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Abstract 
Ultra-fast and reliable switching transistors have been the backbone of explo-

sive growth in the semiconductor industry over the last few decades. This has been 

achieved mainly by continued scaling of transistor dimensions to achieve higher drive 

currents and higher switching speeds. However, with gate lengths presently scaling 

into the sub-50nm node, switching these devices off may pose a considerable chal-

lenge to the reliable operation of the transistor switch. One way to continue with 

enhanced device performance is with the introduction of novel materials in the chan-

nel to boost the drive currents without compromising the off state characteristics of the 

switch. 

In the first part of the thesis, the performance limits of MOSFETs using vari-

ous materials like Ge and III-Vs are discussed. Even though, many of these materials 

have a low effective mass for electrons providing for higher injection velocities, they 

also have a high dielectric constant and smaller bandgap making them susceptible to 

higher leakage and worse short channel effects.  Ballistic transport simulations taking 

into account conduction in all valleys, quantum effects in thin film structures, band-to 

band tunneling and short-channel effects, were performed for transistors with suitable 

architectures in the sub 20nm regime and the materials were benchmarked for their 

efficacy as channel materials for NMOS. Our results show that under normal operation 

a significant portion of the ON current in the III-V materials occurs through the 

heavier L-valleys, and hence they perform very similar to Ge. The effect of channel 

orientation on Ge ballistic performance will also be discussed. 

Experimental results on the characterization of bulk Ge transistors are dis-

cussed in the second part of this thesis. Higher electron and hole inversion mobilities 

in bulk-Ge transistors were obtained as compared to Si. The gate stack of thermally 

grown 

! 

GeOxNycapped with CVD SiO2 was used. The interface state density 

! 

D
it
 at the 

gate interface was extracted using low temperature quasi-static and conductance 
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measurements and a low- interface trap density of 3-4X1011 #/cm-2 was reported. The 

effect of surface orientation on the mobility and interface states at the gate interface is 

also discussed. Replacing the source/drain region in the MOSFET with a metal of a 

suitable barrier-height has been investigated as an avenue to increase performance by 

reducing the parasitic resistance in the device structure. The barrier heights of various 

metals on the Ge interface were characterized. A low barrier height of ~100mV at the 

NiGe/Ge interface was reported. NiGe-based Schottky Source/Drain Ge transistors 

were successfully fabricated. Schottky transistors with Si/Ge/Si heterostructures in the 

channel were fabricated to increase the inversion layer mobility without adversely 

impacting the OFF state leakage. This transistor provides an ideal avenue for scaling 

of PMOSFETs to the sub-25nm regime, by exploiting the excellent transport proper-

ties of inversion holes in Ge and the use of metal in the Source/Drain region to reduce 

the parasitic resistance.  
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Chapter 1 
 

Introduction 

 

 

1.1   Motivation  
 

The silicon Metal-Oxide-Semiconductor Field Effect Transistor [1.1] has been 

the workhorse of the semiconductor industry for the last three to four decades. It 

provides for an ideal voltage controlled switch enabling basic logic operations as well 

as for amplifiers in analog applications. Even though, the fundamental architecture of 

the device has remained the same, the physical dimensions have been continually 

shrinking by a factor of 2-3 in accordance with Moore’s Law [1.2] resulting in faster 

chips. Also, with the reduced dimensions, the packing density of transistors in the 

integrated circuits has exploded leading to greater computational complexity and 

reduced cost per individual transistor for every successive generation [1.3]. Fig.1.2 

depicts the exponential increase in microprocessor performance represented by 

millions of instructions per second, over technology generations. This exponential 

decrease in device dimensions cannot continue forever, as beyond the 22nm node 

fundamental as well as practical constraints will limit the maximum performance 

achievable by these scaled transistors.  

1 
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Figure 1. 1: Gate Length scaling over the last few decades for improved performance [1.3] 

 

Increased performance has however come at a cost of increased off state power 

in transistors. Fig. 1.3 depicts the evolution of power density as the devices are scaled 

traditionally [1.4]. 

 
Figure 1. 2: Microprocessor performance increase due to scaling. The data points represent 

different generations of Intel microprocessors [1.3] 
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The static power density has increased exponentially as opposed to a linear in-

crease in the active power dissipation. Hence beyond gate lengths of 20nm, it is 

questionable if the traditional scaling techniques would be effective. The major source 

of static power dissipation is the sub-threshold leakage in the transistor because the 

MOSFET at these small dimensions does not behave as an ideal switch and continues 

to flow current in OFF state. Typically, this exponential increase in off state power has 

been arrested by decreasing the supply voltage as the technology is scaled. This leads 

to reduced voltage overdrive and hence much reduced ON state currents.  

 

Figure 1. 3: Active and standby power density trends plotted from industry data. The extrapo-

lations indicate a cross over below 20nm gate length. As devices scale towards that point, it is 

questionable if the traditional approaches and reasons for scaling will still be valid. [1.4] 
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Management and suppression of static power is one of the major challenges to 

continued gate length reduction for higher performance. Once the scaling of conven-

tional bulk MOSFETs starts slowing down, the insertion of performance boosters, like 

novel materials and non classical device structures, will be necessary to continue to 

improve performance.  

1.2 Thesis Organization 
 Chapter 2 provides the background for this work. The issues related to the 

physical and technological challenges in continued CMOS scaling are outlined. 

Beyond the 32nm technological node, alternative device structures may be required to 

continue with historic CMOS scaling. Introduction of various performance boosters 

will be required to maintain the high drive current at lower cost of leakage. Some of 

the performance boosters like changing the channel material, introduction of strain in 

the channel and replacing the source/drain regions of the device with metal have been 

discussed in detail. The impact of changing the channel material at the sub-25nm node 

is discussed in Chapter 3.  Ballistic transport is assumed in the inversion channels at 

these dimensions.  

 One of the performance boosters discussed in detail is replacing the channel 

material. Germanium (Ge), as discussed in Chapter 3, provides for excellent transport 

for both electron and hole inversion layers. However, Ge surfaces lack a good passiva-

tion technology and hence poor mobility characteristics have been observed. We have 

studied the GeOxNy/Ge interface in detail and present the results transistors, both n- 

and p- channel built on bulk-Ge substrates, details of which are presented in Chapter 

4. 

 Another factor that limits the drive currents in transistors is the parasitic resis-

tance in the device architecture. Combining device architectures with lower parasitic 

resistance along with a high mobility channel provides an ideal avenue for achieving 

very high performance transistors. A novel device, with a strained-Ge channel and a 
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Schottky S/D has been fabricated and the key results have been elucidated in Chapter 

5. 

 Finally, in chapter 6, the contributions of this work are summarized, and possi-

ble areas of investigation are discussed.  

1.3 References 
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Chapter 2 
 

MOSFET scaling beyond the 22nm node 

  

 

2.1   Introduction  
As devices are scaled beyond the 22nm node, various architectural and mate-

rial changes in the traditional MOSFET would be required for efficient operation of 

the transistor as a switch. Some of these aspects have been examined in this chapter. 

The limits to the indefinite scaling of the bulk Si MOSFET are discussed along with 

various other thin film device options like the Partially Depleted Silicon on Insulator 

(PDSOI), Fully depleted Silicon on Insulator (FDSOI) and multi-gate FETs (MuG-

FETs). The impact of using performance boosters like new channel materials and 

different source/drain structures to increase the device performance are also examined.  

2.2   Challenges in scaling conventional bulk MOS-

FETs  
In digital applications, the gate of the MOSFET is used as a control terminal to 

modulate a conduction channel between the source and drain regions of the device. 

The conduction channel can comprise of electrons or holes. The simplest scaling 

approach was to reduce the dimensions in the horizontal and vertical direction and the 
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supply voltage proportionally so that the electric field at the surface is unchanged 

(constant electric field scaling). However, actual scaling implementations have been 

based on slightly modified approaches where both the geometry and supply voltage 

have been reduced by different factors (generalized scaling) as shown in Figure 2.1 

 
Figure 2. 1:  Problems associated with the scaling of CMOS transistors limited by physical 

and technological reasons. [2.1] 

 

 In long-channel, well tempered MOSFETs, the operation of the transistor 

can be simplified to a gate controlled charge sheet formation and a drain-controlled 

charge transport – the gradual channel approximation. The threshold voltage, at which 

the channel turns ON, is independent of the drain voltage. However, as the channel 

lengths are scaled, independent control of the channel by the gate is lost and the drain 

field also influences the ease of channel formation – called short-channel effects. Due 

to these effects, the threshold voltage (

! 

V
T

) reduces with reducing channel length (

! 

V
T

 

roll off), the 

! 

V
T

 reduces with increased drain voltage (DIBL) and the sub-threshold 
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swing is degraded, leading to higher OFF state currents. Engineers have resorted to 

some or all of the techniques listed below to arrest the degradation of the MOSFET 

performance as a switch with scaling. 

2.2.1   Thinner EOT 

The gate control of the channel can be improved by increasing the capacitive 

coupling between the channel and the gate electrode. Traditionally decreasing the 

thickness of the gate oxide did this. However when these oxides become too thin, they 

begin to conduct current via quantum mechanical tunneling. This current contributes 

to the OFF state leakage of the device leading to higher standby power and compro-

mises proper logic gate operation. Dielectrics with higher permittivity are hence 

necessitated to provide for reduced equivalent oxide thickness without reducing the 

physical thickness of the material. 

 

Figure 2. 2: Schematic illustrating the problems associated with the introduction of high-

! 

"  

materials in CMOS. [2.2] 

 

Transitional metal oxides especially those of Hf- provide for excellent candidates. 

Pure 

! 

HfO
2
 exhibits more fixed charge and 

! 

D
it
 as compared to the excellent properties 

exhibited by the 

! 

Si /SiO
2
 interface. Addition of Si and N in this material increases the 
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reliability of these materials and does not degrade the inversion layer mobility of 

transistors built with these gate stack materials. Use of these high-

! 

"  materials necessi-

tates the use of metal gates to provide suitable 

! 

V
T

 of both the n- and p- MOSFETs. 

Recently, both Intel and IBM announced the use of Hf- based dielectrics and metal 

gates for the 45nm nodes for high performance applications.  

2.2.2 Increased Channel Doping 

Increasing the channel doping terminates the field lines from the drain. Well-

scaled bulk MOSFETs have carefully tailored doping profile to regulate the short 

channel effects. Vertical and horizontal doping profiles like channel retrograde and 

deep halos are used to reduce the DIBL. However, increasing the doping in the 

channel leads to a decrease in the mobility due to increased impurity scattering. Also 

increased channel doping increases the sub-threshold slope leading to higher OFF state 

currents. This is because of the capacitive division between the gate capacitance and 

the increased depletion capacitance, which reduces the effective gate control. Use of 

heavily doped regions near the drain further increases the effective horizontal field as 

the channel length is scaled, which leads to higher OFF state leakage due to Band-to-

Band Tunneling (BTBT) at the drain junction increasing the net standby power. 

2.2.3 Shallow Junction in Source/Drain junctions 

Geometrically, reducing the source/drain junction depth, especially near the 

gate edge reduces the drain coupling to the source barrier. However as these junctions 

are made shallower, their doping needs to be increased to keep the sheet resistance 

constant.  The solid solubility of dopants in Si poses an upper limit to the maximum 

doping that can be achieved. Hence, reducing the junction depths increases the extrin-

sic resistance leading to a reduced overdrive and hence reduced drive currents. 

Technologically, it is extremely challenging to anneal the implanted dopants without 

reducing the abruptness of the junction.  
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As a result, new device architectures are needed to continue the traditional 

scaling for improved performance in Si MOSFETs. 

2.3 Novel Device Structures 

2.3.1 Partially Depleted SOI-MOSFETs 

In partially depleted SOI MOSFETs, a layer of insulating 

! 

SiO
2
 separates the 

upper device-containing layer from the bulk Si below. The PDSOI MOSFET is 

designed similar to a bulk MOSFET with the same dimensions. In the OFF state, the 

depletion width under the gate is smaller than the thickness of device layer. The 

PDSOI offers lower parasitic capacitance at the Source/Drain nodes in an inverter 

circuit, and provide for lower self-capacitances and higher switching speeds. The 

potential of the floating body is determined dynamically by capacitive coupling of the 

various electrodes connected to this layer. Hence charge can accumulate in this region, 

which modifies the device characteristics (floating-body and history effects). Using an 

implanted body contact may mitigate the floating body effects. Using clever circuit 

design, the history effects may be used to speed up circuits. PDSOI technology has 

been successfully ported into high volume manufacturing; however PDSOI runs into 

similar problems as the bulk MOSFET with respect to scaling and hence may not be a 

scalable technology for future generations. 

2.3.2 Fully Depleted SOI MOSFETs 

If the top film in the PDSOI MOSFET is thinned down so that the semiconduc-

tor film under the gate is completely depleted in the OFF state of the device, then it is 

referred to as a fully depleted (FDSOI) SOI MOSFET. By eliminating the thin-doped 

region, the history effects and the floating body effects are suppressed in the FD-SOI 

MOSFET. Since reducing the film thickness can now control the short channel effects, 

lower channel doping densities may be employed. Also, the channel vertical electric 
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fields are reduced for the same channel carrier concentration. Hence the inversion 

layer mobility may be increased without compromising the OFF state current. By 

increasing the buried oxide thickness, essentially ideal sub-threshold slopes of 

60mV/decade may be achieved. However, this increases the drain control on the 

source-channel barrier through the buried oxide. Using a thin buried oxide can miti-

gate this, by terminating the drain fields on the back substrate at the expense of 

degraded sub-threshold slope. 

 
Figure 2. 3: Evolution of the architecture of the single-gate MOSFET from the PDSOI to the 

FDSOI structure. 

 

2.3.3 Multi-Gate MOSFETs 

The gate control on the channel is increased by geometrically placing the gate 

as close to the channel. Tighter gate coupling may be achieved by increasing the 

number of gates from single-gate FDSOI to a double-gate SOI, an Omega-FET and a 

Gate all around (GAA-) MOSFET [2.3-6]. The double-gate MOSFET provides for a 

symmetric device architecture where the channel is controlled by gate on either side of 

the Si film. Since the gate control is increased, the requirements on the Si- film 

thickness are relaxed as compared to a FD-SOI with the same gate length to achieve 

similar OFF state performance. By suitably designing the device, volume inversion is 



Section:  2.3 Novel Device Structures       

13 

achieved in the film, where most of the inversion charge resides in the center of the Si 

film, which has very low vertical field and hence provides for higher mobility. On the 

other hand, because of the two gates, the channel length can be further reduced. 

Advanced architectures like the Pi-MOSFET and the Omega-FET may be used to 

increase the effective number of gates allowing for further reduction in the gate 

length.. 

 

Figure 2. 4: Evolution of multi-gate architecture. Delta MOS and FinFET have two gates. Tri 

gate and Omega gate FET have more than three gates. [2.3, 2.4, 2.5, 2.6] 

 



 Chapter 2: MOSFET scaling beyond the 22nm node 

14

2.3.4 Fundamental Limit for Si MOSFETs 

 The fundamental limit to scaling MOSFETs has been plaguing device engi-

neers since the early nineties. Various theories have been put forward to establish the 

limit of gate lengths. One common theory is that the limit of channel length scaling 

may be limited by the direct tunneling of carriers from the source to the drain. The 

potential profile in such a device can be approximated as a parabola. Using [2.8], the 

leakage current is dominated by intra-band tunneling when 

! 

kT

q
"
#

$

a

2mq
, where 

! 

a  is 

the curvature of the parabola which is related to the geometry of the device through 

the channel length 

! 

L
ch

, the effective barrier 

! 

" , the drain voltage 

! 

V
D

, 

! 

m  the effective 

electronic mass, 

! 

q the electronic charge and 

! 

kT  the thermal voltage. Using values, for 

Si, a 

! 

V
D

= 0.5V  requires a 

! 

L
ch
" 7nm  to suppress tunneling. In [2.9] Zhirnov et al. 

assume a square barrier and estimate the minimum channel length of 4nm.  

 

Figure 2. 5: Band diagram in the OFF state of an extremely scaled MOSFET indicating the 

current mechanism that would limit length scalability of transistors. [2.7] 
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Another factor, which might affect this limit, is the band-to-band tunneling at 

the drain end of the channel. For this current to be minimum, the band-to-band overlap 

must be minimum. This happens when 

! 

Vds " Eg #$barrier  where 

! 

V
DS

 is the drain to 

source voltage. From [2.10] it is shown that the BTBT current becomes dominant 

when the tunneling distance reduces to ~4nm. This is typically 1/3 of the channel 

length, which sets the minimum channel length to 12nm.  

