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Abstract 
 

Nanoscale Bulk MOSFET Design and Process Technology for Reduced Variability 
 

by 
 

Xin Sun 
 

Doctor of Philosophy in Engineering – Electrical Engineering and Computer Sciences 
 

University of California, Berkeley 
 

Professor Tsu-Jae King Liu, Chair 
 
 
Historically, the steady miniaturization of the conventional (planar bulk) MOSFET by 
simply scaling the device dimensions with minimal changes to the conventional transistor 
design and CMOS process flow has been effective to provide for continual improvements 
in integrated circuit performance and cost per function with every technology node.  
However, transistor scaling has become increasingly difficult in the sub-100 nm regime.  
Increased leakage current and variability in transistor performance are the major 
challenges for continued scaling of bulk-Si CMOS technology. 
 
The benefit of using a spacer gate lithography process to mitigate the effect of gate line 
edge roughness (LER) is assessed using statistical 3-D device simulations. The 
simulation results indicate that spacer gate lithography is a scalable technology which can 
dramatically reduce LER-induced variation in transistor performance. 
 
A tri-gate bulk MOSFET design combining retrograde channel doping with a multi-gate 
structure is proposed to provide an evolutionary pathway for bulk CMOS scaling.  The 
scalability, design optimization, and the effect of systematic and random variations on 
transistor performance are investigated.  As compared with the classic planar MOSFET 
design, the tri-gate bulk MOSFET provides for superior electrostatic integrity and 
reduced variability.  As compared with SOI FinFET design, the tri-gate bulk MOSFET 
design is more scalable and less sensitive to device design parameters.  As compared with 
the bulk FinFET design, the tri-gate bulk MOSFET offers comparable performance and 
variability.  Its low-aspect-ratio channel structure is favorable for ease of manufacturing.  
Thus, the tri-gate bulk MOSFET is a promising structure for CMOS scaling to the end of 
the technology roadmap. 
 
The fabrication process flow and the most critical processes for tri-gate bulk MOSFET 
fabrication are discussed.  Initial device results show that tri-gate bulk MOSFET design is 
beneficial for reduced variability. 
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Chapter 1 

Introduction 
 
 
 

1.1   The Need for CMOS Scaling 
 
      Since the integrated circuit (IC) was invented [1, 2], the evolution of IC technology 
has enabled the rapid growth of the electronics industry for more than forty years.  
Technological advancements have yielded dramatic improvements in product 
performance as well as cost per function, making electronics products more capable and 
affordable for consumers.  Take the personal computer (PC), for example: the first IBM 
PC equipped with a 4.77 MHz Intel 8088 microprocessor and 16 kilobytes of memory 
was sold for around $1,600 in 1981 (which would be around $4,000 today); nowadays a 
typical laptop PC with a 2.66 GHz Intel Core 2 Duo microprocessor and 4 gigabytes of 
memory costs only about one-third of $4,000.  These phenomenal improvements are 
ascribed to the sustained scaling of the metal-oxide-semiconductor field-effect transistor 
(MOSFET) [3] – the most important and fundamental building block for constructing 
integrated circuits. 
 
      The simplicity of the MOSFET structure and the complementary symmetry of n-type 
and p-type MOSFETs have contributed to the success of complementary-MOSFET 
(CMOS) technology [4, 5].  Over the past few decades, CMOS scaling generally 
followed Moore’s Law [6] (Fig. 1.1 [7]).  Scaling theory [8, 9] provided simple rules for 
transistor design to increase circuit speed and density (Table 1.1).  The improved circuit 
performance and density enable more complicated functionality, since more transistors 
and functionalities can be integrated on one single chip.  The circuit density improvement 
also provides for reduction in manufacturing cost per function: with transistor scaling, the 
silicon die area is smaller for a given functionality, thus more dies can be fabricated from 
a single silicon wafer at very little marginal cost.  Smaller die size is also beneficial for 
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yield improvement [10].  As shown in Fig. 1.2 [11], cost per function has been 
exponentially decreased with every technology node. 

 
Figure 1.1. Moore’s Law: from few to billions of transistors (adapted from [7]).  

