SB-MOSFETs were numerically 

solved by MEDICI. The gate oxide thickness is 5 nm as confirmed by TEM. The 

potential profile along the channel surface 2 nm below the gate oxide of top-gate 

planar SOI device and Si nanowire GAA SB-MOSFETs are plotted in Fig. 3.18. 

The potential profile of a 4 nm and a 12.5 nm top-gate planar SOI SB-MOSFETs 

were solved and plotted in the same graph for a fair comparison.  

 

Figure 3.18: Calculated potential profile of the Schottky barrier at on-state. 

The circle ones represent the Si nanowire GAA SB-MOSFET and the square 

ones represent top-gate SOI SB-MOSFET. 

0 5 10 15

0.0

0.1

0.2

0.3

0.4

0.5

P
o

te
n

ti
a

l 
(V

)

 

 

Distance to metal (nm) 

 4 nm SiNW

 12.5 nm SiNW

 4 nm SOI

 12.5 nm SOI



58 
 

 

Figure 3.19: Calculated Full-Barrier-Width at Half Maximum (X1/2) as a 

function of the Si body thickness of top-gate SOI planar devices and Si 

nanowire diameters. 

 

Since MEDICI is not able to model the tunneling current well, the current 

flow is not simulated. Simulation results agree with the expectation that thinner 

body top-gate planar SOI has thinner barrier [112]. An interesting finding is that 

the Schottky barrier width of the 12.5 nm width Si nanowire junction is thinner 

than that of a 4 nm top-gate SOI device at the on-state gate bias. This agrees with 

the experimental data, in which a 12.5 nm Si nanowire device have a SS of ~ 86 

mV/dec while the theoretical SS for a 4 nm SOI is larger than 150 mV/dec [114]. 

The Barrier-Full-Width-at-Half-Maximum (FWHM, x1/2) as a function of the SOI 

body thickness or the Si nanowire diameter is shown in Fig. 3.19. It clearly 

demonstrates the advantage of Si nanowire GAA SB-MOSFETs in terms of 

obtaining a thinner Schottky barrier at a given gate bias. Given the exponential 

dependence of tunneling current on the Schottky barrier width and the enhanced 
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barrier thinning effect of nanowire GAA transistor architecture, it has been 

demonstrated for the advantages of Si nanowire GAA MOSFET as an effective 

architecture to improve the electrical characteristics of SB-MOSFETs. 

 

3.9 Summary and Discussion 

Stress retarded oxidation was observed at dry oxidation at 875℃, and top-

down Si nanowires with diameter down to 4 nm were fabricated by this technique. 

With CMOS compatible technology, the Si nanowire with diameter down to 4 nm 

and gate oxide thickness 5 nm was successfully integrated with GAA nanowire 

MOSFET architecture and 1-D NiSi Schottky S/D.  

Greatly enhanced carrier injection in Si nanowire GAA SB-MOSFETs was 

demonstrated both by experimental data and quantitative simulation. The 

enhancement was attributed to the better gate modulation of the Schottky barrier 

height in Si nanowire GAA device architecture. With the advantage of the Si 

nanowire GAA architecture, the mid-band gap NiSi SB-MOSFETs achieved SS of 

79 mV/dec on a 4 nm Si nanowire device and SS of 86 mV/dec on a 12.5 nm 

width device at room temperature.   
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Chapter 4                     
Ge Nanowire 

PMOSFETs on 

Epitaxial Grown Ge 

Substrate  

 

4.1 Introduction 

As described in Chapter 1, replacing conventional heavily doped S/D by 

metal could potentially be one of the performance boosters for advanced 

transistors, which is discussed in Chapter 3. In this Chapter, another performance 

booster, replacing Si channel with high mobility Ge channel, is explored.  

Carriers in Ge have lower effective mass and higher mobility compared 

with Si, which have made Ge one of the promising high mobility channel 

materials for future nano-scale p-type MOSFETs. Surrounding-gate architecture – 

GAA and Ω-gate – is known to have superior gate coupling and thus excellent 

immunity against short-channel effects [27, 31, 32].
 
Therefore, the surrounding-

gate Ge-nanowire (GeNW) MOSFET is of interest due to its combination of the 

high mobility of Ge and the advantages of the surrounding-gate nanowire 

architecture.  
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Table 4.1: Summary of some reported Ge MOSFETs.  

  Ref. [55] Ref. [115]  Ref.[54]  Ref. [53] Ref. [116]  Ref. [117] 

  Material Ge (VLS) Ge-Ge 

(VLS) 

Ge-Si 

(VLS) 

Ge 

(VLS) 

Ge-SiGe 

(VLS) 

Ge  

Structure Back Gate Back Gate Top Gate GAA Top Gate GAA 

Dielectric 10 nm 

SiO
2
 

60 nm 

ZrO
2
  

4 nm 

HfO
2
  

4 nm 

Al
2
O

3
 

10 nm 

HfO
2
  

Al
2
O

3
  

Diameter 

(nm) 

20 20 18 ~20 36 W=250, 

H=? 

L
G 

(nm) 5000 1500 190 3000 720 1300 

V
DS 

(V) -1 -2 -1 -1.5 -1 -2.1 

V
G
 –V

T  
(V) -2 -2 -0.7 -2 - ~220 

I
ON

 (μA/μm) 150 240 2100 ~100 56 - 

µ(cm2V-1s-1) 600 115 730 197 - - 

SS (mV/dec) 300 240 100 120 270 71 

I
MAX

/I
MIN

 10
3

 10
5

 10
5

 10
5

 200 10
5

  

S/D Pd Ti Ni Ti Boron Boron 

 

Ge nanowire transistors have been demonstrated based on bottom-up 

technique, in which the wires are synthesized. The first Ge nanowire transistor 

was reported by D. Wang et al. based on Vapor-Liquid-Solid (VLS) grown Ge 

nanowires at 2003[55].  At 2004, complementary Ge nanowire transistors were 

reported by Greytak et al., in which a Ge nanowire nMOSFET was demonstrated 

for the first time and the Ion/Ioff ratio of Ge nanowire pMOSFET was improved to 

5 orders [115]. Xiang et al. at 2006 demonstrated high performance Ge/Si 

core/shell nanowire transistors [54]. The Ion as high as 37 µA at VDD = -1 V was 
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achieved on a 190 nm gate length 18 nm diameter Ge/Si core/shell nanowire 

transistor, and the hole mobility achieved 730 cm
2
V

-1
s

-1
.  In the subsequent works,  

sub-100 nm Ge/Si core/shell nanowire transistors were reported with reasonable 

SS and DIBL[118].  

Several other transistor works based on VLS grown Ge nanowires have 

demonstrated reasonably good device performances [53, 119], and those works 

are listed in Table 4.1. Those works based on bottom-up approach have 

demonstrated the great potential of Ge nanowire transistors for high performance 

applications; however, as discussed in chapter 2, the challenge remains with their 

integration into circuits due to the lack of process repeatability, device reliability 

and fabrication throughput, which limit them from commercial applications.  

The other approach is the top-down approach, in which the device 

integration can be as simple as the conventional planar devices. However, the Ge 

nanowire fabrication remains a challenge in top-down approach. Unlike silicon, 

there is no self-limiting oxidation effect [68] in Ge, and it makes the Ge nanowire 

fabrication challenging. Since the nanowire diameter is small and no self-retarded 

oxidation effect, the Ge nanowire would be easily fully oxidized. The process 

window of Ge nanowire oxidation is small and it could be one of the issues 

hindering the progress of Ge nanowire technology using top-down approach. 

Despite the intensive reports on Ge planar MOSFETs [6, 7, 89], only a few works 

are reported on SiGe-NW/Ge-beam transistors in top-down approach.  

A direct approach of fabricating Ge nanowires in top-down approach is 

similar to the Si nanowire fabrication process. In this approach, Ge-fins are 

directly defined on Ge-On-Insulator (GOI) substrate by lithography & dry etch 
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processes. Then those Ge-fins are trimmed down into Ge-nanowires by oxidation 

process. The first challenge of this approach is to obtain high quality GOI 

substrate. A popular way of obtaining GOI substrate is to epitaxial grown SiGe on 

a SOI wafer with a thin top Si layer, and then transfers the wafer into GOI by Ge 

condensation. The Ge condensation technique was first introduced by Tezuka et al. 

[120] in 2001 and it has been intensively studied ever since then [120-126]. The 

process is described as follows. First of all, an epitaxial SiGe layer is grown on a 

SOI wafer and then the wafer is subjected to oxidation in furnace. During the high 

temperature oxidation, Si is selectively oxidized because the formation energy of 

SiO2 is much lower than that of GeO2 (ΔG = -732 kJ/mol for SiO2 and ΔG = -376 

kJ/mol for GeO2). Furthermore, the solid solubility of Ge in SiO2 is low; thus, Ge 

atoms are rejected from the oxide layer and diffuse towards the substrate. The 

diffusion of Ge is then blocked by the buried oxide layer due to the small 

diffusion coefficient of Ge in SiO2. After oxidation, the top thermal oxide layer 

can be easily removed by using diluted HF and then the SGOI/GOI structure 

remains. The condensation process is illustrated in Fig. 4.1. Although this 

approach of the Ge nanowire fabrication process is direct, the Ge condensation 

process still needs further investigation. The challenges of Ge condensation 

technique include process condition optimization, Ge balling up issue due to high 

Ge content, amorphization due to oxidation at inappropriate temperature[127], self 

limited oxidation behavior, SiGe melting due to the low melting point of Ge and 

Ge loss due to formation of volatile GeO [127-135].   
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Figure 4.1: Schematic illustration of Ge condensation technique. Ti is the 

initial SiGe thickness and Tf is the final SiGe/Ge thickness.  

 

Another proposed Ge nanowire fabrication technique is utilizing two/three 

dimensional Ge condensation, which is shown in Fig. 4.2. At 2008, T. Irisawa et 

al. have reported SiGe-NW MOSFETs with Ge content as high as 92% by 

utilizing three-dimensional Ge condensation technique [136]. In that work, the 

transconductance of SiGe nanowire with 92% Ge is much lower than that of the 

other SiGe nanowires with lower Ge concentration, and it is attributed to the 

higher defects in the SiGe nanowire with higher Ge concentration (>80% Ge 

percentage). At 2009, Balakumar et al. have reported SiGe nanowire formation 

with Ge content as high as 95% by the same technique [137], but no transistor 

work is reported.  

 

Figure 4.2: Schematic illustration of proposed fabrication procedures for Ge 

nanowire. Two/three dimensional Ge condensations are properly utilized [10].  
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Besides the possible heavy defects in the Ge nanowires, another challenge 

of fabricating Ge nanowires by two/three dimensional Ge condensation technique 

is the bending of Ge nanowires. Since Ge lattice is larger than that of Si, the 

replacement of Si atoms with Ge atoms in the fin/wire would lead to compressive 

stress. The compressive stress could not be released along the fin/wire as its two 

ends are anchored to the substrate. As a result, the wire bends when the 

accumulated compressive stress is over certain critical value. Fig. 4.3 shows the 

SEM image of a SiGe nanowire after two/three dimensional Ge condensation and 

oxide strip. The wire is found to be bended and it makes device fabrication based 

on this bended nanowire problematic. Probably, this is one of the reasons of no 

further report on pure Ge nanowire works based on this technique. 

 

Figure 4.3: 45
o
 tilted SEM image of SiGe nanowire after three-dimensional 

Ge condensation and oxide strip. The nanowire bends due to large 

compressive stress induced by the replacement of Si atoms with Ge atoms.  

 

At 2008, J. Feng et al. reported  a technique to form local GOI substrate by 

rapid melt growth (RMG) technique and demonstrated a gate-all-around Ge-beam 
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pMOSFET with beam width × height ~ 250 × 75 nm based on that local GOI 

substrate [117]. However, no further works on Ge nanowire MOSFETs is reported 

yet and further investigation on this approach is needed. 

In this chapter, a new top-down technique of Ge nanowire fabrication on 

epitaxial-grown Ge substrate is presented. Ge nanowires with diameter down to 14 

nm are demonstrated and integrated into pMOSFETs with HfO2/TaN gate stack. 

 

4.2 Ge nanowires on epitaxial Ge substrate 

4.2.1 High-quality Ge epitaxial growth on Si substrate 

A high quality Ge epitaxial growth on Si substrate process is an essential 

part of this project. It is developed [138] and carried out in Institution of 

Microelectronics, Singapore. The Ge epitaxial growth is conducted in a cold wall 

ultra high vacuum chemical vapor deposition (UHV-CVD) epitaxial reactor, with 

a base pressure of 7×10
-9

 Torr. Right before loading the wafer into the chamber, 

the wafer was cleaned in SC1 (NH4OH : H2O2 : H2O = 1 : 2 : 10) for 10 minutes 

and diluted HF (1:200) for 2 minutes to clean the wafer and remove the oxide. The 

epitaxial-growth started with an ultra high vacuum annealing at 780 °C for 180 

seconds, and then a few nanometers Si was epitaxial grown at 530 °C for 65 

seconds. Next, ~ 30 nm SiGe buffer layer was grown at ~ 370 °C for releasing 

stress between the Si substrate and the Ge epitaxial layer. The Ge percentage in 

SiGe buffer layer increases as it grows by increasing GeH4 gas flow rate. After 

that, ~ 30 nm Ge seed layer was grown at the same temperature. Finally, the 

temperature was raised to 550 °C for a high quality Ge layer growth. The GeH4 

gas flow is 240 sccm and the pressure is between 10
-6

 and 10
-3

 Torr.  
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In this process, the SiGe buffer layer as well as the Ge seed layer grown at 

low temperature of ~ 370 °C is to release the strain and confine the dislocations. 

Fig. 4.4 shows the high resolution transmission electron microscopy (HR-TEM) 

image. No obvious threading dislocation to the Ge surface can be observed and 

the surface defect density is characterized to be ~ 6 × 10
6
 /cm

2
.     