However, the authors in [2.7] note that as technology nodes decrease, newer 

channel materials will be required to provide for performance boosts. The net per-

formance advantage will also be strongly determined by extrinsic factors like contacts 

to the channel region. 

2.4 New Channel Materials 
Intrinsic device performance has been increasing at a steady rate of 17% com-

mensurate to the channel length decrease. The introduction of strain at the 90nm node 

has been instrumental in maintaining historic CMOS scaling trends [2.11]. 

2.4.1 Importance of mobility in scaled MOSFETs 

The drain current in saturation normalized to channel width can be given as 

! 

I
ds
W = C'

ox,inv
V
GS
"V

t( )v , where 

! 

v  is the effective carrier velocity at the virtual 

source. This virtual source point is located at the top of the potential barrier between 

the source and the channel [2.13]. Hence for extremely scaled MOSFETs the velocity 

of the carriers at the source determines the net drive current. By using new materials in 

the channel, which have lower carrier effective masses in the length direction, the 

injection velocity in these materials may be increased leading to higher drive currents. 

The values of 

! 

v
x0

 extracted from literature are shown in Figure 2.6. Carrier velocities 

have been increasing primarily because of the reduction of the characteristic length of 

the potential barrier near the source, as 

! 

L
G

 is scaled, and therefore a reduction in the 
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backscattering. Increasing the mobility reduces this backscattering rate, hence provid-

ing for higher carrier velocities and hence higher drive currents.  

 

Figure 2. 6: Historical evolution of the virtual source velocity as a function of reducing 

channel length. The advantages that were gained with strained-Si are also shown. The points 

in red depict the velocity target required for continued performance improvement. [2.13] 

 

Hence current flow in ultra-short channel transistors may be described by a 

small number of scattering events referred to as a quasi-ballistic transport model. 

Figure 2.7 depicts the factors that dominate current drive in the classical drift model 

and the quasi-ballistic model respectively. In the drift model, the velocity near the 

source region is strongly affected under non-stationary transport by the low-field 

mobility near the source region, while the injection velocity and the back-scattering 

rate at the source determine the velocity near the source region in the quasi-ballistic 

model. Both these factors are strongly related to the low-field mobility at the source. 

As a result, both the models predict an increase in the current in nanoscale MOSFETs 

by increasing the low-field mobility near the source region.  
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There are several different approaches to enhance the carrier transport in future 

MOSFETs to obtain high drive currents. Some of the recent approaches use a combi-

nation of novel high-mobility materials [2.14,2.15,2.16,2.18], incorporating strain into 

the channel [2.17], through novel processes [2.22] or at the package level [2.25], 

finding optimal substrate/channel orientations [2.24] or a combination of all the above. 

 

Figure 2. 7: Models used to describe the drive current in nanoscale MOSFETs. The current is 

proportional to the velocity of the carriers at the source and the backscattering rate, both of 

which are determined by the low-field mobility. 

 

2.4.2 Inversion carrier transport in strained-Si 

Strained Si has been investigated as an avenue to increase inversion carrier 

mobility since the 1980s. It has been used successfully in high volume manufacturing 

for the 90nm and 65nm node to increase the drive currents of the NMOS and PMOS 

simultaneously.  Strain can be introduced biaxially or uniaxially in Si depending on 

the process used to strain the channel. 

2.4.2.1 Effect of strain on electron transport 

The Si conduction band is comprised of six equivalent valleys located at the X- 

symmetry point in the E-k space, with a transverse mass of 

! 

0.19m
0
 and a longitudinal 



 Chapter 2: MOSFET scaling beyond the 22nm node 

18 

mass of 

! 

0.92m
0
 as shown in figure 2.8. However, in 2-D quantized structures, such as 

the inversion layers in the MOSFETs the six valleys split into two sets - two equiva-

lent valleys perpendicular to the (001) plane (

! 

"
2
), and four equivalent valleys in the 

(001) plane (

! 

"
4
), each group with different masses in the channel transport direction 

assumed to be along <100> as shown in Figure. The two-fold valleys exhibit a smaller 

transport mass compared to the four-fold valleys due to smaller transport effective 

mass. The four-fold valleys however, are quantized higher in the 2-D electron gas, 

since they have smaller masses in the direction perpendicular to the MOS interface.  

 

Figure 2. 8: Equivalent energy ellipsoids in the Si conduction band. Strain causes the bands to 

split into the 2-fold 

! 

"
2
 and the 4-fold 

! 

"
4
 valleys. 

 

 Figure 2.8 shows the effect of tensile stress on the conduction band of Si. 

When tensile stress is applied along the channel direction (compressive perpendicular 

to the interface) further splitting occurs between the four-fold 

! 

"
4
 valleys and the two-

fold  

! 

"
2
 adding to the split due to quantization. This causes increased electron occu-

pancy in the 

! 

"
2
 valley with smaller transport mass leading to increased mobility. 

Further increase in mobility is observed, which is caused due to the reduced electron 



Section:  2.4 New Channel Materials       

19 

scattering because of the higher split in the valleys. This leads to reduced overlap 

between the wavefunctions of electrons in the inversion layer. Figure 2.9 (a) and (b) 

show the mobility enhancement in biaxially strained Si MOSFETs that are grown on 

relaxed 

! 

Si
1"xGex  buffers. 

2.4.2.2 Effect of strain on hole transport 

 The impact of strain on the valence band in Si is not completely understood 

because of the anisotropy in the energy surfaces in the band. The applied strain splits 

the normally degenerate light-hole (LH) and heavy-hole (HH) bands, causing the LH 

band to shift closer to the top of the valence band. Furthermore, the curvature of the 

bands is modified, leading to a change in the effective masses for the holes along and 

perpendicular to the channel.  

 
(a) (c) 
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Figure 2. 9: Transport in biaxially strained-Si. The electron and hole mobility are plotted as a 

function of field in (a) and (b). (c) and (d) depict the mobility enhancement obtained using 

strained-Si in the channel. [2.20] 

 

 Figure 2.9 (c) and (d) depicts the improvements obtained from biaxially 

strained p-MOSFETs grown on relaxed 

! 

Si
1"xGex  buffers. A 2X enhancement is 

obtained in the hole mobility, which is diminished at higher E-fields. This enhance-

ment is attributed to the splitting of the LH and HH bands leading to an increase in 

mobility at lower fields. At higher fields, however, the splitting between the LH and 

the HH decreases due to the smaller mass of the LH in the direction perpendicular to 

the channel, reducing the effect of the lower conductivity mass of the LH and causing 

a reduction in the mobility enhancement.  

(b) 

(d) 



Section:  2.4 New Channel Materials       

21 

 

Figure 2. 10: Uniaxial strain: Nitride layers were used to provide uniaxial stress on both n- and 

p- channel MOSFETs. Improvements in drive current are depicted. [2.27] 

 

 Strain may be implemented in conventional MOSFETs in a biaxial or 

uniaxial fashion. The channel may be biaxially strained by growing Si on a relaxed 

! 

Si
1"xGex  buffer, which has a much higher lattice constant as discussed previously. 

Uniaxial strain however is implemented locally by either one or a combination of 

some of the techniques listed below 

(i) Epitaxial 

! 

Si
1"xGex  in the S/D: this provides uniaxial strain along the chan-

nel and has been successfully implemented for pMOSFETs. 

[2.11,2.12.2.21,2.26] 
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(ii) Stressor layers: Deposited Silicon Nitride layers have intrinsic stress and 

have been used in both N- and P- MOSFETs to provide uniaxial tensile and 

compressive stress respectively along the channel. [2.22] 

(iii) Other local Techniques: Shallow stress isolation (STI) [2.23], gate elec-

trodes [2.27], silicide regions [2.28] etc have been used to induce stress 

along the channel.  

Uniaxial stress increases the mobility in ways similar to the biaxial case. In ad-

dition, for the PMOSFETs, under uniaxial stress, the effective mass perpendicular to 

the interface in the LH band becomes heavier than the HH band, leading to enhanced 

band splitting at higher fields.  Hence, the mobility enhancement is retained even at 

higher E-fields. 

2.4.3 Inversion carrier transport in Germanium 

The bulk carrier mobility in Germanium is substantially higher than those in 

Si. This has prompted a huge research effort towards exploring the efficacy of intro-

ducing Ge as a channel material in MOSFETs. Various groups all over the world have 

achieved varying success using high-k materials on clean Ge surfaces to form transis-

tors. A sizeable part of this effort was on understanding the deposition of high-k 

materials and to get reliable C-V gate characteristics on Ge surfaces. Among the 

materials considered, alumina 

! 

Al
2
O
3
 exhibits the best gate characteristics as shown in 

Figure 2.11. It was also observed that these characteristics are very sensitive to the 

surface preparation methods used prior to the deposition of the high-k material. Figure 

2.12 summarizes mobility measurements done on transistors built on Ge substrates. 

The hole mobility measured in these devices is substantially higher than those meas-

ured on the control Si samples. However, experimentally very poor electron mobility 

was measured on Ge substrates.  
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Figure 2. 11: High-k Ge capacitors: C-V characteristics of 

! 

Al
2
O
3
 (a) and 

! 

HfO
2
 (b) capacitors. 

The 

! 

HfO
2
 samples show larger hysteresis and 

! 

V
FB

 shifts. [2.30] 

 

 

Figure 2. 12: Inversion layer mobility: Measured mobility in transistors both n- and p- MOS 

with 

! 

TaN /HfO
2
 gate stack. [2.31] 

 

As is clear from the above discussion, a lot of factors regarding the process in-

tegration in Ge need to be addressed for it to be competitive to strained Si. Major 

portion of this work has been devoted to understanding the various aspects of process 

integration of Ge-channel MOSFETs. 
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2.5 Extrinsic Factors – Parasitic Resistance 
As discussed in the previous sections, the device structures need to evolve to-

wards thin body multi-gate structures for continued scaling of gate lengths. In most of 

these devices, current needs to flow across thin Si regions, which provides high 

resistance. This extrinsic resistance reduces the effective overdrive in the intrinsic 

device leading to reduced drive currents.  

! 

ID = k Vg"eff "Vt( )
#

= k Vg"app " IDRS( ) "Vt[ ]
#

 

where 

! 

Vg"app  is the voltage applied between the gate and the source terminals 

and 

! 

R
S
 is the parasitic resistance in the source.  

 

Figure 2. 13: Components of parasitic resistance in the source region of conventional bulk 

MOSFETs. [2.32,2.33] 

Kim et al. in [2.32, 2.33] reported a comprehensive study on the various com-

ponents of resistance in the source region. The series resistance in the source can be 

divided into four components, overlap resistance

! 

Rsp , extension resistance

! 

R
ext

, deep 

source resistance 

! 

R
sh

, and silicide-diffusion contact resistance 

! 

R
con

. As discussed 

before, each of the components are dependent on the maximum doping attainable 

along with the junction abruptness both of which are limited by the solid solubility of 

the dopants in Si.  
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Figure 2. 14: Scaling of source resistance. The components of the source resistance are plotted 

as a function of the gate length. [2.32,2.33] 

 

 

Figure 2. 15: Effect of fin thickness on the series resistance observed in scaled gate length Fin 

FETs. [2.34] 

The plots in Figure 2.14 depict the change in the resistance in the source as a 

function of the technology node. It is observed that the resistance in the source be-

comes an increasing fraction of the ON resistance of the transistor, hence posing a 

serious limit to drive current enhancement as the gate lengths are scaled.  
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Figure 2. 16: Effect of changing the S/D architecture on the performance of NMOS and 

PMOS FinFETs. LG=30nm and TS=20nm. [2.34] 

 

Experiments were done in [2.34] to study the deleterious effects of parasitic re-

sistance in FinFETs. Figure 2.15 depicts the extension resistance measured in both n- 

and p- type MOSFETs as a function of the fin thickness. The resistance in NMOS-

FETs increases sharply at lower fin thicknesses due to a combined effect of dopant 

loss and increased extent of amorphization. Raised source/drain regions provide for 

reduction in the parasitic resistance by increasing the effective thickness of the Si film 

in the current carrying source region. Figure 2.16 shows an example of the drive 

current enhancement by the use of the raised source/drain. The process involves the 

selective epitaxy of heavily doped Si in these regions. Use of large lattice constant 

materials like SiGe and SiC in this raised source/drain regions can be used as stressors 

to strain the channel to provide for higher enhancement in current by a combination of 

much reduced resistance in the source and the use of a high mobility materials in the 

channel [2.29]. Specific contact resistivities of the order of 

! 

1" 2 #10
"8  

! 

" cm
2  would 

be required. The 

! 

Ni /SiGe  system provides for low contact resistivities due to: (a) The 

smaller bandgap in SiGe, which provides for a smaller Schottky barrier height and (b) 
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due to higher solid solubility of boron in SiGe compared to Si. [2.35] Addition of Pt to 

this system increases the thermal stability of the contact formed.  

     

Figure 2. 17: Stressors in S/D. 

! 

Si
1"xGex  and 

! 

SiC  are used to strain the channel. They further 

provide for reduced series resistance due to raised S/D architecture and higher solubility of 

dopants in these materials. [2.10,2.29] 

 

 
Figure 2. 18: Measured Sheet Resistance of the Ni-germanosilicide as a function of annealing 

temperature. [2.35] 
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From the above it is critical that to extract the maximum advantage of chang-

ing the channel material, the device structures should have minimum external parasitic 

resistance. Schottky Source/Drain (S/D) MOSFETs have been suggested as possible 

device architecture that would provide for much reduced resistance in the source/drain 

for suitable metal-semiconductor barrier heights.  

 
Figure 2. 19: the band diagrams at the surface of the channel in a SB-MOSFET with a finite 

barrier to the conduction band in OFF and ON state. 

 

Figure 2.19 shows the conduction band profiles of a Schottky source/drain 

MOSFET in ON and OFF states. The device can operate in two regimes, (a) like a 

regular doped source/drain MOSFET where the gate controls the barrier in the chan-

nel- this is typically the case for very low barrier height Schottky contacts and (b) 

where the gate modulates the tunneling barrier of the carriers from the source into the 

channel. This is the case for mid-gap or large barrier height Schottky barriers. In the 

second case, the tunnel resistance at the source limits the ON current in the device.  

Guo et al. [2.366] have discussed the use of Schottky barrier in ballistic MOS-

FETs to provide for high drive currents. They estimate that negative barrier heights 

from metal to semiconductor would be needed for the Schottky source/drain device to 

be competitive with the traditional doped source/drain in a double-gate configuration. 

The situation however changes, when practical considerations are imposed on the 

OFF ON 



Section:  2.5 Extrinsic Factors – Parasitic Resistance       

29 

device design. These include realistic doping densities and dopant roll-offs along with 

experimentally achievable specific contact resistivities. [2.37] Figure 2.20 shows the 

comparison of performance of the Schottky source/drain double-gate MOSFETs 

considering parasitics 

.  

Figure 2. 20: Comparison of Schottky and doped S/D DG-MOSFETs. The horizontal lines 

denote the switching speeds of the best doped S/D device at fixed film thickness. The shaded 

circles indicate the maximum barrier height that can be tolerated at the source of the SB-

MOSFET for it to be competitive with doped S/D MOSFETs. [2.37] 

 

The peak performance of a doped S/D with the same body thickness, 

! 

T
B
 is plot-

ted in dotted lines. The metal S/D devices have reduced drive currents as the barrier 

heights are increased but still are competitive and perform better than doped S/D 

devices for low barrier heights. Figure 2.20 plots the upper bounds of the S/D Schot-

tky barrier height versus body thickness for metal S/D DG devices to outperform 

doped S/D devices. Devices with thinner bodies have higher bounds because the series 

resistance effects are more dominant.  

Various metal/semiconductor options have been studied by groups across the 

world to achieve acceptable barrier heights for this application. Some of that work is 

summarized in Chapter 5 along with the results of this work. Figure 2.21 depicts the 
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various device architectures available and the 

! 

I
ON
" I

OFF
requirements according to the 

ITRS 2003 for high performance logic applications. Transistors with high mobility 

channels with metal S/D would provide for scalable avenues for scaling into the sub-

20nm regime. 

 

Figure 2. 21: ITRS Requirements – the various device architectures available with their 

respective 

! 

I
ON

 vs. 

! 

I
OFF

 tradeoffs and the ITRS 2003 requirements for HP technology scaling. 

[2.36] 
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Chapter 3 
 

Investigation of Performance Limits in 

n-MOSFETs 

  

 

3.1   Introduction  
Due to their small electron mass in the Γ-valley, Ge and III-V materials like 

GaAs, InAs and InSb are being investigated as high mobility channel materials for 

high performance NMOS [3.1, 3.3, 3.4, 3.5]. Under ballistic conditions, the main 

advantage of a semiconductor with a small transport mass is its high injection velocity. 

