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Abstract 

As scaling of CMOS technology continues, the control of parasitic source/drain (S/D) 

resistance (RSD) is becoming increasingly challenging. In order to control RSD, metallic 

source/drain MOSFETs have attracted significant attention, due to their low resistivity, 

abrupt junction and low temperature processing (≤700 °C). A key issue is reducing the 

contact resistance between metal and channel, since small Schottky barrier height (SBH) is 

needed to outperform doped S/D devices. A promising method to decrease the effective 

barrier height is dopant segregation (DS). In this work several relevant aspects of Schottky 

barrier (SB) contacts are investigated, both by simulation and experiment, with the goal of 

improving performance and understanding of SB-MOSFET technology: 

First, measurements of low contact resistivity are challenging, since systematic error 

correction is needed for extraction. In this thesis, a method is presented to determine the 

accuracy of extracted contact resistivity due to propagation of random measurement error. 

Second, using Schottky diodes, the effect of dopant segregation of beryllium (Be), 

bismuth (Bi), and tellurium (Te) on the SBH of NiSi is demonstrated. Further study of Be is 

used to analyze the mechanism of Schottky barrier lowering. 

Third, in order to fabricate short gate length MOSFETs, the sidewall transfer 

lithography process was optimized for achieving low sidewall roughness lines down to 

15 nm. Ultra-thin-body (UTB) and tri-gate SB-MOSFET using PtSi S/D and As DS were 

demonstrated. A simulation study was conducted showing DS can be modeled by a 

combination of barrier lowering and doped Si extension. 

Finally, a new Schottky contact model was implemented in a multi-subband Monte 

Carlo simulator for the first time, and was used to compare doped-S/D to SB-S/D for a 

17 nm gate length double gate MOSFET. The results show that a barrier of ≤ 0.15 eV is 

needed to comply with the specifications given by the International Technology Roadmap 

for Semiconductors (ITRS). 
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1. Introduction 

Over the past decades, the improvement in performance of complementary metal–oxide–

semiconductor (CMOS) technology has been extremely rapid and it is the backbone of the 

incredible advancements in digital technology. One of the main driving forces behind the 

improvement is downscaling of the metal-oxide-semiconductor field-effect transistor 

(MOSFET). Over the past 50 years, the number of transistors has doubled every two years. 

This trend, first observed by Gordon Moore [1], is very interesting; especially that it has 

been possible to continue this exponential growth for such a long time. The rate of growth 

is related to the economics of scaling. Though scaling makes fabrication of each transistor 

cheaper, development of a new technology is, nonetheless, expensive. The rate of 

development does not have to be limited by Moore’s law, but since the law has held for 

decades, it appears it is difficult for the semiconductor industry to improve faster while 

remaining profitable.  

Generally, by reducing the device dimensions, the density of MOSFETs on the chip is 

increased, power consumption per device is decreased, and the switching speed can be 

increased. However, in recent years the scaling has become increasingly challenging, as 

both limits to existing fabrication technologies and fundamental physical limits, have 

required many changes in the way the devices are fabricated. As the gate length (L) is 

scaled, the source/drain (S/D) junction depth (xj), depletion width (Wd), and oxide thickness 

(tox) have to be scaled as well, so that the gate maintains electrostatic control over the 

device. Reduction of tox is limited by leakage tunneling current, which has caused the 

industry to change to high-k oxides [2]. Reducing Wd requires higher bulk doping which 

reduces mobility. In order to circumvent these scaling limitations, fully depleted (FD) 

structures with a thin Si body, such as ultra-thin-body (UTB), and multiple-gate (double-

gate, tri-gate, and gate all around) MOSFETs have, in recent years, been the subject of 

intensive research [3-5]. In these FD structures, the junction depth is equal to the Si 

thickness (tSi) and as the dimensions are scaled down the doping concentration in the 

source/drain region has to be increased to maintain low parasitic source/drain resistance 

(RSD) [3]. However, the increase in doping concentration is limited by the dopant solid 
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solubility and maintaining low RSD is extremely challenging in these devices [3]. One 

solution to decrease the RSD is the use of metallic S/D instead of doped-S/D [6], [7]. A 

Schottky barrier (SB) junction is formed at the start and end of the channel and the device is 

therefore commonly called a SB-MOSFET. For the SB-MOSFET a critical challenge is 

obtaining a low contact resistance at the SB junction.  

This thesis aims to improve the performance and understanding of SB-MOSFET 

technology. The experimental part has focused on achieving low temperature formation of 

SB-S/D with low SB height (SBH) (or contact resistivity) by fabrication of both SB-

MOSFETs and SB diodes. In order to improve understanding of SB-MOSFETs, simulation 

work has been conducted both for comparison to measured data and for analyzing behavior 

of SB-S/D if implemented in future generations of CMOS technology.  

The structure of the thesis is as follows: In Chapter 2, some aspects of Metal-

Semiconductor (M-S) contact theory, relevant for this work, are reviewed. The current 

transport, Schottky barrier formation, and ohmic contacts are discussed. The results in 

Paper I are referred to in connection with the discussion on ohmic contacts.  

Fundamentals of MOSFETs are discussed in Chapter 3, with emphasis on device scaling. In 

relation to scaling, fully depleted device architectures are introduced. The SB-MOSFET is 

introduced with discussion on SB-S/D with shallow doped extensions. 

Metal silicides are a key ingredient, for realizing SB-MOSFETs, due to the possibility of 

fabricating self-aligned silicide (SALICIDE) in the S/D regions. The choice of silicides for 

integration in SB-MOSFETs, is discussed in Chapter 4. Low SBH (or low contact 

resistance) is needed to be useful in CMOS technology. The modification of SBH by dopant 

segregation (DS) is shown by experimental data and possible mechanisms of segregation 

are discussed. A part of the DS results in this Chapter are extended in Paper II. 

The fabrication, characterization and analysis of SB-MOSFETs are the subject of Chapter 5. 

First, the development of a sidewall transfer lithography (STL) process is discussed, 

referring also to sidewall roughness analysis shown in Paper III. With the STL process, 

lines down to 15 nm were achieved, and the STL process was subsequently used to 

fabricate UTB and tri-gate SB-MOSFETs, which were published in Paper IV. The 

extraction of RSD is discussed and the analyzed by simulations of the UTB devices, which 
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are the subject of Paper V. 

The modeling of deca-nanometer SB-MOSFETs requires simulations that take the non-

equilibrium transport in these devices into account. In Chapter 6, the implementation of SB 

contacts in a multi-subband Monte Carlo (MSMC) simulation tool is demonstrated. The 

contact model was used in Papers VI and VII to analyze the behavior of SB-MOSFETs 

down to 17 nm gate length. 

In Chapter 7, the work is concluded with a summary and future outlook.  
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2. Metal-Semiconductor contacts 

In the next Section the current transport across the M-S interface is described. The primary 

parameter for M-S contacts is the Schottky barrier height (SBH), and in Section 2.2 the two 

main theories for Schottky barrier formation are reviewed. In Section 2.3 ohmic contacts 

are discussed in order to introduce the work done in Paper I.  For further information on M-

S contacts, the reader is referred to some of the excellent references available in the 

literature [8-10]. 

2.1 Current transport 

 

 

Fig. 2.1. Energy band diagram of (a) forward biased and (b) reverse biased Schottky junction on n-

type substrate (VF = -VR ). 

The band diagram of a Schottky junction is shown in Fig. 2.1. The main contributors to 

current transport across a Schottky barrier are thermionic emission (TE) of charge carriers 

above, and tunneling through the barrier. The total current can be described as two fluxes of 

charge carriers (Fig. 2.3(b)), one coming from the metal and the other from the 

semiconductor. If we consider the current flux as a function of energy ( ), then the portion 

of charge carriers within the current flux with   larger than the barrier height are 

thermionically emitted above the barrier, and carriers with lower energy have a probability 

      of tunneling through the barrier. The total current density (J) through the barrier is 
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given by [11], [12]: 

  
 

   
                                   

(2.1) 

where 

       
            

   
       

 
    

(2.2) 

is the 2D carrier concentration and represents the magnitude of the current flux as a 

function of energy (see Fig. 2.3). Here       is the effective Richardson mass, and       

the degeneracy [13]. 

If the doping concentration is low, it is sometimes sufficient to consider only thermionic 

emission above the barrier. We define        and set      = 1 if       and      = 0 

otherwise. Eq. 2.1 reduces to: 

  
 

   
                       

 

   

 

 
            

   

     
 
 
   
     

   
      

(2.3) 

        
 
   
     

   
       

(2.4) 

where A
*
 is the effective Richardson constant [13]. According to Eq. 2.4 the TE current 

does not depend on the doping concentration in the semiconductor. However, there are two 

effects that are dependent on the doping concentration: image force barrier lowering (IFBL) 

and tunneling. When an electron in the semiconductor is close to the metal its image force 

attracts it towards the metal, which causes an energy barrier reduction: 

         
 

       
 

(2.5) 

Thus the peak of the barrier is reduced (Fig. 2.2) and is dependent on the electric field at the 

contact, the larger the electric field at the contact, the larger the barrier lowering by image 

force. 
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Fig. 2.2. Band diagram of n-type Schottky contact showing IFBL. 

For semiconductors with moderate or large impurity concentration, the tunneling through 

the barrier must be taken into account. Using the Wentzel–Kramers–Brillouin (WKB) 

approximation the tunneling probability is given by: 

                     
  

  

 
(2.6) 

Where    and    are the classical turning points (tunneling path) at energy level E, and k(x) 

is the wavenumber: 

      
            

  
 

(2.7) 

To obtain      the conduction (or valence) band profile must be known. This model was 

implemented in a 1-D Schottky diode simulator that solves self consistently the Poisson and 

Fermi-Dirac equations. The simulator was used in papers VI and VII to compare the WKB 

model to a simpler effective potential model. This comparison will be discussed in more 

detail in Chapter 6.  

In Fig. 2.3(a) the conduction band profile adjusted by IFBL (   + IFBL) is shown for a SB 

diode with ϕbn = 0.4 eV and ND = 5⋅10
18 

cm
-3

. Using this energy profile the current flux can 

be obtained using Eq. 2.1. Fig. 2.3(b) shows the carrier flux across the barrier, from metal 

to semiconductor and vice versa, as a function of energy. Integrating the flux over energy 

gives the current density. Since the doping concentration is large, the IFBL reduces the peak 

of the barrier by 0.1 eV. Also, the depletion layer is only 10 nm and current is primarily due 

to tunneling.  
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Fig. 2.3. A SB diode with ϕbn = 0.4 eV, ND = 5⋅1018cm-3, and VR = 50 meV. (a) Conduction band 

profile with IFBL applied. (b) Transmitted carrier fluxes as a function of energy. The metal to 

semiconductor flux corresponds to the left side of Eq. 2.1 and the semiconductor to metal one to the 

right side. 

2.2 Modeling of Schottky barrier height 

Modeling of the experimentally observed SBH of different metals and semiconductors has 

been the subject of extensive research [10]. A first order model for the n-type barrier height 

is given by the Schottky-Mott relationship [14]:  

            (2.8) 

where     is the metal work-function and    is the electron affinity of the semiconductor. 

However, experimentally it was found that as the    changes the barrier height changes 

less than Eq. 2.8 indicates. It was observed that a linear relation was found between the 

observed barrier heights and the metal electronegativity (  ), that which is defined as the    

           . Using that       , where A is a conversion factor [15], the quantity 

                 is defined. A reasonable agreement to experimental results is 

found by the simple relationship:  

                      (2.9) 

where       is the charge neutrality level of the semiconductor. If   =1, the relation given 

by Eq. 2.8 holds, and if   = 0, then        . In reality    is often small [16] and in 

those cases the    changes slowly as    is changed, this effect  is called Fermi-level 
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pinning. For Si,      is 0.32 eV from the valence band [17] and the factor   ≈ 0.03-0.035 

[15-17]. Therefore the    of Si is pinned strongly and it is easier to obtain small p-type 

barriers than n-type. Experimentally the smallest barrier heights of metal silicides to Si are 

~0.2 eV to p-type (IrSi, PtSi) and ~0.3 eV to n-type (ErSi, YbSi2-x). 

Metal induced gap states (MIGS) theory is likely the most common way to explain the 

Fermi level pinning effect. First pointed out by Heine [18], in essence the theory considers 

that when a metal is put into contact with a semiconductor, the metal wave functions that 

have energy levels within the semiconductor band gap penetrate some distance into the 

semiconductor. The charge associated with the wave functions gives rise to states within the  

band gap. The width of the dipole that they form, can be approximated as the decay length 

of the wave functions inside the semiconductor.  