 

Figure 4.4: HR-TEM image of cross sectional view of Ge epitaxial grown on 

Si with ~ 30 nm SiGe buffer layer. The left side is the zoomed in view of the 

surface Ge lattice.  

 

4.2.2 Ge nanowires fabrication on epitaxial Ge substrate 

The fabrication process started with 8” SOI wafer having 70 nm thick top 

Si layer. The Si layer was thinned down to ~ 25 nm by cyclic thermal oxidation 

and oxide wet etching processes. A high quality strain-relaxed Ge layer (~ 100 nm) 

was grown as described in section 4.2.1.  

The lateral Germanium nanowire fabrication started with the active area 

patterning. The active area, consisting of a narrow fin pattern connected to wider 

extension pads, was printed using alternating phase shift mask lithography in a 

KrF scanner (wave length 248 nm). The initial coated resist thickness was 3200 Å, 
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after exposure and resist development, the resist fin height was ~ 2700 Å and the 

fin CD was ~ 125 nm after lithography. The fin resist was trimmed in O2 plasma 

to reduce the fin width to 60 nm. A two-step etching with polymerization in 

between was then used to transfer the resist patterns into the Ge layer. In the 1
st
 

etching step, the Ge was partially etched (~ 60 nm) by CF4 : O2 plasma. The 

recipe was fine tuned to have a straight etch profile. Since there is no etch stop 

layer, this step is controlled by time. As schematically illustrated in Fig. 4.5 using 

top view and cross sectional view drawings, the partial dry etching of Ge layer 

resulted in square (~ 60 nm × 60 nm) Ge-fins (Fig. 4.5 (a)). It was followed by a 

passivation phase with thin polymer deposition in the same etching chamber using 

C4F8 gas and a 2
nd

 etch step which was an isotropic plasma etch to undercut the 

Ge fins laterally. The process parameters are listed in table 4.2.  

 

Table 4.2: Process parameters of the passivation and isotropic etch in the Ge 

nanowire formation process.  

 Passivation Phase Etch Phase 

Gas C4F8 : 160 sccm SF6   : 100 sccm 

C4F8 :  30 sccm 

O2    :  10 sccm 

Pressure (mTorr) 1.2 1.2 

Platen Power (W) 0 14 

Coil Power (W) 600 600 

Time (s) 7 14 
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The passivation and isotropic etch step transformed the Ge-fins into Ge-

beams (Fig. 4.5 (b)). The power of the isotropic etching was optimized so that the 

Ge-fin sidewall remains protected by the polymer while the flat bottom was 

cleared for further etch. The encroachment below the Ge-fins was controlled by 

the isotropic etching time so that it was long enough to transfer the Ge-fins into 

Ge-beams while having little impact on the relatively wider Source/Drain (S/D) 

pads (Fig. 4.5 (b)). Lastly, the photo-resist was striped by O2 plasma and Ge-

beams are formed. The dimension of Ge beams depends on the initial fin width, 

the anisotropic and the successive isotropic etch rate, as well as the protecting 

polymer thickness. It is challenging to control the variability of these factors from 

experiment to experiment. In this work, the dimension variability of Ge beams 

was compensated by the following cyclic Ge oxidation process.  
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Figure 4.5: Schematics of the Ge nanowire formation process flow.  (a) After 

fin patterning, photoresist trimming and anisotropic Ge etching.  The dotted 

line indicates the consequential isotropic etching profile. The starting 

material is Ge (~100 nm) / SiGe (~30 nm) / Si (~25 nm) on BOX. (b) After 

isotropic etching and photoresist striping.  The bottom Ge and SiGe/Si buffer 

layer are totally removed.  (c) After cyclic thermal oxidation and wet etching 

of Ge oxide. The suspended Ge-beam is trimmed down to Ge nanowire. The 

left hand side is the 3-D schematics and the right hand side is the 

corresponding cross-sectional view. 

 

After stripping photo-resist, the Si wafers normally will go through 

piranha and SC1 for cleaning the photo-resist and etch residues. However, both of 

these two chemicals attack germanium. In this project, only diluted HF was used 
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to clean the Ge wafer. After diluted HF clean, polymer over large area still could 

be observed over the wafer. Therefore new chemicals are needed for improved 

cleaning and surface preparation. In this project, it was found that the oxidation 

plus wet-etching processes could help to clean the wafer, possibly because the 

carbon based polymer and the substrate Ge could be oxidized at high temperature 

and consequentially be removed by the diluted HF dip. The wafer looks clean 

under SEM. However, two possible issues remain: (1) the resolution of the SEM 

in our lab is ~ 10 nm, so it is not high enough to confirm whether the surface is 

completely cleaned for high quality gate oxide formation; (2) although the 

polymer could be removed by the oxidation & wet-etching processes, the Ge 

surface becomes rougher as the polymer residues would be a sacrificial oxidation 

structures and thus affecting the local Ge oxidation.  

Fig. 4.6 shows the tilted-view SEM image of the fabricated suspended Ge-

beam connected to S/D pads after cleaning. It could be observed that the Si and 

SiGe buffer layers between the Ge-beam and the buried oxide were etched away 

during the isotropic etching process. At the end, the suspended Ge-beams were 

trimmed down to form Ge nanowires by cyclic rapid thermal oxidation at 500 ºC 

and wet etching of Ge oxide (Fig. 4.5(c)).   
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Figure 4.6: 45
o
 tilted SEM image of Ge-beam after beam formation and 

photoresist strip. The bottom SiGe buffer layer as well as the thin Si layer on 

BOX is totally removed.  

 

This technique could be used to fabricate both Si and Ge nanowires. 

Besides single nanowire formation described above, multi-stacked nanowires 

could be fabricated by simply repeating the two-step etching processes. Fig. 4.7 

shows the SEM image of a stacked three nanowires after repeating the two-step 

etching 3 cycles. Moreover, the beam size could be controlled by adjusting the 

isotropic etching time, so that certain nanowires could be thin and destroyed 

intentionally. This gives the flexibility of controlling the vertical position of 

nanowires as shown in Fig 4.8.    
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Figure 4.7: 45
o
 tilted SEM image of multi-stacked nanowires formed by 

repeating the two-step etching processes on testing Si wafer with (a) a single 

fin mask and (b) an array of fin mask.  

 

 

Figure 4.8: 45
o
 tilted SEM image of multi-stacked nanowires formed by 

repeating the two-step etching processes on testing Si wafer.  

 

4.2.3 Ge surface roughness after Ge nanowire formation processes 

It is difficult to directly characterize the Ge nanowire surface roughness as 

the nanowire surface itself is curved. Therefore, the surface roughness 
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investigation is conducted on planar Ge as a reference. All the process conditions, 

such as the RF power, gas flow and pressure are kept exactly the same to make 

sure the results relevant to the Ge nanowire surface roughness. The longest 

isotropic etch time in the experiment is set to be 15s to simulate the worst scenario. 

The process parameters and the surface roughness root mean square (RMS) of 

each split are shown in table 4.3. The surface roughness is characterized by atomic 

force microscope (AFM). 

 

Table 4.3: Splits condition and results of the Ge surface roughness 

investigation.  

Processes  Description Surface RMS  

epitaxial grown Ge    4 Å  

Isotropic etch  2s passivation + 5s 

isotropic etch  

6 Å  

Isotropic etch  2s passivation + 15s 

isotropic etch  

48 Å  

 

The Ge surface roughness RMS is 4 Å before the two-step etch process.  It 

becomes 6 Å after 5 sec isotropic etch and 48 Å after 15 sec isotropic etch. This 

result indicates that the Ge nanowire has severe surface roughness issue. The 

RMS is not proportional to the isotropic etch time possible because of the time 

needed to break though the carbon polymer layer. The surface roughness come 

from both of the isotropic etching and the oxidation & wet-cleaning processes.  

 



75 
 

4.3 Ge nanowire pMOSFETs fabrication  

After the Ge nanowire formation processes, a 10 s rapid thermal oxidation 

process at 500 ℃ at one atmospheric pressure was employed to grow GeO2 ~ 6.8 

nm, followed by ~ 11 nm HfO2 deposition by atomic layer deposition (ALD) 

system to form the gate dielectric. TaN was deposited by sputtering system to 

form the gate electrode. As shown in Fig. 4.9 (a), the TaN deposited on the top of 

a nanowire is not connected to the TaN deposited on the substrate as a result of the 

anisotropic deposition nature of the sputtering system. Simply increasing the 

thickness of TaN was not able to solve this problem as the shading area grows 

with the TaN thickness as shown in Fig. 4.9(b). In this project, an initial TaN layer 

~ 800 Ǻ was deposited first, then 500 Ǻ USG was deposited and etched to form 

oxide spacer as shown in Fig. 4.9(c). Finally, another layer of ~ 300 Å TaN was 

deposited to connect the TaN on the top of the nanowire and the TaN on the 

substrate (Fig. 4.9(d)). Next, gate pattern was transferred into the TaN layer. Fig. 

4.10(a) is the SEM image of the transistor after TaN gate patterning. Next, the 

source and drain were implanted with BF2/4×10
15

 cm
-2

/20 KeV. It was followed 

by dopant activation at 600 
o
C for 10 s in N2 ambient. Standard metallization 

process was done and Fig. 4.10(b) is the SEM image of the transistor after metal 

line patterning. The fabrication was finally completed with a sintering process in 

forming gas at 400 
o
C for 30 min. 
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Figure 4.9: Schematics of (a) thin TaN layer deposition and (b) thick TaN 

layer deposition in sputtering system. (c) Schematic after undoped silica glass 

(USG) spacer formation and (d) schematic after spacer formation and 

another thin TaN layer deposition.  

 

   

Figure 4.10: SEM image of Ge nanowire transistor (a) after TaN gate etch 

and (b) after Al contact etch.  
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4.4 Device channel TEM characterization 

The fabricated devices were physically analyzed using scanning 

transmission electron microscope (STEM). Fig. 4.11 is the STEM image of the 

channel of the device perpendicular to the wire length through the gate extension. 

Interestingly, no material was found in the area where Ge-GeO2 Core-Shell (C/S) 

structure should be (Fig. 4.11). It was possibly due to the dissolution of GeO2 ring 

in the environmental moisture during sample preparation, which caused the Ge 

wire core to fall out. Therefore, we analyzed the GeO2 thickness on the S/D planar 

areas using TEM and found it to be 6.8 nm at the <100> surface. Although GeO2 

shell thickness is expected to be orientation dependent, difference may not be 

much for initial few nanometers. The width × height of Ge-GeO2 core-shell 

structure is 22.9 nm × 31.8 nm as shown in Fig. 4.11; thus, that of the Ge 

nanowire is 9.3 nm × 18.2 nm after deducting the 6.8 nm GeO2 shell thickness 

from the two sides. For simplicity, the Ge nanowire is assumed to be circular with 

a diameter of 14 nm. Conformal ALD HfO2 (~ 11 nm) was observed. In Fig. 4.11, 

the dark area between the Ge nanowire and the TaN on the BOX is a void during 

the gate formation processes, as explained in section 4.3.1. High resolution STEM 

image shows that the TaN gate electrode covers ~ 82% of the HfO2/GeO2/Ge 

nanowire gate stack, forming a Ω-gated MOSFET structure. 
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Figure 4.11: Cross-sectional STEM image of Ω-gated Ge nanowire with ~ 6.8 

nm GeO2 shell. GeNW/GeO2 core/shell is 22.9 x 31.8 nm. The Ω-shaped 

dotted line is the interface between TaN and HfO2 dielectric.  

 

4.5 Ge nanowire pMOSFETs I-V characteristics 

4.5.1 The Ge nanowire transistor performance 

Fig. 4.12 shows the measured transfer and output characteristics of a Ge 

nanowire Ω-gated MOSFET. The Ge nanowire cross sectional view is shown in 

Fig. 4.11 and gate length is 300 nm. The ION of the Ge nanowire Ω-gated 

MOSFET is 1.98 µA at VG - VT = -1.2 V, which is 45 µA/µm after normalization 

by perimeter. Although lightly-doped-drain (LDD) implantation was not 

conducted in this work to minimize the peak electrical field near the drain, the 

IOFF,MIN of the Ge nanowire Ω-gated MOSFET still achieved 0.52 pA even at VDS 

= -1.2 V, which translates to 12 pA/µm after normalization by perimeter, and the 
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ION/IOFF ratio achieved ~ 10
6
 even at VDS = -1.2 V. The SS of the Ge nanowire Ω-

gated MOSFET is ~ 92 mV/dec at VDS = -0.05 V, which is poorer than the ideal 

SS of 60 mV/dec.  
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Figure 4.12: (a) ID-VG and (b) ID-VD characteristics of an Ω-gate GeO2 shell 

GeNW transistor. The diameter of the GeNW is 14 nm and the gate length is 

300 nm. GeNW is covered with 6.8 nm GeO2 shell and 11 nm HfO2 dielectric. 
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4.5.2 S/D resistance 

Fig. 4.13 shows the total resistance of the Ge nanowire pMOSFETs at 

various gate lengths at the gate overdrive of -1.2 V. The estimated parasitic series 

resistance is ~ 360 KΩ, which is 15.8 KΩ-µm if normalizing by its perimeter. 

This parasitic series resistance is much larger than the required 0.2 KΩ-µm for the 

state-of-the-art devices, possibly due to no germanide process at the S/D pads. The 

large series resistance issue is solved by an additional implantation and nickel-

germanidation process through the contact holes as presented in chapter 5.  
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Figure 4.13: Total resistance of the Ge nanowire MOSFETs as a function of 

gate length at gate over drive of -1.2 V. The parasitic series resistance is 

extracted by linear extrapolating the total resistance to zero gate length.   