Following section discusses the effect of changing the channel materials on the 

transistor performance at sub-20nm technology nodes. The DG-MOSFET has been 

used as a vehicle. The models that are used in this analysis are described in detail in 

the next section. These include the solution to the Poisson-Schrödinger equation to 

calculate the electronic band structure in the thin film semiconductor and the ballistic 

transport model to calculate the transfer characteristics. The short channel effects are 

modeled using evanescent mode analysis that is described in detail. As discussed in 

chapter 2, the OFF state leakage in the transistor might limit the scalability of the new 

materials for use as a channel in sub-20nm MOSFETs. A model based on the 2-D 
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quantization and inter- and intra- valley scattering was used to accurately model the 

band-to-band tunneling (BTBT) limited leakage in these short channel transistors. 

Finally, the trade-offs between the ON and the OFF characteristics are discussed and 

are used as guidelines to suitably tailor the channel to improve the switching proper-

ties of the transistors.  

3.2   Ballistic Transport in nMOSFETs 

3.2.1 Quantization in thin films 

 

Figure 3. 1: Band diagram in the channel region of the DG-MOSFET. The quantum well is 

defined by the oxide – semiconductor barrier and the thickness of the semiconductor film. 

[3.6] 

The Double-gate MOSFET was used as a vehicle to assess the effects of 

changing the channel materials on device performance. The DG-MOSFETs provide 

for superior short channel immunity, near ideal sub-threshold slope, high near ballistic 

drive currents and low sub-threshold intrinsic capacitance. When a symmetric DG 
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MOSFET is employed then additional enhancements are obtained due to volume 

inversion.  

 Typically the inversion carriers are confined near the gate interface due to 

the deep potential well caused by high electric fields at the surface. In the DG configu-

ration, the well is defined by the front and the back gate of the oxide barriers, the 

semiconductor film thickness 

! 

T
S
 and the electric field within this well. Due to the 

confinement the electrons in the channel occupy sub-bands with a continuum of levels 

for free motion in the plane parallel to the surface. A compact model as described in 

[3.6] is used to evaluate the electronic structure in the confined conduction band. 

In this approach a variational approach is used to solve the 1-D Poisson 

Schrödinger equation assuming that the ground state energy provides a good approxi-

mation of the inversion depth. Infinite barriers are assumed between the 

semiconductor and the gate insulator. A modified sinusoidal wavefunction is used to 

describe the electrons in the sub-bands. 

! 

" j z( ) =
2

TS
sin

j +1( )#z
TS

$ 

% 
& 

' 

( 
) exp *

bjz

TS

$ 

% 
& 

' 

( 
)  

! 

j = 0,1,2,... 

Assuming that all the charge is located in the lowest energy level, the Poisson 

equation is solved assuming the charge profile of lowest sub-band energy. 

! 

d
2

dz
2
" z( ) =

q

#S
NA + Ninv$ z( )

2

( )  

Where 

! 

" z( )  is the potential profile inside the semiconductor film.  The Poisson 

equation is solved for the lowest sub-band energy levels using the boundary conditions 

for the potential as follows 

! 

" z( ) = 0 at 

! 

z = 0,T
S
 

and 

! 

d

dz
" z( ) = 0  at 

! 

z =
T
S

2
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The potential is thus used in the Schrödinger equation to solve for the wave-

function of the electrons and evaluate the energies of the electrons that are minimized 

to evaluate the Eigen wavefunctions and in turn estimate the sub-band energy levels. 

  

! 

"
h
2

2mZ

d
2

dz
2
# j z( ) + "q( )$ z( )# j z( ) = E j# j z( )  

  

! 

E j"kin = "
h
2
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# j

d
2# j
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2
d

0

TS

$ z  

! 

E j" pot = "q # j$# jdz
0

TS

%  

! 

E j = E j"kin + E j" pot  

! 

j = 0,1,2,... 

The procedure to simulate the electronic structures involved fixing the inver-

sion charge and hence evaluating the required gate voltage that needs to be applied to 

the gate by summing the components of voltage drops across the various capacitors.  

! 

V
G

=V
OX

+V
S
 

At moderate to high inversion densities, the centroid of the charge profile is lo-

cated in the center of the channel, which has zero E-field. The DG- MOSFET 

conducts current away from the gate interfaces and hence exhibits high mobility. The 

onset of volume inversion occurs earlier as the film thickness is reduced. Hence the 

current flow in these structures is very close to the ballistic limits for the carriers in the 

channel material. From [3.6], mathematically the onset of volume inversion occurs 

when 

! 

d
2" 2

dz
2

= 0  at 

! 

x = T
S
2 

which results in the condition 

! 

T
S
E
S( )
1 3

" C
VI

 

! 

E
S

=Q
i
2"

S( )  is the surface electric field at the insulator/semiconductor inter-

face. 
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Figure 3. 2: Finite inversion layer thickness. The thickness of the inversion layer is compara-

ble to the oxide thickness leading to a reduction in inversion capacitance. 

 The above models are applicable only for infinite barrier at the ox-

ide/semiconductor interface, which is a good assumption for the 

! 

Si /SiO
2
 interface. If 

smaller bandgap materials like high-

! 

"
s
 are used, the system needs to be solved nu-

merically to estimate the sub-band energy levels due to quantization. 

 

Figure 3. 3: Due to the quantization in thin films the Fermi level is higher than the regular 3-D 

structure. Furthermore, the inversion layer thickness is higher than the bulk case. 

The charge centroid is away from the insulator-semiconductor interface. Hence 

for very small insulator thicknesses, when the inversion layer depth is comparable to 

the oxide thickness, then the net capacitance of the device in inversion is reduced. The 
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thickness of the inversion layer is expressed by calculating the average distance of the 

electrons from the interface 

! 

Z
kZ

=

z" z( )
2

dz

0

TS

#

" z( )
2

dz

0

TS

#
 

hence the gate capacitance in inversion can be simplified to obtain 

! 

C
EFF

=
T
OX

"
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+
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The effects of reduced inversion capacitance will be discussed in sub-

sequent sections.  

4.2.2 Modeling of short-channel MOSFETs 

As discussed earlier the DG-MOSFET has much better gate control on the 

channel than the bulk MOSFETs. [3.7] provides an analytical model for the sub-

threshold swing in these devices based on the evanescent mode-analysis of the Pois-

son’s equation within the semiconductor film. 

In the evanescent mode analysis, the channel potential is written as a sum of a 

long channel potential in the film thickness direction (z-) and a 2-D short channel 

perturbation.  

! 

" x,y( ) = "
1D y( ) +#

2D x,y( ) 

! 

d
2

dy
2
"
1D y( ) =

q

#S
NA  

! 

" 2

"x 2
+
" 2

"y 2
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$ 
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& 

' 
( )2D x,y( ) = 0  

The long channel potential is assumed to vary according to the gradual channel 

approximation and satisfies the Poisson equation with the boundary conditions set by 

the gate bias. The short channel potential is a solution to a Laplace equation and can 
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be resolved into a Fourier sum of evanescent modes with characteristic lengths. The 

lowest order length is the scale length 

! 

"( ) and is used to quantify the control of the 

drain electrode on the potential barrier at the gate-source edge.  

 

Figure 3. 4: Structure of the device for modeling the sub-threshold slope. The center of the 

channel has least gate control and hence more prone to drain fields. 

The problem is much simplified when an undoped body is used. In that case, 

the midpoint of the body is the point with the weakest gate control hence the one most 

influenced by the drain voltage. By evaluating, the change in the source-channel 

barrier at this slice of the body thickness with changes in the drain-source voltages 

gives an expression for the slope of the diffusion controlled 

! 

I
DS

 - the sub-threshold 

slope. From [3.7], the sub-threshold slope 

! 

S  can be simplified as 

! 

S = 1" 2#
1
cos

TS

4$
1

e
"L

2$1
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& 
' 

( 

) 
* 
kT

q
ln10  

where 

! 

"
1
 and 

! 

"
1
 are parameters dependent on the dimensions of the device, 

primarily the EOT 

! 

T
OX

 of the gate dielectric, the semiconductor film thickness (

! 

T
S
) 

and the gate length (

! 

L ). The model developed in [3.7] was compared with MEDICITM 

to test its validity. 

 It is observed in these simulations, for 

! 

Si DG-MOSFET devices to have 

excellent sub-threshold characteristics (

! 

s=70mV/decade) the semiconductor film 

thickness should be at least one-third the gate length. 
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3.2.3 Modeling the ballistic current 

 

Figure 3. 5: ON Current model. The carriers on the top of the barrier are thermalized to the 

source and drain. The net charge at the channel is calculated using a Poisson – Schrödinger 

model. 

As the gate lengths of the transistors are reduced, the number of scattering 

events the inversion carrier encounters as it drifts from source to drain is reduced. Due 

to this the current becomes increasingly ballistic as the lengths are scaled into the sub-

20nm regime. The current hence becomes independent of the channel length but 

remains proportional to the width. The current value is governed by the product of the 

carrier density near the source edge of the channel, and the velocity at which carriers 

are injected from the source into the channel.  

For a well-tempered MOSFET the potential profile from the source to the drain 

increases gradually between the source and the maximum point before falling off 

sharply near the drain. The top of this barrier is the point in the channel that has 

maximum gate control. It is assumed that the electrons undergo no scattering events as 

they diffuse from the source to the top of the potential barrier beyond which they are 

swept by the high electric field into the drain junction. The sub-band electronic 

structure at the potential maximum point may be calculated using methods described 
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in Section 3.3.1. The device is assumed to be very long in the width direction hence 

allowing for free motion in that direction.  
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The electrons in the channel are assumed to be quantized only in the z- direc-

tion i.e. only certain 

! 

k
Z

 will be allowed. The electrons can however assume any 

! 

k
X

 

and 

! 

k
Y
. The electron motion in the channel can be number of two-dimensional wave 

sub-channels specified with 

! 

k
Z

. Wave reflection at the drain edge is neglected.  

 The current can now be evaluated by a Landauer-type method, when the 

contribution of each sub-channel is counted by counting the number of states using a 

2-D density of states in this case weighted by the Fermi occupancy factor.  
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where  

! 

k  is the Boltzmann constant and 

! 

T  the temperature. The source and 

drain regions are assumed to be ideal reservoirs with Fermi energies 

! 

"
FS

 and 

! 

"
FD

 

respectively. They feed carriers in thermal equilibrium to the channel and also absorb 

carriers from the channel without reflection. 

! 

T E( ) is the transmission coefficient of 

the sub-channel at energy E. For ballistic transport, 

! 

T E( )=1. Now transforming eqn. 

the current in the channel can be described as 
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where 
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1 2
u( )  is the Fermi-Dirac integral given by 
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1+ exp y # u( )
dy

0

$

%  

Assuming a charge density in the channel the electronic band structure in the 

semiconductor film is calculated. The gate voltage required to induce this charge is 

then calculated by solving the Poisson equation in the z- direction. Hence the 

! 

Id "Vg  

characteristics of the DG-MOSFET in ballistic current regime may be estimated. 

3.2.4 Generalized Approach to calculate effective masses 

Silicon MOSFETs are generally built on (100) wafers with transport along the 

<001> direction. The quantum simulation of electron transport in Si is greatly simpli-

fied because the principal axes of the six-fold degenerate conduction band are aligned 

along the device coordinate axes, hence decoupling the kinetic energies along the 

device coordinate axes. In general, however, the principal axes are not aligned to the 

device coordinate axes so the kinetic energies become coupled and the effective-mass 

equation becomes non-trivial. 

 Rahman et.al. in [3.10] discuss an effective way to extract the effective 

masses of the electrons in arbitrarily oriented wafers. This involves unitary transfor-

mation of axes from the device coordinate axes into the crystal axes, finally then into 

the E-k coordinate axes. The effective mass equation is simple in the E-k space and is 

given by 
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and hence the effective mass tensor 

! 

M
E

"1 is a diagonal matrix. This may now be 

transformed into the device axes through a rotation 
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 and the effective mass 

tensor may be found as 
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! 

"
E#D

 may be found for various wafer orientations for the X(

! 

") and L(

! 

") val-

leys. The effective masses for these cases are listed in the Table 3.1. 

 

Table 3. 1: Effective masses in the L and X valleys for different wafer orientations 

3.3 Effect of effective masses on the ballistic drive 

currents 
Effective masses in the length (x), width (y) and thickness (z) direction are cru-

cial for ballistic current operation as they determine the injection velocity and the 

charge induced in the channel. To observe the independent effects of changing the 

effective mass in the x, y and z direction, we consider quantum-ballistic transport 

through four different constant energy surfaces at varying semiconductor film thick-

nesses (

! 

T
S
) (Fig. 3.6). The electron sub-band energies and injection velocities at a 

constant charge boundary condition of 

! 

N
inv

= 

! 

10
13
cm

"2are shown in Fig. 3.7. In the 

thin film regime, the sub-band energy level is strongly dependent on the 

! 

m
Z

 in the 

ladder. The injection velocities for the electrons from the Source into the Channel are 
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proportional to 

! 

m
X

"1. At these boundary conditions, however, even for the same 

! 

m
X

, 

the injection velocity is doubled when 

! 

m
Z

 is reduced by 100X. This is because as the 

quantization mass (

! 

m
Z

) is reduced, for the same charge boundary condition, the quasi-

Fermi level rises up higher to accommodate this charge. This leads to heating of the 

carriers at the source end and hence higher carrier velocity for reduced

! 

m
Z

.  

 

Figure 3. 6: Device structures simulated. x- is the transport direction, z- the direction of 

quantization and y- is in the width direction assumed to be infinite. 

When a voltage boundary condition is used, we find that the advantage of high 

injection velocity is greatly reduced. Reducing the effective masses isotropically 

sharply increases the injection velocity due to a combination of both the effects 

discussed above. The gate capacitance (

! 

CG"eff ), which determines the channel charge, 

is also a strong function of the effective masses. Reducing the mass in the x- and y- 

directions causes a reduction in the DOS available in the various sub-bands and hence 

causes a reduction in the semiconductor capacitance. Reducing the mass in the z-

direction causes an increase in the sub-band energy levels. For strong inversion, the 

entire charge resides in the lowest sub-band level; hence the centroid of the charge is 

at the center of the semiconductor film. The net capacitance hence decreases as the 

film thickness increases. This effect is enhanced as 

! 

m
Z

is decreased.  
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Figure 3. 7: Effect of changing the effective mass on ballistic transport. All plots depict the 

lowest sub-band energy level and the injection velocity for electrons in the quantized conduc-

tion band. All simulations were done for a fixed inversion charge 

! 

N
inv

=1"10
13
cm

#2 . 

Isotropic reduction in the mass in the sub-bands however sharply reduces the 

net gate capacitance due to a reduction in the DOS (Fig. 3.8). This is the major prob-

lem in semiconductors where conduction is in the 

! 

"  valley. Evaluating the ballistic 

current, we find that for the highest drivability, the current should be carried in a 

valley with low 

! 

m
X

 (strongly increased 

! 

vinj), high 

! 

m
Y
 (higher density of states) and 

low 

! 

m
Z

 (higher 

! 

vinj). 

(a) 
(b) 

(c) 
(d) 
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Figure 3. 8: Effective gate capacitance. Change in effective masses causes a change in the sub-

band energy levels and the density of states in those sub-bands. (a), (b) and (c) depict the 

change in the effective gate capacitance in inversion for a change in effective mass in x, z and 

all directions (isotropic). 

3.4 Performance in novel channel materials 

3.4.1 Quantization in thin films 

The high carrier velocities in III-V materials like GaAs, InAs and InSb are due 

to the very low effective mass in the Γ-valley. However, since this is an isotropic 

valley it also has a very low DOS. Hence in moderate or strong inversion, all valleys 

need to be accounted for to get the effective sub-band structure in the thin film.  

(a) (b) 

(c) 
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Figure 3. 9: Electron quantization in thin film III-V semiconductors. GaAs, InAs and InSb 

were chosen as representative III-V materials. The figures represent the sub-band energy 

levels across all valleys in the semiconductor conduction band at a fixed inversion density 

! 

N
inv

=1"10
13
cm

#2  
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Figure 3. 10: Injection velocity. The figures depict the injection velocities in the various 

valleys of the conduction band of the semiconductor as a function of the film thickness for a 

fixed inversion charge density of 

! 

N
inv

=1"10
13
cm

#2 . 

Quantization due to space and/or E-field strongly affects the relative occupation 

of carriers in these valleys. Fig. 3.9 shows the lowest electron sub-band energies and 

the occupation of these levels in the different semiconductors at an inversion charge 

density of 

! 