Based on the MIGS model, an equation for the pinning parameter (  ) has been found to be 

in reasonable agreement with experimental data by correlating the semiconductor optical 

dielectric constant    to    [19]:   

        
  
  

   
 

 

  

  (2.9) 

where C = 0.1 has been found by fitting to experimental data [19]. Therefore, for higher    

the slope parameter    is decreased, and the Fermi-level pinning increased. Also, since Eg 

tends to be inversely proportional to   , the Fermi level pinning decreases as Eg increases. 

The MIGS theory has also been used to obtain predictive estimations of band alignment of 

metal-dielectric interfaces [20], which is relevant for predicting the threshold voltage for 

high-k metal-gate stacks in CMOS technology.  

The MIGS theory depends only on bulk parameters. However, experiments show that 

epitaxially grown NiSi2 has a barrier shift of 0.14 eV depending on its interface properties 

[21]. This indicates that the chemical bonding at the interface plays a role in the SB 

formation, something that is not included in MIGS theory. These observations have 

motivated the development of the bond-polarization (B-P) model [15], [22], which looks at 

the problem from a molecular point of view. The charge transfer, caused by chemical 

bonding, between the first monolayers of the metal and semiconductor is calculated. In the 
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B-P model the pinning parameter is given by: 

     
       

        
  (2.10) 

where    is the number of interfacial bonds,     is the bond distance, and    is the sum of 

the hopping interactions [15].  

Both B-P and MIGS theories are similar in many aspects, the B-P model is based on the 

charge transfer when two molecules come into contact, whereas the MIGS is based on the 

charge transfer by gap states in the semiconductor [15], [22]. Neither method can predict 

exactly the SBH of a certain M-S system, but the B-P model is especially interesting since 

it suggests the SBH can be modified by changing the chemical bonding at the interface.  

A comparison between the B-P and MIGS models is made in [15], where a set of   ,   , 

and    for 16 semiconductors is used to find a fit of the unknown parameters in Eq. 2.9 and 

Eq. 2.10. Since both models use assumptions to arrive at their simple equations, it is 

interesting to see which model predicts pinning parameters better. For MIGS Eq. 2.9 is 

plotted as   
                 and C is fitted to the data. For B-P, Eq. 2.10 is plotted 

as                  
          , where D and F are fitted to the data. Using the 

fitted parameters, Fig. 2.4 shows the prediction of    from model vs. the measured   . The 

figure shows both models follow the correct trend. However, the MIGS model has 

somewhat more accurate predictions than B-P, especially when    is low.  

By inserting a thin insulator, such as SiO2 or Si3N4, between the metal and semiconductor, 

the Fermi-level pinning can be decreased, since the Fermi-level pinning is smaller for large 

bandgap materials. Since an increased    is obtained [20],[23], a small SBH can be 

achieved by choosing the correct metal. However, the insulator creates a tunneling barrier, 

which must be kept extremely thin. Also, the insulator must be chosen so that the band 

offset between Si and insulator is small [24]. The physical mechanism for insulator 

modulation of SBH has been debated by Robertson and Lin [25]. They argue that the 

observed changes in barrier heights for thin Al2O3 insulator on Ge [26] are due to a dipole 

between the insulator and Ge and not Fermi-level depinning.  
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Fig. 2.4 Measured and predicted    for B-P and MIGS models. Both models show the correct trend 

but are fairly limited in their ability to predict pinning factors.The data points are based on tabulated 

  ,   , and     values of 16 semiconductors from [15]. 

2.3 Ohmic contacts 

When a M-S contact has low resistance compared to the resistance of the device, the 

potential drop across the contact is small and the I-V behavior is approximately linear 

(ohmic). This ohmic condition usually only becomes relevant when the semiconductor 

layer of a M-S contact is highly doped (approximately >1⋅10
19 

cm
-3

). In this case, tunneling 

becomes the dominating contributor to current, and the contact resistance becomes low. The 

depletion layer is only a few nm in these contacts. Contact resistivity  (ρc, unit [Ωcm
2
]) is 

the figure-of-merit for ohmic contacts [9] : 

    
  

  
 
   

  

  (2.11) 

The contact resistivity is affected by barrier height    and doping concentration, when 

tunneling is the primary current transport mechanism we have [9]: 
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   (2.12) 

where N is the doping concentration. Since    on Si is relatively large, a large doping 

concentration is needed for low    . The contact resistivity is very sensitive to changes in N, 

for example, when N is increased by a factor of 10,    is decreased by a factor of 10
3  

to 10
4
 

(assuming a mid bandgap barrier) [27],[28]. 

 For CMOS technology it is important to achieve low contact resistivity, and the ITRS 

estimates ρc  should be below 5⋅10
-9

 Ωcm
2
 by 2021 [3].  The contact resistivity of <100> n-

Si is shown in Fig. 2.5. Both results for transfer matrix (TM) (see Section 6.3.1) and WKB 

tunneling models are shown. The values were obtained using a diode simulator that is 

described in Chapter 6. The ρc is lower than the standard literature references [9], [28], but 

the difference arises because in Ref. [28] IFBL is not taken into account which gives larger 

ρc than is obtained here. Another difference is that although the calculations are based on 

WKB in Ref. [28] they use analytical approximations to do the calculations. In [29] the 

WKB approach without IFBL is used to obtain tunneling transport. Separate simulation 

conducted here without IFBL was in good agreement with the results shown therein. In the 

present approach the barrier with added IFBL (see Fig. 2.3), is used to calculate the 

tunneling probability and is considered more accurate than existing literature data.  

2.3.1 Contact resistivity measurements 

Measurement of contact resistivity is challenging since the contact resistance is often very 

low compared to the sheet resistance of the Si, for example if ρc = 1⋅10
-8

 Ωcm
2
  a contact 

that has area A = 1 μm
2
  will have only approximately 1 Ω resistance (note that Rc= ρc /A 

only holds for in some cases, see [30] and Paper I for details). The sheet resistance of 

highly doped Si is generally on the order of 10-100 Ω/sq. Since the contact resistance is 

smaller than the sheet resistance of Si it is challenging to design a test structure so that only 

the contact resistance is measured and not parasitic resistance of the Si layer underneath 

and close to the contact.  The most common structures for extracting contact resistivity are 

the transmission line tap resistor (TLTR) (Fig. 2.6(a)) [30], contact end resistor (CER) (Fig. 

2.6(b)) [31], and cross-bridge Kelvin resistor (CBKR) (Fig. 2.6(c)) [32].  
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Fig 2.5. Contact resistivity calculated using WKB and transfer-matrix (TM) [12] tunneling models. 

Both approaches have the same trend but exhibit increasingly large differences as ND is increased. 

Following the discussion in  [33], Fig. 2.7 shows the potential along a highly doped Si layer 

with a metal contact, where a current is passed between the metal contact and a contact on 

the left side (not shown). In essence the TLTR measures the potential at the front (the side 

the current is coming from) of the contact, the CER the potential at the end of the contact 

and the CBKR the average potential along the side of the contact. Each technique has its 

advantages and issues, the front contact potential measurement by TLTR (see Fig. 2.6(d)) 

has to be extracted by measuring two or more pairs of contacts with varying length between 

the contacts, so that the potential drop in the semiconductor can be extracted. It is therefore 

an indirect method which can increase the measurement error. The CER can measure the 

contact end potential directly, but since the potential decreases exponentially along the 

contact, the end potential is very small. As Fig. 2.7 shows, when 2D parasitics are taken 

into account, the potential is drastically changed from the 1D case. That also means the 

CER will be extremely sensitive to process variations. In [33] it is argued that the CBKR is 
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Fig. 2.6. Schematics of contact measurement structures (a) TLTR, (b) CER, (c) CBKR, (d) shows 

where the potential is being measured for each of the test structures. Note that for the TLTR structure 

at least two devices with different d are needed for the extraction. 

the best compromise between CER and TLTR. Like the CER the potential can be obtained 

directly with the CBKR, but since the potential is averaged along the contact, it is larger, 

and less sensitive to 2D effects.  

The contact resistance changes in proportion to 1/l
2
, where l is the contact side length. In 

[34] small contacts (l ≥ 20 nm) were used on heavily doped Si. The spreading resistance in 

the Si layer is   1/l, and therefore if the contact is small enough, the contact resistance 

dominates, and the resistivity can be extracted directly using: ρc = Rcl
2
. In this manner, 
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complex elimination of systematic error is not necessary. The main issues with this 

approach are, that the extremely small contact size requires advanced lithography, and 

accurate estimation of the contact area requires TEM analysis. 

Significant amount of work has been done on eliminating systematic error in the CBKR 

[35-40]. In order to eliminate the systematic error, it is necessary to know the contact area, 

the device layout and sheet resistance. However, it is difficult to evaluate the sensitivity of 

the extraction to random error in any of the input variables. Therefore, in Paper I the error 

propagation from random measurement error in the CBKR on the contact resistivity is 

studied.  The results show that for literature data where ρc < 10
-8

 Ωcm
2
 values were reported, 

great care should be taken, since the error in input values is multiplied by up to ~40x when 

extracting ρc. 

 

Fig. 2.7.  Potential along a cross-section of a highly doped semiconductor layer with an M-S contact. 

Current is forced from the left side and through the contact. Large differences are observed between 

1D model and 2D one. 
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3. MOSFETs  

The MOSFET (Fig. 3.1) fundamentals are described in detail in several reference books 

[41], [42]. The description here will focus on the relevant aspects for this work, which 

involves scaling, and the minimization of parasitic source/drain resistance. In this Chapter 

the MOSFET fundamentals and main scaling issues of MOSFETs are considered in the next 

Section. In order to continue scaling, fully depleted (FD) MOSFETs are discussed in 

Section 3.2. Parasitic source/drain resistance is a major issue in FD MOSFETs, and SB-

MOSFETs are considered as a solution to this issue in Section 3.3. 

 

Fig. 3.1. Short channel n-type MOSFET, with applied drain bias, showing how the depletion regions 

in the source and drain affect the depletion region under the gate. 

3.1 MOSFET fundamentals and scaling 

For the purposes of CMOS technology the transistor should act a switch, with large current 

in the on state (Ion) and low current in the off state (Ioff). Considering an nMOS device with 

the gate bias (Vg) equal to the circuit operation bias (VDD) the output curve (Id-Vd) is shown 

in Fig. 3.2(a). The curve has two parts, the linear and saturation regions. The characteristics 

in the linear region are given by (Vs = 0): 
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(3.1) 

where     is the oxide capacitance per area (unit [F⋅cm
-2

]), and m=1+Cd/Cox (Cd=ϵSi /Wd) is 

the body-effect coefficient. At very low Vd the device operates as a resistor, the gate bias 

attracts electrons to the interface, forming a conductive inversion layer at the interface. The 

factor    
    arises since the inversion layer at the drain is smaller than at the source, 

since Vg-Vs > Vg-Vd. When Vd = (Vg-Vt)/m  the device reaches saturation and the drain 

current is given by: 

      
 

   
           

 
 

(3.2) 

The current equations assume low field mobility, that is when the electric field in the 

transport direction is low. For devices with gate length less than a few hundred nm, the field 

along the channel ( ) is large, and the low field mobility approximation is no longer valid. 

At a certain lateral field      the carrier velocity saturates and the drain current is given by 

[42]: 

                            (3.3) 

Therefore, at short L the drain becomes less sensitive to decrease in L. Ultimately, in 

extremely scaled transistors, where the gate length is smaller than the mean free path 

between scattering events, the current is limited by its ballistic current: 

                              (3.4) 

where <v
+
> is the mean velocity of carriers going from source to drain. Monte Carlo 

simulations show  scattering is relevant even in very small transistors [43], but the ballistic 

current is nevertheless a useful upper limit to current transport in nanoscale devices. 

If the drain of the MOSFET has applied bias VDD and the gate bias is increased from zero to 

VDD (Fig. 3.2(b)) the MOSFET first passes through the subthreshold region and at the 

threshold voltage Vt it passes to the saturation region. The subthreshold current may be 

written as: 
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             (3.5) 

where I0 is the current at Vg=Vt. 

Optimum MOSFET performance requires balance between minimizing Ioff and maximizing 

Ion. A decrease in Vt causes logarithmic increase in Ioff and linear increase in Ion. Device 

optimization may also decrease m, thus achieving a steeper subthreshold slope. Also, much 

work has been done to increase the channel mobility [44]. A large performance 

enhancement is achieved by device scaling, which is discussed next. 

 

Fig. 3.2. (a)       (b)        curves for a n-type MOSFET. 