 

4.5.3 Hole mobility characterization 

Since the gate surface area is small (Carea ~ 14π × 300 nm
2
), it is difficult 

to measure the gate capacitance using the split C-V method. Thus a calculated 

gate capacitance is used to estimate the mobility in this work. Assuming the 
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structure of an ideal core-shell cylindrical structure, where the capacitance of each 

one can be calculated using the formula:  

  

  
 

   π    

    
       

   

                                      (4.1) 

where A = 82%, stands for the coverage of the Ω gate, CG is the gate capacitance, 

LG is the gate length, r is the radius of inner cylinder, Tox is the dielectric thickness,  

   and    are the permittivity of the vacuum and the relative permittivity of the 

gate dielectric. Confirmed with the STEM characterizations, the diameter of the 

Ge nanowire is 14 nm, the thickness of HfO2 is 11 nm and the thickness of GeO2 

is 6.8 nm. The gate capacitor consists of the quantum capacitance, the capacitance 

of GeO2 shell and the capacitance of HfO2 shell.  

Quantum capacitance is not a significant portion of the total gate 

capacitance as the diameter of 14 nm is not considered to be small enough [139]. 

Similar to Si-nanowire[140], it is reported that significant quantum confinement 

effects can be observed only when the Ge nanowire diameter is smaller than 5 

nm[141]. Thus, the ideal cylindrical capacitance is reasonably accurate at the 

estimation of the gate capacitance of Si nanowires MOSFETs with nanowire 

diameter down to 9 nm [42]. Without considering the quantum capacitance, the 

capacitance can be calculated based on the two series connected cylindrical 

dielectric shells and it can be calculated as: 

   
 

       
   

     
  

,                                          (4.2) 

If we take  HfO2 as 20 and  GeO2 as 7, then the gate capacitance is 3.672 × 10
-12

 

F/cm.  
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The carrier mobility in the nanowire channel could be estimated by [63] 

 
   

 
     

 

      
                                       (4.3) 

With the calculated CG and Gm,max= 0.14 µS at VDS = -0.05V after parasitic series 

resistance correction, the hole mobility in the Ge nanowire is calculated and 

plotted in Fig. 4.15. The peak hole mobility of ~ 22 cm
2
/V*s in a Ge nanowire is 

much lower than that of reported planar Ge MOSFETs [6, 7]. The reasons are the 

high channel/gate interface trap density and the channel surface roughness. The 

surface roughness is explained in section 4.2.3, and can be improved by epitaxial 

grown Si shell over Ge nanowire as presented in chapter 5.  
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Figure 4.14: Hole mobility in a Ge nanowire as a function of the gate over 

drive. The peak mobility is ~ 22 cm
2
/V*s after S/D resistance correction.  
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4.5.4 Interface state density  

The interface state density Dit can be estimated by  

   
  

 
         

      

  
)                                   (4.4) 

where SS is subthreshold slope, CD is depletion capacitance, Cit = q*Dit is 

capacitance induced by interface state [142] and other symbols stand for their 

normal meaning. For the Ge nanowire MOSFET in this work, (kT/q)*ln10= 60 

mV/dec at room temperature, SS = 92mV/dec and CD = 0 (fully depleted body), so 

the Dit can be derived to be 2.73 x 10
12

 cm
-1

*eV
-1

.  

 

4.6 Discussion 

Besides the large parasitic series resistance, the low hole mobility is the 

main reason of the low drive current. The low mobility could be attributed to the 

fabrication processes. The first reason is the poor surface cleaning after Ge-beam 

formation, as the carbon based polymer formed by C4F8 plasma in Ge beams 

formation process cannot be effectively cleaning due to the lack of proper 

chemicals. The polymer residues before the GeO2 gate stack formation possibly 

result in relatively high interface state density, which lowers the carrier mobility 

by Coulomb scattering. The second reason of low carrier mobility is the channel 

surface roughness, which are inherited from both the isotropic etching and the 

cleaning processes during wire formation. This Ge nanowire surface morphology 

issue could be improved by H2 annealing as presented in chapter 5.  
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4.7 Summary 

In this chapter, we dealt with the issues of the Ge nanowire fabrication on 

an epitaxial grown Ge layer using fully CMOS compatible top-down technology. 

Utilizing a two-step dry etch process scheme – anisotropic etch followed by 

isotropic etch with polymerization in between – followed by sacrificial oxidation, 

Ge nanowires down to 14 nm in diameter/width were fabricated on a high quality 

epitaxial Ge layer. Multi-stacked Ge nanowires are also demonstrated by this two-

step etching processes. Ge nanowire pMOSFETs integrated with HfO2/TaN gate 

stack demonstrate the Ion/Ioff of 6 orders even at VDS = -1.2V. The large parasitic 

series resistance suggests the S/D engineering needs to be optimized. The low 

mobility of the Ge nanowire MOSFETs was attributed to two reasons: the lack of 

proper chemicals for Ge surface cleaning and the Ge nanowire surface roughness.  

Possible solutions of the surface roughness problem will be explored in chapter 5.  
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Chapter 5                 
Ge/Si Core/Shell 

Nanowire PMOSFETs 

 

5.1 Introduction 

In chapter 4, Ge nanowires were fabricated on an epitaxial grown Ge layer 

and integrated into pMOSFETs. However, the parasitic series resistance is large 

(15.8 kΩ-µm) and the hole mobility is low (22 cm
2
V

-1
s

-1
). The low carrier 

mobility is partially attributed to the surface roughness inherited from the Ge 

nanowire fabrication processes. In this chapter, Si epitaxial growth over the Ge 

nanowire is explored as a technique to reduce the Ge nanowire surface roughness. 

The hole mobility in the Ge nanowire channel is found to be significantly 

improved after the integration of an epitaxial-Si shell over the Ge nanowire. 

Additionally, the large parasitic series resistance is reduced by an extra 

implantation and nickel-germanidation process through the contact holes. With 

these two improvements, high performance Ge/Si core/shell nanowire pMOSFETs 

integrated with HfO2/TaN gate stack are achieved. 
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5.2.  The epitaxial-Si shell on a Ge nanowire  

5.2.1  Process qualification of the epitaxial-Si shell on a Ge nanowire  

Since the nanowire surface has different lattice orientation, the surface 

energy is difference for Ge atom epitaxial growth. So it is necessary to qualify the 

process of the Si epitaxial growth over Ge nanowires to check the feasibility, 

lattice quality and uniformity of an epitaxial Si-shell. This qualification was done 

on a testing run of Ge nanowire structure and the Si epitaxial growth process is 

described in the next paragraph.  

After forming Ge nanowires by the two-steps etch process described in 

chapter 4, the wafer was cleaned in diluted HF (1:200) for 2 min right before the 

Si epitaxial growth process. The Si epitaxial growth was started with a 2 minutes 

annealing in a cold wall ultra-high vacuum epitaxial reactor at a pressure less than 

3.7 × 10
-6

 Torr to dissolve the native Ge oxide at 500 ℃. Then the chamber 

temperature was reduced to 450 ℃ and flow 24 sccm Si2H6 gas to epitaxial grow 

Si. Lower process temperature is desired because of the following two benefits: (1) 

lower Si growth rate for better thickness control of the ultra-thin Si shell; (2) 

minimizing the inter-mixing of Si and Ge inter-diffusion for better interface 

quality. Thus a lower Si epitaxial growth temperature of 450 ℃ is selected.       

Fig 5.1 shows cross-sectional high resolution transmission electron 

microscopy (HR-TEM) image of a Ge nanowire after Si epitaxial growth at 450 

o
C for 500 seconds. It could be observed that a high quality single crystalline Ge 

nanowire surrounded by a uniform ~ 1 nm thickness Si shell. It shows high quality 

and uniform epitaxial Si shell on Ge nanowire is achieved.   
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Figure 5.1: high resolution TEM image of the Ge nanowire cross section after 

epitaxial-Si shell grown at 450 ℃ for 500 seconds.  

 

5.2.2 Epitaxial-Si growth process for Ge surface morphology improvement 

Hydrogen annealing is generally used as an effective technique to improve 

the Si nanowire surface roughness [143] as well as heteroepitaxial Ge surface 

roughness [144]. It is reported that the formation of Si-H/Ge-H cluster lowers the 

diffusion barrier and thus allowing a higher diffusivity and surface atom 

mobility[144]. In this work, the Si2H6 would decompose into hydrogen atoms in 

the 450 
o
C Si epitaxial growth process and it can improve the Ge nanowire surface 

morphology. Since it is challenging to characterize the roughness of the nanowire 

surface due to its small surface area and surface curvature, planar Ge is employed 

to investigate the effect of Si epitaxial growth on Ge surface morphology.  

Two Si wafers with a 300 nm epitaxial grown Ge layer were prepared and 

subjected to the Ge nanowire formation process: two-step etching process for 15 s 

~1 nm
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isotropic etching, followed by the oxidation & wet-etching cleaning process. 

Details of the processes were described in chapter 4. Next, the surface roughness 

of one wafer was characterized by atomic force microscope (AFM) while the Si 

epitaxial growth process was done on the other wafer. Then, the surface roughness 

of this wafer was characterized by AFM. It was found that the surface roughness 

was significantly improved by the Si epitaxial process. The surface roughness 

RMS was 48 Å for the wafer without Si epitaxial growth while it was improved to 

be 17 Å for the wafer gone through the Si epitaxial growth. This improvement 

could be attributed to the hydrogen dissolution from Si2H6 in Si epitaxial process, 

which helped to improve the Ge/Si surface roughness.  
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Figure 5.2: Ge surface roughness RMS before and after 1500 seconds Si 

epitaxial growth at 450 ℃. 

 

5.3.  Ge/Si core/shell nanowire pMOSFETs fabrication 

The Ge nanowire was formed by the two-steps etching process described 

in chapter 4. After Ge nanowire formation, a Si shell was epitaxial grown over the 



89 
 

Ge nanowire at 450 
o
C for 1500 seconds, with process details described in section 

5.2.1. The rest of the process is the same as the Ge nanowire pMOSFET 

fabrication processes described in chapter 4, except that an extra implantation of 

BF2/4×10
15

 cm
-2

/20 KeV and nickel germanidation processes through contact 

holes were employed to reduce the contact resistance.  

 

5.4 Device channel physical characterization 

Fig. 5.3 shows the TEM image of the channel of the device perpendicular 

to the wire length through the gate extension. Smooth Ge surface covered with 

conformal ALD HfO2 (~ 11 nm) is observed.  A void is observed below the Ge/Si 

core/shell nanowire. The reason of the formation of the void is described in 

chapter 4, which is due to the non-conformal nature of PVD deposition process. 

Nonetheless, the bottom of the Ge/Si core/shell nanowire is found to be covered 

with a layer of thin TaN (~ 3 nm), which could be clearly observed in the TEM 

image shown in Fig. 5.3. This layer of thin TaN makes the gate stack a full GAA 

structure. It is interesting to observe a different gate structure here, which is 

believed to be able to be attributed to the different distance between the nanowire 

and the substrate. The Ge core is ~ 50 nm × 32 nm, with a perimeter of ~ 140 nm. 

The ~ 2 nm white ring in between the Ge core and the HfO2 dielectric comes from 

the epitaxial-Si shell and its composition is analyzed in the next chapter.  
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 Figure 5.3: Transmission electron microscopy image of Ge/Si core/shell 

nanowire pMOSFET channel cross section. The left one is the zoomed in 

image which indicate the existence of a layer of thin TaN at the bottom of 

nanowire channel.    

 

Fig. 5.4 (a) is the scanning transmission Electron Microscope (STEM) 

image of the channel, while (b) and (c) is the Electron Energy Loss Spectrum 

(EELS) signal from the three spots (points (1), (2), and (3)) indicated in the dark 

ring in Fig. 5.4 (a). Fig. 5.4 (b) shows the Si edge EELS analysis result of the 

epitaxial-Si shell. Besides the expected Si signal at the Si L2,3 edge (~ 99 eV), Ge 

is also detected at the Ge M2,3 edge at ~ 120 eV, suggesting some Ge atoms have 

out-diffused into the Si shell and formed GeOx at the channel interface. The weak 

peak at 108 eV suggests the existence of Si
4+

 and the decreasing signal intensity 

suggests its concentration decreases from the HfO2 side (point (1)) to the Ge core 

side (point (3)). The EELS oxygen edge analysis (Fig. 5.4(c)) shows that oxygen 

content at the Ge core side (point (3)) is half of that at the center point (point (2)) 

and the HfO2 side (point (1)), which agrees with the decreasing Si
4+

 concentration. 

These results suggest that the observed dark ring consist mainly of SiOx and Si. 
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Figure 5.4: (a) STEM image of the Ge/Si core/shell nanowire pMOSFET 

channel cross section. (b) Si edge EELS signal at the three points of the 

epitaxial-Si shell indicated in (a), the two arrows indicate the peaks from Si 

and Oxygen. (c) Oxygen edge EELS signal at the three points of the epitaxial-

Si shell indicated in (a). 
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5.5 Device I-V characterization 
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Figure 5.5: (a) ID-VG and (b) ID-VD characteristics of Ge/Si core/shell 

nanowire GAA PMOS. The Ge/Si core/shell nanowire diameter is 35 nm and 

gate length is 200 nm. The epitaxial-Si shell is with 2 nm and HfO2 is 11 nm. 

Subthreshold slope is 162 mV/dec at VDS =- 50 mV. 

 

Fig. 5.5 shows the typical transfer and output characteristics of a 200 nm 

gate length Ge/Si core/shell nanowire pMOSFETs. A decent ID-VD output 

characteristic is shown in Fig. 5.5 (b). The drive current is 21 µA at VG - VT = 0.7 

V and VDS = -1 V, which is 150 µA/µm if normalizing by its perimeter. The SS is 

162 mV/dec and the DIBL is 124 mV/V. Fig. 5.6 shows the transfer and output 

characteristics of the core/shell nanowire transistor with 100 nm gate length. As 

expected, the ION increased from 21 µA to 33 µA at VG – VT = -0.7 V and VDS = -

1 V when the transistor gate length decreased from 200 nm to 100 nm. Without 

device optimization, short channel effects start to be observed when the gate 

length scaling down from 200 nm to 100 nm, with the SS increasing from 162 

mV/dec to 202 mV/dec and the DIBL increasing from 124 mV/V to 534 mV/V. 