1"10
13
cm

#2 . As we scale 

! 

T
S
 or induce more inversion charge, the Γ-valley 

energies in all the III-V materials rise up rapidly due to very low 

! 

m
Z

 resulting in most 

of the inversion charge in the thin films moving to the heavier L-valley. The fraction 

of the charge that spills from the Γ- valley into the L-valley is determined by the DOS 

in the L- and the X- valleys and the relative energy separation between the energy 
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minima of these valleys. In the case of GaAs, as the film thickness is reduced, the 

charge spills from the L- into the X- valley. In InAs, however, because of the large 

separation of the Γ- from the L- valley, charge is shared between the valleys as carriers 

are further quantized. Similar effects are seen in the Ge<110> direction [3.11], where 

charge begins to leak into the heavier X-valley from the L-valley at strong quantiza-

tion. Fig. 3.10 shows the injection velocities in the various valleys.  

 

Figure 3. 11: Effect of quantization on drive currents. The figures depict the fraction of the 

current in the 

! 

L  and 

! 

"  as a function of the inversion charge density for a fixed 

! 

T
S

= 5nm  in 

(a) and as a function of film thickness for a fixed inversion charge density of 

! 

N
inv

=1"10
13
cm

#2  in (b) 

Clearly, the advantage of the high injection velocity in the Γ-valley of the III-V 

material is lost if the charge moves into the L-valley. As seen from Fig. 3.11, at large 

inversion densities more than 50% of the current is carried in the L-valley. This 

fraction increases with the extent of quantization. The current in InSb, which exhibits 

the highest electron mobility among all the materials considered, is largely carried 

only in the L-valley in moderate and strong inversion. The L-valley velocities in the 

III-V materials are similar to the L-valleys in Ge. Most of the III-V materials lose the 

advantage of their smaller Γ-valley electron mass and begin to conduct very similar to 

Ge under strong quantization (thin 

! 

T
S
 and/or high 

! 

N
inv

). 
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3.4.2 Drive currents in thin film structures 

 

Figure 3. 12: Short-channel effects. The sub-threshold slope is plotted for the various channel 

materials around a nominal device dimension of 

! 

L
G

=15nm , 

! 

T
S

= 5nm  and 

! 

T
OX

=1nm . 

High mobility materials have higher dielectric constants and hence degraded SCE. 

 

Figure 3. 13: Sample 

! 

I
DS
"V

GS
 characteristics for various channel material DG-MOSFETs for 

fixed dimensions of 

! 

L
G

=15nm , 

! 

T
S

= 5nm  and 

! 

T
OX

=1nm  for a fixed 

! 

V
DD

= 0.7V . 

The high mobility III-V materials typically also have higher dielectric con-

stants than Si and suffer from worse SCE (Fig. 3.12). Hence, a higher 

! 

V
T

 is required 

on these devices to maintain low OFF state currents.  InSb (

! 

"
r
=17) exhibits the worst 

characteristics among the semiconductors considered. Fig. 3.13 shows typical 

! 

I
D
"V

G
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data obtained for nominal devices with matched 

! 

I
OFF

. The poor SCE in InSb is one of 

the main factors for the reduction of its current drivability at nominal gate lengths and 

oxide thicknesses. 

3.4.2.1 Effect of scaling semiconductor film thickness on drive cur-

rents 

 

 

Figure 3. 14: Effect of quantization on drive current. (a) and (b) depict the drive currents as a 

function of film thickness for 

! 

T
OX

=1nm  and 

! 

T
OX

= 0.1nm  for 

! 

L
G

=15nm  and 

! 

V
DD

=1V . 

Similarly, (c) and (d) depict the drive current for 

! 

L
G

= 7nm . 

The ballistic drive currents for 

! 

T
OX

=1nm and 0.1nm are shown in Fig. 3.14. 

Examining the transistors at 

! 

T
OX

=0.1nm, enables us to evaluate the ultimate intrinsic 

(a) (b) 

(c) (d) 
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device performance, where the quantum/semiconductor capacitance dominates and 

SCE are negligible. At the technological limit when 

! 

T
OX

 is scaled to 0.1nm, the III-V 

materials perform better as 

! 

T
S
 is reduced from 10nm to 3nm. At thicker 

! 

T
S
, Ge devices 

have the highest drives because of a higher inversion density due to the larger 

! 

C
DOS

 

the density of states capacitance. In contrast, most of the charge in the III-V materials 

at thick 

! 

T
S
 is present in the Γ- and L- valleys that have a low density of states (DOS). 

InSb performs better than InAs and GaAs at thick 

! 

T
S
, since it has the highest DOS in 

the L-valley among the III-V materials considered. As 

! 

T
S
 is reduced, charge fills the 

heavier X-valley in Ge, causing a reduction in its drive currents. On the other hand, 

reducing 

! 

T
S
 moves the charge from the Γ- valley into the L-valleys in the III-V 

materials.  These L-valleys have lower conductivity effective masses than Ge and 

hence carry higher currents than Ge. The drive current for Si MOSFETs remains 

largely unaffected due to reducing 

! 

T
S
. This is because the 

! 

C
DOS

 reduces as 

! 

T
S
 is 

reduced as charge moves from the four-fold valley into the low DOS two-fold valley.  

Fig. 3.14(b) illustrates drive current scaling at 

! 

L
G

=15nm with an effective 

! 

T
OX

=1nm. At these dimensions, the effect of 

! 

C
DOS

 is reduced and the SCE severely 

impact device performance in the III-V materials. At thick 

! 

T
S
, GaAs MOSFETs have 

the highest drive currents. This is because a significant portion of this drive current in 

GaAs is carried in the very low mass Γ-valley as compared to the InSb or InAs MOS-

FETs. As 

! 

T
S
 is reduced, in the III-V MOSFETs, most of current is carried in the L-

valleys. GaAs has the lightest conductivity effective mass in the L-valley among the 

III-V materials and hence continues to provide higher drive currents than InAs or 

InSb. However, at thin 

! 

T
S
, the charge in GaAs moves into the heavy mass X- valley 

causing a further drop in the drive current. Even though InSb has a larger DOS in the 

L-valley than InAs, these devices have comparable drive currents due to a larger 

contribution to the current in InAs from the Γ-valley. Ge devices continue to exhibit 

higher drive currents due to their low mass L- valley. As 

! 

L
G

 is scaled, the ON charac-
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teristics of the device are completely dominated by the SCE at higher 

! 

T
OX

. Hence, 

even though InAs has lower DOS than InSb, InAs provides a higher drive current due 

to better short channel control. However, at 

! 

T
OX

=0.1, the III-V materials continue to 

provide higher currents due to better transport characteristics of their respective L- 

valleys. 

3.4.2.2 Effect of supply voltage 

! 

V
DD

 scaling on drive currents 

 

Figure 3. 15: Effect of reducing supply voltage. (a) depicts the change in drive current for a 

device with 

! 

L
G

=15nm , 

! 

T
S

= 5nm  and 

! 

T
OX

=1nm . (b) shows the change in drive current for 

the same device but with 

! 

T
OX

= 0.1nm . 

Fig. 3.15(a) and (b) illustrate the effect of scaling the supply voltage on the 

drive current in MOSFETs with 

! 

L
G

=15nm and 

! 

T
S
=5nm. As 

! 

V
DD

 is reduced, less 

charge is induced in the channel reducing the effect of the E-field quantization. Thus 

as the gate fields are lowered the current is increasingly dominated by the charge in 

the Γ-valley of the semiconductor. At 

! 

T
OX

=0.1nm, InSb MOSFETs exhibit highest 

drive currents because of higher DOS in the L-valley which carries most of its current. 

GaAs MOSFETs however, have lower drive currents at higher 

! 

V
DD

 due to larger 

contribution of the heavier X-valley. Ge MOSFETS also perform comparable to the 

III-V MOSFETs because of their higher DOS, which compensates for their lower 

injection velocities at high 

! 

V
DD

. However, the Ge devices lose their advantage at lower 

(a) (b) 
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! 

V
DD

 due to the higher 

! 

V
t
 required to meet the OFF current specs. For thicker 

! 

T
OX

 and 

hence lower inversion charge at a given 

! 

V
DD

, GaAs exhibit highest drive currents 

attributed to firstly, a higher component of Γ-valley current, and secondly due to the 

lower conductivity effective mass in the L-valley. The drive currents in the InAs 

MOSFETs have a higher Γ-valley component and hence are higher than those in InSb 

MOSFETs. Ge MOSFETs have lower drive currents than the III-V MOSFETs due the 

higher conductivity effective mass in the L-valley. 

3.5 Off-State Leakage 

3.5.1 Band-to-band tunneling 

 

Figure 3. 16: Band-to-band tunneling current. Calculated BTBT current for a fixed device 

dimension of 

! 

L
G

=15nm , 

! 

T
OX

= 0.7nm  and 

! 

V
DD

= 0.9V . Increase in the effective band gap 

of Ge due to quantization causes a sharp reduction in the BTBT current as a function of film 

thickness. 

Band-to-band tunneling (BTBT) leakage is very important especially in small 

bandgap (

! 

Eg ) high mobility materials. The BTBT leakage mainly occurs at the drain 

edge of the channel, where because of the high lateral field, the electron and hole 
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wavefunctions in the conduction band and valence band respectively overlap causing a 

high current. This exchange of carriers can occur either between the direct or the 

indirect band gap in these materials. We follow the approach in [3.9] to calculate the 

IBTBT using TAURUSTM PMEI. All the valleys are included, taking into account 

band-gap widening and reduction in the DOS due to quantization. Even though, the 

III-V materials provide for states in the direct band gap, the tunneling currents in the 

III-V materials are substantially reduced because of marked direct band-gap widening 

due to a small quantization mass in the 

! 

" - valley. Similarly, in Ge the energy of the Γ-

valley, which contributes to most of the BTBT current in thick film structures reduces 

sharply in thin films due its sharp Fig. 3.16 illustrates the effect of quantization on Ge 

and GaAs devices. As the III-V films are quantized, the BTBT current becomes 

increasingly dominated by the indirect component of the tunneling. Fig. 3.17 summa-

rizes the relative advantages of III-V materials compared to Si and Ge MOSFETs. 

3.6 Picking the right channel material 

3.6.1 n-Channel MOSFETs 

 

Figure 3. 17: Tradeoff associated with changing channel material – NMOS. 
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The intrinsic delay of the MOSFET 

! 

CG"effVDD ION  is used as a performance 

metric and compared to the BTBT limited OFF state leakage indicative of the static 

power dissipation in the device for a fixed device dimension. All the III-V MOSFETs 

except InSb provide lower intrinsic gate delays than Si and Ge. However, even after 

quantization InSb has substantially high off state leakage that cannot be successfully 

turned off even for modest OFF current specs of 

! 

0.1µA µm . Furthermore, GaAs and 

InAs MOSFETs exhibit a lesser increase in the intrinsic gate delay than Si or Ge 

MOSFETs as 

! 

V
DD

 is scaled, an ideal candidate for low 

! 

V
DD

 applications. This is 

because, as 

! 

V
DD

 is scaled, less charge is induced in the channel, but in the case of 

GaAs and InAs, most of the charge is present in the lighter Γ-valley. However, GaAs 

provides an additional advantage of higher bandgap and hence much reduced BTBT. 

Further material optimization can be made by considering ternary alloys such as 

GaInAs and by using heterostructures in the channel as in [3.112, 3.13]. 

 

Figure 3. 18: Tradeoff associated with changing the channel materials –PMOS. The BTBT 

limited OFF current is plotted against the intrinsic switching speed of the device. (x,y) 

indicates the condition of strain in the channel, where x is the composition of Ge in the 

channel and y is the composition of Ge in the virtual substrate the channel is strained to. 
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3.6.2 p-Channel MOSFETs 

The current workhorse for high performance p-MOSFETs is strained Si chan-

nel. The strain induces a split in the valence band of the Si leading to much reduced 

conductivity effective mass in the valence band leading to higher mobility. However, 

the band gap in strained-Si is much reduced and hence in the DG configuration these 

devices exhibit higher OFF currents. The Si-Ge system provides excellent options for 

PMOSFETs. Ge has one of the highest bulk hole mobility among semiconductors. Ge 

MOSFETs provide much better performance albeit at the cost of high OFF state 

power. Using a biaxial strained Ge epitaxially grown on Si surfaces exhibits much 

better performance. This system exhibits high inversion hole mobility due to carriers 

flowing in Ge, and a reduced OFF current due to quantization induced band gap 

widening. Using a buried channel MOSFET [3.12] provides an additional advantage 

of confining the high surface field during the OFF state in the wider band gap semi-

conductor like Si greatly reduces the BTBT dominated OFF current. 

3.7 Summary 
 The effect of changing the channel material on the performance of ultra-small 

channel length transistors was discussed in this section. In NMOS channels, even 

though, III-V materials have high bulk mobilities, the drive currents in these materials 

are similar to those obtained in Ge. This is because in strong quantization due to either 

space or electric field, the current is limited by the transport properties of the L-valley, 

which has a much higher mass in the transport direction than the 

! 

" -valley. Further 

more, the higher mobility materials have small bandgaps and hence lead to higher 

BTBT limited OFF current in these transistors. Use of tertiary compounds or het-

erostructures in the channel allow for higher switching speeds at much lower OFF 

current or the static power dissipation. 
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Chapter 4 
 

Ge – channel MOSFETs  

  

 

4.1   Introduction  
 

With traditional scaling becoming increasingly difficult to implement, replac-

ing the channel material in CMOSFETs is being investigated to improve the 

performance of these devices. As discussed in the previous chapter, Ge provides an 

excellent option for both n- and p-MOSFETs. Ge has small hole effective mass and 

hence can provide for higher inversion hole mobility. Due to its high DOS, Ge is able 

to support channel charge in its higher mobility valleys even during quantization either 

due to space or electric field making it an attractive material to replace channels for n-

MOSFETs. However replacement of the channel in these devices needs careful 

attention to various aspects of the process to successfully integrate Ge into high 

mobility MOSFETs. The major steps will be reviewed in this chapter including the 

development of a good gate insulator for passivation of the Ge surface and dopant 

activation in these substrates. Transistor results obtained from CMOS runs fabricated 

at the Stanford Nanofabrication Facility will be illustrated.  
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4.2   Gate Stack Development  
As compared to Si, Ge surfaces have a much higher density of states in 

the band gap typically (~

! 

10
14
cm

"2
eV

"1). Ge surfaces also exhibit much higher surface 

recombination velocities. This has been elegantly used in [4.1] to build negative-

differential-resistance (NDR) devices for DRAM applications. It is hence extremely 

critical to understand the passivation of this surface, which is integral for gate insula-

tor as well as for field isolation applications. Traditionally, high-permittivity materials 

experimented on Si have been investigated on Ge surfaces. In the following section a 

summary of various high-k and surface cleaning techniques have been elucidated 

[4.2].  

4.2.1   Status of the high-k Ge interface 

4.2.1.1 Passivation by Nitrogen 

Since the sub-oxides of Ge are volatile at moderately high temperatures (e.g. 

400°C -650°C), in [4.3, 4.4] high-

! 

"  were deposited in an ultra-high vacuum system 

after desorbing these oxides. The microstructure of the high-

! 

"  film deposited on the 

Ge and the electrical properties of the Ge/high-

! 

"  is very sensitive to the surface 

preparation prior to high-

! 

"  dielectric deposition. [4.5]. In this study, the Ge surface 

was wet-cleaned and then 

! 

HfO
2
 was deposited using atomic-layer chemical vapor 

deposition. The 

! 

HfO
2
 was amorphous when grown on Ge surface treated with nitro-

gen in a rapid thermal process at 650°C for 1min. The N-passivated devices exhibited 

much smaller dispersion than the wet-cleaned surfaces. The authors speculate that the 

large dispersion may be due to the 

! 

Ge "Hf  bonding or the interdiffusion at the 

! 

Ge /HfO
2
 interface. The nitridation however causes a larger negative flat band shift, 

which may degrade mobility.  
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Xu et al. in [4.6] studied the effect of nitridation by using wet NO compared to 

NH3 based processes. Low 

! 

D
it
 was achieved in this process that was measured using 

the Terman method and C-V measurements done at 100 kHz. Moderately low inter-

face trap densities of 

! 

6 "10
11
cm

#2
eV

#1 were achieved in this process. However, all 

these capacitors exhibited high gate leakage.  

 

Figure 4. 1: 

! 

Al /Al
2
O
3
/Ge  capacitors with post deposition anneal in O2 at 550°C. [4.4] 

 

 

Figure 4. 2: 

! 