Before discussing scaling, it is useful to define basic performance metrics for CMOS 

technology, power, speed, and density. For switching on a transistor the energy it takes to 

charge the gate is E=0.5⋅CV
2
DD, where C is total capacitance of the device, including 

parasitic capacitance. At a certain clock frequency (f) the dynamic power consumption is 

Pd=0.5⋅CV
2
f.  The static power consumption is Ps=VDDIoff. The time the switching takes is 

τ=CV/Ion, and the density is given by d=1/A=1/(W(L+Lcont)), where Lcont is the length of the 

contact region.  

Reduction in gate length, both reduces the gate capacitance and increases the current. Also, 

reduction in VDD both decreases power consumption and delay time.  At the same time W 

can be scaled and the density is increased. However, several issues arise when the device is 

scaled. One of the most important is the short-channel effect (SCE) which causes increasing 

difficulty in turning off the device. 



Fabrication, characterization, and modeling of metallic source/drain MOSFETs 

20 

 

As L is decreased, the depletion regions of the source and drain junctions cause increasing 

band bending within the channel (Fig. 3.3). Defining    as the channel surface potential at 

threshold voltage for long channel device, the barrier is lowered by the source and drain 

fields. An approximate surface potential within the channel, in subthreshold region, is given 

by [45], [46]: 

            
 
 
          

   
  

(3.6) 

where the characteristic length Λ is approximately the length the source and drain electric 

fields penetrate the channel [47], [46]: 

   
   
   

        

(3.7) 

where Weff is the effective depletion width. In long channel case Weff =Wd, but considering 

the S/D region affects the depletion width in a short channel MOSFET, the Weff is larger 

than Wd in short channel devices.  

 

Fig. 3.3 Energy band calculated  using Eq. 3.6, biased close to threshold voltage, for a short and long 

channel MOSFET. Field penetration from source and drain causes Vt lowering, which is further 

enhanced as drain bias is increased. 
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Although Eq. 3.6 is not exact it illustrates some essential characteristics of scaling. If L ≫ Λ 

the device will exhibit long channel behavior. When L is decreased, eventually the 

threshold voltage becomes dependent on L since the source and drain will decrease the 

barrier. For scaling one needs approximately L/Λ = 5-10 depending on the application [46]. 

When L is smaller than 5-10⋅Λ a Vt roll-off effect is observed which follows the relationship 

[46]: 

                 
 
   

(3.8) 

Some Vt roll-off may be acceptable, but there is a serious variability issue when L is small, 

since a small change in the gate length will cause large changes in threshold voltage and 

therefore     .  

Eq. 3.8 assumes low Vd, in the short channel case as Vd is increased the drain field further 

pulls down the barrier. This drain induced barrier lowering (DIBL) can be included in the 

threshold voltage roll off by [42], [46]:  

                 ⋅  
 
 
   

(3.9) 

where     is the built in voltage between the gate and S/D regions at the threshold voltage. 

To scale L, Λ must be scaled also, thus, Weff and tox/ϵox should be decreased. Scaling of tox 

has been the subject of extensive research.  In short, the tox scaling is fundamentally limited 

by tunneling leakage currents through the oxide. This has caused the industry to increase ϵox 

by implementation of high-k oxides and metal gates [2], [48]. The Weff scaling is performed 

by decreasing the depletion width Wd and by introducing shallower junction depths xj. 

However, decreasing Wd requires higher bulk doping, causing reduced mobility, and 

increasing, hot electron degradation and avalanche breakdown [49]. To bypass this problem, 

so called halo implants have been used to implant a higher concentration of dopants close to 

the source/drain regions. The effect is that the source/drain fields are screened by the high 

implant dose. As xj is decreased, the doping concentration in the S/D regions has to be 

increased, in order to keep the parasitic source/drain resistance within limits. However, as 

scaling continues the concentration reaches a solid solubility limit which sets a minimum to 

the Si resistivity. Alternate doping techniques such as plasma doping [50], gas phase doping 

[51], and cluster implantation [52] combined with ultra-rapid annealing methods like pulsed 
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laser annealing [53], may allow further reduction of the junction depth. 

Despite these techniques to continue scaling, the scaling of gate length in bulk MOSFETS 

is reaching fundamental limitations. The increase of mobility by strain engineering has 

contributed to further performance enhancement, since the increased ON currents have 

allowed downscaling of device width further decreasing the device footprint [44]. These 

issues with scaling have led to the introduction of fully depleted (FD) structures [54], which 

will be discussed next. 

3.2 Fully depleted MOSFETs 

Fully depleted (FD) MOSFETs have been studied extensively in recent years to enable 

continued scaling. For this purpose the MOSFET is usually fabricated on a thin Silicon-On-

Insulator (SOI) film with low doping so that the whole film is depleted (Fig. 3.4(b)). 

Several versions of these devices have been proposed depending on how many sides a gate 

is placed at namely: ultra-thin-body (UTB) (Fig. 3.4(b)), double-gate (DG), tri-gate (Fig. 

3.4(c)), and gate-all-around [4]. The characteristic length Λ of these devices is decreased 

with an increasing number of gates. A device with n gates has approximately Λ n=Λ/√n [4]. 

For the UTB device, smaller Vt roll-off effect has been demonstrated, when compared to 

bulk technology [55]. However, the drain field still has a strong capacitive coupling through 

the buried oxide (BOX) to the channel, and the scaling length (Λ) theory is not correct [56]. 

Simulation study has shown the ratio between tSi and L should be L/tSi > 5 to keep the SCE 

within limits [56]. However, when tSi < 3 nm  the electron Si mobility is severely reduced 

[57], due to increased surface optical phonon scattering and tSi thickness fluctuations [58]. 

The UTB technology may be used for near term technology generations, but eventually tSi < 

3 nm would be needed to sustain scaling. A possible improvement to the UTB structure is 

the use of a thin BOX and a bottom grounded plane. That way the drain field terminates in 

the bottom ground plane and SCE is improved [59]. The use of thin body has been 

criticized since it leads to larger transverse fields and therefore reduced mobility [60].  

A significant improvement to the UTB device is the double-gate MOSFET. This is because 

the bottom gate screens the drain field, which allows considerably relaxed tSi requirements. 

A first order approximation from simulation results have given L > 2tSi is required to 

maintain reasonable DIBL and SS [61]. Using the planar fabrication process, there is 
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significant difficulties in placing the second gate underneath the channel. Instead, the 

FinFET has been proposed, where a thin vertical body is etched on a SOI substrate, and the 

etched sidewalls are used as the channel [5] (Fig. 3.4(c)).   

Further extensions of the FinFET approach are tri-gate MOSFETs (Fig. 3.4(c), which adds a 

gate on top of the fin (L > 1.5tSi [61]). Ultimately, scaling may lead to a nanowire gate-all-

around (GAA) device which will allow L > tSi [61]. The GAA device is difficult to fabricate, 

since at some point in the process the Si nanowire has to be suspended to place the gate 

under the transistor. A practical compromise is the Ω FET in which the oxide under the gate 

is etched partially, so that the gate covers most of the Si nanowire [62].  

 

 

Fig. 3.4. MOSFET schematics: (a) bulk, (b) ultra-thin-body, (c) tri-gate 

An important concern for the implementation of thin body FD structures is the control of 

parasitic series source/drain resistance RSD. Just like scaling of xj in the bulk MOSFET, the 

scaling of tSi requires an increase in S/D doping concentration. In Si-nanowires (Si-NW) 

deactivation of dopants can also be a serious problem, which would further increase RSD. In 

[63] a 50% deactivation was reported for a nanowires with a 15 nm diameter. The 

deactivation was explained by an increase in ionization energy of dopants due to 

confinement in the Si-NW [64].  Also, self aligned silicidation is challenging for thin body 

devices. To solve these issues, the elevated S/D approach is commonly used, where 

selective epitaxial growth of highly doped Si in the S/D region [65] is used to increase the 

thickness of the S/D regions [66]. The resistance components are shown in Fig. 3.5, where 

the RSD is composed of the extension from the epi to the channel (Rext), the spreading 
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resistance under the contact  (Rsp), and the contact resistance (Rsb). The thickness of the 

sidewall spacer needs to be optimized to obtain a balance between minimizing Rext and the 

fringing capacitance [67]. The focus of this work has been on the reduction of RSD by an 

alternative approach where the metal is placed at the channel edges, forming a Schottky 

barrier MOSFET. This structure is introduced in the next Section. 

 

Fig. 3.5. Parasitic resistance components of a FD MOSFET with raised S/D. 

3.3 Schottky barrier MOSFETs  

 

Fig. 3.6. (a) Schematic of the Schottky barrier MOSFET and band diagram for nMOS device in (b) off 

state (    ) and (c) on state (       ).  
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A schematic and band diagram of the SB-MOSFET is shown in Fig. 3.6. The device shown 

is a UTB MOSFET with a thin BOX and grounded bottom plane. The thin BOX would 

decrease short channel effects but is shown just to be consistent with the analytical model 

discussed in the next Section. Devices with doped extensions will be discussed in Section 

3.3.2.  

3.3.1 Fundamentals of SB-MOSFETs 

The current transport across a Schottky contact has been discussed in the last Chapter. Fig. 

3.6 shows n-type SB-MOSFET in the off (Fig. 3.6(b)) and on (Fig. 3.6(c)) state. In the ON 

regime of the SB-MOSFET (Vd = Vg = Vdd) the reverse biased Schottky junction at the 

source end is the largest contributor to the parasitic RSD in the SB-MOSFET. In Schottky 

diodes the tunneling through the barrier is affected by the doping concentration and bias 

across the diode. However, in the SB-MOSFET the electric field from the gate controls the 

potential profile in the channel, and therefore the tunneling. 

In order to analyze the basic behavior of SB-MOSFET in the ON regime a modified version 

of a simple model proposed in [68] will be used that has the essential elements needed for 

the discussion, but is not accurate enough for a quantitative study. The current transport 

through a reverse biased Schottky contact at the source is: 

        
 
   

 

   (3.10) 

where     is given by [69]: 

         
    (3.11) 

    
        

      
   

  
 (3.12) 

where     is the 2D effective Richardson constant. the 2D is used here current transport is 

direct between the metal and the 2D channel. In this simple model only one subband is 

accounted for. In Eq. 3.10,   
  is an effective barrier height that takes into account barrier 

lowering by tunneling (   ) and image force barrier lowering (      ): 
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                (3.13) 

    
 

 
 
        

     
 

    

     (3.14) 

        
 

     
 
   

     (3.15) 

The equation     uses the WKB approximation and assumes a triangular barrier. Therefore 

the results obtained by this simple model are only approximate. Using this simple model, 

the transport across a Schottky barrier can be obtained if the SBH and the electric field at 

the interface are known. Also Eq. 3.10 assumes non-degenerate transport, however, in 

nanoscale transistors, the transport is degenerate (see also Paper VII).  

To estimate the electric field at the source, Eq. 3.6 is used as a starting point. Taking the 

derivative, the electric field close to the source is:           ⋅            . The 

potential between source and channel is estimated by setting           , where     is 

the gate bias at which there is flatband condition at the source. Next, taking the field at the 

Schottky contact (x = 0) we have:  

    
         

 
 (3.16) 

where η has been added as a geometric factor that is affected by the underlap/overlap 

between the gate and the metal S/D contact, and the variation in   along the height of the 

Schottky contact.  

If the resistance of the SB contact is much larger than that of the intrinsic MOSFET, the 

current characteristics are dominated by the contact and the current of the SB-MOSFET is 

given by        . According to the ITRS the parasitic series resistance should not degrade 

Ion by more than 33% [3]. Therefore, for the SB-MOSFET technology to be viable, the 

contact resistance must be decreased sufficiently to fulfill that criteria. 

The current of an ideal ballistic MOSFET is given by Eq. 3.4 and is on the order of several 

mA/μm. In order to analyze if SB-MOSFET technology is viable it is possible to analyze 

which ϕb and   are needed so that current drive is not limited by the Schottky contact or Isb > 
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Iball.  

Fig. 3.7 shows Isb-Vg for the source Schottky contact of a SB-MOSFET with tox = 1 nm, tSi = 

8 nm, ϵox=3.9, and η = 1. When Vg < Vfb an ideal 60 mV/dec slope is assumed. In a SB-

MOSFET where current is dominated by the source Schottky contact, the device exhibits a 

classical thermionic subthreshold slope until a flatband condition is reached between the 

channel and source (Vg = Vfb). At Vg > Vfb the increasing Vg enhances the electric field at the 

source contact and increases tunneling, therefore, another subthreshold slope is obtained 

with a slope much larger than the ideal 60 mV/dec. Taking              the plot 

shows that  ϕb ≈ 0.2 eV has similar current as the ballistic current limit, which indicates 

that is the maximum allowed barrier height  for implementation in CMOS technology.  