Thinner gate dielectric thickness and optimized S/D doping profile is expected to 

suppress short channel effects. The Ion/Ioff ratio maintained 10
4
 for the 100 nm gate 
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length Ge/Si C/S NW MOSFETs, suggesting there is no significant leakage path 

along the channel. 
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Figure 5.6: (a) ID-VG and (b) ID-VD characteristics of Ge/Si core/shell 

nanowire GAA pMOSFET. The Ge/Si core/shell nanowire diameter is 35 nm 

and gate length is 100 nm. Subthreshold slope is 202 mV/dec at VDS =- 50 mV. 
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Figure 5.7: Linear ID-VG and Gm-VG obtained from a Ge/Si core/shell 

nanowire GAA PMOS with 100 nm gate length. The peak transconductance 

is 7.27 µS. 

 

Fig. 5.7 shows the linear ID-VG and Gm-VG curves obtained from a Ge/Si 

core/shell nanowire GAA pMOSFET with 100 nm gate length, which 

demonstrated a peak transconductance of 7.27 µS at VDS = - 0.05 V. 



94 
 

Fig. 5.8 presents the SS as a function of gate length. The long channel 

Ge/Si core/shell nanowire pMOSFETs, which are not expected to show any short 

channel effects, demonstrate consistent SS of ~ 160 mV/dec. The large SS 

suggests heavy trap density along the device channel. Based on the measured SS 

value, the interface state density Dit is estimated to be 7.5 × 10
12

 cm
-1
eV

-1
[142]. 

The high interface state density could be attributed to the Ge out-diffusion as 

shown by the EELS results. Those Ge atoms would segregate at the interface and 

generate defects [8]. Another possible reason is the defects due to the lattice 

mismatch between the Si shell and the Ge core. These traps along the channel 

surface degraded the SS performance and possibly increased the leakage current at 

the channel/drain junction. The trap density could be reduced by lowering the Si 

epitaxial process temperature [8] and employing a thinner Si shell. 
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Figure 5.8: SS of Ge/Si core/shell nanowire GAA pMOSFET vs. gate length.  



95 
 

0 200 400 600 800

0.6

0.8

1.0

1.2

1.4

 
V

T
(V

)

 

 

Gate Length (nm)
 

Figure 5.9: Threshold voltage of Ge/Si core/shell nanowire GAA pMOSFETs 

vs. gate length. VT is ~ 0.7 V for long channel devices.  

 

Figure 5.10: Energy band diagram of the Ge/Si core/shell structure. The 

dotted line is the Fermi level.  

 

Fig. 5.9 presents VT as a function of gate length, and shows ~ 0.7 V VT of 

long channel devices. The large positive threshold voltage can be attributed to the 

work function of TaN, the heavy interface trap density and/or the interface-dipoles 

formed at the HfO2/SiOx interface[145], as well as the Fermi level alignment 

between Ge and Si in the core/shell heterostructure. All of these factors bring the 

Fermi level close to/below the valence band edge of the Ge nanowire as shown in 

Fig. 5.10 and thus forming hole gas inside the Ge nanowire without gate bias. 
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Low work function metal such as Al could be used to adjust VT to the desired 

value[54].  

Fig. 5.11 presents the total series resistance of a 200 nm gate length Ge/Si 

core/shell nanowire pMOSFET, with the total series resistance of ~ 7 kΩ at -4.5 V 

gate overdrive. The parasitic series resistance is extracted by extrapolating the 

total resistances of different gate length devices at various gate overdrives to an 

intersection point, as shown in Fig. 5.12. The extracted parasitic series resistance 

is ~ 3.5 kΩ, which is 490 Ω-µm after normalization by perimeter. The parasitic 

series resistance of this batch of devices is significantly lower than that of the Ge 

nanowire transistors presented in chapter 4. The reduction of the parasitic series 

resistance could be attributed to the additional implantation and nickel-germanide 

processes through the contact holes.   
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Figure 5.11: Total series resistance of a 200 nm gate length Ge/Si core/shell 

nanowire pMOSFET as a function of gate overdrive. The smallest total 

resistance is ~ 7 kΩ at -4.5 V gate overdrive.   
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Figure 5.12: Total series resistance of Ge/Si core/shell nanowire pMOSFETs 

at various gate overdrives as a function of gate length. The parasitic series 

resistance is extracted by extrapolating the total series resistances of various 

gate length devices to an intersect point, which is ~ 3.5 kΩ for this batch of 

Ge/Si core/shell nanowire devices.   

 

5.6 Hole mobility in the Ge/Si core/shell nanowire 

channel 

The mobility is derived with the same method as described in chapter 4 by 

estimating the gate capacitance without considering quantum capacitance. The 

gate capacitor consists of two series connected cylindrical capacitors originated 

from HfO2 and SiOx respectively, and each of them could be calculated with the 

ideal cylindrical capacitor model Cg = (2 π 0 rLg)/ln[(r+Tox)/r], where TOX is the 

dielectric thickness, r is the inner radius and Lg is the gate length. In this work, the 

thickness of interfacial SiOx layer is assumed to be 1 nm based on above EELS 

results, which is about half of the Si interfacial layer between the Ge core and the 
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HfO2. Dielectric constant is taken to be 1.7 for SiOx and 20 for HfO2 [53].
 
 The 

hole mobility in Ge/Si core/shell channel is extracted by equation 4.3 after series 

resistance correction, and obtained a peak mobility of 254 cm
2
V

-1
s

-1
.  

-2.0 -1.5 -1.0 -0.5 0.0
0

100

200

300  &  Ge/Si C/S nanowire

 
E

s
ti

m
a

te
d

 
F

E
 (

c
m

2
/V

s
)

V
G
 - V

T
 (V)

 

0

5

10

15

20

25

E
s

ti
m

a
te

d
 

F
E
 (

c
m

2
/V

s
)

  Ge nanowire with GeO
2
 shell

 

 

Figure 5.13: Estimated hole field-effect mobility (µFE) in the Ge/Si C/S 

nanowire and Ge nanowire with GeO2 shell as a function of gate overdrives. 

The open circle curve is the hole mobility calculated without series resistance 

correction and the rest two lines are the hole mobility after series resistance 

correction. The dash line is the hole field-effect mobility in Ge nanowire with 

GeO2 shell.    

 

For comparison, the hole mobility of both the Ge nanowire pMOSFET 

presented in chapter 4 and the Ge/Si core/shell are plotted in Fig. 5.13. Compared 

with the Ge nanowire pMOSFET described in chapter 4, the introduction of 

epitaxial-Si shell improves the hole mobility to be 11.3 times higher. In Fig.5.13, 

as the gate overdrive increases, the hole mobility in the Ge/Si core/shell nanowire 

decreases much slower than that in the Ge nanowire with GeO2 shell. It could be 

attributed to the improvement of surface roughness through Ge atom migration in 
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presence of H2 in Si epitaxy process [144] as presented in section 5.2.2. Another 

reason for the improved mobility is the reduced Coulomb scattering as the Ge 

channel is sufficiently far removed from the surface defects scattering center. 

However, the epitaxial-Si shell thickness needs further optimization, as there is a 

tradeoff between hole mobility enhancement due to the compress stress on Ge 

core [146] and the low mobility in the Si shell, as well as the possible defects in Si 

shell which would degrade the device performance. 

 

5.7 Hole injection in the Ge/Si core/shell nanowire 

channel 

Fig. 5.14 presents the on state current of the Ge/Si core/shell nanowire 

pMOSFETs at VG – VT = -0.7 V and VDD = 1 V, as a function of gate length. As 

expected, the on state current increases as the gate length scaling down. To 

benchmark the transistors with their Si counterparts, the intrinsic gate delay 

τ=CV/I, where C is the gate capacitance, V is the supply voltage VDD while I is 

the on-state current at VG = VDD. The gate capacitance is calculated with the 

cylindrical model as presented in mobility extraction. The intrinsic gate delay 

represents the fundamental RC (where R is the device resistance and C is the 

capacitance) delay of the device and provides a reference of the speed limit of the 

device which relatively insensitive to device width. Thus, it is a good reference to 

compared between different devices. Fig. 5.15 presents the intrinsic gate delay of 

over 20 Ge/Si core/shell nanowire transistors versus gate length. Si nanowire 

MOSFETs and the state-of-the-art Si planar MOSFETs are included for 
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comparison. The data shown in Fig. 5.15 clearly demonstrates the speed 

advantage of Ge/Si core/shell nanowire transistors over Si nanowire and Si planar 

transistors. The slope of intrinsic gate delay of the Ge/Si core/shell nanowire 

pMOSFET is ~ 1.75, while that of the state-of-the-art Si planar transistors is ~ 1.1, 

which means Ge/Si core/shell nanowire MOSFETs RC delay reduces fasters as 

the gate length scaling down and clearly demonstrated Ge/Si core/shell nanowire 

speed advantage in short gate length regime. This advantage could be explained 

by the lower backscattering coefficient in Ge/Si core/shell nanowire channel as 

discussed below. 

200 400 600
0

300

600

900

I O
N
(

A
/

m
)

 

 

Gate Length (nm)
 

Figure 5.14: On-state current of Ge/Si core/shell nanowire pMOSFETs at VG 

– VT = -0.7 V and VDD = 1 V, as a function of gate length.  
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Figure 5.15: Intrinsic delay of Ge/Si core/shell nanowire pMOSFETs as a 

function of gate length. Si nanowire MOSFETs and state-of-the-art Si planar 

MOSFETs are included for comparison.  

 

For short gate length transistors, non-stationary transport becomes more 

dominant and the carrier transport can be formulized [147] as:  

            
    

    
                                          (5.1) 

where W is the channel width, Qinj is the inversion layer carrier density near the 

low field source, υth is the thermal injection velocity from the source accumulation 

layer to the channel inversion layer and Rc is the channel backscattering 

coefficient. Rc can be extracted by the following steps[147]:  

1. Measure IDSAT as a function of temperature and extract the backscattering 

related parameters:  

   
      

         
                                                (5.2) 
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                                    (5.3) 

where ∆IDSAT is the change of drain current over ∆T, IDSAT, o is the 

saturated current at base temperature and ∆T is the temperature difference 

between the base temperature where the backscattering coefficient is 

measured and another temperature. ∆VT,lin is the change in linear threshold 

voltage.  

2. Calculate λ/Ɩ 

 

 
 

 

       
 

         
  

                             (5.4) 

where λ is the near-equilibrium mean-free-path, Ɩ  is the critical distance of 

the injected carriers travel over a KT/q layer from the source, VTSAT is the 

threshold voltage at the base temperature and T is the base temperature. 

3. Derive backscattering coefficience Rc.   

   
 

     
                                                 (5.5) 

 

Fig. 5.16 presents the ID-VG characteristics of a 200 nm Ge/Si core/shell 

nanowire pMOSFET after 13 times repeated measurements. Maximum threshold 

voltage difference is only 13 mV, indicating the stability of threshold voltage over 

repeating measurements.  Fig. 5.17 presents the ID-VG characteristics of a 200 nm 

gate length Ge/Si core/shell nanowire pMOSFET at temperature from 296 K to 

387 K. As shown in Fig. 5.17 (a), threshold voltage increase with temperature. 

The extracted linear threshold voltage is plot against the temperature and the 
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fitting gradient η is 1.46 mV/K as shown in the inset of Fig. 5.18. Fig. 5.17 (b) 

shows that the saturated current decreases as temperature increases, which could 

be attributed to the increased scattering at higher temperature. The normalized 

drain current change is perfectly linear as plotted in Fig. 5.18, giving a gradient α 

of -8.66 × 10
-4

 K
-1

. Based on these two parameters, the backscattering coefficient 

of this 200 nm gate length Ge/Si core/shell nanowire pMOSFET can be extracted 

to be 0.31.   

 

Figure 5.16: Drain current characteristics of a 200 nm gate length Ge/Si 

core/shell nanowire pMOSFETs at VDS = -0.05 V with 11 times repeated 

measurements. The arrows indicate the gate bias sweeping directions.  
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Figure 5.17: The (a) log scale plot and (b) linear scale plot of drain current of 

a 200 nm gate length Ge/Si core/shell nanowire pMOSFET VDS = -0.05 V as a 

function of gate bias at different temperature.   

-2 -1 0 1 2
10

-10

10
-9

10
-8

10
-7

10
-6

10
-5

V
T, MAX

 = 5 mV

I D
(A

)

V
G
(V)

 

 

V
DS

 = -50 mV

V
T, MAX

 = 13 mV

Repeated 13 times



104 
 

300 320 340 360 380 400 420

-0.08

-0.06

-0.04

-0.02

0.00

300 330 360 390

0.80

0.85

0.90

0.95

 
V

T
, 
li
n

 (
V

)

 

 

Temperature (K)

 = 1.46x10
-3
 V/K

 


I D
, 

S
A

T
/I

D
, 

S
A

T

Temperature (K)

=-8.65635 x 10
-4
 K

-1

L
G
 = 200 nm

 

 

Figure 5.18: ID, SAT and VT, Lin (inset) variation of GAA Ge/Si core/shell 

pMOSFET as a function of temperature, from which the ballistic efficiency is 

extracted to be 0.524. ID,SAT is obtained at VG = -1.5 V. 
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Figure 5.19: ID, SAT and VT, Lin (inset) variation of GAA Ge/Si core/shell 

pMOSFET as a function of temperature, from which the ballistic efficiency is 

extracted to be 0.524. ID,SAT is obtained at VG = -1.5 V. 
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Fig. 5.19 compares the backscattering coefficient of the Ge/Si core/shell 

nanowire pMOSFET with those of reported Si MOSFETs and planar SiGe 

MOSFETs [17-20]. The backscattering coefficient (Rc) of a 200 nm gate length 

Ge/Si core/shell nanowire pMOSFET is 0.31, and it is lower than that of Si 

MOSFETs by ~ 22% at the same gate length. Since Rc is directly related to the 

drive current, lower Rc suggests higher on-state current and smaller gate delay τ. 