HfO
2
/Ge  capacitors show much worse characteristics after the FGA anneal [4.4] 
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Chen et al in [4.4] presented results of a comprehensive study on surface nitri-

dation which improves the quality of the high-

! 

"  dielctric on the Ge interface. The 

wafers were cleaned with a diluted SC-2 comprising

! 

H
2
O
2
, 

! 

HCl/

! 

H
2
O and DI. Among 

all the high-k dielectrics, 

! 

Al
2
O
3
 showed the best characteristics on Ge surface. Surface 

nitridation at 350°C reduced the hysteresis from ~500mV to ~20mV, while reducing 

the interface trap density from 

! 

1"10
12
cm

#2
eV

#1 to 

! 

4 "10
11
cm

#2
eV

#1. Additionally the 

gate leakage is reduced by three orders of magnitude by nitridation. Post depositions 

anneal done in O2 at 550°C for 30min further improved the characteristics. The 

situation is different at the 

! 

HfO
2
Ge  interface. Direct deposition of 

! 

HfO
2
 on the Ge 

surface forms an interfacial oxide layer at the interface. Larger C-V hysteresis was 

observed in the HfO2 capacitors even after surface nitridation. The 

! 

D
it
 of 

! 

6 " 8 #10
12
cm

"2
eV

"1, an order of magnitude higher than the alumina gated capacitors 

was reported. Also, W was reported to be a better gate metal on the dielectric as 

compared to Al due to the superior characteristics exhibited by the W-gated capaci-

tors. 

4.2.1.2 Passivation by Si 

 

Figure 4. 3: Effect of Si passivation on C-V of MOS capacitors on Ge. SP indicate the Si 

passivated samples whereas SN are surface nitrided ones [4.7] 
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Since the 

! 

D
it
 at the surface of the Ge is attributed to the much higher density 

of surface states in Ge as compared to Si, Wu et al. in [4.7] deposited a thin Si layer on 

the Ge surface (Fig. 4.3). This layer was thin enough so that most of the inversion 

charge is located in Ge but thick enough to reduce the surface states at the MOS 

interface. The Si deposition was done by exposing the HF-last Ge wafers to SiH4 at a 

low pressure of 3mT at 400°C, which results in a few monolayers of Si on the surface. 

This was followed by MOCVD of the HfO2 dielectric and metal gate deposition. 

Decent C-V characteristics were obtained. The devices with Si monolayers (SP) were 

compared with Ge surface treated with NH3 (SN). The Si passivated devices exhibit 

much lower hysteresis and the PMOSFETs made by this method showed higher 

mobility than the N- treated ones.  

4.2.1.3 Passivation by Group VI and Group VII 

One of the hypotheses for the origin of the surface states is the broken bonds at 

the surface of the Ge crystal. Group VI elements like S have more electrons in their 

valence shell, which may be used to eliminate the states caused due to these bonds. 

Anderson et al. in [4.10] show that the bonding peak in Ge 3d peak in the XPS spec-

trum is eliminated in the presence of S, indicating reduced oxidation. This state is 

however not stable at higher temperatures. Cakmak et al. in [4.11] have demonstrated 

using ab-initio simulations that the passivation of the Ge surface improves with the use 

of larger Group VI elements like Te.  
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Figure 4. 4: Effect of S – coverage on reduction of 

! 

D
it

. [4.12] 

 

Frank et al. in [4.12] studied the effect of this passivation on the electrical 

properties of HfO2/Ge capacitors. The authors report that the S-passivation of ~1 or 2 

Langmuirs is impervious to the high-k and metal gate deposition. S- passivated 

capacitors were compared to NH3 treated Ge surfaces, and were found to have lower 

DIT. Furthermore, the flat band voltage measured on the S-passivated capacitors was 

closer to the nitrided ones, leading the authors to hypothesize that S passivation 

generates lesser-fixed charge at the surface (Fig 4.4).  
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Figure 4. 5: XPS spectra of Ge 3d peak during oxidation of Ge surface. (a) clean Ge (111)  (b) 

exposure to 100l of O2 at 250°C (c) oxidation by dipping in 

! 

H
2
O and 

! 

H
2
O
2
 (d) clean Ge 

(111) exposed to air for 6h at room temperature. [4.14] 

For the same reasons as before, Group VII elements, which have much larger 

atomic radii and electronegativity, can be used to enhance the quality of passivation of 

the Ge surface. Halide terminated surfaces have been shown to prevent the oxidation 

of the Ge surface for longer times at elevated temperatures. Gothelid et al. [4.13] have 

demonstrated this by measuring the XPS spectra of surfaces post chemical treatment 

and post exposure to air at various temperatures.  
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4.2.2 Ge oxides and nitrides 

Ge oxides and nitrides have gained much importance over the last few years as 

suitable candidates to serve as interfacial layers between the high-k dielectric and the 

Ge surface. They provide for good passivation of the high density of surface states. 

However it is extremely critical to accurately characterize this interface for its electri-

cal properties to investigate the efficacy for use as an interfacial layer. 

In-depth studies on the chemical nature of the oxides of Ge were reported in 

[4.14,4.15]. The Ge wafers were cleaned in a DI/HF cyclic rinse followed by an 

intentional growth of the oxide in 

! 

H
2
O or 

! 

H
2
O
2
 which was later volatilized in vacuum 

before controlled oxidation studies were done. XPS studies were done to determine the 

chemical bonding in the oxides. At low temperatures like 250°C, 

! 

GeO is the most 

prominent oxide formed. When heated in vacuum this 

! 

GeO volatilizes at 450°C. 

However, in the presence of moisture, 

! 

GeO
2
 is the predominant oxide species. 

! 

GeO
2
 

is formed by in-situ oxidation at temperatures higher than 500°C. Further heating of 

samples in vacuum leads to desorption of the oxide. Conversion of the 

! 

GeO
2
 into 

! 

GeO, a volatile species is suggested as the mechanism. This 

! 

GeO
2
 dissolves in water 

and can be removed by a quick DI water rinse (Fig. 4.5).  

Recently, encouraging work in [4.16, 4.17] has shown that the oxides of Ge 

have excellent passivation properties. 

! 

GeO
x
 films were prepared by irradiating a 

plasma stream with ECR, followed by a sputter deposited silicon nitride film, to 

protect the oxide from hydrating. C-V and G-V measurements were done to estimate 

the nature of the interface traps. Using the Nicollian-Goetzberger method [5.18], the 

authors report a very low mid-gap density of 

! 

6 "10
10
cm

#2
eV

#1 (Fig. 4.6). This was 

obtained by annealing the 

! 

GeO
x
 sample in 4% H2 ambient at 400°C for 30min. An 

exponential dependence of the interface traps with the energy was also reported near 

the mid-gap region of Ge. 
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Figure 4. 6: 

! 

D
it

 measured using conductance method in 

! 

GeO
2
/Ge  samples fabricated using 

ECR plasma. [4.8] 

4.3 Characterization of the MOS interface 
The MOS interface is characterized by two important factors, the fixed charge 

and the interface traps, which determine the quality of the interface and hence influ-

ence the carrier transport near this surface. The fixed charge is assumed to be a sheet 

charge at the interface, which leads to a flat band voltage shift in the C-V measure-

ments across the gate stack. The shift in 

! 

V
FB

 from its ideal value is attributed to the 

fixed charge and hence can be determined by measuring this shift. The interface trap 

density or 

! 

D
it
, which denotes the density of traps within the bandgap of the semicon-

ductor is estimated by primarily two methods, the quasistatic method and the 

conductance method, discussed in detail in the following sections. 
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4.3.1 Low-High Frequency Method 

 

Figure 4. 7: Equivalent circuit for MOS C-V at low frequency. CD is the depletion capacitance, 

CI – the inversion capacitance and CIT the capacitance associated with interface states. 

The low frequency quasistatic is the most common method to estimate the in-

terface state density. The method relies on measurement of the C-V characteristics of 

the gate stack at the two ends of a wide frequency spectrum. The time period of the 

low frequency (LF) oscillations is chosen large so that the interface traps are in 

equilibrium with the measurement frequency. For 

! 

Si /SiO
2
 interface, this corresponds 

to low frequencies of the order of a few Hertz. The interface traps contribute to the 

measured C-V through a parasitic capacitance called CIT parallel to the depletion and 

inversion capacitance in the MOS structure as depicted in the model in Fig.4.7. C-V 

measurements are also performed at very high frequencies, so that the time period of 

the oscillations of the ac- voltage are much shorter than the time constants associated 

with the capture and release of carriers in the interface traps. For 

! 

Si /SiO
2
 interfaces, a 

high frequency (HF) ac modulation at 1MHz is used to this effect. The difference in 

the C-V characteristics between the LF and the HF measurements is used to determine 

the CIT and hence determine the trap density distribution within the band gap of the 

semiconductor. 

From the equivalent circuit shown in the figure,  
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Assuming that 

! 

"C = C
LF
#C

HF
,  

The interface state density may be estimated as, 

! 

Dit =
"C

q
1#

CHF + "C

COX

$ 

% 
& 

' 

( 
) 

#1

1#
CHF

COX

$ 

% 
& 

' 

( 
) 

#1

   

The above equation calculates the interface state density as a function of the 

applied gate voltage. The gate voltage needs to be converted to the surface potential of 

the MOS, which is the position of the surface Fermi level within the band gap. Fol-

lowing [4.18], the surface potential 

! 

"
s
 may be calculated from the LF C-V curve in 

the following way. 

From the charge neutrality condition in the MOS system 

! 

C
OX
dV

G
= C

OX
+ C

IT
"

s( ) + C
S
"

s( )[ ]d"s
 

which gives 

! 

"
s
="

s0
+ dV

G

C
OX

C
OX

+ C
IT

+ C
SVG 0

VG

#  where 

! 

"
s
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! 

V
G

=V
G0
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! 
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Figure 4. 8: equivalent circuit of the MOS for conductance measurements. The components in 

red are the equivalent circuit for the capacitor in inversion. [4.18]. 

4.3.2 Conductance Method 

In this method, interface trap levels are detected through the loss in ac power 

resulting from changes in their occupancy produced by small variations of the gate 

voltage. Majority carriers are captured or emitted, changing occupancy of the trap 

levels in the small energy level centered about the Fermi level. This capture and 

emission causes an energy loss observed at all frequencies except the very lowest and 

highest frequency.  

This energy loss is measured as an equivalent parallel conductance. In addition 

to this, the captured electron may spend finite time within the level leading to the 

capacitance corresponding to these traps referred to as CIT. At any given ac frequency 

on the ac gate, this loss depends both on the speed of response of the interface traps, 

determined by their capture probability, and on the interface trap level density near the 

Fermi level at the surface. The figure depicts the equivalent circuit associated with a 

single trap level at the interface. 

! 

C
T
, 

! 

G
n
 and 

! 

Gp  denote the capacitance associated 

with the trap, the capture and emission rates to and from this level. When the MOS is 

measured in depletion, the minority carrier response is neglected when compared to 
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the majority carrier one and the circuit is simplified greatly. The components of the 

measured admittance can be expressed as 

! 

G
P

"
= C

T
"# 1+ "#( )

2[ ]
$1

 

and 

! 

C
P

= C
T
1+ "#( )

2[ ]
$1

+ C
D

 

where 

! 

" =
C
T

G
n

 

Plotting these components as a function of frequency it is observed that the 

conductance is maximum when 

! 

"# =1.  

 

Figure 4. 9: conductance measurements for Si/SiO2 capacitors. Measured 

! 

D
it

=1.8 "10
9
cm

#2
eV

#1 [4.19] 

With a distribution of such single level traps within the band gap of the semi-

conductor, the equivalent circuit associated may be assumed to be a parallel 

combination of the single trap level case and by converting the summations into 

integrals the following relationships are obtained for the MOS capacitor biased in 

depletion. (Fig. 4.8) 

! 

C
P
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D

+ C
IT
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$1 "#
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! 
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= C
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n( )
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the conductance is now maximum when 

! 

"#
n

=1.98. The interface trap density 

hence provides for a direct measurement of the interface state density as well as the 

time constants associated with those trap levels. The above equations get modified 

further if surface modulation in the potential is assumed. This leads to a flattening of 

the 

! 

G
P
"  curves. Hence the extraction needs to be done carefully after considering all 

these factors.  

4.4 Bulk Ge- Transistors 

4.4.1 Process Flow 

N- and P- 4” Ge substrates from UMICORETM were used as starting materials. 

Ge is highly reactive with solutions containing strong oxidizing agents like 

! 

H
2
O
2
 and 

! 

H
2
SO

4
. Hence standard RCA clean could not be used for these substrates. A modified 

pre-diffusion clean was used for these substrates. This involved removal of surface 

organics by washing the wafers in PRS-1000 at 45°C for 10min followed by DI water 

dump rinse and a spin dry. The native oxides of Ge were removed by dipping the 

wafers in DI water. The sub-oxides however, which cannot be removed in DI water 

were etched by dipping the wafers in 2% HF solution for 30sec. A cyclic clean involv-

ing treating the wafers with DI water and 2% HF successively was employed to 

remove most of the oxides on the surface. The wafers were then immediately loaded in 

the AG4108 Heatpulse system for oxynitridation. This process was accomplished in 

two steps, first a short oxidation of the Ge at 600°C for 5sec in dry 

! 

O
2
 followed by 

along purge of the system in N2. This was followed by a nitriding step accomplished 

by soaking the wafers in an NH3 environment at 600°C for 3min. The analysis of this 

interface is presented in the next section. The wafers were then loaded into a CVD 

system to deposit low temperature SiO2 that was realized by reacting SiH4 and O2 at 
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400°C. Active area lithography was done in an Ultratech 1:1 Stepper. The field stack 

was then etched in a 20:1 Buffered Oxide Etch solution. Resist was stripped in an O2 

plasma followed by a wet strip in a PRX-127 bath at 45°C for 10min. The modified 

pre-diffusion clean was done again on these wafers followed by the oxynitridation to 

form the gate interface. A capping low temperature SiO2 was used to reduce the 

leakage at the gate electrode. This oxide was deposited at a slightly higher temperature 

of 450°C and a reduced pressure of 200mT. Poly-SiGe was employed as the gate 

electrode. Poly-SiGe can be deposited at much lower temperatures of 400-450°C 

compared to poly-Si, which is typically deposited at 600-650°C. It was observed 

elsewhere, that the 

! 

GeOxNy  begins to desorb at temperatures higher than 650°C. SiH4 

and GeH4 were used as source gases for the gate deposition, which was done at 400°C 

and 400mT to obtain Si0.4Ge0.6. The gate was patterned and etched in a Cl2-HBr 

chemistry in an Applied Materials P5000 system. The Cl2-HBr chemistry was chosen 

to achieve high anisotropy on the gate etch and to achieve better selectivity between 

the poly SiGe and the SiO2. After stripping the resist, Source/Drain implants were 

done. P31 and BF2 were chosen as the implant species with a dose of 

! 

4 "10
15
cm

#2  and 

implant energies of 35keV and 50keV respectively. The dopants were activated in a 

tube furnace in a N2 environment at 500°C for 45min. Low-Temperature SiO2 was 

again used as a backend insulator. The contact holes were patterned and etched in a 

20:1 BOE solution. 500nm of Al was used as a contact metal. Ti was used as an 

interfacial material to remove any native oxide, which may be present at the interface. 

The Al was patterned and etched in wet chemistry of H3PO4, HNO3 at 45°C for 2min. 

Finally; the wafers were annealed in a 4% H2 environment at 300°C for 45min.  
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4.4.2 Materials and Electrical Characterization of the interface 

4.4.2.1 Materials Characterization 

Angle-resolved x-ray photoemission spectroscopy (AR-XPS) was used to 

study the nitrogen incorporation in the oxynitride film grown. The XPS spectrum was 

peak fitted around the N1s and the O 1s binding energies. The signal counts were 

normalized to the sensitivity factors of the corresponding elements. Fig. 4.10 plots the 

amount of nitrogen incorporated which was estimated by normalizing the area under 

the fitted peak at the N 1s, to the sum of the areas fitted under the N 1s, O 1s, Ge 3d 

and the C 2p peak. The C peak is observed due to the adsorption of C from the atmos-

phere during transport and loading of the sample. As the sample is tilted, the XPS 

spectrum samples sections of the film closer to the interface. A peak intensity of 17% 

N was observed at the interface compared to a 62% composition of O.  Fig. 4.10 plots 

the relative concentration of the oxygen and the nitrogen obtained in the oxynitride 

film as a function of the O2 partial pressure used. 

 

Figure 4. 10: Relative composition of the 

! 