 

Fig. 3.7. Isb-Vg representing the source Schottky contact of a SB-MOSFET with tox=1 nm and tSi=8 nm. 

Also is shown estimated ballistic current of an ideal MOSFET. 

In Fig. 3.8 a SB-MOSFET with ϕb = 0.3 eV and tSi = 8 nm is shown, with tox = 0.5 nm, 1 

nm, and 4 nm. As tSi is decreased the electric field at the contact increases and the current 

drive is enhanced. Therefore, as MOSFET technology is scaled down, the increased electric 

field at the source enhances the performance of SB-MOSFETs. The device would reach the 

ballistic limit with extremely thin equivalent oxide thickness (EOT) of 0.5 nm where the 

field at the contact was   = 4.5 MV/cm. This field is on the same order of magnitude as the 

breakdown field of oxides. For instance the breakdown field of SiO2 is approximately 10 

MV/cm [9] and 4 MV/cm for HfO2 [70]. Therefore, there is a limit to how much the gate 
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induced field can enhance tunneling in SB-MOSFETs. Careful simulations have shown ϕb 

= 0.1-0.15 eV is the maximum allowed for implementation in CMOS technology [71] and 

(Paper VII).  

 

Fig. 3.8. Isb-Vg representing the source Schottky contact of a SB-MOSFET with ϕb = 0.3 eV and tSi= 8 

nm. Also is shown estimated ballistic current of an ideal MOSFET, which increases with decreasing 

tox.  

The choice of metal silicides is discussed later, but the minimum SBH of practical silicides 

is ~0.2 eV for pMOS (PtSi) and ~0.3 eV for nMOS (ErSi), which is close to the required 

limit for barrier heights, but especially for nMOS it is not likely the ITRS target for RSD can 

be realized. Since ϕb is too large, SB-MOSFETs with doped extensions to reduce the 

effective barrier height are discussed in the next Section. 

3.3.2 SB-MOSFETs with doped extensions  

In order to minimize the effective barrier height, a shallow layer of dopants can be placed in 

front of the SB contact. The dopants enhance the electric field at the interface and therefore 

the current. In order to clarify the discussion, it is useful to define two ranges of devices 

with doped extensions, the fully depleted contact (Fig. 3.9(a)), and partially depleted 

contact (Fig. 3.9(b)). That is, the SB contact has depletion length:  
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  (3.17) 

where Next is the doping concentration of the extension. If the doped extension has a length 

(Lext), when Lext < Ws the extension doping is fully depleted and when Lext > Ws it is partially 

depleted.  

The reason it is important to distinguish between the two cases is that in the fully depleted 

case (Fig. 3.9(a)), the electric field at the Schottky contact is affected by the field from the 

gate. However, in the partially depleted case (Fig. 3.9(b)) the effect of the field from the 

gate is decreased since the gate field is screened by the mobile carriers in the non-depleted 

portion of the extension.  

 

 

Fig. 3.9 (a) SB-MOSFET with a shallow fully depleted extension. (b) MOSFET with a thicker 

partially depleted doped extension, which essentially functions as a doped-S/D device connected to 

small highly doped M-S contacts. 
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To evaluate the Ws, it is necessary to know the potential drop across the contact V, which 

would require numerical simulations. Since the ND is usually large enough to be degenerate, 

then ψbi   ϕb and V is small, we can write: 

    
    
     

   (3.18) 

Given a certain doping concentration Next, when Lext is small, the electric field of the contact 

increases as Lext is increased, when Lext > Ws the   becomes independent of Lext and becomes 

an ohmic contact with contact resistivity (ρc) that depends only on Next and ϕb. In these 

devices one can consider a Schottky contact resistance (Rsb) and extension resistance  (Rext) 

(Fig. 3.10(b-c)). In order to maximize the electric field at the interface Lext > Ws is needed, 

but having Lext longer than that will only increase Rext needlessly. In this case the Rsb = ρc/tsi 

[Ωμm] and Rext = ρsLext/tsi [Ωμm]. In order to estimate the resistances involved in Rsb and 

Rext a simple example will be shown. Assume ϕbn = 0.67 eV (barrier height of NiSi to n-

type Si) and Next = 10
20 

cm
-3

. Then ρc = 3⋅10
-8 

Ωcm
2
 (from Fig. 2.5) and ρs = 10

-3 
Ωcm [9]. 

Assuming tsi = 10 nm and Lext = 15 nm, we get Rsb = 300 Ωμm and Rext = 15 Ωμm. Thus the 

extension length is not of primary importance, except that in real devices the junction 

abruptness has to be considered. Therefore, it is clear that minimizing Rsb is the primary 

concern. As discussed above, the elevated S/D solution (Fig. 3.10(d)) has been used to 

increase the contact area, but that adds complexity to the process. However, if it is possible 

to increase Next towards 10
21 

cm
-3

, the Rsb would be decreased sufficiently for 

implementation in CMOS technology (see again Fig. 2.5). A promising method to introduce 

enough dopants at the interface to obtain low contact resistance is the use of dopant 

segregation, which is discussed in the next Chapter. 
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Fig. 3.10 Resistance components of (a) SB-MOSFET (b) SB-MOSFET with fully depleted extension (c) 

SB-MOSFET with partially depleted extension, and (d) elevated S/D MOSFET. 
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4. Metal silicides and dopant 

segregation 

Metal silicides are the most promising approach for implementing SB-MOSFET due to 

their low formation temperature, self aligned processing and atomically abrupt interface 

[72]. In the next Section the choice of silicides used in this work is motivated, followed by 

a discussion on dopant segregation (DS). Experimental results from this work are presented 

for DS on NiSi ending with a discussion on the modeling of DS. 

4.1 Choice of silicides 

The silicide processes used in this work were mostly developed by Zhen Zhang and 

coworkers [73]. A more detailed description of the silicidation processes are found therein. 

In order to be compatible with processing requirements for nanoscale CMOS technology, a 

silicide has to have low resistivity, allow self aligned processing and have low interface 

roughness. In recent years, NiSi has become the primary silicide for CMOS technology.  It 

can be formed at relatively low temperatures (~500 °C), the resistivity is low (10-15 μΩcm), 

and self aligned silicide (SALICIDE) process is easily achieved by selective removal of 

unreacted Ni by H2SO4:H2O2 mixture.  

One issue with NiSi is extreme lateral encroachment in UTB structures [74]. If there is 

excess Ni, the NiSi can grow several hundred nm under the gate due to  Ni diffusion in NiSi 

[74]. Several solutions have been proposed to remedy this problem. It is possible to first use 

low temperature (T=150°C suggested in [75]) to form NixSi, followed by removal of excess 

Ni, and subsequent formation of NiSi at 500 °C [76].  Also, the use of thin Ni to not fully 

silicide the S/D, and NiPt alloying has been suggested to control the lateral encroachment 

[75].  

The use of PtSi has also been considered in this work. PtSi has larger resistivity (30-

40μΩcm) than NiSi. It has a large barrier to conduction band ϕbn ≈ 0.85 eV which may 

cause issues with obtaining low contact resistivity for nMOS. However,  PtSi has low 

barrier to valence band and has attracted substantial interest for p-type SB-MOSFET 
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[77-79].  

The self aligned process for PtSi is more challenging than for NiSi, since very few etchants 

can etch the excess Pt selectively. Aqua-regia etches Pt but has little selectivity between Pt 

and PtSi. A solution to this problem has been to anneal the sample in O2, before the aqua-

regia etch, forming either SiOx or PtSiOx  on the silicide surface, which has higher 

selectivity than the PtSi [73], [80]. This solution was used in this work. Another method for 

self aligned formation involves depositing Ge after PtSi formation, and annealing at low 

temperature. The unreacted Pt forms PtGe that can be removed using H2SO4:H2O2 [81].  

Ni1-xPtxSi alloying with low Pt content has shown increased stability of silicide at high 

temperatures [82]. Analysis on Schottky diodes show ϕbn is modified from 0.67 eV for pure 

NiSi to 0.8 eV for Ni0.9Pt0.1Si [83]. The ϕbn for PtSi is 0.86 eV and therefore a very low 

concentration of Pt is needed to change the barrier height similar values as PtSi. Local 

electron atom probe (LEAP) measurements analysis showed Pt atoms condense at the 

silicide/Si interface [84], which likely explains the large barrier shift at low concentrations.  

The use of Ni-Pt alloy has also been suggested to control the lateral silicide growth of NiSi 

[75]. Other Ni alloys have also been demonstrated. Metal segregation of Y and Yb on 

NiSi/Si diodes has shown a modulation of 0.1-0.15 eV towards conduction band [85]. Co-

sputtering of Ni alloys using (Yb, Er, Ti, Al) for silicide formation results in modification of 

SBH compared to pure Ni [86]. Largest modulation is found for NiAl which has ϕbn = 0.45 

eV compared to 0.65 eV for pure NiSi.    

By depositing extremely thin layers of Ni (tNi < 4nm) it has been shown that epitaxial 

NiSi2-y can be grown.  PtSi does not grow epitaxially even for 1 nm deposited metal, but 

epitaxial growth was observed for Ni(Pt)Si2-y (tNiPt < 2nm ) with 4% Pt [87]. A self limiting 

process to obtain thin NiSi2 is to deposit relatively thick metal followed by immediate 

stripping of the metal by wet etching. An intermixed layer is left on the surface, and the 

silicide is formed by RTA [88].  By modifying the metal sputtering conditions the thickness 

of the silicide can be modified to some degree [89].  Since these epitaxial films are Si rich 

their resistivity is relatively large, for example a 7.1 nm epitaxial NiSi2 film had a sheet 

resistance of 73 Ω/sq [89], corresponding to resistivity of ρs = 52 μΩcm. The epitaxial films 

are interesting since they may allow fabrication of SB-MOSFETs with low variability and 

high degree of thickness control. The main issue is the silicide resistivity, which is 
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considerably larger than for NiSi, but is still lower than that of highly doped Si. 

4.2 Dopant segregation 

As has been discussed, the reduction of contact resistance in SB-MOSFETs is critical for 

the viability of SB-MOSFETs. An exciting development towards this purpose is the use of 

dopant segregation (DS).  Over three decades ago Muta [90] found that in PtSi formed on 

As doped Si, the As in the consumed part of the Si was piled up at the silicide interface. 

Wittmer and Seidel [91] implanted As into a shallow layer close to the surface of a Si wafer 

and a grew thick enough PtSi or Pd2Si so that the silicon containing the As was consumed. 

They found that the As segregated at the silicide/Si interface and suggested that their 

method could be used for obtaining low contact resistances. Later Thornton [92] found that 

B segregation during PtSi formation raised the measured    value. Although DS is not a 

new discovery, it was only recently (2004) used in SB-MOSFETs [93], where CoSi2 with 

As DS was used to enhance the performance of n-type SB-MOSFET. Since then many 

publications have examined the DS properties of different silicides and dopants (Table 4.1). 

The dopant segregation can be performed in three ways. First is silicidation-induced dopant 

segregation (SIDS), where dopants are implanted into Si prior to metal deposition and 

silicidation. The second uses silicide as diffusion source (SADS), where the silicide is 

formed first, then dopant is implanted into the silicide followed by drive-in anneal. 

Secondary ion mass spectrometry (SIMS) profile using the SADS scheme is shown in Fig. 

4.1 for PtSi with As DS, from [94]. The SIMS profile shows a large pileup of dopants after 

the drive-in anneal. However, from only SIMS data it is not possible to obtain a complete 

picture of how the segregated dopants change the SBH. The spatial resolution of SIMS is 

limited by interface roughness, and etch nonuniformity. Also, the SIMS does not give 

information on dopant activation. In Chapter 5 of this thesis FinFET and UTB devices 

using PtSi with As DS are demonstrated. The third scheme uses implantation to metal (ITM) 

prior to silicidation. The ITM has been studied less than the other two schemes and a study 

of B segregation in PtSi showed significantly smaller B segregation for ITM when 

compared to SADS [95].  

Table 4.1 shows results for SBH measurements from literature data. The lowest achieved 

SBH was extracted in each case. Note that many of the publications use substrates of 

opposite polarity for CV characterization and therefore measure large SBH. An estimate of 
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the SBH can be obtained by ϕ bn + ϕ bp = Eg. According to Table 4.1 there are many 

demonstations of SBH below 0.15 eV, but as will be discussed in the next Chapter, there are 

not many publications of SB-MOSFETs with low RSD.  