Thus, the reduction of Rc agrees with the speed advantage of the Ge/Si core/shell 

pMOSFET shown in Fig. 5.16.  

 

5.8. Summary 

Si epitaxial grown over Ge is demonstrated as an effective way to improve 

the Ge surface roughness and this technique was used to improve the Ge nanowire 

surface morphology problem inherited from the Ge nanowire fabrication 

processes. The Ge/Si core/shell nanowire GAA pMOSFETs integrated with 

HfO2/TaN gate stack demonstrated high drive current and significantly improved 

mobility compared with the Ge nanowire pMOSFET in chapter 4. The use of an 

interfacial epitaxial-Si shell is an effective performance booster towards the 

integration of high-mobility Ge channel transistors. Backscattering coefficient is 

extracted to be 0.31 on a 200 nm gate length device Ge/Si core/shell nanowire 

pMOSFET.   
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Chapter 6        
Conclusions and 

Recommendations 

 

6.1   Conclusions 

Nanowire transistors are considered as an important candidate of advanced 

MOSFETs for several reasons. Firstly, the nanowire GAA architecture is able to 

suppress short channel effects due to its superior gate electrostatic coupling over 

the channel. Secondly, carrier mobility in a nanowire is higher due to the 

suppressed scattering and volume inversion effect. Thirdly, power consumption in 

nanowire transistor is low as junction area is minimized and short channel effects 

are suppressed. High performance nanowire transistors have been demonstrated 

by both the bottom-up and the top-down approach.  

In chapter 3, nanowire GAA MOSFETs integrated with 1-D NiSi Schottky 

S/D are studied. One of the challenges of the nanowire transistor is the large 

parasitic series resistance. The solution is proposed by replacing the heavily doped 

S/D with highly conductive metal. Historically, it is found that the on-state current 

of a SB-MOSFET is lower than that of a conventional MOSFET due to the 

additional Schottky barrier at the source junction and there is no reported silicide 

has Schottky barrier height sufficiently low to make the on-current comparable 

with the conventional heavily doped S/D MOSFETs. In chapter 3, the nanowire 
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GAA architecture is demonstrated to be able to effectively lowering the effective 

Schottky barrier height, and consequentially improve the SB-MOSFET 

performance. The experimental data demonstrates that a nanowire GAA SB-

MOSFET has much better device performance than that of a planar SOI SB-

MOSFET, showing larger on-state current, smaller leakage current and smaller SS. 

Moreover, the nanowire GAA SB-MOSFET with smaller nanowire diameter 

shows better performance. Simulation work confirms that the Schottky barrier 

width is much thinner in the nanowire GAA MOSFET if comparing with the 

planar SOI SB-MOSFET, because the potential in the channel could be pushed 

down/up more effective in the nanowire GAA architecture. Thus, it could be 

concluded that the nanowire GAA architecture is able to enhance the carrier 

injection in a SB-MOSFET and could be an effective way to mitigate the 

requirements of Schottky barrier height for achieving larger on-state current.  

In chapter 4, Ge nanowire pMOSFETs were fabricated and studied. The 

higher intrinsic carrier mobility has made Ge one of the most attractive candidates 

as the channel material for future high performance transistors. Moreover, the 

advantage of Si/SiO2 system has gone since SiO2 has been replaced by high-k for 

suppressing short channel effects and gate leakage. Although the bottom-up Ge 

nanowire transistors have demonstrated high performances, no top-down Ge 

nanowires have been reported yet. In chapter 4, Ge nanowires with diameter down 

to 14 nm were fabricated on an epitaxial grown Ge layer by a novel technique of 

two-step etching with polymerization in-between. A thermally grown GeO2 shell 

was employed as a passivation layer between the Ge nanowire and the HfO2/TaN 

gate stack to fabricate a Ge nanowire pMOSFET. The on/off ratio of 6 orders is 



108 
 

achieved on a Ge nanowire pMOSFET, suggesting the leakage current is 

effectively suppressed by the nanowire transistor architecture. However, it is 

found that the hole mobility in the Ge nanowire channel is as low as 22 cm
2
V

-1
s

-1
. 

The low hole mobility is attributed to the high interface trap state density and the 

surface roughness scattering. Large series resistance is identified to be another 

problem.  

In chapter 5, a Si epitaxial shell was explored to improve the Ge nanowire 

MOSFET performance. Although the Ge nanowire surface has different lattice 

orientation, ultra-thin high quality and uniform Si shell was successfully epitaxial 

grown on the Ge nanowire in a UHV-CVD chamber at 500℃. It was found that 

the Si deposition process was able to smooth the Ge surface. In this chapter, Ge/Si 

core/shell nanowire GAA pMOSFETs were fabricated and characterized. 

Interestingly, a thin layer of TaN was found at the bottom of the Ge nanowire 

although the TaN was deposited by a PVD system, and the thin layer of TaN at 

the nanowire bottom made the transistor a fully GAA architecture. The epitaxial-

Si shell was analyzed by EELS and it mainly consisted of Si, SiOx. Some Ge 

atoms were found to be out-diffused into the Si-shell, and possibly accumulated at 

the channel surface leading to high interface trap density. Despite the high 

interface trap density, hole mobility in the Ge/Si core/shell channel achieved as 

high as 254 cm
2
V

-1
s

-1
. The significant improvement of the hole mobility compared 

with that in the Ge nanowire presented in chapter 4 could be attributed to the 

surface smoothness improvement, the buried channel effect and the compressive 

stress from the Si shell. The series resistance of the transistor was reduced to its ~ 

1% by introducing an additional implantation and nickel germanidation through 
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the contact holes. On-current of a 200 nm gate length Ge/Si core/shell nanowire 

pMOSFET achieved 150 µA/µm due to the improvements of the hole mobility 

and parasitic series resistances and its hole backscattering coefficient achieved 

0.31, which is ~ 22% lower than its Si/SiGe counterparts.  

 

6.2  Recommendations 

Although the nanowire transistor architecture has attracted significant 

research attentions for its promising characteristics, the research of nanowire 

transistor is still at a relatively early stage. This project demonstrated two possible 

approaches of improving nanowire transistor performance. Based on the results 

obtained in this project, here are some recommendations for further studies on 

improving the nanowire transistor performance for future high performance 

applications.  

 

1. The nanowire GAA SB-MOSFET integrated with lower SBH metal can be 

explored to achieve high performance. Although NiSi SBH on Si is ~ 0.46 

eV, the transistor in chapter 3 still achieved nearly ideal SS and high on-state 

current. Silicide with lower SBH such as ErSi and PtSi are expected to 

achieve much better performance. In view of the increasingly dominant S/D 

resistance as the channel length scaling down, the advantages of nanowire 

SB-MOSFETs integrated with low SBH Silicide would be an interesting 

topic. 
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2. The Ge nanowire GAA SB-MOSFET would be an interesting topic to 

explore. Although carriers in Ge have much higher mobility than that in Si, 

the on-state current of Ge transistor is limited by large series resistance. The 

large series resistance in Ge transistors is due to the low dopant solid 

solubility and thus, has little room for improvement. This problem would be 

even worse for Ge nanowire transistors due to the architecture specified 

narrower extension area. A possible solution could be replacing the high 

resistance of doped S/D with highly conductive NiGe and employing the 

SB-MOSFET architecture. The hole Schottky barrier of NiGe on Ge is ~ 

0.16 eV, which is much lower than that of 0.46 eV of NiSi on Si. Moreover, 

the integration of a Si shell on the Ge nanowire would form hole gas in the 

Ge nanowire channel. The accumulated holes at the Schottky junction would 

lead to an ultra-thin Schottky barrier width and lead to higher hole tunneling 

probability. In this case, the effective Schottky barrier height of NiGe on 

Ge/Si core/shell channel would be even lower than 0.16 eV due to the higher 

hole tunneling probability. Thus, compared with the Si nanowire counterpart, 

the Ge nanowire GAA MOSFET integrated with 1-D NiGe S/D is expected 

to have higher on-state current for its higher carrier mobility and lower S/D 

Schottky barrier.  

 

3. C-V characterization could be carried out to investigate the intrinsic 

properties of nanowire transistors. If C-V characteristics could be measured, 

the interface traps and defects could be quantified and understand for further 
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surface engineering. Mobility could be extracted based on the C-V 

characteristics instead of the estimation in this project.  

 

4. The Si shell thickness in a Ge/Si core/shell transistor could be optimized. 

There is a tradeoff on the Si shell thickness. In case of thicker Si shell, hole 

mobility in the Ge core would be larger as the stress on Ge core would be 

larger and scattering from surface defect are removed far away. Another 

benefit of thicker Si shell is that, channel surface defects would be lower as 

Ge out-diffusion would be suppressed more effectively. However, Ge 

channel would be buried deeper in case of a thicker Si shell, and more 

carriers would be transported through the low mobility Si shell to lower the 

on current. Furthermore, there would be a large amount of defects in the 

Ge/Si core/shell structure due to the lattice mismatch to reduce the on state 

current if the Si shell thickness is over the critical value. The Si shell 

epitaxial growth process also needs further optimization. It is reported lower 

process temperature could suppress Ge out-diffusion more effectively, which 

could be tried to obtain higher transistor performance.    

 

5. Strain engineering could be explored on the nanowire transistors. Strain 

engineering is generally implemented as a performance booster on the 

conventional planar transistors; however, few works are done on Si and Ge 

nanowires. All of those widely used strain techniques on planar devices can 

be applied on nanowire transistors. Moreover, it would be interesting to 
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explore the strain in the core/shell structure which is unique to nanowire 

architecture.          
 



113 
 

References 

1 R. Chau, S. Datta, M. Doczy, B. Doyle, J. Jin, J. Kavalieros, A. Majumdar, 

M. Metz and M. Radosavljevic, "Benchmarking nanotechnology for high-

performance and low-power logic transistor applications", IEEE Transactions on 

Nanotechnology, vol.4, no.2, pp. 153-158, Mar 2005. 

2 T. Sakurai, "Perspective of power-aware electronics", Proc. ISSCC Dig. 

Tech. Papers. San Francisco, CA, pp. 26-29Feb. 2003. 

3 R. Arghavani, Z. Yuan, N. Ingle, K. B. Jung, M. Seamons, S. 

Venkataraman, V. Banthia, K. Lija, P. Leon, G. Karunasiri, S. Yoon and A. 

Mascarenhas, "Stress management in sub-90-nm transistor architecture", Ieee 

Transactions on Electron Devices, vol.51, no.10, pp. 1740-1743, Oct 2004. 

4 J. Appenzeller, J. Knoch, E. Tutuc, M. Reuter and S. Guha, "Dual-gate 

silicon nanowire transistors with nickel silicide contacts", IEEE International 

Electron Devices Meeting. Technical Digest, pp. 1-4 2006. 

5 H. Shang, M. Frank, E. Gusev, J. Chu, S. Bedell, K. Guarini and M. Ieong, 

"Germanium channel mosfets: Opportunities and challenges", IBM Journal of 

Research and Development, vol.50, no.4/5, pp. 386 2006. 

6 R. L. Xie, T. H. Phung, W. He, Z. Q. Sun, M. B. Yu, Z. Y. Cheng, C. X. 

Zhu and Ieee, "High mobility high-k/ge pmosfets with 1 nm eot -new concept on 

interface engineering and interface characterization", Proc. IEEE International 

Electron Devices Meeting. Technical Digest, pp. 393-3962008. 

7 P. Zimmerman, G. Nicholas, B. De Jaeger, B. Kaczer, A. Stesmans, L. A. 

Ragnarsson, D. P. Brunco, F. E. Leys, M. Caymax, G. Winderickx, K. Opsomer, 

M. Meuris, M. M. Heyns and Ieee, "High performance ge pmos devices using a si-

compatible process flow", Proc. IEEE International Electron Devices Meeting. 

Technical Digest, pp. 390-3932006. 

8 J. Mitard, B. De Jaeger, F. Leys, G. Hellings, K. Martens, G. Eneman, D. 

Brunco, R. Loo, J. Lin and D. Shamiryan, "Record i on/i off performance for 

65nm ge pmosfet and novel si passivation scheme for improved eot scalability", in 

IEDM, pp. 1-4, 2008. 

9 C. Rehnstedt, T. Martensson, C. Thelander, L. Samuelson and L. E. 

Wernersson, "Vertical inas nanowire wrap gate transistors on si substrates", Ieee 

Transactions on Electron Devices, vol.55, no.11, pp. 3037-3041, Nov 2008. 

10 S. Takagi, T. Irisawa, T. Tezuka, T. Numata, S. Nakaharai, N. Hirashita, Y. 

Moriyama, K. Usuda, E. Toyoda, S. Dissanayake, M. Shichijo, R. Nakane, S. 

Sugahara, M. Takenaka and N. Sugiyama, "Carrier-transport-enhanced channel 

cmos for improved power consumption and performance", IEEE Transactions on 

Electron Devices, vol.55, no.1, pp. 21-39, Jan 2008. 

11 " ", in International roadmap for semiconductors (ITRS), 

http://public.itrs.net, 2009. 

12 C. H. Choi, K. Y. Nam, Z. P. Yu and R. W. Dutton, "Impact of gate direct 

tunneling current on circuit performance: A simulation study", IEEE Transactions 

on Electron Devices, vol.48, no.12, pp. 2823-2829, Dec 2001. 

http://public.itrs.net/


114 
 

13 C. Ren, H. Yu, J. Kang, X. Wang, H. Ma, Y. Yeo, D. Chan, M. Li and D. 

Kwong, "A dual-metal gate integration process for cmos with sub-1-nm eot hfo2 

by using hfn replacement gate", IEEE Electron Device Letters, vol.25, no.8 2004. 