GeOxNy  film near the interface for varying partial 

pressure of O2 at 600°C. 
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4.4.2.2 Electrical Characterization 

As discussed before, the MOS C-V characteristics of the gate stack were 

measured using a HP4275A LCR meter. Fig 4.11 shows the typical C-V characteris-

tics obtained on the n- and p- type Ge substrates. These measurements were corrected 

for series resistance effects. Reduction of measured capacitance in accumulation was 

observed due to the low doping in the substrates used. For a gate voltage sweep of 4V 

a minimal hysteresis of 20mV was observed in the measured C-V characteristics 

indicating that the interface did not exhibit any significant trapping and detrapping of 

charge. FGA anneal reduces the gate leakage measured. This may be attributed to the 

reduction of pinholes in the film as compared to the as-grown oxynitride. No humps 

due to interface traps were observed in the C-V at lower frequencies indicating that the 

interface quality is better than those reported before [4.21]. The inversion capacitance 

at lower frequencies was measured to be equal to the oxide capacitance. This was 

attributed to the high generation rate of the inversion carriers in the lightly doped Ge 

substrate. This effect disappeared when the measurements were performed at lower 

temperatures around 250K. 
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Figure 4. 11: Measured C-V on 

! 

GeOxNy /Ge  capacitors at 250K. 

Quasistatic measuremenst were also performed on these samples. This in-

volves applying a varying DC bias from inversion to accumulation at a slow rate. 

Measurement of the current at these conditions is used to determine the low-frequency 

capacitance of the structure. 

! 

CLF =
Ig

dVg

dt

 

 It is assumed that the rate of change of the gate voltage is slow so that all the 

interface traps are in equilibrium with the gate voltage.  

The interface trap density at the oxynitride-Ge interface was then estimated us-

ing the LF-HF method. The results of this analysis are shown in Fig. 4.12. Since this 

method relies on the difference in two measured capacitances, the LF and the HF 

which are significant in weak accumulation and depletion. Low interface trap density 

of 

! 

" 3#10
11
cm

$2
eV

$1 was extracted in the mid-gap region in both the substrates.  
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Figure 4. 12: 

! 

D
it

 measured using quasi-static measurements for both PMOS and NMOS 

surfaces. 

Interface trap characteristics were also measured using the conductance 

method described previously to corroborate the results obtained from the LF-HF 

analysis. Recalling from the previous section, for the conductance model to be used, in 

depletion the effective resistance for the carriers to the minority band must be very 

high. In this experiment, the Ge substrates were lightly doped and intrinsically have a 

smaller bandgap, leading to very high generation recombination rates for carriers, 

which may be modeled as smaller resistance to the minority band. Due to this reason, 

the model is valid only in a small part of the bandgap. Furthermore, the G-V meas-

urements were done at low temperatures, so that the conductance measured then may 

be reliably ascribed to the interface traps. By measuring the G-V characteristics across 

various temperatures, the interface trap density across the entire bandgap may be 

estimated.  
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Figure 4. 13: Conductance measurements done at 

! 

GeOxNy /Ge  interface at 250K 

 

Figure 4. 14:  

! 

D
it

 extracted with conductance methods (red) contrasted with the LF-HF 

method. 

Fig. 4.13 shows the 

! 

G
P
" #"  characteristics obtained by performing G-V 

measurements on the samples. An interface trap density of 

! 

" 4 #10
11
cm

$2
eV

$1 was 

extracted at mid-gap with a 

! 

" = 0.48ms. Fig. 4.14 compares the trap density extracted 

with G-V method with the quasistatic method. Good agreement between the two 

methods is obtained validating the interface trap density and suggests that the oxides 

and oxy-nitrides provide for good passivation of the high surface states on a Ge 

surface.  
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Figure 4. 15: Measured output characteristics of the PMOS and NMOS respectively 

 

Figure 4. 16: Measured transfer characteristics of the PMOS and NMOS. The red curves are 

the current measured at the source terminal while the black is the drain current. 

4.4.3 Transistor Characterization 

From the C-V measurement EOT of 15nm and 18nm were obtained on the n- 

(PMOS) and p- (NMOS) substrates respectively. Transistors of gate lengths and 

widths varying from 

! 

100µm  to 

! 

2µm  were fabricated. Fig 4.15 and 4.16 show typical 

output characteristics (

! 

I
DS
"V

DS
) and transfer characteristics (

! 

I
DS
"V

GS
) of the PMOS 

and the NMOS transistors fabricated respectively.  

As observed from the transistor characteristics, the drain current is substan-

tially higher than the drain current during OFF state. This is attributed to the band-to-
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band tunneling current discussed in Chapter 3 at the high field region near the drain 

region. The high field effects in the NMOS are much reduced and will be discussed in 

the next section.  

 

Figure 4. 17: Split C-V data and the extracted inversion hole mobility in GeOxNy/Ge transis-

tors. 

Split C-V measurements were used to measure the mobility of the inversion 

carriers at the surface. Fig. 4.17-18 show the split C-V measurements done on the 

PMOS and NMOS for a small drain bias of 50mV.  2-3X improvement was obtained 

in the hole mobility in Ge as compared to the universal mobility in Si. The mobility of 

electrons in the Ge however is shown to be on the order of the universal mobility of 

electrons in Si. This discrepancy has been reported by other authors too in [4.2]. Many 

reasons have been suggested as the cause for this degradation in the electron mobility; 

however, there has been no conclusive evidence to justify any claim. Some of them 

are 
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Figure 4. 18: Split C-V measurements done on large area NMOS transistors.  Due to poor n+ 

S/D formation, the measurements needed to be corrected for series resistance. Extracted 

electron mobility is plotted in (c). 

 

1. Asymmetric density of states within the Ge bandgap – Presence of higher den-

sity of traps near the conduction band as compared to the valence band, which 

leads to more trapped charge and hence lower mobility for electrons as op-

posed to holes in inversion. [4.21] 

2. P-type dopant diffusion: Ga is used as a dopant in the Cz-grown p-Ge wafers. 

The Ga may diffuse to the interface and trap charge there or reduce mobility 

due to impurity scattering. [4.20] 
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3. Lower barriers with the gate dielectric: The barrier heights between the con-

duction bands of 

! 

GeOxNy  and Ge are much lesser than the corresponding 

barrier height at the 

! 

Si /SiO
2
 interface. This leads to larger dependence on sur-

face parameters and fixed charge within the dielectric, which leads to lower 

mobility. 

4.4.4 Source/Drain Characteristics 

 

Figure 4. 19: Rectifying characteristics of the p+/n and the n+/p junctions in the PMOS and 

NMOS respectively. High reverse bias leakage observed in the n+/p junction. 

 

Fig. 4.19 depicts the diode characteristics of the S/D junction in the PMOS and 

the NMOS. The diffusion current in the n+-p junction was much higher indicating that 

the implant defects are not completely annealed on the sample. By measuring the 

effective drive current in the MOSFETs, both n- and p- as a function of the gate 

lengths, the sheet resistances in the S/D regions were calculated. The p+ S/D sheet 

resistance was calculated to be 

! 

10" sq  whereas that in the n+ S/D regions was 

calculate to be 

! 

30" sq. Two different anneal conditions were used to study the effect 

of n+ activation. Increasing the anneal temperature to 600°C leads to halving the sheet 

resistivity in the S/D (Fig. 4.20).  
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4.4.5 Reason for higher OFF current in the NMOS 

 

Figure 4. 20: Extracted sheet resistance for the n+ S/D region in the NMOS as a function of 

activation anneal temperature. 

When transfer characteristics were measured over various channel lengths and 

widths, it was observed that the substrate currents were negligible in the NMOS 

indicating that a parasitic path exists for the electrons from the drain to the source. 

This can be attributed to a “bulk DIBL” on the lightly doped p-Ge substrate. This may 

be caused due to bulk defects in the Ge crystal formed during the high temperature-

processing step. This effect can be mitigated, by doping the substrate suitably so that 

the depletion region extends beyond these defects. These parasitic effects, however do 

not affect the extracted parameters from the measured device characteristics, since the 

error attributed to this current is less than 5% at strong inversion. 

4.4.6 Effect of surface orientation on carrier mobility 

 NMOS and PMOS transistors using a similar process as described in Section 

4.4.1 were also fabricated on lightly doped p- and n- type Ge (111) substrates. Good 

output and transfer characteristics were obtained. Fig. 4.21 plots the inversion mobility 

for both electrons and holes and contrasts them to the mobility obtained on (100) 

oriented substrates. No difference in the measured mobility was observed in holes but 
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much reduced electron mobility at high inversion charge was obtained when measured 

at room temperature. This indicated that the inversion mobility in the channel of these 

Ge transistors was limited by the surface roughness. However, further information 

may be obtained if the mobility was measured at low temperature where the carrier 

transport is not phonon limited.  

 

Figure 4. 21: Inversion electron and hole mobility on (111) Ge substrates contrasted to Ge 

(100) substrates. 

4.6 Summary 
Excellent PMOS and NMOS transistor operation was demonstrated by using a 

! 

GeOxNy  layer to passivate the high density of interface states associated with cleaved 

Ge surfaces. Low temperature C-V and G-V measurements were done on capacitors to 

extract a low interface trap density of 

! 

4 " 5 #10
11
cm

"2
eV

"1.  High inversion carrier 

mobilities were obtained for both electrons and holes at these surfaces. A ~2.5X 

improvement in hole mobility over universal Si mobility was obtained.  High electron 

mobility was achieved too albeit less than universal Si, nevertheless the highest 

reported so far. The effect of surface orientation on the carrier mobility was also 

studied.  
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Chapter 5 
 

Schottky Source/Drain Ge – channel p- 

MOSFETs 

  

 

5.1   Introduction  
The 2006 ITRS edition [5.1] identifies that the parasitic resistance in the S/D 

regions of the conventional MOSFET as the primary problem of the non-scaling of 

drive currents in transistor scaling. Various methods have been studied over the last 

several years to mitigate the effects of this parasitic resistance. Replacing the S/D 

regions of transistors with metals has been suggested as one of the techniques, which 

might help reduce this effect. Y. Nishi in Japan and S. Sze in the USA invented the 

Metal S/D MOSFET in 1968. [5.2-3] Use of the metal S/D offers additional advan-

tages of low-temperature processing for S/D formation, elimination of the parasitic 

bipolar action and inherent physical scalability of the gate lengths due to the abrupt 

silicide-silicon interface. 
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5.2 Schottky Barrier (SB) MOS – Device Operation 

 

Figure 5. 1: Schematic of the SB-MOS illustrating several key parameters [5.2] 

 

Figure 5. 2: Qualitative surface (s) and sub-surface (SS) band diagrams in a SBMOS (a) and a 

conventional doped S/D PMOS (b) [5.4]. 
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In its simplest form the SBMOS is depicted in Figure 5.1 with the metal silicide 

completely replacing the conventional impurity-doped S/D electrodes. The atomically 

abrupt metal silicide extend laterally proximal to the gate electrode. The basic operat-

ing principles of a SB-PMOS device with a finite Schottky barrier (SB) are compared 

with that of a conventional PMOS in figure 5.2. The band diagrams for the SB-NMOS 

are mirror images of those shown in figure. For the SB-PMOS, the emitted current 

density at the source is a sum of the current emission over the barrier (

! 

J
th

) and the 

emission through the barrier (thermionic field emission 

! 

J fe ). From classical emission 

theory, 

! 

Jth = A
"
T
2
exp #

q$b
kT

% 

& 
' 

( 

) 
* exp

qV

kT

% 

& 
' 

( 

) 
* #1

+ 
, 
- 

. 
/ 
0 

 

where 

! 

A
" is the Richardson constant, 

! 

T  is temperature, 

! 

"
b
 the Schottky barrier 

height and 

! 

V is the applied bias. The field emission is a complicated model and 

involves accurate calculation of the e-fields in the region near the source. The band 

profile of the region near the source at high fields may be modeled as a triangular 

barrier. [5.11] 

 

Figure 5. 3: Simulated current density at the triangular barrier at the Source-Channel end of a 

SBMOS inversion layer. Drive currents drop exponentially with increase in the barrier height 

at the source junction [5.11] 
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Fig. 5.3 shows the 

! 

J fe  as a function of the electric field and barrier height. This 

result explains the sensitivity of the ON-state performance to the barrier height and 

highlighting the need to achieve low barriers on the metal-semiconductor interface. 

The OFF current in a bulk SB-MOSFET is largely limited by the thermionic emission 

current across the large S/D area in the structure. Use of thin body structures reduces 

the effective source/drain area and hence can reduce the off leakage. 

SBCMOS circuits require complementary performing SB-NMOS and SB-

PMOS devices. Either using a mid-gap silicide or using complementary silicides 

accomplishes this. The mid-gap devices usually suffer from low saturation currents in 

both the n- and the p- MOS and high OFF state current due to high GIDL. In the case 

of Si, 

! 

PtSi  gives low barrier heights of ~0.15-0.27eV to the valence band [5.5], 

whereas the rare earth metal silicides like 

! 

ErSi
x
 and 

! 

YbSi
x
 form low barrier heights of 

~0.27-0.36eV to the Si conduction band. [5.6, 5.7, 5.8] 

 
Figure 5. 4: Transfer Characteristics of PtSi-PMOS (a) and YbSi- NMOS (b) Schottky 

Source/Drain transistors. [5.4][5.6] 
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Figure 5. 5: Profile of the lowest sub-band in thin film quantized structures for barrier heights 

of 0.1eV, 0eV and -46meV. The barrier height at the source-channel junction is increased 

from -46meV to 0meV due to quantization in (c). [5.9] 

 

When ballistic transport in the channel is considered in a double gate structure, 

the tunnel barrier at the metal-semiconductor interface limits the ON current in SB-

MOSFETs with positive SB heights. The effective SB height in thin-body SOI is 

(c) 
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higher than that of the bulk case due to quantum confinement in the direction normal 

to the channel. However, it was noted that even when the SB height is zero, tunneling 

from the source still limits the current in the SB-MOSFETs. [5.9] Fig 5.5 shows the 

band diagram in the confined structures for three SB at the source 0.1eV, 0eV and -

46meV at which point the barrier height is increased to zero because of quantization in 

the channel, as the gate is biased from OFF state into strong inversion. 

 

Figure 5. 6: Device structures compared in [5.10] to study the efficacy of replacing doped 

semiconductor regions with metal for sub-20nm nodes and beyond. 

Since intrinsically the SB device will perform better only with a negative bar-

rier at the source, practical limits were now imposed on the design of conventional 

S/D MOSFETs and the advantages of the SB in the S/D was studied in [5.10]. Fig. 5.6 

exhibits the different device architectures that were compared. Fully flared S/D 

regions were assumed heavily doped to 

! 

2 "10
20
cm

#3  with a wrapped around contact 

with a specific contact resistivity of 

! 

1"10
#8
$cm

#2 . The off current is limited by the 

tunneling of holes at the drain end of the channel, which is more at the surface than at 

the bulk. Hence the OFF current does not decrease drastically with changing the film 

thickness. The 

! 

I
ON

 and 

! 

I
OFF

 are less sensitive to changes in the film thickness in the 

metal S/D case as opposed to the conventional one. To effectively compare the two 

device structures, Xiong et al., compare the performance advantages based on a fixed 
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set of design rules and minimum fringing capacitance. Fig. 5.7 plots the minimum 

barrier height required at the metal-semiconductor junction for the SB device to 

perform better than a conventional doped device with similar body thickness. From the 

figure, it is clear that barrier height of ~100meV would be required at sub-25nm gate 

dimensions in Si for the SB devices to be competitive to the conventional doped S/D 

devices.  

 

Figure 5. 7: Performance comparison between doped S/D and SB-MOSFETs. The filled 

circles indicate the maximum BH that can be tolerated at the source-channel junction below, 

which the SB-MOSFETs performs better than the doped S/D device for the same film thick-

ness. [5.10] 

5.3 The Metal-Semiconductor Junction   
Almost all metal-semiconductor contacts exhibit rectifying behavior, which 

was explained by Schottky in 1938 by a depletion layer at the semiconductor side of 

the junction. The band lineup between the materials at the interface leads to a finite 

barrier height at the majority band. Bardeen [5.12] first realized the existence of 

surface states within the bandgap of the semiconductor at an abrupt and defect free 
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Schottky contact. At clean metal interfaces, the wavefunctions of the electrons expo-

nentially decay into the vacuum. Replacing the vacuum with a dielectric- the 

semiconductor in this case, the wavefunctions becomes more complicated. The tails of 

the metal workfunctions into the semiconductor decay into the semiconductor and 

induce states within the bandgap and are referred to as Metal-Induced Gap States 

(MIGS), an intrinsic property of the semiconductor.  