Comparing SIDS and SADS approaches, the SIDS scheme has been shown to give larger 

barrier modulation for As and B using both NiSi and PtSi [94]. However, the SIDS scheme 

may have issues for implementation in CMOS technology. First, the silicidation 

temperature is changed in heavily doped Si (NiSi formation is increased by 50 °C on n
+
 Si 

[96]), which could cause issues when using two different dopants on the same wafer. 

Second, implant damage may cause transient enhanced diffusion, which can lead to 

excessive diffusion of dopants even at the relatively low temperatures needed for silicide 

formation [94]. The use of SADS scheme has been shown to reduce the contact resistivity 

of heavily doped NiPtSi contacts [97]. 

 

 

Fig. 4.1 SIMS profile showing segregation of As implanted into formed silicide (SADS) before and 

after 500 °C and 700 °C anneals. The anneal causes a pile-up of dopants at the PtSi/Si interface 

(from [94]). 
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Table 4.1 Reported SBH for dopant segregated Schottky contacts on Si. (eV) 

Silicide Sub. Dopant Dose (cm-2) Method T (°C) ϕ bn(eV) ϕ bp(eV) Ref. 

CoSi2 n As 1⋅ 1015 SIDS N/A <0.1  [93] 

(Pt)ErSi n    600 0.1  [98] 

ErSi n As 1⋅ 1015 ITM 400 <0.12  [99] 

NiPtSi n S 3⋅ 1014 SIDS 450 0.05  [100] 

NiSi p Al 2⋅ 1014 SIDS 500  0.12 [101] 

NiSi p As 1⋅ 1015 SADS 700  0.85 [94] 

NiSi p As 1⋅ 1015 SIDS 650  1.05 [94] 

NiSi n B 1⋅ 1015 SADS 500 0.95  [94] 

NiSi n B 1⋅ 1015 SIDS 500 1.01  [94] 

NiSi n C 5⋅ 1015 SIDS 550 1.00  [102] 

NiSi p C/As 5⋅ 1015/1015 SIDS/ 

SADS 

500/700  1.02 [102] 

NiSi n C/B 5⋅ 1015/1015 SIDS/ 

SADS 

500/550 0.98  [102] 

NiSi p In 1⋅ 1014 SIDS 450  0.16 [103] 

NiSi p P 1⋅ 1015 SADS 600  0.9 [94] 

NiSi n S 2⋅ 1014 SIDS 550 0.07  [104] 

NiSi n Se 2⋅ 1014 SIDS 500 0.083  [105] 

NiSi:C n Se 2⋅ 1014 SIDS 950/450 0.1  [106] 

NiSi2 

(epi.) 

n P 1⋅ 1016 SIDS 600 0.1  [107] 

NiSi2-y 

(epi.) 

p As 1⋅ 1015 SADS 750  0.93 [108] 

NiSi2-y 

(epi.) 

n B 1⋅ 1015 SADS 500 0.99  [108] 

PtSi p As 1⋅ 1015 SADS 750  0.96 [94] 

PtSi p As 1⋅ 1015 SIDS 750  1.05 [94] 

PtSi n B 1⋅ 1015 SADS 700 1.00  [94] 

PtSi n B 1⋅ 1015 SIDS 600 1.01  [94] 

PtSi n

  

In 1⋅ 1015 SADS 600 1.05  [94] 

PtSi p P 1⋅ 1015 SADS 700  0.92 [94] 

PtSi n S 1⋅ 1014 SIDS 450 0.12  [109] 

PtSi n Se 2⋅ 1014 SIDS 500 0.120  [105] 

PtSi n  B 1⋅ 1014 SIDS 460 1.01   [92] 

 

4.3 Dopant segregation on NiSi 

A large amount of data exists for SBH modulation on NiSi by dopant segregation. 

Promising results have been shown, not only for the common Si dopants such as B, As, and 

P, but also for C, S and Se [110] (Table 4.1). Those results indicate that species which are 

not good dopants in bulk Si may be able to segregate at the interface and modulate the SBH. 

In this work the species beryllium (Be), magnesium (Mg), germanium (Ge), tin (Sn), 

bismuth (Bi), and tellurium (Te) were tested for DS on NiSi. The use of group II dopants 

for DS was motivated by ab-inito simulations [111] especially pointing out Mg. The results 

for Be segregation have been published in Paper II. C has been shown to modulate [110] 

SBH which is surprising since it is a group IV material. For this purpose Ge and Sn were 

also tested. It has been suggested that for obtaining small n-type barrier the interface dipole 
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may be enhanced by using dopants with larger covalent radius than Si [112]. Bi and Te both 

fall into this category and are therefore of interest for dopant segregation. 

The devices were fabricated on degenerately doped n-type or p-type (100) Si substrates 

with lightly doped epitaxial layer. The epitaxial layer has a resistivity of 17-25 Ω-cm for the 

n-type and 11-15 Ω-cm for the p-type. On the n-type substrates samples were prepared with 

both non-implanted NiSi, and implanted dopants Be, Mg, Ge, Sn. On the p-type substrates 

local oxidation of silicon (LOCOS) isolation was used to define diode circles; samples were 

prepared with non-implanted NiSi, and with implanted Bi or Te. The implanted samples 

had dose 10
15

 cm
-2

 and the ion energy was set to give peak concentration at 15 nm below 

the surface. On n-type substrates a 250 nm PECVD oxide layer was deposited, followed by 

patterning circular diode structures and BHF etch. Subsequently, 30 nm of Ni was deposited 

by electron beam evaporation. Rapid thermal anneal was carried out at different 

temperatures (T=425-850 °C) for 30 sec. Removal of excess Ni was performed using 

H2SO4:H2O2 bath. Finally, a TiW/Al stack was deposited on the wafer backside to reduce 

parasitic series resistance. 

Sheet resistances as a function of silicide formation anneal temperature are shown in Fig. 

4.2.  The NiSi phase is approximately in the range 500-700 °C. Sn causes agglomeration of 

the silicide, and high resistance was measured for T > 500 °C. Also the film is not stable 

with Te for T > 600 °C. SIMS analysis has only been done for Be implanted sample, and is 

shown in Paper II. SIMS analysis are important to verify segregation and therefore these 

results (except for Be) should be viewed as preliminary. Nevertheless, the measurements 

are good indicators to the efficacy of the various dopant species.  

The SBH can be measured by several methods such as, Current-Voltage (IV), IV 

Temperature (IVT), Capacitance-Voltage (CV), and Photoelectric emission (PE) [113].  

Measurement of low SBH has limitations for all of these methods, the reverse leakage 

current for CV and PE is too large for accurate extraction. For IV, IVT, and PE the series 

resistance of the lowly doped semiconductor becomes much larger than the contact 

resistance [114], which causes errors. The validity of published data claiming low or 

negative SBH have been debated for Se passivation of Ti-Si contacts  [115-117], and for Cl 

segregation on NiSi [118], [119]. To solve these measurement issues Dubois and Larrieu 

[114] have improved the conventional IVT measurements by decreasing the series 
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resistance and developing a model to take into account image force and tunneling effects.  

 

 

Fig. 4.2. Sheet resistance as a function of formation temperature. 

Alternatively, Zhang, et al. [120] have used CV measurements using substrates doped to the 

opposite polarity, thus forming a large barrier. The method implies that ϕbn + ϕbp = Eg 

which is generally valid for clean SB interfaces, and is a reasonable approximation for DS 

interfaces as long as the dopants are within the first few monolayer of the interface. This 

approach was used in this experiment. From the CV measurements the built in voltage     

and substrate concentration for n-type substrate are extracted by [113]: 

 

  
 

 

      
       

  

 
  (4.1) 

Using the acquired values the barrier height is obtained using:  

        
  

 
   

  

  

  (4.2) 

where    is the conduction band effective density of states. Similar equations apply for p-

type substrate. Fig. 4.3 shows measured data on p-type substrate, with and without Te DS. 

There is a clear increase in the intercept point showing that     is increased by Te DS. 

Table 4.2 shows the measured barrier heights for 600 °C formation temperature, except for  
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Sn implanted sample where 500 °C formation temperature was used. The results for 

reference samples have barrier heights that approximately add up to the Si bandgap. The 

group II materials modulate barriers in opposite directions. The Be results are discussed in 

detail in Paper II. For Mg there is a small reduction of ϕbn. Mg has been reported to act as a 

donor, when in interstitial lattice position [121], which may explain the results. The group 

IV materials Ge and Sn show no barrier modulation. Bi and Te have moderate barrier 

modulation but not sufficiently large for implementation in SB-MOSFETs. The results are 

plotted with literature data in Fig. 4.4. Very recently Te has been reported to lower RSD 40% 

in FinFETs when co-implanted with As [122]. 

 

Fig. 4.3. 1/C2-V characteristics of a NiSi diode formed at T = 600 °C on a p-type substrate with and 

without Te DS. 

Table 4.2 Results for barrier modulation of various dopants implanted into Si prior to NiSi formation. 

Formation temperature was T=600 °C unless otherwise indicated. 

Dopant ϕbn (eV) ϕbp (eV) 

No I/I p-sub  0.43 

No I/I n-sub 0.72  

Bi  0.5 

Te  0.58 

Ge 0.72  

Sn 0.71*  

Mg 0.65  

Be 0.84  

*Formed at T=500 °C 
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Fig. 4.4. ϕbp vs. group number for SBH on NiSi. (literature data from Table 4.1) 

4.4 Modeling of dopant segregation 

The SIMS data on DS SB does show a large pileup of dopants at the interface, but the 

limitations in spatial resolution make modeling challenging. Experimental data suggests the 

dopants are at the Si side of the interface, and that they are electrically active. A 

compilation of results of SBH measurements on NiSi/Si with various segregated dopants 

from the literature is shown in Fig. 4.4. The dopants are sorted according to their group 

number in the periodic table of elements. As one could expect for doped Si, acceptor 

dopants change the barrier towards valence band and donors towards conduction band. This 

is consistent with dopants being activated on the Si side of the interface. Carbon 

segregation is a special case that will be discussed later.  

A study by Lew and Helms [123] of the redistribution of As during PtSi growth claimed the 

pile-up of As at the interface is due to low solubility of As in PtSi and rapid diffusion along 

grain boundaries. Muta [90] studied PtSi growth on As doped Si substrates and found As to 

pile up at the interface. In that study, samples with doping concentration of 6·10
15

 cm
-3

 to 

3.5·10
19

 cm
-3

 were used, samples with medium doping (3.5·10
17

 cm
-3

) exhibit Schottky 

(nonlinear I-V) behavior when PtSi is formed at 300 °C but ohmic behavior when formed at 

600 °C. This suggests that although the dopants are piled up when the silicide is formed at 

low temperature [123], they need to be activated at higher temperature to contribute to the 

reduction of contact resistance.  
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In order to model the electrical behavior of a DS SB, it is necessary to know how far the 

dopants have diffused from the interface. Attempting to use bulk diffusivity, As has an 

estimated diffusion rate 1·10
-22

 cm
2
/s at 600 °C [124]. Given a typical 30s RTA, the 

diffusion length is        ⋅         is much smaller than 1 atomic length. The bulk 

diffusivities are measured at higher temperatures then are used for silicidation. For the low 

silicidation temperature the diffusivity can be increased significantly by transient enhanced 

diffusion (TED) [125]. 

As discussed in Section 2.2, the reason SBH are pinned within the bandgap of the 

semiconductor is because there is an interface dipole originating in charge redistribution 

between the metal and semiconductor. In a similar fashion, the modulation of SBH due to 

DS is caused by charge transfer between the depleted doped region and the metal. Shannon 

[126] investigated the modulation of SBH by thin doped layers. In his approach a thin layer 

on the order of 10 nm was placed at the interface. Due to enhanced tunneling a modified 

SBH is observed (Fig 4.5(b)). If the layer is thick enough (or highly doped enough) so that 

it is only partially depleted the junction will exhibit ohmic behavior.  

Dopant segregation is expected to work in the same way as Shannon diodes, the main 

difference with respect to the work of Shannon is that the dopants may be confined within a 

very narrow region (Fig 4.5(a)).  Due to the small sizes involved, the dopant segregation 

has been investigated by ab-initio modeling [84], [111], [112], [127-130]. In these works a 

dipole lowering mechanism has been proposed, where the active dopants in the narrow 

region at the interface form a dipole which modifies the SBH. 