14 K. Young, "Short-channel effect in fully depleted soi mosfets", IEEE 

Transactions on Electron Devices, vol.36, no.2, pp. 399-402 1989. 

15 V. Trivedi and J. Fossum, "Scaling fully depleted soi cmos", IEEE 

Transactions on Electron Devices, vol.50, no.10, pp. 2095-2103 2003. 

16 T. Tsuchiya, Y. Sato and M. Tomizawa, "Three mechanisms determining 

short-channel effects infully-depleted soi mosfets", IEEE Transactions on Electron 

Devices, vol.45, no.5, pp. 1116-1121 1998. 

17 K. Suzuki, T. Tanaka, Y. Tosaka, H. Horie and Y. Arimoto, "Scaling 

theory for double-gate soi mosfet's", IEEE Transactions on Electron Devices, 

vol.40, no.12, pp. 2326-2329 1993. 

18 D. Hisamoto, W. Lee, J. Kedzierski, H. Takeuchi, K. Asano, C. Kuo, E. 

Anderson, T. King, J. Bokor and C. Hu, "Finfet-a self-aligned double-gate mosfet 

scalable to 20 nm", IEEE Transactions on Electron Devices, vol.47, no.12, pp. 

2320-2325 2000. 

19 B. Doyle, B. Boyanov, S. Datta, M. Doczy, S. Hareland, B. Jin, J. 

Kavalieros, T. Linton, R. Rios and R. Chau, "Tri-gate fully-depleted cmos 

transistors: Fabrication, design and layout", in Symposium on VLSI Technology. 

Digest of Technical Papers, pp. 133-134, Japan Soc. Applied Phys, Tokyo, Japan, 

2003. 

20 J. Kavalieros, B. Doyle, S. Datta, G. Dewey, M. Doczy, B. Jin, D. 

Lionberger, M. Metz, W. Rachmady and M. Radosavljevic, "Tri-gate transistor 

architecture with high-k gate dielectrics, metal gates and strain engineering", in 

Symposium on Vlsi Technology, Digest of Technical Papers, pp. 50-51, 2006. 

21 B. Doyle, S. Datta, M. Doczy, S. Hareland, B. Jin, J. Kavalieros, T. Linton, 

A. Murthy, R. Rios and R. Chau, "High performance fully-depleted tri-gate cmos 

transistors", IEEE Electron Device Letters, vol.24, no.4, pp. 263-265 2003. 

22 J. Park, J. Colinge and C. Diaz, "Pi-gate soi mosfet", IEEE Electron 

Device Letters, vol.22, no.8, pp. 405-406 2001. 

23 J. Colinge, "Multiple-gate soi mosfets", Solid-State Electronics, vol.48, 

no.6, pp. 897-905 2004. 

24 J.-T. Park and J.-P. Colinge, IEEE Transactions on Electron Devices, 

"Multiple-gate soi mosfets: Device design guidelines", IEEE Transactions on 

Electron Devices, vol.49, no.12, pp. 2222-2229 2002. 

25 F. Yang, H. Chen, F. Chen, C. Huang, C. Chang, H. Chiu, C. Lee, C. Chen, 

H. Huang and C. Chen, "25nm cmos omega fets", in IEEE International Electron 

Devices Meeting. Technical Digest, pp. 255-258, IEEE; 1998, 2002. 

26 R. Ritzenthaler, S. Cristoloveanu, O. Faynot, C. Jahan, A. Kuriyama, L. 

Brevard and S. Deleonibus, "Lateral coupling and immunity to substrate effect in 

fet devices", Solid State Electronics, vol.50, no.4, pp. 558-565 2006. 

27 F. Yang, D. Lee, H. Chen, C. Chang, S. Liu, C. Huang, T. Chung, H. Chen 

and Y. Liu, "5nm-gate nanowire finfet", in Symposium on VlSI Technology, 

Digest of Technical Papers, pp. 196-197, 2004. 

28 N. Singh, A. Agarwal, L. K. Bera, T. Y. Liow, R. Yang, S. C. Rustagi, C. 

H. Tung, R. Kumar, G. Q. Lo and N. Balasubramanian, "High-performance fully 



115 
 

depleted silicon nanowire (diameter/spl les/5 nm) gate-all-around cmos devices", 

Electron Device Letters, IEEE, vol.27, no.5, pp. 383-386 2006. 

29 Y. Jiang, T. Liow, N. Singh, L. Tan, G. Lo, D. Chan and D. Kwong, 

"Performance breakthrough in 8 nm gate length gate-all-around nanowire 

transistors using metallic nanowire contacts", in Symposium on VlSI Technology, 

Digest of Technical Papers, pp. 34-35, 2008. 

30 J. Peng, S. Lee, G. Liang, N. Singh, S. Zhu, G. Lo and D. Kwong, 

"Improved carrier injection in gate-all-around schottky barrier silicon nanowire 

field-effect transistors", Applied Physics Letters, vol.93, pp. 073503 2008. 

31 M. Bescond, K. Nehari, J. L. Autran, N. Cavassilas, D. Munteanu and M. 

Lannoo, "3d quantum modeling and simulation of multiple-gate nanowire 

mosfets", in IEEE International Electron Devices Meeting. Technical Digest, pp. 

617-620, IEEE, Piscataway, NJ, USA, 2004. 

32 C. Auth and J. Plummer, "Scaling theory for cylindrical, fully-depleted, 

surrounding-gatemosfet's", IEEE Electron Device Letters, vol.18, no.2, pp. 74-76 

1997. 

33 R. Yan, A. Ourmazd and K. Lee, "Scaling the si mosfet: From bulk to soi 

to bulk", Ieee Transactions on Electron Devices, vol.39, no.7, pp. 1704-1710 1992. 

34 K. H. Yeo, S. D. Suk, M. Li, Y. Y. Yeoh, K. H. Cho, K. H. Hong, S. K. 

Yun, M. S. Lee, N. M. Cho, K. H. Lee, D. H. Hwang, B. Park, D. W. Kim, D. 

Park, B. I. Ryu and Ieee, "Gate-all-around (gaa) twin silicon nanowire mosfet 

(tsnwfet) with 15 nm length gate and 4 nm radius nanowires", in 2006 

International Electron Devices Meeting,, pp. 286-289, 2006. 

35 N. Singh, A. Agarwal, L. K. Bera, T. Y. Liow, R. Yang, S. C. Rustagi, C. 

H. Tung, R. Kumar, G. Q. Lo, N. Balasubramanian and D. L. Kwong, "High-

performance fully depleted silicon-nanowire (diameter <= 5 nm) gate-all-around 

cmos devices", IEEE Electron Device Letters, vol.27, no.5, pp. 383-386 2006. 

36 Y. Tian, R. Huang, Y. Q. Wang, J. Zhuge, R. S. Wang, J. Liu, X. Zhang, Y. 

Y. Wang and Ieee, "New self-aligned silicon nanowire transistors on bulk 

substrate fabricated by epi-free compatible cmos technology: Process integration, 

experimental characterization of carrier transport and low frequency noise", in 

Ieee international electron devices meeting, pp. 895-898, 2007. 

37 B. Yu, L. L. Chang, S. Ahmed, H. H. Wang, S. Bell, C. Y. Yang, C. 

Tabery, C. Ho, Q. Xiang, T. J. King, J. Bokor, C. M. Hu, M. R. Lin and D. Kyser, 

"Finfet scaling to 10nm gate length", Proc. International Electron Devices 

Meeting, Technical Digest, pp. 251-2542002. 

38 B. Doris, M. Ieong, T. Kanarsky, Y. Zhang, R. A. Roy, O. Dokumaci, Z. B. 

Ren, F. F. Jamin, L. Shi, W. Natzle, H. J. Huang, J. Mezzapelle, T. Mocuta, S. 

Womack, M. Gribelyuk, T. C. Jones, R. J. Miller, H. S. P. Wong, W. Haensch and 

E. D. S. O. I. Electronic Devices Society Of Ieee, Extreme scaling with ultra-thin 

si channel mosfets, 2002. 

39 B. Doris, T. Ieong, H. Zhu, Y. Zhang, M. Steen, W. Natzle, S. Callegari, V. 

Narayanan, J. Cai, S. H. Ku, P. Jamison, T. Li, Z. Ren, V. Ku, D. Boyd, T. 

Kanarsky, I. D'Emic, M. Newport, D. Dobuzinsky, S. Deshpande, J. Petrus, R. 

Jammy, W. Haensch and I. Ieee, Device design considerations for ultra-thin soi 

mosfets, 2003. 



116 
 

40 H. Wakabayashi, S. Yamagami, T. Ikezawa, A. Ogura, M. Narihiro, T. 

Arai and I. Ieee, Sub-10-nm planar-bulk-cmos devices using lateral junction 

control, 2003. 

41 H. Sakaki, "Scattering suppression and high-mobility effect of size-

quantized electrons in ultrafine semiconductor wire structures", Japanese Journal 

of Applied Physics, vol.19, no.12, pp. L735-L738 1980. 

42 S. Suk, M. Li, Y. Yeoh, K. Yeo, K. Cho, I. Ku, H. Cho, W. Jang, D. Kim 

and D. Park, "Investigation of nanowire size dependency on tsnwfet", in 2006 

International Electron Devices Meeting, pp. 891-894, 2007. 

43 C. R. Martin, "Nanomaterials: A membrane-based synthetic approach", 

Science, vol.266, no.Compendex, pp. 1961-1966 1994. 

44 B. Martin, D. Dermody, B. Reiss, M. Fang, L. Lyon, M. Natan and T. 

Mallouk, "Orthogonal self-assembly on colloidal gold-platinum nanorods", 

Advanced Materials, vol.11, no.12, pp. 1021-1025 1999. 

45 D. Hongjie, E. W. Wong, Y. Z. Lu, F. Shoushan and C. M. Lieber, 

"Synthesis and characterization of carbide nanorods", Nature, vol.375, 

no.Copyright 1995, IEE, pp. 769-772 1995. 

46 H. Weiqiang, F. Shoushan, L. Qunqing and H. Yongdan, "Synthesis of 

gallium nitride nanorods through a carbon nanotube-confined reaction", Science, 

vol.277, no.Copyright 1997, IEE, pp. 1287-1289 1997. 

47 A. Morales and C. Lieber, "A laser ablation method for the synthesis of 

crystalline semiconductor nanowires", Science, vol.279, no.5348, pp. 208 1998. 

48 Y. Zhang, K. Suenaga, C. Colliex and S. Iijima, "Coaxial nanocable: 

Silicon carbide and silicon oxide sheathed with boron nitride and carbon", Science, 

vol.281, no.5379, pp. 973 1998. 

49 D. Yu, Z. Bai, S. Feng, C. Lee, I. Bello, X. Sun, Y. Tang, G. Zhou and Z. 

Zhang, "Synthesis of nano-scale silicon wires by excimer laser ablation at high 

temperature", Solid State Communications, vol.105, no.6, pp. 403-407 1998. 

50 Y. Zhang, Y. Tang, N. Wang, D. Yu, C. Lee, I. Bello and S. Lee, "Silicon 

nanowires prepared by laser ablation at high temperature", Applied Physics 

Letters, vol.72, pp. 1835 1998. 

51 Y. Wu and P. Yang, "Direct observation of vapor- liquid- solid nanowire 

growth", J. Am. Chem. Soc, vol.123, no.13, pp. 3165-3166 2001. 

52 Z. Pan, S. Dai, C. Rouleau and D. Lowndes, "Germanium-catalyzed 

growth of zinc oxide nanowires: A semiconductor catalyst for nanowire synthesis", 

Angewandte Chemie International Edition, vol.44, no.2, pp. 274-278 2004. 

53 L. Zhang, R. Tu and H. J. Dai, "Parallel core- shell metal-dielectric-

semiconductor germanium nanowires for high-current surround-gate field-effect 

transistors", Nano Lett., vol.6, no.12, pp. 2785-2789 2006. 

54 J. Xiang, W. Lu, Y. Hu, Y. Wu, H. Yan and C. M. Lieber, Nature, "Ge/si 

nanowire heterostructures as high-performance field-effect transistors", Nature, 

vol.441, no.7092, pp. 489-493 2006. 

55 D. Wang, Q. Wang, A. Javey, R. Tu, H. Dai, H. Kim, P. McIntyre, T. 

Krishnamohan and K. Saraswat, "Germanium nanowire field-effect transistors 

with sio2 and high-k hfo2 gate dielectrics", Applied Physics Letters, vol.83, no.12, 

pp. 2432-2434 2003. 



117 
 

56 L. Lauhon, M. Gudiksen, D. Wang and C. Lieber, "Epitaxial core-shell 

and core-multishell nanowire heterostructures", Nature, vol.420, no.6911, pp. 57-

61 2002. 

57 Y. Wu and P. Yang, "Germanium nanowire growth via simple vapor 

transport", Chem. Mater, vol.12, no.3, pp. 605-607 2000. 

58 R. Wagner and W. Ellis, "Vapor liquid solid mechanism of single crystal 

growth", Applied Physics Letters, vol.4, pp. 89 1964. 

59 X. F. Duan, "Nanowire nanoelectronics assembled from the bottom-up", 

2002. 

60 X. F. Duan, C. M. Niu, V. Sahi, J. Chen, J. W. Parce, S. Empedocles and J. 

L. Goldman, "High-performance thin-film transistors using semiconductor 

nanowires and nanoribbons", Nature, vol.425, no.6955, pp. 274-278, Sep 2003. 

61 E. Tutuc, J. Appenzeller, M. Reuter and S. Guha, "Realization of a linear 

germanium nanowire p- n junction", Nano Lett, vol.6, no.9, pp. 2070-2074 2006. 