 

Figure 5. 8 types of states at the Schottky interface (1) bulk-like states in both materials (2) 

semiconductor states decaying into metal (3) localized interface states (4) Metal states 

decaying into the semiconductor. [5.13] 

 

Figure 5. 9: Barrier height pinning at laterally homogenous silicide-Si Schottky barriers [5.13] 



Section:  5.3 The Metal-Semiconductor Junction       

103 

The precise position of the Fermi level within the bandgap and thus the barrier 

height depends on the occupation of the continuum of these states. The charge transfer 

across the interface is driven by the difference in the electro negativities between the 

metal and the semiconductor. Assuming, a uniform density of states within the band-

gap, the net charge in the MIGS may be expressed as, 

! 

Qgs

mi = qDgs

mi
"Bn #"bp

n( ) 

where 

! 

"
Bn

 is the SB height. Since the charge transfer at the interface depends 

on the electro negativity difference between the metal and the semiconductor, if the 

difference is zero, then the barrier height will be determined by the branch point in the 

MIGS that is represented as 

! 

"bp

n  also referred to as the charge-neutrality level (CNL) 

[5.13]. Fig 5.8 attached shows the charge transfer and the observed relationship of the 

barrier height varying as a function of the electro negativity difference is plotted in Fig 

5.9. This chemical trend can be expressed as 

! 

"bn ="bp

n + SX #m $ # s( )  

Similarly for the barrier height to holes, 

! 

"bp ="bp

p
# SX $m # $ s( )  

where 

! 

S
X

, the slope parameter that is given by 

! 

S
X

= d"
bn
d#

m
 

both of which are characteristics of the semiconductor. The slope parameters are 

determined by the dielectric constant, the width of the interfacial layer and the density 

of the MIGS at their charge neutrality level (CNL). The thickness of the interfacial 

layer may be approximated as the decay length of the MIG states at the CNL. Since 

the MIG state density depends on the bandgap of the semiconductor, reducing the 

band gap leads to reduction of the slope parameter i.e. insensitivity of the SB height to 

the electro negativity difference [5.13]. 

Adatoms at the semiconductor interface may induce surface states within the 

bandgap of the semiconductor [5.13]. Defects if any present at the interface may 
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become charged and would hence affect the charge neutrality condition at the interface 

leading to a break in the continuum of the MIGS.  

5.3.1 Methods of engineering BH 

Various methods have been discussed to engineer the interface of the semicon-

ductors so that the pinning of the Fermi level at the surface is reduced. Hence smaller 

SBH may be achieved on the semiconductor by using metals with appropriate electro 

negativity. 

5.3.1.1 Interfacial Layer 

 

Figure 5. 10: Barrier heights engineering with a nitride interfacial layer [5.14]. 

Sobolewski et al. in [5.14] have been able to achieve reduced SB heights by 

using thin interfacial layers of silicon nitride between the metal and Si. The BH on n-

type Si increases with nitride thickness. The authors attribute it to increased fixed 
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charge in the films. Connelly et al. in [5.15] observed that it is easier to vary the SB 

height by varying the electronegativity of the metal at the metal-

! 

Si
3
N
4
-Si contacts as 

opposed to metal-Si contacts. As discussed before this has been attributed to the 

reduction in the pining effect due to the increase in the bandgap of the interface from 

Si to SiO2. Hence by optimizing the thickness of the insulator at the interface, the 

tunneling resistance across the insulator can be traded with the increase in the field 

emission at the SB due to the reduction in the SBH.  

 

Figure 5. 11: Measured Al contacts on n+ Si show a clear minimum. As interfacial treatment 

is increased, resistance drops sharply as the gap states are blocked and the Fermi level is 

liberated. A further increase in the interfacial thickness, however, results in increased resis-

tance due to blocking of free carriers. [5.15] 

5.3.1.2 Adatom Passivation 

Ab-initio simulations done on Si and Ge surfaces by various authors [5.13] in-

dicate the existence of surface states within the bandgap at the surface. Broken bonds 

at the surface can be used to explain the surface states at the surface. When larger 

elements with more valence electrons may be adsorbed on the surface, then they are 

able to satisfy the dangling bonds and hence reduce the surface states on the surface. 

Large group VI atoms like Se and Te have been shown to effectively reduce the 

surface states. Tao and co-workers [5.16] have shown that these adsorbents continue 
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to “unpin” the SBH at Schottky contacts. Fig 5.12 shows the change in the BH with 

the coverage of the Se at an Mg/n-Si Schottky interface.  

 

Figure 5. 12: Measured I-V characteristics at the Mg/n-Si contact with a passivating Se layer 

followed by an anneal in N2 for 30s. [5.16] 

5.3.2 Experiments 

To investigate technologies to achieve Schottky contacts on Ge, we need to 

characterize the barrier heights of metals on Ge. Lightly doped n- and p- type sub-

strates (~

! 

10
14
"10

15
cm

"3) were used for the experiments. A stack of RTP 

! 

GeOxNy  

described in the Chapter 4 and CVD 

! 

SiO
2
 deposited at 400°C was used for field 

isolation. After the field areas were patterned, the LTO and the 

! 

GeOxNy  was etched in 

a 20:1 Buffered Oxide Etch solution. The resist was then removed in an oxygen 

plasma followed by a wet etch in PRX-127. The wafers were then cleaned in a 2% 

solution of HF and DI and then loaded in an evaporation chamber and pumped down 

to a base pressure of 

! 

2 " 3#10
"7
Torr  after which the metals were evaporated. This 

was followed by metal lithography. Nitrogen anneals were then performed on these 

samples. I-V and C-V measurements were done to estimate the SBH on Ge. 
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Figure 5. 13: Measured I-V characteristics at the NiGe/Ge Schottky diodes on lightly doped n- 

and p- Ge substrates 

Fig 5.13 shows the I-V data measured across Schottky contacts of Ni to n- and 

p- Ge. NiGe forms a near ohmic contact to p-Ge whereas excellent rectifying charac-

teristics are obtained to n-Ge. This suggests that the barrier height of NiGe to Ge may 

be closer to the valence band than to the conduction band in Ge. Recalling the expres-

sion for thermionic emission over the top of the barrier at a Schottky contact, 

! 

Jth = A
"
T
2
exp #

q$b
kT
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where 

! 

"
n
 is the SBH to the conduction band and 

! 

V is the applied voltage across the 

Schottky diode. The plot of  

! 

ln
J
0

T
2

" 
# 
$ 

% 
& 
' with 

! 

1
T

 is a straight line from which the barrier 

height may be estimated. Furthermore, by measuring the I-V characteristics of the 

diodes at different temperatures, the BH may be estimated along with the pre-

exponential constant, the effective Richardson constant. Fig 5.14 shows the extraction 

of the SBH by measuring the I-V for a particular set of devices. An effective 

! 

"
Bn

= 0.56eV  was extracted from the fit. C-V data was also used to confirm the BH 

obtained from the J-V analysis. 
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Figure 5. 14: I-V characteristics at the NiGe/n-Ge at various temperatures (a). The Arhennius 

relation for thermionic emission is plotted and the barrier height is calculated from the slope of 

graph in (b) 

 

Figure 5. 15: Measured I-V characteristics at the NiGe/n-Ge Schottky diode and the XRD 

spectrum associated with the germanides formed for various annealing temperatures 

The effect of anneals on the SBH of NiGe on n-Ge were also studied, Fig. 5.14 

shows the XRD data from the analysis of the NiGe samples fabricated [5.17]. It is 

clear from the XRD data that the NiGe is preferentially formed when the Schottky 

contact is annealed at higher temperatures. The I-V characteristics of diodes from the 
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various samples are shown in Fig 5.15. As observed from this figure, an RTA at 

400°C for 2min was sufficient to form the NiGe phase that gives low BH to the Ge 

valence band and hence may prove as a suitable candidate for Schottky S/D PMOS on 

Ge. 

Other metals like Ti and Co were also deposited on the Ge wafers and Schot-

tky diodes were formed. Fig. 5.16 shows the I-V characteristics of the different metal 

Schottky contacts on n-Ge. It is found that good rectifying characteristics on n-Ge 

were obtained in all cases. The extracted SBH are plotted as a function of the vacuum 

electron work function of the metals in [5.18]. From Fig 5.17, it is apparent that the 

pinning effect is more severe on the Ge surface than the Si surface. However, the CNL 

is placed at around 50meV above the valence band in Ge. Thus it is possible to obtain 

BH less than 100meV for holes in Ge making the SB on Ge a competitive technology 

to regular doped S/D transistors. Similar results were shown in [5.18]. Since 

! 

NiSi  is 

the silicide material used in standard CMOS technology, technology for NiGe was 

developed for use as Schottky S/D in Ge PMOS. 

 

Figure 5. 16: Measured I-V characteristics at CoGe/Ge and TiGe/Ge Schottky diodes on n- 

and p- Ge. Rectifying characteristics observed on n-type Ge. Ohmic characteristics observed 

on lightly doped p-type Ge 
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Figure 5. 17: Fermi level pinning at the Metal-Ge interface. The CNL at the Ge surface is 

~50meV away from the valence band. A pinning factor of 0.05 is measured from the above 

graph. [5.18] 

5.4 Schottky S/D Ge PMOS 

5.4.1 Process Flow 

The process flow was similar to the Ge CMOS flow discussed in Section 4.4.1. 

After the gate stack was etched, 50-100nm LTO spacers were formed around the gate 

to isolate the gate from the S/D germanides after its formation. 100nm of Ni was then 

sputtered on the wafers in an SCT Sputter system in Ar plasma at a base pressure of 

! 

3.5 "10
#7
Torr . The wafers were then immediately loaded in the AG4108 RTP system 

and were annealed to 450°C in 

! 

N
2
 to form the NiGe. Typically when forming 

! 

NiSi  in 

the S/D, unreacted Ni is etched in a highly oxidizing environment of 

! 

H
2
SO

4
/H

2
O
2
 at 

120°C. However, this would etch the Ge rapidly, hence concentrated 

! 

HCl  was used to 

etch the unreacted Ni from the Ge substrates. CVD 

! 

SiO
2
 was used as an interlayer 

dielectric, which was deposited at 300°C to minimize the diffusion of Ni in the Ge 
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substrates. Al was used for metallization followed by an FGA at 300°C for 30min. A 

schematic of the final device obtained is shown in Fig. 5.18. 

 

Figure 5. 18: Schematic of the bulk Ge Schottky S/D transistor 

5.4.2 Device Results 

 

Figure 5. 19: Measured output characteristics of the NiGe Schottky S/D bulk Ge transistor. 

Red and blue are for source and drain currents respectively. 

Good working Ge Schottky S/D transistors were obtained on bulk Ge wafers. 

The transfer and the output characteristics of a typical device are shown in Fig.5.19 

and 5.20 (a) It should be noted that the 

! 

I
DS
"V

DS
characteristics do not exhibit the 

conventional Schottky turn on in the linear region, indicating that a low barrier height 
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to the minority carrier band was obtained. The OFF state current in these transistors 

was substantially higher than devices with doped S/D regions. The OFF current in this 

case is limited by the thermionic emission over the barrier to the substrate and deter-

mined by the area of the S/D regions. Reducing the S/D area led to reduction in the 

OFF current. The substrate current is completely dominated by this thermionic emis-

sion current. Slightly degraded rectifying characteristics of the S/D were observed on 

these wafers than the ones obtained from the Schottky contacts discussed in the 

previous section, which was attributed to the diffusion of the Ni species into the 

substrate during subsequent processing after the formation of the S/D germanides 

regions.  

 

 

Figure 5. 20: Transfer characteristics of the NiGe S/D MOSFETs. The high OFF current 

measured is due to the high reverse-bias leakage at the drain Schottky diode. 
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As seen from the above results, reducing the effective area of contact between 

the Ge channel and the NiGe S/D would result in reduced OFF state. One method to 

achieve this is the use of a thin strained Ge layer on Si, which would guarantee high 

mobility without the expense of high leakage. This device will be explained in detail 

in the next section. 

5.5 Si – Ge Heterostructure – Growth and Device 

Properties 

 

Figure 5. 21: Pseudomorphic Layer growth on Si substrates.  Typical relaxation in these layers 

occurs through dislocations [5.19] 

A 4.2% lattice mismatch exists between Ge and Si, with the Ge lattice being 

bigger. The lattice constants of unstrained 

! 

Si
1"xGex  alloys are also larger than Si, with 

the difference in the lattice constants depending on the concentration of Ge in the 

alloy. If an epitaxial layer of the alloy is grown on a Si substrate, a lattice mismatch 

exists between the layer and the substrate. If the layer is sufficiently thin, the growth is 

coherent and the layer is pseudomorphic.  The layer is compressed in the lateral 
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direction and expanded in the vertical, the ratio given by the Poisson ratio of the 

material in the layer. The strain the layer is homogenous and is known as misfit-strain. 

If the thickness of the layer is too large for a large lattice mismatch, the strain energy 

is increased. This causes dislocations in the grown crystal, which are referred to as 

misfit dislocations. Fig. 5.22 explains the origin of these misfit locations in epitaxially 

grown crystal lattices.  

However, if a cap Si is grown on top of the strained 

! 

Si
1"xGex  layer, the stability 

of the strained layer increases. The onset of dislocations and strain relaxation are 

delayed, they occur at larger thicknesses or higher temperatures.   

 

Figure 5. 22: Critical layer thickness of SiGe grown pseudomorphically on Si [5.19] 

Due to these effects, there exists a maximum thickness of the strained layer 

when the strain energy in the epitaxial layer is equal to the energy released in the 

formation of the misfit dislocations. This thickness is known as the critical thickness. 

Fig shows the critical thickness of strained 

! 

Si
1"xGex  layers that are grown on relaxed 

Si substrates. The critical thickness reduced exponentially with increasing concentra-

tion of Ge in the epitaxial layer and with increasing temperatures. Because of the 

previously stated argument, Si capped layer typically exhibit larger critical thickness 

values. For a 

! 

Si
1"xGex /Si system, the critical thickness 

! 

h
c
nm( )  is given by 
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! 

h
c

=
0.55

x
ln 10h

c( ) 

Keeping the growth temperatures low ensures that the dislocation energy is 

kept minimum and hence coherent layers may be grown at those temperatures.  

Over the last ten years, lot of work has been done on high mobility transistors 

fabricated on strained-SiGe alloys with high Ge concentration. P-MOSFETs in 

strained-

! 

Si
0.17
Ge

0.83
 were fabricated in [5.20] which were grown on a relaxed-

! 

Si
0.52
Ge

0.48
 buffer layer. A 5nm Si cap was used to retain the excellent interface 

properties of the 

! 

Si /SiO
2
 interface. The mobility characteristics are shown in Fig. 

5.24. A 4X improvement over Si hole mobility is achieved. Strained-Ge p-MOSFETs 

fabricated using local condensation technique [5.21, 5.22] on a SiGe layer grown on 

SOI, exhibit peak mobility in the excess of 10X compared to Si. The final GOI sub-

strate had a thickness of 25nm, a Ge fraction of 93% and a strain of 1.3%. The 

mobility enhancement in these layers decreases sharply at higher E-fields. This was 

attributed to increased surface roughness due to partial relaxation at the strain. Further 

improvement may be expected with improvements in the gate interface. The 

! 

Si
1"xGex /SiO2

 exhibits high 

! 

D
it
and hence may not be the best interface on high 

concentration Ge –substrates. P-MOSFETs fabricated on pseudomorphic 

! 

Si /Si
0.64
Ge

0.36
 grown on Si substrates in [5.23]. The thickness of the Si cap layer was 

varied to study its effects on the inversion mobility. The devices with thicker Si 

exhibited higher peak mobility but lower mobility enhancement at higher E-field due 

to charge sharing with the capping Si layer. The lower mobility is the thin cap Si 

devices was attributed to increased coulomb scattering due to interface states and 

increased surface roughness. Similar improvements in mobility were observed in 

[5.24, 5.25, 5.26] Improvements in the channel mobility were observed even in the 

presence of high-k materials like 

! 

HfO
2
.  
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Figure 5. 23: Measured inversion mobility for holes [5.21] 

 

Figure 5. 24: Inversion hole mobility as a function of the Si cap layer on SiGe channels [5.23] 

Krishnamohan and co workers have studied the scaling properties of such 

structures for application in high-speed logic circuits. [5.27, 5.28] the authors report a 

maximum hole mobility improvement of 4X in 80% SiGe channel grown on thin SOI 

substrates. Higher hole mobility was also obtained by epitaxially growing a biaxially 

strained Ge layer on Si substrates. The structure also offers additional advantage of 

low band-to-band tunneling limited OFF current. Fig. 5.25 shows the device in its 
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OFF state. Because of the use of the cap Si layer, the high surface E-fields present in a 

MOSFET at high drain biases are localized in the Si as opposed to being in the chan-

nel containing material, namely strained Ge. Since Si has a higher bandgap than Ge, 

the BTBT in this device is shown to be significantly lower than a surface Ge device. 