LEAP measurements show As confined within 1 nm at the interface [84], Ab-initio 

simulations show system energy is minimized when B or As is placed in a Si substitutional 

position in the first few monolayers at the interface. Due to the reduction of energy barrier, 

it was proposed the solid solubility of bulk does not apply and a solubility of  ~10
22

 cm
-3

 for 

B at the interface of NiSi and PtSi at 600 °C [84]. Assuming this enhanced solubility is 

confined to one monolayer of Si, the maximum dose at the interface is ~3·10
14

 cm
-2

, or 

every 5
th

 atom is substituted by B.  
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Fig. 4.5 Band diagram of a metal-semiconductor junction in a small region close to the interface, 

showing (a) interface dipole, and (b) thin doped layer in Si (from paper II.) 

In the dipole model the dopants are assumed to be confined within ~1 nm region at the 

interface, and therefore the band bending happens over a narrow region where tunneling 

barrier is assumed to be transparent (Fig 4.5(a)). In the following an attempt is made to 

estimate if the dipole lowering theory appears valid using experimental data. A simple 

model is used, having two parallel plates with equal and opposite charge to model the 

dipole barrier lowering (see Fig. 4.5(a)). We obtain an effective barrier height that is given 

by: 

  
   

           
   

    
 (4.3) 

Where D is the dose, t is the distance of the dopants from the interface, and εi is an interface 

dielectric constant, which takes into account the effect of the metal dielectric constant when 

this close to the interface, and is given by:                   [131]. Using,      we 

have        .  

To investigate if this simple dipole model can explain measured data, we analyze the data in 

[94] where the segregation of As was investigated for PtSi and NiSi at various temperatures. 

First, considering PtSi/Si interface with As segregation done at T = 700 °C, the SIMS 

profile is shown in Fig 4.1. Integrating the doping concentration close to the interface in we 

obtain D ~ 4·10
14

 cm
-2

. Assuming t = 0.25 nm (thickness of one monolayer) a    ~ 0.8 eV 

is obtained which is in reasonable agreement with the measured    which was 0.65 eV. 

Next consider NiSi/Si with As segregation which has D ~ 1·10
14

 cm
-2

 that gives    ~ 0.2 
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eV, the measured    was 0.45 eV. Since the estimation of D and t are very rough, and also 

the activation percentage is not known, these estimations should be taken with caution. 

However, they do show that the As dopant dose at the interface and the experimentally 

observed barrier modulation for As DS is, within the correct order of magnitude, consistent 

with the dipole lowering model. In Paper II the DS behavior of Be was studied. The 

conclusion for Be is that dipole lowering does not explain the measured results, in the case 

of Be dopants are distributed over a region of several nm.  

From the discussion above it is apparent that in order to understand the dopant segregation 

in SB diodes, more modeling work is needed to quantify diffusion and segregation of 

dopants. The ab-initio work has indicated the segregation should be modeled as an interface 

parameter. In [132] the segregation of P at SiO2/Si interface was modeled as a δ layer with a 

certain trap density that can trap/emit dopants from/to either side of the interface. That 

model may be a good starting point for modeling the segregation at silicide/Si interfaces, 

but high resolution depth profiling of dopants would be needed to verify and calibrate the 

model. 

Experimental data for carbon DS on NiSi [110] (Fig. 4.4) shows smaller ϕbp and suggests 

the dipole lowering is not only related to activated dopants in Si. In [112] ab-initio 

simulations of NiSi2/Si interface testing several different dopants were conducted. There it 

was suggested that a dopant in active lattice position on the Si side of the interface did not 

only behave as a classical dopant in Si but that the actual charge per atom was affected by 

an additional effect. They claim that the charge on each atom is modified by either 

electronegativity or covalent radius, that is a dopant with large electronegativity (or small 

covalent radius) should attract charge locally from its neighboring Si atoms. Although those 

are interesting results, the main DS modulation is affected by how many dopants can be 

activated in the interface layer, and the first order charge per atom is related to the number 

of acceptor (or donors). The results for carbon DS are consistent with ab-initio simulations 

of SiC/Al and SiC/Ti interfaces [133], [134] that showed a reduction in ϕbp for a C 

terminated interface, compared to a Si terminated one. The results were explained by a 

difference in the interface dipole that the two materials form. 

So far the existence of an interface dipole effect has been motivated by looking at literature 

data on ab-initio modeling, the validation that As is confined within 1 nm at the interface by 
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LEAP measurements and a simple dipole model approach has been used to see that the 

measured barrier lowering is within the correct order of magnitude consistent with dipole 

lowering. However, since the dopant distribution and activation is often not known, the 

validation of the dipole lowering model cannot be considered complete. Especially, there is 

possibility for error in interpreting the available data on SBH measurements for DS SB 

contacts. The measurements are useful indicators of barrier height, but since the modeling 

for the SBH extraction methods is based on conventional SB contacts, there is possibility 

for measurement error. If the dopants are within the first few monolayers at the interface, 

the measured SBH is correct. However, if the dopants are distributed over a larger region, 

on the order of 10 nm, the tunneling barrier cannot be assumed transparent, and the 

measured SBH is an effective barrier that represents the peak energy level of the current 

flux (Fig. 4.6). The problem with the measurement in the case of a doped contact is that a 

low effective barrier does not necessarily mean the contact resistance is low. This is 

demonstrated in the following example. 

 

Fig. 4.6 Schematic of a moderately doped SB contact (excluding IFBL). The effective barrier height 

   
  corresponds to the peak of the the carrier flux. 

In Fig. 4.7 we consider a SB diode with ϕbn = 0.5 eV barrier with varying doping 

concentration (ND). A simulation was conducted using the Schottky diode simulator 

described in Section 6.3. Using the simulator, it is possible to both obtain contact resistivity 

(ρc) and carry out a simulated IVT extraction of effective barrier height (   
 ). Fig. 4.7(a) 

shows the effective barrier height extracted using the IVT method by simulating at different 

temperatures. Also is shown the energy level of the peak current flux (see Fig. 4.6). The two 

curves are in reasonable agreement which verifies that for large doping concentrations, the 

IVT method measures an effective barrier which corresponds to the energy level of the peak 

current flux.  
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But what does the effective barrier represent? For ND = 1⋅10
19

 cm
-3

 the    
  ≈ 0.1 eV which 

is very low, but Fig. 4.7(b) shows at this doping concentration the ρc = 10
-5

 Ω cm
2
 which is 

much too large for S/D technology. In this particular case the depletion width is only 7 nm. 

Therefore, a DS SB diode with dopant distribution of ~10 nm could exhibit low effective 

barrier but not necessarily have a very low contact resistivity. This is a very important 

observation for DS contacts since the distribution of the doping concentration is usually not 

known with high accuracy. Therefore, some results for DS shown in Table 4.1 could very 

well be ohmic contacts that have low effective barrier but relatively large contact resistivity. 

An analysis of sulfur DS on NiSi by Chan et al. [135] concluded in that case the observed 

SBH lowering is due to doping and not barrier lowering.  

In Paper VII we conclude a 0.15 eV barrier is needed to outperform the doped S/D 

technologies. However, that assumes an actual barrier of 0.15 eV, where the gate field 

contributes to tunneling. An effective barrier of a highly doped Schottky contact will not 

perform nearly as well since the gate field cannot significantly increase tunneling. 

Therefore, the most promising results on SB diodes ultimately need to be validated by 

implementation in SB-MOSFETs. 

 

Fig. 4.7 Simulation of SB with ϕbn=0.5 eV, showing (a) extracted  ϕbn vs. ND and (b) ρc vs. ND. 
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5. SB-MOSFETs: fabrication and 

characterization 

In this work SB-MOSFETs with PtSi as the S/D metal and As DS have been fabricated and 

characterized. The main results have been published in Paper IV and have been compared 

with simulations in Paper V. In this Chapter the fabrication and characterization of SB-

MOSFETs are discussed centering around the work on PtSi S/D. Finally, the state-of-the-art 

in SB-MOSFETs is discussed. In order to fabricate short gate length devices a sidewall 

transfer lithography (STL) process was developed, and is discussed in the next Section. 

5.1 Sidewall transfer lithography  

In order to fabricate nanoscale UTB and tri-gate MOSFETs devices a nanoscale patterning 

technique is required. The sidewall transfer lithography (STL) technique (also called spacer 

patterning), [136-138], has been proposed for wafer scale fabrication of nanowires. The 

process flow for the STL is shown in Fig. 5.1. The process had been developed at KTH 

[139], but relatively large line roughness inhibited scaling below 50 nm. In this work the 

spacer technique has been improved to produce low roughness nanowires scalable down to 

15 nm.  

A detailed list of steps for the final STL process that was developed is shown in Table 5.1. 

This table assumes a SOI wafer that has been thinned down to desired thickness, and has 

alignment marks. Pattering is done with a I-line lithography stepper (using Shipley 

Megaposit 700-1.2 resist). Dry etching is performed using an Applied Materials P5000 tool, 

and in Table 5.1 the power, pressure and gas flows are given. In the following, the work 

leading to this process is discussed. 
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Fig. 5.1 Optimized sidewall transfer lithography (STL) process flow  
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Table 5.1 Sidewall transfer lithography process steps. 

# Description 

 

Time Comment 

1 Deposit TEOS oxide (hard-mask) 

   

 

LPCVD thk 25 nm 

   2 Deposit amorphous Si (α-Si) (support layer) 

   

 

LPCVD thk 150 nm 

   3 Deposit SiN (second hard-mask) 

   

 

PECVD thk 25 nm 

   4 Pattern nanowire layer 

   5 Descum resist 

    

 

80W, 90mTorr, O2 (20 sccm) 

 

t=15 sec 

 6 Dry etch SiN/remove resist 

   

 

80W, 50mTorr, CHF3/CF4/O2 (5/8/5 sccm) endpoint 

 7 Dry etch α-Si 

    

 

250W, 125mTorr CL2/HBr (10/40 sccm) 

 

t=8 sec Breakthrough 

 

200W, 125mTorr Cl2/HBr/He-O2 (10/30/10 sccm) endpoint Main etch 

8 Wet etch SiN 

    

 

H3PO4 T=125°C  

  

t=6min 

 9 PECVD deposit SiN (spacer layer) 

   

 

Layer thickness will define the final nanowire thickness 

 10 Dry etch SiN 

    

 

80W, 50mTorr, CHF3/CF4/O2 (5/8/5 sccm) endpoint Etch SiN 

11 Open α-Si layer 

    

 

250W, 125mTorr CL2/HBr (10/40 sccm) 

 

t=8 sec 

 12 Wet etch α-Si 

    

 

TMAH 25% T=60°C  

   

 

Watch for color change. Time approx. 90-120 sec 

  13 Pattern contact pads 

   14 Dry etch TEOS/strip resist 

   

 

350W, 150mTorr CHF3/Ar (20/50 sccm) 

 

t=15 sec 

 15 Dry etch α-Si 

    

 

250W, 125mTorr CL2/HBr (10/40 sccm) 

 

t=8 sec Breakthrough 

 

200W, 125mTorr Cl2/HBr/He-O2 (10/30/10 sccm) depends on 

SOI thk. 
Main etch 

16 Wet etch TEOS  

   

 

HF 5% 

 

 

 

t=30 sec 

  

In order to reduce the line edge roughness, there were two changes made to the process 

developed in [139]. One, the sacrificial layer was originally poly-SiGe, but as was shown in 

Paper III of this thesis, the dry etching of poly-SiGe using Cl2/HBr chemistry results in a 

significant increase of sidewall roughness compared to the photoresist rougness. Results for 

single crystalline etched Si showed very low line edge roughness (LER), compared to the 

poly-SiGe. In this work, amorphous Si (α-Si) was instead used as the support material, 

which has significantly reduced LER. Two, in addition to changing the sacrificial material, 

a descum process (weak O2 plasma) was used to etch a part of the photoresist, which results 
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in a sharper photoresist boundary (Fig. 5.2.). A significant improvement in LER and line-

width-roughness (LWR) was observed (Fig. 5.3.). The roughness was extracted using an 

edge detection program (developed by Gunnar Malm at KTH), which gives the one 

standard deviation (1-σ) LER and LWR values. For the old process LER = 6-12 nm and 

LWR=2-4 nm, and the new α-Si process, with descum, had LER = 2-3 nm and LWR <2 nm.  

 

Fig. 5.2. A birds-eye view of a photoresist sidewall, using (a) no descum and (b) with descum. The use 

of descum (short etch with a mild O2 plasma) etch reduces the sidewall roughness. 

 

Fig 5.3. (a) poly-SiGe support material, LER 6-12 nm and LWR 2-4 nm, (b) new α-Si support 

material, with descum, LER 2-3 nm and LWR <2 nm. 