62 G. Y. Li, N. Xi, H. P. Chen, A. Saeed, M. M. Yu and Ieee, "Assembly of 

nanostructure using afm based nanomanipulation system", in 2004 ieee 

international conference on robotics and automation, vols 1- 5, proceedings, pp. 

428-433, 2004. 

63 R. Martel, T. Schmidt, H. R. Shea, T. Hertel and P. Avouris, "Single- and 

multi-wall carbon nanotube field-effect transistors", Applied Physics Letters, 

vol.73, no.17, pp. 2447-2449 1998. 

64 Y. Huang and C. M. Lieber, "Integrated nanoscale electronics and 

optoelectronics: Exploring nanoscale science and technology through 

semiconductor nanowires", Pure and Applied Chemistry, vol.76, no.12, pp. 2051-

2068, Dec 2004. 

65 M. Law, J. Goldberger and P. D. Yang, "Semiconductor nanowires and 

nanotubes", Annual Review of Materials Research, vol.34, pp. 83-122 2004. 

66 X. F. Duan, Y. Huang, Y. Cui, J. F. Wang and C. M. Lieber, "Indium 

phosphide nanowires as building blocks for nanoscale electronic and 

optoelectronic devices", Nature, vol.409, no.6816, pp. 66-69, Jan 2001. 

67 A. Agarwal, N. Balasubramanian, N. Ranganathan and R. Kumar, "Silicon 

nanowires formation in cmos compatible manner", International Journal of 

Nanoscience, Vol 5, Nos 4 and 5, vol.5, no.4-5, pp. 445-451 2006. 

68 H. I. Liu, D. K. Biegelsen, N. M. Johnson, F. A. Ponce and R. F. W. Pease, 

"Self-limiting oxidation of si nanowires", Journal of Vacuum Science & 

Technology B, vol.11, no.6, pp. 2532-2537 1993. 

69 H. I. Liu, D. K. Biegelsen, F. A. Ponce, N. M. Johnson and R. F. W. Pease, 

"Self-limiting oxidation for fabricating sub-5 nm silicon nanowires", Applied 

Physics Letters, vol.64, no.11, pp. 1383-1385 1994. 

70 H. Heidemeyer, C. Single, F. Zhou, F. E. Prins, D. P. Kern and E. Plies, 

"Self-limiting and pattern dependent oxidation of silicon dots fabricated on 

silicon-on-insulator material", Journal of Applied Physics, vol.87, no.9, pp. 4580-

4585 2000. 

71 H. Cui, C. X. Wang and G. W. Yang, "Origin of self-limiting oxidation of 

si nanowires", Nano Letters, vol.8, no.9, pp. 2731-2737 2008. 

72 J. Dalla Torre, J. L. Bocquet, Y. Limoge, J. P. Crocombette, E. Adam, G. 

Martin, T. Baron, P. Rivallin and P. Mur, "Study of self-limiting oxidation of 



118 
 

silicon nanoclusters by atomistic simulations", Journal of Applied Physics, vol.92, 

no.2, pp. 1084-1094 2002. 

73 A. L. Theng, W. L. Goh, N. Singh, G. Q. Lo, L. Chan, C. M. Ng and Ieee, 

"Dual nanowire pmosfet with thin si bridge and tan gate", Proc. 2006 Conference 

on Optoelectronic and Microelectronic Materials & Devices, pp. 238-2412006. 

74 M. L. Lee, E. A. Fitzgerald and I. Ieee, "Optimized strained si strained ge 

dual-channel heterostructures for high mobility p- and n-mosfets", Proc. IEEE 

International Electron Devices Meeting. Technical Digest, pp. 429-4322003. 

75 T. Tezuka, S. Nakaharai, Y. Moriyama, N. Sugiyama, S. Takagi and ieee, 

"Selectively-formed high mobility sige-on-insulator pmosfets with ge-rich 

strained surface channels using local condensation technique", Proc. Symposium 

on Vlsi Technology, Digest of Technical Papers, pp. 198-1992004. 

76 T. Tezuka, S. Nakaharai, Y. Moriyama, N. Sugiyama and S. Takagi, 

"High-moibility strained sige-on insulator pmosfets with ge-rich surface channels 

fabricated by local condensation technique", IEEE Electron Device Letters, vol.26, 

no.4, pp. 243-245, Apr 2005. 

77 O. Weber, Y. Bogumilowicz, T. Ernst, J. M. Hartmann, F. Ducroquet, F. 

Andrieu, C. Dupre, L. Clavelier, C. Le Royer, N. Cherkashin, M. Hytch, D. 

Rouchon, H. Dansas, A. M. Papon, V. Carron, C. Tabone, S. Deleonibus and Ieee, 

"Strained si and ge mosfets with high-k/metal gate stack for high mobility dual 

channel cmos", Proc. IEEE International Electron Devices Meeting. Technical 

Digest, pp. 143-1462005. 

78 C. Chui, H. Kim, D. Chi, B. Triplett, P. McIntyre and K. Saraswat, "A sub-

400 c germanium mosfet technology with high-k dielectric and metal gate", Proc. 

IEEE International Electron Devices Meeting. Technical Digest, pp. 4372002. 

79 J. Oh and J. C. Campbell, "Thermal desorption of ge native oxides and the 

loss of ge from the surface", Journal of Electronic Materials, vol.33, no.4, pp. 364-

367, Apr 2004. 

80 N. Tabet, M. Faiz, N. M. Hamdan and Z. Hussain, "High resolution xps 

study of oxide layers grown on ge substrates", Surface Science, vol.523, no.1-2, 

pp. 68-72, Jan 2003. 

81 H. Shang, H. Okorn-Schimdt, J. Ott, P. Kozlowski, S. Steen, E. Jones, H. 

Wong and W. Hanesch, "Electrical characterization of germanium p-channel 

mosfets", IEEE Electron Device Letters, vol.24, no.4, pp. 242-244 2003. 

82 C. Chi On, F. Ito and K. C. Saraswat, "Scalability and electrical properties 

of germanium oxynitride mos dielectrics", Electron Device Letters, IEEE, vol.25, 

no.9, pp. 613-615 2004. 

83 W. Bai, N. Lu, J. Liu, A. Ramirez, D. Kwong, D. Wristers, A. Ritenour, L. 

Lee and D. Antoniadis, "Ge mos characteristics with cvd hfo2 gate dielectrics and 

tan gate electrode", in Symposium on VlSI Technology, Digest of Technical 

Papers, pp. 121–122, 2003. 

84 S. Whang, S. Lee, F. Gao, N. Wu, C. Zhu, J. Pan, L. Tang and D. Kwong, 

"Germanium p- & n-mosfets fabricated with novel surface passivation(plasma-ph 

3 and thin aln) and tan/hfo 2 gate stack", Proc. IEEE International Electron 

Devices Meeting. Technical Digest, pp. 307-3102004. 



119 
 

85 M. M. Frank, S. J. Koester, M. Copel, J. A. Ott, V. K. Paruchuri, H. Shang 

and R. Loesing, "Hafnium oxide gate dielectrics on sulfur-passivated germanium", 

Applied Physics Letters, vol.89, no.11, pp. 112905 2006. 

86 R. Zhu, "Effects of sulfur passivation on germanium mos capacitors with 

hfon gate dielectric", IEEE Electron Device Letters, vol.28, no.11, pp. 976-979 

2007. 

87 N. Wu, Q. Zhang, C. Zhu, D. S. H. Chan, M. F. Li, N. Balasubramanian, A. 

Chin and D.-L. Kwong, "Alternative surface passivation on germanium for metal-

oxide-semiconductor applications with high-k gate dielectric", Applied Physics 

Letters, vol.85, no.18, pp. 4127-4129 2004. 

88 C. Cheng, C. Chien, G. Luo, C. Yang, M. Kuo, J. Lin and C. Chang, 

"Ultrathin si capping layer suppresses charge trapping in hfoxny/ge metal-

insulator-semiconductor capacitors",  2007. 

89 R. Xie, T. H. Phung, W. He, M. Yu and C. Zhu, "Interface-engineered 

high-mobility high-k/ge pmosfets with 1-nm equivalent oxide thickness", IEEE 

Transactions on Electron Devices, vol.56, no.Compendex, pp. 1330-1337 2009. 

90 R. Xie, W. He, M. Yu and C. Zhu, "Effects of fluorine incorporation and 

forming gas annealing on high-k gated germanium metal-oxide-semiconductor 

with geo[sub 2] surface passivation", Applied Physics Letters, vol.93, no.7, pp. 

073504 2008. 

91 T. Takahashi, T. Nishimura, L. Chen, S. Sakata, K. Kita, A. Toriumi and 

Ieee, "Proof of ge-interfacing concepts for metal/high-k/ge cmos ge-intimate 

material selection and interface conscious process flow", Proc. IEEE International 

Electron Devices Meeting. Technical Digest, pp. 697-7002007. 

92 C. Cheng, C. Chien, G. Luo, C. Yang, M. Kuo, J. Lin and C. Chang, 

"Ultrathin si capping layer suppresses charge trapping in hfoxny/ge metal-

insulator-semiconductor capacitors", Applied Physics Letters, vol.90, no.1, pp. 

2905 2007. 

93 B. De Jaeger, R. Bonzom, F. Leys, O. Richard, J. Van Steenbergen, G. 

Winderickx, E. Van Moorhem, G. Raskin, F. Letertre, T. Billon, M. Meuris and M. 

Heyns, "Optimisation of a thin epitaxial si layer as ge passivation layer to 

demonstrate deep sub-micron n- and p-fets on ge-on-insulator substrates", 

Microelectronic Engineering, vol.80, pp. 26-29, Jun 2005. 

94 N. Wu, Q. C. Zhang, C. X. Zhu, D. S. H. Chan, A. Y. Du, N. 

Balasubramanian, M. F. Li, A. Chin, J. K. O. Sin and D. L. Kwong, "A tan-hfo2-

ge pmosfet with novel sih4 surface passivation", IEEE Electron Device Letters, 

vol.25, no.9, pp. 631-633, Sep 2004. 

95 W. P. Bai, N. Lu and D. L. Kwong, "Si interlayer passivation on 

germanium mos capacitors with high-kappa dielectric and metal gate", IEEE 

Electron Device Letters, vol.26, no.6, pp. 378-380, Jun 2005. 

96 A. N. Goldstein, C. M. Echer and A. P. Alivisatos, "Melting in 

semiconductor nanocrystals", Science, vol.256, no.5062, pp. 1425-1427, Jun 1992. 

97 J. M. Larson and J. P. Snyder, "Overview and status of metal s/d schottky-

barrier mosfet technology", Electron Devices, IEEE Transactions on, vol.53, no.5, 

pp. 1048-1058 2006. 

98 H. Pfleiderer and W. Kusian, "Ambipolar field-effect transistor", Solid-

State Electronics, vol.29, no.3, pp. 317-319 1986. 



120 
 

99 H. Chung-Kuang, W. E. Zhang and C. H. Yang, "Two-dimensional 

numerical simulation of schottky barrier mosfet with channel length to 10 nm", 

Ieee Transactions on Electron Devices, vol.45, pp. 842-848 1998. 

100 D. Connelly, C. Faulkner and D. Grupp, "Optimizing schottky s/d offset 

for 25-nm dual-gate cmos performance", IEEE Electron Device Letters, vol.24, 

no.6, pp. 411-413 2003. 

101 D. Connelly, C. Faulkner and D. Grupp, "Performance advantage of 

schottky source/drain in ultrathin-body silicon-on-insulator and dual-gate cmos", 

Ieee Transactions on Electron Devices, vol.50, no.5, pp. 1340-1345 2003. 

102 J. P. Snyder, C. R. Helms and Y. Nishi, "Experimental investigation of a 

ptsi source and drain field emission transistor", Applied Physics Letters, vol.67, 

pp. 1420 1995. 

103 K. N. Tu, R. D. Thompson and B. Y. Tsaur, "Low schottky-barrier of rare-

earth silicide on n-si", Applied Physics Letters, vol.38, no.8, pp. 626-628 1981. 

104 S. Zhu, J. Chen, M. F. Li, S. J. Lee, J. Singh, C. X. Zhu, A. Du, C. H. Tung, 

A. Chin and D. L. Kwong, "N-type schottky barrier source/drain mosfet using 

ytterbium silicide", Electron Device Letters, IEEE, vol.25, no.8, pp. 565-567 2004. 

105 M. Q. Huda and K. Sakamoto, "Use of ersi2 in source/drain contacts of 

ultra-thin soi mosfets", Materials Science and Engineering B-Solid State Materials 

for Advanced Technology, vol.89, no.1-3, pp. 378-381, Feb 2002. 

106 M. H. Unewisse and J. W. V. Storey, "Conduction mechanisms in erbium 

silicide schottky diodes", Journal of Applied Physics, vol.73, no.8, pp. 3873-3879, 

Apr 1993. 

107 M. Jang, Y. Kim, J. Shin and S. Lee, "Characterization of erbium-silicided 

schottky diode junction", Electron Device Letters, IEEE, vol.26, no.6, pp. 354-356 

2005. 

108 H. Iwai, T. Ohguro and S.-i. Ohmi, "Nisi salicide technology for scaled 

cmos", Microelectronic Engineering, vol.60, no.1-2, pp. 157-169 2002. 

109 K. Seong-Dong, P. Cheol-Min and J. C. S. Woo, "Advanced model and 

analysis of series resistance for cmos scaling into nanometer regime. Ii. 

Quantitative analysis", Electron Devices, IEEE Transactions on, vol.49, no.3, pp. 

467-472 2002. 

110 A. M. Noori, M. Balseanu, P. Boelen, A. Cockburn, S. Demuynck, S. 

Felch, S. Gandikota, A. J. Gelatos, A. Khandelwal, J. A. Kittl, A. Lauwers, W. C. 

Lee, J. X. Lei, T. Mandrekar, R. Schreutelkamp, K. Shah, S. E. Thompson, P. 