 

Figure 5. 25: The high E-field in the OFF state is located in the wider band gap Si and hence 

exhibits reduced BTBT leakage than bulk Ge [5.27] 

5.5.1 Previous Work on High Mobility Schottky S/D MOSFETs 

 As discussed before, the drive currents in most Schottky S/D transistors built on 

Si substrates is limited by the finite barrier height between the source and the channel. 

Kinoshita et al. disclosed a high performance 50-nm-gate length SB-NMOS device 

using approximately 10-nm-thick interfacial dopant layer between the source and 

channel. This layer is formed by the dopant segregation effect at the 

! 

NiSi /Si  interface 

[5.29,5.30]. Simulations done in [5.32] indicate that the Fermi level pinning at metal-

Si interface may be changed by application of strain to the substrate and simultane-

ously improve the drive current. The reduction in the drive due to the finite barrier 

hence may be offset by using a channel material with high mobility.  Ikeda et al. 

reported high drive currents using a SiGe channel for a PMOS [5.32]. Schottky 

transistors similar to those discussed in section 5.4 were reported in [5.33]. However, 
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these high mobility channel transistors typically exhibit very high OFF state leakage. 

Employing techniques from [5.27] and replacing the S/D regions with metal allow for 

the best PMOS performance with high drive currents due to the both the higher 

channel mobility and low barrier height and low OFF state leakage. 

5.5.1 Experimental Details 

 

Figure 5. 26: Schematic of the device with a Si/Ge/Si heterostructure channel. (b) shows the 

TEM micrograph of the deposited heterostructure 

Fig. 5.26 shows the schematic of the device that was fabricated along with the 

band structure in the gate direction. Strained-Ge was epitaxially grown on lightly 

doped n-Si substrate and capped with a thin Si layer. Dichlorosilane and germane were 

used as deposition gases. The deposition pressure was kept at 10mT. A pre deposition 

H2 bake was done at 950°C for 10min to remove any native oxides. The Ge deposition 

temperature was kept low between 350°-400°C. Fig. 5.26 shows a sample TEM of the 

! 

Si /Ge /Si  stack. After epitaxial growth, the wafers were loaded into a CVD furnace 

and 20nm of 

! 

SiO
2
 was deposited to form the gate insulator followed by ~400nm of 

! 

Si
0.4
Ge

0.6
 to form the gate electrode. The gate electrode was implanted with BF2 and 

annealed in N2 at 450°C for 30min. Gate patterning was followed with formation of 
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LTO spacers along the edges. 100nm of Ni was then sputtered onto these wafers in a 

SCT sputter tool followed by a RTA at 450°C for 1min to form the 

! 

NiSi . The unre-

acted Ni was removed in a concentrated 

! 

HCl  bath maintained at room temperature. 

300nm of

! 

SiO
2
 was then deposited at 300°C to form the intermetal dielectric. Al pads 

were then formed followed by an anneal in forming gas at 350°C for 45min. 

5.5.2 Device Measurement and discussion 

 

Figure 5. 27: Band diagram perpendicular to the gate interface. 

As shown in Fig. 5.27 the Ge has an offset in the valence band. Hence the Ge 

layer will accumulate before the Si at the surface would. This leads to a shift in the 

threshold voltage and appears as a knee on the C-V characteristics of the gate stack. 

The C-V characteristic of a typical 

! 

Si /Ge /Si  stacks have been compared to the 

control Si for illustrative purposes. As the thickness of the cap Si, is varied the 

! 

V
T

 and 

the knee of the C-V shift as shown in Fig. 5.28. Si-Ge interdiffusion occurs during 

subsequent thermal processing after the epitaxial layers are grown.  

Fig. 5.29 depicts the output characteristics of the heterostructure - channel de-

vice and the control Si MOSFETs. Due to the high barrier to holes at the NiSi/Si 

interface, Schottky diodes like characteristics were observed in the linear regime in the 

control Si sample. Poor drive currents were obtained in the Si devices, due to this high 
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barrier which limits the ON current. No such phenomena were observed on the 

Si/Ge/Si channel device indicating that a low ΦBp to the holes in the inversion channel 

was achieved at the NiSi-channel interface.   

 

Figure 5. 28: Sample C-V measurements done on the heterostructure gate stack. 

 

Figure 5. 29: Output characteristics on the Si/Ge/Si channel and the control Si channel 

Schottky S/D PMOSFETs 
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Figure 5. 30: IS-VG characteristics of Si/Ge/Si heterostructure channel Schottky S/D MOS-

FETs. Increasing TGe at fixed TCapSi causes VT shifts. However, when TcapSi increases for fixed 

TGe, inversion is localized in Si with high 

! 

"Bp  and hence ON current drops exponentially. 

Fig. 5.30 plots the transfer characteristics in the Si/Ge/Si channel devices ob-

tained for fixed Ge- channel thickness (TGe) and cap-Si thicknesses (TCapSi) contrasted 

against the control Si device. All the heterostructure channel devices exhibit higher 

drive currents. Changing the TGe leads to a VT shifts observed in the IS-VG characteris-
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tics. Increasing TCapSi, while maintaining the same Ge-channel thickness leads to 

exponential drop in the drive currents. This occurs due to the channel becoming more 

localized in the cap-Si layer, which has a higher ΦBp to the holes compared to the Ge 

channel. Fig. 5.31 depicts the inversion hole mobilities extracted from these devices 

using the split-CV technique, as a function of TGe and TCapSi respectively. An optimal 

thickness exists in both cases. Increasing TCapSi relative to TGe results in the inversion 

charge being increasingly localized in the Si region leading to lower mobility. Due to 

the 4% lattice mismatch between Ge and Si, increasing TGe greater than the critical 

thickness results in a defective Ge layer, which exhibits lower mobility. Reducing the 

TCapSi however leads to increased Ge concentration near the Si/SiO2 gate interface, 

which causes higher 

! 

D
it
 and hence reduced mobility.  

 

Figure 5. 31: Inversion hole mobility measured using split C-V technique for fixed TGe (a) and 

fixed TCapSi (b) 

The mobility is plotted as a function of the cap Si thickness. A peak mobility 

of 

! 

350cm
2
V

"1
s
"1 was obtained. Maximum improvements of ~2X are seen in mobility 

over the universal case.   

Fig. 5.32 contrasts the switching characteristics of Schottky S/D PMOSFETs 

built with different channel materials. Si devices show low drive currents due to the 

high ΦBp at the Schottky Source-channel interface. These devices exhibit very low 
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OFF currents due to the higher bandgap of Si, which provides a higher barrier to the 

back-injection of electrons. NiGe – S/D transistors with bulk Ge channels exhibit high 

drive currents due to the very small barrier between the holes in the channel and the 

NiGe. However these devices exhibit higher OFF currents due to the small barrier to 

electrons as well due to the small bandgap and hence increased back injection. Em-

ploying a thin Ge-channel near the gate interface of the Si MOSFET provides for high 

drive current due to both the low barrier at the Source-channel interface and the higher 

mobility of holes in Ge.  The OFF state however, is limited by the large bandgap Si 

substrate, which has a large barrier to electrons and increased bandgap due to quantum 

mechanical confinement. Higher drive currents can hence be achieved without the 

huge OFF current penalty. 

 

Figure 5. 32: Schottky S/D transistors with varying channel materials. The Si/Ge/Si channel 

provides the high drive current due to high mobility and low 

! 

"Bp  of Ge-channel MOSFETs 

and the low OFF current due to the high 

! 

"
Bn

 in Si-channel Schottky S/D MOSFETs 
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5.6 Summary 
 Due to the small barrier height to holes coupled with the high inversion 

hole mobility, Schottky S/D Ge transistors provide for very high drive currents. It was 

shown that the Fermi level at Metal-Ge Schottky barriers was pinned near the valence 

band of Ge. Excellent PMOS characteristics were achieved when the doped S/D 

region in Ge transistors was replaced with metallic NiGe. Using a thin Ge layer within 

the inversion region of a Schottky Si – PMOSFET provides for higher hole mobility 

(~2X) and much higher drive currents due to almost zero barrier height to holes in the 

channel. Also the OFF state leakage is maintained at a low value because it is limited 

by the large barrier height in the wider bandgap Si and Ge quantization. The transistor 

hence, combines the advantages of high mobility, and low parasitic resistance and is 

an attractive candidate for scaling PMOSFETs into the sub-20nm regime. 
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Chapter 6 
 

Conclusions and Recommendations 

 

 

6.1 Dissertation Summary 
 As gate lengths of high performance transistors scale into the sub-22nm node, 

traditional scaling of physical dimensions will not guarantee the historic exponential 

increase in performance. A number of fundamental and practical limits impede the 

traditional scaling of conventional bulk FETs. It becomes necessary to invoke innova-

tions in materials and/or structures to prolong device scaling for technology nodes at 

the end of the roadmap [6.1]. The research performed in this dissertation is aimed at 

studying some of the problems and solutions with the technology and scaling of future 

nanoscale MOSFETs. 

 As transistors scale to sub-20nm gate lengths, the drive current is increasingly 

limited by the physics of the carriers at the source. The drive current depends on the 

injection velocity of carriers from the source into the channel across the electrostatic 

barrier and the probability of a scattering event near the source. Replacing Si with a 

material with higher low-field mobility in the channel, provides for higher injection 

velocity and lower rate of scattering leading to high drive currents. Ballistic transport 

simulations were performed for various channel material candidates like Ge, GaAs, 
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InAs and InSb for n-channels. These high-mobility, low-effective mass materials have 

low density of states (DOS) in the quantized conduction band. Hence the inversion 

charge under strong quantization resides in large mass high DOS valleys, leading to a 

reduction in the expected drive currents.  

 Further more, high mobility materials typically have smaller bandgaps than Si. 

In ultra-small channel length transistors, a very high electric field exists near the drain 

junction in OFF state. Band-to-band tunneling (BTBT) of carriers in this region was 

shown to limit the leakage currents in these structures. Examining the tradeoffs 

between the switching speeds and the stand-by power dissipation, a large bandgap, 

low transport mass, high DOS material provides an ideal material to replace Si in 

NMOS channels. However, by using novel structures, the effective bandgap in the 

very high mobility materials may be increased, making them ideal candidates for 

replacing NMOS channels. Due to its similar chemical nature to Si, hence similar 

processing technology requirements as well as its excellent transport properties, Ge 

provides for an ideal material for NMOS and PMOS channels. 

 One of the major problems to introduction of Ge in MOS channels is the lack of 

a passivating layer on Ge surfaces to reduce the surface state density. 

! 

GeOxNy  formed 

by a rapid oxidation followed by a high temperature nitridation shows encouraging 

interfacial passiavtion. Electrical measurements confirmed a low interface trap density 

of 

! 

D
it

= 4 "10
11
cm

#2
eV

#1 in the mid-gap region of the Ge bandgap. N- and p- channel 

MOSFETs were fabricated on bulk Ge wafers to study the transport properties at this 

interface. A high hole mobility enhancement of ~2.5X over universal Si was observed 

at the 

! 

GeOxNy /Ge  interface. Poor electron mobility was observed. Various factors 

were identified to explain the cause of this observation. Poor S/D characteristics were 

observed at the n+ S/D regions. High leakage was observed in these transistors limited 

by the high BTBT current at the drain end of the channel. 

 Replacing the S/D regions of the transistor is an effective way to reduce the 

parasitic components in traditional MOS architectures. However, due to the finite 
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barrier height that exists at the metal – semiconductor interface, the drive currents 

achieved in the Schottky S/D transistors are limited by tunneling across the Schottky 

barrier at the source/drain. For Schottky S/D transistors to be competitive to conven-

tional doped S/D transistors, it is imperative that the barrier height at the source-

channel interface should be close to 0meV. The NiGe/Ge system was shown to 

provide a very small barrier height of ~100meV to the valence band, a suitable re-

placement to the doped S/D in the PMOSFET. NiGe-S/D transistors were built on 

bulk-Ge. These transistors showed excellent transport but suffered from huge leakage 

due to thermionic emission over the conduction band and BTBT near the drain. As 

shown by Krishnamohan [6.2] embedding a thin Ge layer close to the Si- gate dielec-

tric interface, provides for high mobility with very low BTBT leakage. Schottky S/D 

PMOS transistors were built with the Si/Ge heterostructure in the channel and NiSi in 

the S/D. These transistors exhibited high mobility enhancement of ~2X over universal 

Si with much three-orders reduced leakage compared to bulk-Ge transistors. Further-

more, since this transistor has a metal S/D, it has low parasitic resistance and hence 

provides as an avenue to scale PMOSFETs into sub-20nm gate lengths with the ideal 

mix of high ON current, low OFF current and low parasitic resistance.  

6.2 Contributions 
o A systematic study was done to assess the impact of replacing Si with high 

mobility materials in the channel of nanoscale MOSFETs in the ballistic trans-

port regime. It was observed that the low DOS in these materials limits the 

current drivability in these transistors. The small bandgap in these materials 

further increases the off-state leakage in these transistors. For NMOS channels 

in the sub-20nm regime, it was observed that material with low transport mass, 

high DOS and large bandgap would be required for performance boost. [6.3] 

o Ge exhibits excellent transport properties for both electrons and holes and is a 

suitable channel material replacement for both n- and p- channels. 

! 

GeOxNy  
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provides good passivation of the Ge interface. Low mid-gap interface trap den-

sity of 

! 

D
it

= 4 "10
11
cm

#2
eV

#1 was extracted using low-temperature 

measurement techniques. [6.4] 

o Excellent hole mobility of upto ~2.5X enhancement over universal Si observed 

on bulk-Ge PMOSFETs. High electron mobility on the order of universal Si 

electron mobility measured.  

o Fermi level at the metal-Ge Schotty barrier pinned near the valence band, mak-

ing the NiGe/Ge system an ideal candidate to form metal-S/D PMOSFETs 

with high mobility. Good working Schottky S/D bulk-Ge transistors obtained. 

o Schottky S/D transistors with biaxially strained-Ge channel on bulk-Si wafers 

were fabricated using NiSi. This structure is an excellent candidate for 

nanoscale PMOSFETs as it provides for 

o High ON – high mobility for holes in strained – Ge 

o High ON – Metal S/D and hence lower parasitic resistance 

o Low OFF – high electric field in Si with large bandgap and large barri-

ers, hence reduced BTBT and thermionic emission. 

6.3 Recommendations for Future Work 
  The following is a list of ways in which the present work can be extended in 

future research. 

o Tradeoffs between the static power dissipation and the intrinsic switching 

sppeds may be performed for other ternary and tertiary III-V materials like In-

GaAs, which has a small effective mass (high ON) and larger bandgap (low 

OFF) than InAs. Transport simulations may also be done on thin strained-

channels to identify the ideal material to replace Si in NMOS channels. 

o 

! 

GeOxNy  is a good passivating layer, however it is thick (~5nm) and hence the 

layer needs to engineered to less than ~1nm so that it may be applied for 

nanoscale MOSFETs with thin EOT requirements. The interface passivating 
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properties of the oxides of Ge may also be studied as alternatives to the oxyni-

tride. Experiments need to be performed by depositing high-k materials on 

these materials and the temperature budget for interdiffusion of the metal com-

pounds to the gate interface need to estimated. 

o Low temperature measurements need to be done on p- and n- channel MOS-

FETs on Ge substrates to establish the various regimes of the universal 

mobility relationship for Ge. This would necessary to establish the reasons for 

poor electron mobility measured on NMOS. Similar measurements may be 

done on transistors fabricated on wafers with different substrate orientations to 

evaluate the various components of Ge surface carrier mobility. 

o  The high performance Schottky S/D strained-Ge PMOSFET may be built on 

thin-Si, thin BOX substrates. By suitably, tuning the work function the transi-

tor may be operated so that most of the charge in strong inversion is in the 

strained-Ge. Furthermore, the advantage of the metal-S/D would be more evi-

dent in the thin, quantized film regime. Low temperature measurements may 

be done to measure the Schottky barrier height at the 

! 

NiSi
1"xGex /Ge  interface. 

The effect of quantization on the Schottky pinning characteristics may be thus 

studied. 

o By suitably engineering the interface, low barrier heights to the conduction 

band of Ge may be obtained [6.5]. Employing this material in the S/D region 

of a Ge-on-Insulator structure with a capping Si layer near the gate interface to 

achieve the high electron mobility and achieve excellent NMOS operation. 
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