After the roughness had been decreased, there was an issue with scaling related to the etch 

anisotropy of α-Si. An Applied Materials Precision P5000 cluster tool was used, using 

200 W RF power, 125 mTorr pressure, with HBr, Cl2, and 10% O2 in He (10/30/10 sccm) 

gases. When a photoresist mask was used the etch angle was 77-83°. This angle causes the 

spacer mask to become tilted (Fig. 5.4(a)), which creates two problems. One, the line width 
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is larger than the SiN deposition thickness, and two, the narrow spacer mask is more 

exposed when anisotropic etching is used to etch the layer below. To fix this problem a SiN 

hard-mask was used when etching the support layer, which makes the etch nearly 

anisotropic (Fig. 5.4(b)). When using the hard-mask process, an issue with variability of 

etch angle was observed. This was traced back to the standard procedure of using 

photoresist masked wafers to season the chamber before etching sharp wafers. The 

increased carbon concentration residing on the chamber walls after seasoning caused the 

first wafers of a batch to have more residual carbon than the last wafers etched. To remedy 

this, a blank Si wafer was used to season the chamber before etching the sharp wafers.  

 

Fig. 5.4. Showing spacers defined using a support material defined by (a) photoresist mask, and (b) 

SiN hard-mask. 

Another issue with scaling down the mask is that when the mask is very narrow, the 

subsequent hard-mask and Si etches have large aspect ratios. The dry etch recipes that are 

used are not perfectly selective or anisotropic. Specifically the oxide hard-mask that is 

etched after the SiN spacers are defined, uses a CF4/CHF3 chemistry that has only 4:1 

selectivity to SiN. When scaling below 30 nm the SiN mask was totally removed, due to 

lack of selectivity and etch anisotropy. To solve this problem, the etch recipe was changed 

from CF4/CHF3 mixture to CHF3 only, and the TEOS hard-mask was thinned to 25 nm, 

which allowed scaling down to 15 nm line width (Fig. 5.5). 
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Fig. 5.5. Best result for STL process, a 15 nm poly-Si NW with low roughness.  

5.2 Device fabrication  

In this work tri-gate SB-MOSFETs with PtSi S/D and As DS were successfully 

demonstrated for the first time. Both UTB and tri-gate devices were fabricated on the same 

wafer. Starting with lightly doped (NA = 110
15 

cm
-3

) SOI wafers, the process was as follows: 

 Thinning of SOI to 35 nm 

 Tri-gate  and UTB channels formed by STL and mesa etch on same wafer 

 5 nm sacrificial oxide grown and etched to repair sidewall damage 

 2.2-nm gate oxide grown 

 n+ poly-Si gate formed by STL process 

 Slim gate spacer SiO2/SiN (5/10 nm) formed 

 PtSi formed (14nm Pt) at ≤ 600 °C 

 As  11015 or 51015 cm-2 implanted 

 Drive in anneal 700 °C for 30 sec 

 TiW/Al contact pad metallization 

 Forming gas anneal 400 °C for 30 min 

 

The fabricated wafers also had p-type PtSi S/D devices without As implant. A TEM of the 

UTB MOSFET is shown in Fig. 5.6. Top-view SEM of the tri-gate FET is shown in Fig. 5.7, 

and TEM in Fig. 5.8. 
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Fig. 5.6. XTEM of UTB SB-MOSFET with PtSi S/D and As DS. 

 

Fig. 5.7. Top-view SEM image of tri-gate SB-MOSFET (a)-(b) after gate formation and (c) finished 

wafer. 
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Fig. 5.8. XTEM of the channel of a tri-gate SB-MOSFET . 

5.3 Electrical characteristics 

The Id-Vg curve for the PtSi-S/D MOSFETs is shown in Fig. 5.10. The barrier modulation 

by As segregation is significant and a rather poorly behaving pMOS is changed to an nMOS 

with reasonable performance. Note that in Fig. 5.10 the pMOS is measured with positive 

Vds as the nMOS for direct comparison. 

 

Fig. 5.10. Id-Vg for (a) UTB and (b) tri-gate MOSFETs with PtSi-S/D, either with or without As DS 

(dose 5⋅1015cm-2)  (from Paper IV).  

The Id-Vd curve for UTB devices with and without DS is shown in Fig. 5.11. The PtSi-S/D 

without DS (Fig. 5.11(a)) has low ON current and the current is dominated by the Schottky 

contact resistance. For the device without DS, nonlinear output characteristics are observed, 
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since as Vd is increased the drain Schottky junction changes from reverse to forward bias. 

The device with As DS (Fig 5.11(b)) has large ON current, where the current transport is 

limited both by the Si channel and the source drain junction. The output characteristics have 

clear linear and saturation regions. More data on these devices is found in Paper IV. 

 

Fig. 5.11 Id-Vd for a UTB SB-MOSFETs of LG=90 nm (a) without DS and (b) with As I/I (dose  51015 

cm-2) for DS.   

The noise performance of the devices fabricated in this work, has been studied [140]. The 

results showed that the channel noise was dominating and the low effective barrier height in 

devices with DS did not introduce additional noise. 

In SB-MOSFETs the parasitic series resistance (RSD) is an important figure-of-merit. In 

doped S/D MOSFETs the doped extension usually extends under the gate of the MOSFET 

so that the electrical channel length      is smaller than the measured gate length L. It is 

often possible to measure several devices with different gate length at different gate biases 

and using that               ⋅     , where       is the sheet resistance of the 

channel and      is the effective channel length. Since       decreases as Vg is increased, 

     can be plotted as a function of L  for several Vg, the       is read of at the interception 

of the lines  [141]. For SB-MOSFETs this approach does not work since     also varies as 

Vg is changed. This is shown in Fig. 5.12 which shows an      vs. L plot for the UTB 

devices used in Paper V. In Fig. 5.12(b) the intersections of the      between different Vg-Vt 

is shown. Since     varies significantly there is no common interception point. In these 

devices there is also an underlap between gate and metal (see Fig. 5.6). In such a device the 
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   varies not only by changing the tunneling barrier, but also the inversion charge outside 

the gate depends on the fringing field. Instead, a first order approximation was made by 

defining     as the resistance taken at L = 0 in Fig. 5.12(a), as shown in Fig. 5.13. 

 

Fig. 5.12. (a) Linear extrapolation of Rtot vs. L at various Vg-Vt for UTB SB-MOSFET with As DS 

(dose  51015 cm-2), and L=90 nm to 1.5 μm .  (b) zoom at the intersection of the curves, the intersection 

does not give the correct RSD.  

 

Fig. 5.13.      vs. Vg-Vt taken as the resistance in Fig. 5.12(a) when L=0. 

Due to the complex combination of factors contributing to RSD, the analysis was aided by 

numerical simulations. In Paper V the UTB devices described in Section 5.2 were simulated 

using Sentaurus device simulation software. The simulations were used to give insight into 

whether the DS devices behaved as if the DS had decreased ϕbn (Fig. 3.10(a)) or as a highly 

doped Schottky contact with large ϕbn (Fig. 3.10(c)). The simulation setup is given in Paper 

V. The conclusion of the simulations was that the measured data could not be modeled by 
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only SB lowering or only as doped-S/D contact, but assuming a combination of barrier 

lowering and shallow doped contact, a good agreement between measurements and 

simulations was found. 

The RSD shown in Fig. 5.13 is relatively large, about 1.2 kΩμm @ Vg-Vt =1.5 V. However, 

the underlap between the gate and S/D silicide was 15 nm (Fig. 5.6), which adds to the 

measured resistance. Using the best fit from simulations in Paper V, a MOSFET with no 

underlap was simulated; in that case the RSD is decreased to 800 Ωμm. 

5.4 State-of-the-art 

A comparison of the literature data for SB-MOSFETs is not straightforward. One issue is 

that many gate lengths, and S/D designs are published with different temperature budget. 

Also, as discussed previously the extraction of RSD is difficult. A detailed comparison of Ion-

Ioff values of SB-MOSFETs was compiled by Dubois et al. [142] (Fig. 5.14). For both 

nMOS (Fig. 5.14(a)) and pMOS (Fig. 5.14(b)) there is a clear improvement in performance 

for DS devices when compared to devices without DS. The best pMOS devices use PtSi 

with B DS, and a low temperature process is sufficient to obtain good performance [95]. 

The efficacy of low temperature process in this case is likely due to having PtSi with low 

SB to start with, since pMOS devices without DS perform reasonably well. The PtSi device 

without DS shown in the last Section has lower ON current than has been demonstrated in 

literature (Fig. 5.11(a)).  The low ON current is likely caused by the underlap between 

source and channel in these devices, which decreases tunneling. The nMOS devices without 

DS perform quite poorly, with best results for ErSi devices [5]. Devices with DS at low 

temperature also fail to achieve very high ON current, and the best devices use high 

temperature anneal [143].  

Fig. 5.14 shows the DS technique works, even using low temperature processing, but 

especially in the case of nMOS there are no demonstrations which would outperform doped 

S/D technologies. Since there are many demonstrations of sub 0.15 eV SBH measured on 

SB diodes with DS (Table 4.1), it should be expected that more demonstrations of low RSD  

had been shown by now. Partially the reason may be that the devices in many of the 

publications are not optimized for minimum underlap and other process parameters. Also, it 

is likely that some of the experimental data for DS on diodes is from highly doped contacts 

that have low effective barrier but not low contact resistivity (see Section 4.4).  
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Fig. 5.14. Performance of SB MOSFETs (a) pMOS (b) nMOS devices. Open symbols are SB-

MOSFETs without DS, and closed symbols with DS. High temperature data uses T>950 °C. The star 

marked data were achieved during European Commission projects NANOSIL and METAMOS. Also is 

shown strained technology by contact etch stop layer (CESL). (Figures from [142]). 
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6. Modeling of transport in short 

channel SB-MOSFETs 

As the gate lengths of MOSFETs are decreased, the large lateral electric field in the channel 

causes the carriers to cross the channel far from thermal equilibrium with the lattice. When 

this happens, the modeling of carrier transport by drift-diffusion, approach becomes 

increasingly inaccurate [144]. The Monte Carlo (MC) method is commonly used to solve 

the Boltzmann Transport Equation (BTE) [144], for simulating short channel MOSFETs  

[43], [145], [146].  

Most MC simulators do not account for the quantization of the inversion layer of a 

MOSFET. This may cause errors in small MOSFETs where there is a large subband 

splitting, caused by gate bias, and thin Si body. A multi-subband Monte Carlo (MSMC) 

method has been developed [147][148] that takes into account the subband splitting in the 

inversion layer by solving the 1D Schrödinger equation in the confinement direction and 

then solves the BTE for each subband. 

The Monte Carlo method is excellent for simulating non-equilibrium transport [149]. 

However, since it is a semi-classical method, quantum effects are not inherently accounted 

for and have to be added to the simulation. For implementing SB contacts in MC, the 

tunneling through the barrier must be accounted for. The WKB and Airy function transfer 

matrix methods has been used to account for quantum effects in MC simulators before 

[150-152], also a quantum correction to the classical potential [153] has been used. 

However, to this author’s knowledge, SB contacts for the MSMC have not been 

implemented before. In this thesis work a MSMC simulator, developed at the University of 

Udine [148], has been modified to account for Schottky contacts.  

6.1 The multi-subband Monte Carlo method 

The MSMC method has been described in detail in [148], [149]. A short introduction is 

given here. The flowchart for the simulation is shown in Fig. 6.1(a). A schematic of a 

typical simulated structure is shown in Fig. 6.1(b). Starting with a guess for the potential 
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V(x,y) the simulation domain is split up into n sections and in each section the Schrödinger 

equation is solved to obtain the subband energy levels (Fig. 6.1(c)). By combining the 

sections, the subband profile along the channel is obtained for each subband. The scattering 

rates are then calculated for different scattering mechanisms. The MC method is used move 

particles through the device, to obtain the occupation function, which, combined with the 

 

 

Fig. 6.1. (a) Flowchart of the MSMC simulator used in this thesis work [154]. (b) Schematic of the 

MSMC structure [148]. (c) Band profiles and energy levels in one section (from [155]). 
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wavefunctions, give the carrier concentration n(x,y). The carrier concentration is used to 

solve Poisons equation to obtain a new estimate of V(x,y). This cycle is repeated until the 

current has similar value for at least 5 iterations. 

So far, the subband, and charge smoothening shown in Fig. 6.1(a) have not been mentioned. 

In these steps the charge and subband profiles are convoluted with a Gaussian function. The 

Gaussian function represents the electron wavepacket, and by this convolution, an effective 

subband energy is obtained, that mimics quantum effects in the channel. For instance the 

smoothening approach has been used to account for source to drain tunneling in ultra short 

channel MOSFETs [154]. In this thesis work the subband smoothening approach has been 

implemented for Schottky contact tunneling, which is discussed in the next Section. 