Verheyen, C. Y. Wang, L. Q. Xia and R. Arghavani, "Manufacturable processes 

for <= 32-nm-node cmos enhancement by synchronous optimization. Of strain-

engineered channel and external parasitic resistances", IEEE Transactions on 

Electron Devices, vol.55, no.5, pp. 1259-1264, May 2008. 

111 K. C. Lu, K. N. Tu, W. W. Wu, L. J. Chen, B. Y. Yoo and N. V. Myung, 

"Point contact reactions between ni and si nanowires and reactive epitaxial growth 

of axial nano-nisi/ si", Applied Physics Letters, vol.90, pp. 253111 2007. 

112 M. Zhang, J. Knoch, J. Appenzeller and S. Mantl, "Improved carrier 

injection in ultrathin-body soi schottky-barrier mosfets", Electron Device Letters, 

IEEE, vol.28, no.3, pp. 223-225 2007. 



121 
 

113 J. Knoch, M. Zhang, J. Appenzeller and S. Mantl, "Physics of ultrathin-

body silicon-on-insulator schottky-barrier field-effect transistors", Applied 

Physics A: Materials Science & Processing, vol.87, no.3, pp. 351-357 2007. 

114 J. Knoch, M. Zhang, J. Appenzeller and S. Mantl, "Physics of ultrathin-

body silicon-on-insulator schottky-barrier field-effect transistors", Applied 

Physics a-Materials Science & Processing, vol.87, no.3, pp. 351-357, Jun 2007. 

115 A. Greytak, L. Lauhon, M. Gudiksen and C. Lieber, "Growth and transport 

properties of complementary germanium nanowire field-effect transistors", 

Applied Physics Letters, vol.84, pp. 4176 2004. 

116 J. Nah, E. S. Liu, K. M. Varahramyan, D. Shahrjerdi, S. K. Banerjee and E. 

Tutuc, "Scaling properties of ge-sixge1-x core-shell nanowire field-effect 

transistors", Ieee Transactions on Electron Devices, vol.57, no.2, pp. 491-495, Feb 

2010. 

117 J. Feng, G. Thareja, M. Kobayashi, S. Chen, A. Poon, Y. Bai, P. Griffin, S. 

Wong, Y. Nishi and J. Plummer, "High-performance gate-all-around geoi p-

mosfets fabricated by rapid melt growth using plasma nitridation and ald al2o3 

gate dielectric and self-aligned nige contacts", IEEE Electron Device Letters, 

vol.29, no.7, pp. 805-807 2008. 

118 Y. Hu, J. Xiang, G. Liang, H. Yan and C. Lieber, "Sub-100 nanometer 

channel length ge/si nanowire transistors with potential for 2 thz switching speed", 

Nano Letters, vol.8, no.3, pp. 925-930 2008. 

119 B. Yoo, A. Dodabalapur, D. C. Lee, T. Hanrath and B. A. Korgel, 

"Germanium nanowire transistors with ethylene glycol treated poly(3,4-

ethylenedioxythiophene):Poly(styrene sulfonate) contacts", Applied Physics 

Letters, vol.90, no.7, pp. 072106 2007. 

120 T. Tezuka, N. Sugiyama, T. Mizuno, M. Suzuki and S. Takagi, "Novel 

fabrication technique of ultrathin and relaxed sige buffer layers with high ge 

fraction for sub-100 nm strained silicon-on-insulator mosfets", in JJAP, pp. 2866-

2874, 2001. 

121 S. Nakaharai, T. Tezuka, N. Sugiyama, Y. Moriyama and S. Takagi, 

"Characterization of 7-nm-thick strained ge-on-insulator layer fabricated by ge-

condensation technique", in Applied Physics Letters, pp. 3516, AIP, 2003. 

122 N. Sugiyama, T. Tezuka, T. Mizuno, M. Suzuki, Y. Ishikawa, N. Shibata 

and S. Takagi, "Temperature effects on ge condensation by thermal oxidation of 

sige-on-insulator structures", in Journal of Applied Physics, pp. 4007, AIP, 2004. 

123 M. Mukherjee-Roy, A. Agarwal, S. Balakumar, A. Y. Du, A. D. Trigg, R. 

Kumar, N. Balasubramanian and D. L. Kwong, "A two-step oxidation mediated 

condensation process for ultrathin high ge content sige epitaxial films on 

insulator", in Electrochemical and Solid-State Letters, pp. G164, ECS, 2005. 

124 S. Balakumar, G. Q. Lo, C. H. Tung, R. Kumar, N. Balasubramanian, D. L. 

Kwong, C. S. Ong and M. F. Li, "Sige amorphization during ge condensation in 

silicon germanium on insulator", in Applied Physics Letters, pp. 042115, AIP, 

2006. 

125 S. Balakumar, S. Peng, K. M. Hoe, A. Agarwal, G. Q. Lo, R. Kumar, N. 

Balasubramanian, D. L. Kwong and S. Tripathy, "Sigeo layer formation 

mechanism at the sige/oxide interfaces during ge condensation", pp. 032111, AIP, 

2007. 



122 
 

126 S. Balakumar, C. H. Tung, G. Q. Lo, R. Kumar, N. Balasubramanian, D. L. 

Kwong, G. Fei and S. J. Lee, "Solid phase epitaxy during ge condensation from 

amorphous sige layer on silicon-on-insulator substrate", in Applied Physics 

Letters, pp. 032101, AIP, 2006. 

127 S. Balakumar, G. Q. Lo, C. H. Tung, R. Kumar, N. Balasubramanian, D. L. 

Kwong, C. S. Ong and M. F. Li, "Sige amorphization during ge condensation in 

silicon germanium on insulator", Applied Physics Letters, vol.89, no.4, Jul 2006. 

128 N. Sugiyama, T. Tezuka, T. Mizuno, M. Suzuki, Y. Ishikawa, N. Shibata 

and S. Takagi, "Temperature effects on ge condensation by thermal oxidation of 

sige-on-insulator structures", Journal of Applied Physics, vol.95, no.8, pp. 4007-

4011, Apr 2004. 

129 T. Y. Liow, K. M. Tan, Y. C. Yeo, A. Agarwal, A. Du, C. H. Tung and N. 

Balasubramanian, "Investigation of silicon-germanium fins fabricated using 

germanium condensation on vertical compliant structures", Applied Physics 

Letters, vol.87, no.26, Dec 2005. 

130 T. Tezuka, Y. Moriyama, S. Nakaharai, N. Sugiyama, N. Hirashita, E. 

Toyoda, Y. Miyamura and S. Takagi, "Lattice relaxation and dislocation 

generation/annihilation in sige-on-insulator layers during ge condensation 

process", Thin Solid Films, vol.508, no.1-2, pp. 251-255, Jun 2006. 

131 Z. F. Di, P. K. Chu, M. Zhang, W. L. Liu, Z. T. Song and C. L. Lin, 

"Germanium movement mechanism in sige-on-insulator fabricated by modified ge 

condensation", Journal of Applied Physics, vol.97, no.6, Mar 2005. 

132 V. Terzieva, L. Souriau, F. Clemente, A. Benedetti, M. Caymax and M. 

Meuris, "Ge substrates made by ge-condensation technique: Challenges and 

current understanding", Materials Science in Semiconductor Processing, vol.9, 

no.4-5, pp. 449-453, Aug-Oct 2006. 

133 S. Balakumar, S. Peng, K. M. Hoe, G. Q. Lo, R. Kumar, N. 

Balasubramanian, D. L. Kwong, Y. L. Foo and S. Tripathy, "Fabrication of thick 

sige on insulator (si0.2ge0.8oi) by condensation of sige/si superlattice grown on 

silicon on insulator", Applied Physics Letters, vol.90, no.19, May 2007. 

134 B. Vincent, J. F. Damlencourt, V. Delaye, R. Gassilloud, L. Clavelier and 

Y. Morand, "Stacking fault generation during relaxation of silicon germanium on 

insulator layers obtained by the ge condensation technique", Applied Physics 

Letters, vol.90, no.7, Feb 2007. 

135 S. Balakumar, S. Peng, K. M. Hoe, A. Agarwal, G. Q. Lo, R. Kumar, N. 

Balasubramanian, D. L. Kwong and S. Tripathy, "Sigeo layer formation 

mechanism at the sige/oxide interfaces during ge condensation", Applied Physics 

Letters, vol.90, no.3, Jan 2007. 

136 T. Irisawa, T. Numata, N. Hirashita, Y. Moriyama, S. Nakaharai, T. 

Tezuka, N. Sugiyama and S. Takagi, "Ge wire mosfets fabricated by three-

dimensional ge condensation technique", Thin Solid Films, vol.517, no.1, pp. 167-

169 2008. 

137 S. Balakumar, K. Buddharaju, B. Tan, S. Rustagi, N. Singh, R. Kumar, G. 

Lo, S. Tripathy and D. Kwong, "Germanium-rich sige nanowires formed through 

oxidation of patterned sige fins on insulator", Journal of Electronic Materials, 

vol.38, no.3, pp. 443-448 2009. 



123 
 

138 T. H. Loh, H. S. Nguyen, C. H. Tung, A. D. Trigg, G. Q. Lo, N. 

Balasubramanian, D. L. Kwong and S. Tripathy, J, "Ultrathin low temperature 

sige buffer for the growth of high quality ge epilayer on si (100) by ultrahigh 

vacuum chemical vapor deposition", Applied Physics Letters, vol.90, pp. 092108 

2007. 

139 W. Lu, J. Xiang, B. P. Timko, Y. Wu and C. M. Lieber, "One-dimensional 

hole gas in germanium/silicon nanowire heterostructures", Proceedings of the 

National Academy of Sciences of the United States of America, vol.102, no.29, pp. 

10046-10051, Jul 2005. 

140 X. Zhao, C. Wei, L. Yang and M. Chou, "Quantum confinement and 

electronic properties of silicon nanowires", Physical review letters, vol.92, no.23, 

pp. 236805 2004. 

141 G. Liang, J. Xiang, N. Kharche, G. Klimeck, C. Lieber and M. Lundstrom, 

"Performance analysis of a ge/si core/shell nanowire field-effect transistor", Nano 

Lett, vol.7, no.3, pp. 642-646 2007. 

142 J. P. Colinge, "Subthreshold slope of thin-film soi mosfets", IEEE Electron 

Device Letters, vol.ED-7, no.4, pp. 244-246 1986. 

143 G. M. C. S. Bangsaruntip, A. Majumdar, Y. Zhang, S. U. Engelmann, N. C. 

M. Fuller, L. M. Gignac, and J. S. N. S. Mittal, M. Guillorn, T. Barwicz, L. 

Sekaric, M. M. Frank, and J. W. Sleight, "High performance and highly uniform 

gate-all-around silicon nanowire mosfets with wire size dependent scaling", Proc. 

IEEE International Electron Devices Meeting. Technical Digest2008. 

144 A. Nayfeh, C. O. Chui, K. C. Saraswat and T. Yonehara, "Effects of 

hydrogen annealing on heteroepitaxial-ge layers on si: Surface roughness and 

electrical quality", Applied Physics Letters, vol.85, no.14, pp. 2815-2817 2004. 

145 K. Kita and A. Toriumi, "Intrinsic origin of electric dipoles formed at 

high-k/sio2 interface", in IEDM Tech. Dig, pp. 29-32, IEEE, Piscataway, NJ, 

USA, 2008. 

146 Y. H. He, Y. N. Zhao, S. M. Yu, C. Fan, G. Du, J. F. Kang, R. Q. Han and 

X. Y. Liu, "Impact of strain on the performance of ge-si core-shell nanowire field 

effect transistors", Proc. IEEE International Electron Devices Meeting 2008, 

Technical Digest, pp. 189-1922008. 

147 M. J. Chen, H. T. Huang, K. C. Huang, P. N. Chen, C. S. Chang and C. H. 

Diaz, "Temperature dependent channel backscattering coefficients in nanoscale 

mosfets", in IEEE International Electron Devices Meeting. Technical Digest, pp. 

39-42, 2002. 

 

 

  



124 
 

List of Publications 

1. J.W. Peng, S. J. Lee, G. C. Albert Liang, N. Singh, S. Y. Zhu, G. Q. Lo and D. 

L. Kwong, “Improved Carrier Injection in Gate-All-Around Schottky Barrier 

Silicon Nanowire Field Effect Transistors,” Applied Physics Letters, Vol. 84, 

073503, 2008. 

 

2. J.W. Peng, N. Singh, G. Q. Lo, M. Bosman, C. M. Ng and S. J. Lee, 

“Germanium Nanowire Metal-Oxide-Semiconductor Field-Effect-Transistor 

Fabricated by Complementary Metal-Oxide-Semiconductor Compatible 

Process,” Electron Devices, IEEE Transactions on, Accepted. 

 

3. J. W. Peng, N. Singh, G. Q. Lo and D.L. Kwong and S. J. Lee, “CMOS 

Compatible Ge/Si Core/Shell Nanowire Gate-All-Around pMOSFET 

Integrated with HfO2/TaN Gate Stack,” Presented on IEEE International 

Electron Devices Meeting, Baltimore, MD, USA, 2009. 

 

4. J. W. Peng, S. J. Lee, G. C. Albert Liang, N. Singh, C. M. Ng, G. Q. Lo and 

D. L. Kwong, “Gate-All-Around 4-nm Silicon Nanowire Schottky Barrier 

MOSFET with 1-D NiSi Source/Drain,” Presented on International 

Conference on Solid State Devices and Materials, Tsukuba, Japan, 2008. 

 

5. J.W. Peng, S.J. Lee, A. Agarwal, C.M. Ng, L. Chan, G.J. Zhang, N. 

Balasubramanian, “Nanowire Biosensor for Highly Sensitive and Fast 

Detection of Calcium Ions,” Presented on International Conference on 

Materials for Advanced Technologies, Singapore, 2007. 

 