6.2 Implementation of Schottky barriers 

As discussed in Section 2.1 the current transport through a Schottky barrier should take into 

account the thermionic emission above the barrier and the tunneling through the barrier, 

while also accounting for image force barrier lowering (IFBL).  

The IFBL has been implemented as shown in Eq. 2.5. The classical image force potential 

has a singularity at the interface, quantum simulations using the local-density-

approximation have found the classical image potential is correct a short distance from the 

interface [156], [157]. In this work the singularity was removed by cutting off the IFBL 

function: IFBL(x) < -0.5 eV =-0.5 eV. The dielectric constant for IFBL can for some 

semiconductors be lower than the static dielectric constant since the semiconductor does 

not have enough time to become polarized during the fast transfer of the electron across the 

barrier. For Si, it has been shown by photoelectric measurement that the static dielectric 

constant of Si is correct for IFBL [158]. An energy band profile of a SB contact with ϕbn = 

0.5 eV, and ND = 1⋅10
19

 cm
-3

 is shown in Fig. 6.2. The dotted line shows profile after 

applying IFBL.  

In order to account for tunneling, a Gaussian smoothening model was used. This method 

had been proposed [159], [160] to obtain an effective potential in the confinement direction 

of a MOSFET. The smoothened energy    
     is obtained by: 

  ')'()'()( dxxxgxExE
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where x1 and x2 are the position of the source and drain SB and g(x) is given by:  
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A weighted Gaussian (Eq. 6.2) was used instead of conventional Gaussian (Eq. 6.3) in 

Paper VII, the reason is described therein. The solid line in Fig. 6.2 shows the smoothened 

subband, where the peak of the barrier is significantly decreased from 0.5 eV to 0.25 eV. 

Taking thermionic emission above the barrier a current flux is obtained, and the barrier 

lowering mimics the tunneling through the barrier. In order to prove the validity of the 

approach, extensive comparisons to conventional tunneling models have been carried out. 

In paper VII the results of the MSMC simulations using the effective potential model are 

compared to non-equilibrium Green functions (NEGF) [161] simulations and WKB 

simulations. However, before the model was implemented in the MSMC simulator, a diode 

simulator was programmed in order to compare the different tunneling models directly; the 

results of that work are shown in the next Section. 

 

Fig. 6.2. Band diagram showing band energy before, and after subband smoothening. The current 

flux is taken above the smoothened barrier (from Paper VII). 
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6.3 Schottky diode simulator 

The flowchart for the Schottky diode simulator is shown in Fig. 6.3. The simulator is 1D 

and does not take into account scattering. Given ϕbn, and ND, it solves self consistently the 

Fermi-Dirac and Poisson equations to obtain the potential profile in the Si. After adding 

IFBL to the potential, the tunneling probability T(E) is obtained (see next Section). Finally, 

the current flux is obtained using Eq. 2.1.  

 

 

Fig. 6.3. Flowchart for the Schottky diode simulator. 

Three tunneling models are considered for the diode simulator, the WKB method (See Eq. 

2.4 and 2.5), the transfer-matrix (TM) [12] method, and the subband smoothening approach. 

The WKB method uses an approximation to the Schrödinger equation, that assumes a 

slowly varying potential V(x) [11]. That assumption is not necessarily valid in Schottky 

contacts with large doping concentrations, but due to its simplicity it is commonly used in 

simulations. The TM method was used by Tsu and Esaki [12] to obtain the tunneling 

probability in a multilayer structure. The Schrödinger equation is solved in each section of 
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the device. The tunneling probability is obtained by multiplying a series of 2x2 matrixes 

that satisfy the condition of continuity of the wave function and its derivative.  

To analyze the difference between WKB and TM, a simple sinusoidal barrier, with 10 nm 

width, is simulated in Fig. 6.4(a). The tunneling mass was set to conduction band of Si (m
*
  

= 0.19m0). In Fig. 6.4(b) the tunneling probability is shown for WKB and TM. In this case 

the tunneling probability is larger for WKB, especially the WKB method neglects reflection 

above the barrier. One can therefore expect then that for barriers with relatively low 

tunneling, that the WKB method overestimates the tunneling current.  

In Fig. 6.5(a) the sinusoidal barrier is decreased to 1 nm, this is a semi-transparent barrier 

with respect to tunneling, and the tunneling probability (Fig. 6.5(b)) is large below the 

barrier. In this case, the TM method has an increased tunneling probability at low energy 

compared to the WKB. Since the carrier concentration decreases exponentially as a 

function of energy, the current flux will be dominated by carriers tunneling at low energy, 

and therefore one can expect the WKB method underestimates the current when used in 

ohmic contacts, where tunneling dominates the transport. This is consistent with Fig. 2.5 

which shows that TM method gives lower contact resistivity than WKB for ohmic contacts. 

 

Fig. 6.4. (a) Simulated tunneling barrier (b) T(E) calculated using WKB and TM approaches 

The subband smoothening approach described in Section 6.2 was also implemented in the 

simulator. Fig. 6.6 shows comparison between the calculated contact resistance using both 

subband smoothening and TM approaches. The TM data is the same as used in Fig. 2.5. In 

paper VII we found the Gaussian length of a0 = 2.5 nm gave the best fit to NEGF 
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simulations. In Fig. 6.6 this same a0 is used which shows good agreement between the two 

 

Fig. 6.5. (a) Simulated tunneling barrier (b) T(E) calculated using WKB and TM approaches. 

approaches for low SBH. For ϕbn > 0.4 eV the agreement between TM and subband 

smoothening methods is not good, but for the simulations done in this work the ϕbn is 

below 0.4 eV. The J-V characteristics of SB contacts doped ND = 10
18

 cm
-3

 are shown in Fig. 

6.7. Reasonable agreement is found between the subband smoothening approach and the 

TM tunneling results. 

 

Fig. 6.6 Contact resistivity calculated using TM  [12] tunneling models and the subband smoothening 

approach. At ϕbn  ≤ 0.4 eV the agreement between the two approaches is good. The TM data is the 

same as in Fig. 2.5. 
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Fig. 6.7. J-V characteristics of SB contact with ND=1018 cm-3, using thermionic emission (TE) only, 

TM model for tunneling, and subband smoothening approach. IFBL is taken into account for all cases. 

6.4 Current transport in nanoscale SB-MOSFETs 

The purpose of simulating SB-MOSFETs using the MSMC approach is to understand the 

performance of SB-MOSFETs at small gate lengths. For conventional doped-S/D 

MOSFETs the parasitic series resistance can generally be included externally simply as 

lumped resistances (RS and RD) connected to the S/D regions. The Monte Carlo simulation 

can then be performed with reduced internal biases which represent the potential drop in the 

S/D regions. The primary effect of doped-S/D devices on the ON current of a nanoscale 

MOSFET is that the inversion charge is decreased due to a decreased internal gate to source 

bias. A secondary effect is the decreased VDS bias slightly increases backscattering to the 

source, but this effect is small since the device is in saturation. 

What makes SB-MOSFETs interesting for Monte Carlo study is that the SB at the S/D 

regions directly influences the channel transport. That is, the SB-S/D causes an injection 

bottleneck at the source (Fig. 6.8(a)). The reduced injection causes a sharper potential drop 

close to the source end of the channel, compared to doped-S/D (Fig. 6.8(b)).  In a short 

channel MOSFET the carriers in the channel have a low probability of being backscattered 

to the source once the band energy has dropped by kT [162]. If the potential at the virtual 

source decreases by kT over a distance lkT a backscattering coefficient is defined as 
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             , where λ is the mean-free-path for carrier backscattering. The injection 

velocity is vinj=vth(1-r)/(1+r) [162]. Since the lkT is shorter for SB-S/D the injection velocity 

is larger than for doped-S/D.  

Both the SB-S/D and doped S/D have decreased inversion charge which decreases the ON 

current. For the SB-S/D, as the SBH is increased, the reduction in carrier injection is 

counteracted somewhat by an enhanced vinj. The enhancement in vinj causes the device to 

operate closer to its ballistic limit. However, considering the current (       ), as SBH is 

increased, the reduction in inversion charge is considerably larger than the enhancement of 

vinj. These conclusions are discussed in more details in Paper VII, where a study of ITRS 

2015 high performance node (L = 17 nm) was conducted, comparing doped-S/D and SB-

S/D approaches.  

 

Fig. 6.8. Subband profile for short channel MOSFET (a) SB-S/D, taken after IFBL has been applied, 

and (b) doped S/D. Ef-source and Ef-drain are the fermi levels at the source and drain, respectively. 
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7. Summary and future outlook 

This thesis deals with the possibility of using SB-MOSFETs for future generations of 

CMOS technology. There are several challenges to overcome in this technology, the first 

being to obtainin sufficiently low SBH (or contact resistance) to outperform the 

conventional doped S/D MOSFET. This work has dealt with several relevant issues that are 

related to this challenge. The major results of this thesis are summarized below: 

1. The measurement of low contact resistances usually requires systematic error correction 

using graphs or simulations. In this case there are many input parameters and it is difficult 

to know how the propagation of random measurement error affects the precision of the 

extracted contact resistivity. In Paper I, a method to quantify the propagation of random 

measurement errors for the cross-bridge Kelvin resistor is presented. In the case of 

literature data where ρc values < 10-8 Ωcm2 were reported, the error in input values is 

multiplied up to ~40x when extracting ρc. Therefore, care should be taken when measuring 

such low values, even when accounting for systematic error.  

2. The use of dopant segregation is promising for realizing low resistance M-S contacts. In 

this work unconventional species Be, Bi, and Te are tested for their modulation of SBH of 

NiSi. In Paper II, a further study of Be segregation was conducted to deduce the mechanism 

of barrier modulation. The barrier modulation caused by Be segregation was not explained 

by interfacial dipole lowering, but the results were consistent with a thin (~4-5 nm) 

activated dopant layer close to the interface. 

3. In order to define the channel and gate of short channel tri-gate MOSFETs, a sidewall 

transfer lithography process was optimized. In Paper III, the origin of sidewall roughness of 

dry etched Si, poly-Si, and poly-SiGe was identified by studying sidewall roughness using 

a sidewall AFM technique. Using amorphous Si support material in combination with resist 

ashing, 15 nm lines were achieved with LER 2-3 nm and LWR < 2 nm. 

4. In Paper IV, ultra-thin-body and tri-gate SB-MOSFETs were fabricated using PtSi S/D 

and As DS. This combination of silicide and dopant is especially interesting to study since 
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As DS modifies SB-MOSFET from p-type to n-type. In Paper V, a simulation study was 

conducted which showed that DS could be modeled by combination of barrier lowering and 

doped Si extension. 

5. For the first time, as shown in papers VI-VII, a Schottky contact model was implemented 

in a multi-subband Monte Carlo simulator. These simulations were conducted in order to 

better understand the behavior and SBH requirements for SB-MOSFETs in deca-nanometer 

technologies. The model was used to compare doped-S/D to SB-S/D for the 2015 ITRS 

high-performance technology node. The study concluded that ϕbn  ≤  0.15 eV is needed for 

fulfilling the ITRS specifications. 

The SB-S/D is a promising option for future CMOS devices. The decision to use SB-S/D 

instead of doped-S/D will not only be decided by the RSD value, but will be based also on 

which approach is best for integration in technology. The SB-S/D has several advantages 

due to its simplified process flow, low temperature processing and abrupt junctions. 

However, there are unresolved issues in this technology that require future work: 

1. The understanding of DS is not complete. Both the diffusion and activation of dopants in 

the silicide/Si system is not fully understood. Furthermore, since the dopant profile is not 

known, it is not always clear if the barrier modulation by DS should be modeled by 

tunneling transport or simply by modifying the SBH. 

2. The number of publications claiming very low effective SBH on SB diodes with dopant 

segregation far exceeds publications claiming low RSD values for SB-MOSFETS. While the 

discrepancy is partially caused by non-optimized SB-MOSFETs, simulations have shown 

that if the segregated dopants are not confined within the first few monolayer at the 

interface, the low effective SBH does not necessarily mean the contact resistivity is low. 

Further work measuring contact resistivity, for example using co-implantation in highly 

doped contacts may aid in clarifying the efficacy of dopant segregation [97]. 

3. The control of silicide growth is crucial to achieve optimum underlap between gate and 

silicide, to minimize variability, and for realizing extremely thin silicides. Recent results in 

literature using single crystalline silicides are promising due to the high level of precision in 

the silicide growth [87-89]. These silicides should be further studied for implementation in 

SB-MOSFETs. 
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