 

Device and circuit 
parameters 

Constant-field 
scaling 

Generalized 
scaling 

Device dimensions (LG, TOX, XJ, W) 1/κ 1/κ 
Body doping concentration (NB) κ ακ 
Supply voltage (VDD) 1/κ α/κ 
Electric field (E) 1 α 
Transistor current (I) 1/κ α/κ 
Area (A) 1/κ2 1/κ2 
Capacitance (C = εOXA/TOX) 1/κ 1/κ 
Intrinsic delay (τ ~ CVDD/I) 1/κ 1/κ 
Power dissipation (P ~ IVDD) 1/κ2 α2/κ2 
Power density (P/A) 1 α2 

Table 1.1. Guidelines for MOSFET scaling (adapted from [8, 9, 12]). κ is the scaling 
factor for dimensions (> 1), and α is a different scaling constant, ~ 1.15 [13]. 

 
Figure 1.2. Cost per function has been exponentially decreased (adapted from [11]). 
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1.2   MOSFET Scaling Challenges 
 
      Historically, the steady miniaturization of the conventional (planar bulk) MOSFET by 
simply scaling the device dimensions with minimal change to the conventional CMOS 
process flow has been effective to provide for continual improvements in integrated 
circuit performance and cost per function with every technology node.  However, 
transistor scaling has become increasingly difficult in the sub-100 nm regime. 
 
      Material limits impose a natural barrier to continued scaling.  Carrier mobilities are 
degraded due to higher vertical electric fields in the MOSFET channel [14, 15].  Mobility 
enhancement techniques such as strained-Si [16, 17, 18] and high-mobility channel 
materials [19, 20] have been actively pursued.  Another fundamental material limit is 
faced by the gate oxide.  Gate tunneling leakage becomes significant below 1 nm gate 
oxide thickness [21].  Further scaling can be realized by replacing the oxide/oxynitride 
gate dielectric with a high-permittivity (high-κ) gate dielectric [22]. 
 
      As transistor dimensions are reduced, parasitic resistances and capacitances both 
scale unfavorably with reduced pitch.  These parasitic elements will diminish the 
performance gain by transistor scaling [23]. 
     
      Furthermore, power dissipation must be carefully considered in MOSFET scaling.  
Nowadays, passive power (due to transistor off-state leakage) constitutes a significant 
portion of the total power dissipation in high-performance CMOS products.  The source-
to-drain OFF-state leakage current (IOFF) needs to be suppressed to mitigate passive 
power dissipation.  IOFF increases exponentially with decreasing VT/S, where VT is the 
threshold voltage and S is the sub-threshold swing.  Since S is fundamentally limited to 
be no less than 60mV/decade at room temperature due to the thermal distribution of 
carriers within energy bands, VT scaling has slowed down to avoid dramatic increases in 
IOFF.  To achieve large drive current, the gate overdrive (VDD - VT) needs to be significant 
and therefore VDD scaling also has to slow down, which results in increased active power 
density. 
 
      Finally, increased variability in transistor performance with each technology node 
poses critical challenges to future technology development, manufacturing, and design 
[24].  Improvements in transistor architecture and process control are needed to reduce 
variability.  In addition, variability is detrimental to manufacturing yield, which will 
ultimately increase the cost per function, reducing the benefits of scaling.  Fig. 1.3 [25] 
shows the distributions of chip frequency and leakage current of a large number of 
microprocessors.  The variability in transistor performance causes about 20X variation in 
chip leakage and 30% variation in chip frequency, which substantially affects the yield 
[25].  Variability also affects power dissipation, since the nominal value of VT needs to be 
kept high to avoid unacceptably large IOFF and hence the pace of VDD scaling needs to be 
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reduced to guarantee high performance.  The impact of variability on design includes 
mismatch in analog/RF circuits and timing issues in digital circuits.  To cope with the 
increased variability of scaled transistors, analog/RF circuit designers must increase the 
size of the critical transistors to reduce the impact of mismatch, and digital circuit 
designers must increase design margins [24].  These methods limit die area scaling and 
thus the economical benefit of scaling.  
 

 
Figure 1.3. Leakage and frequency variations (adapted from [25]). 

 

1.3   Sources of Variability 
 
      Variation in transistor characteristics can be characterized by different root causes of 
these types of variation.  There are two main categories of variation: systematic and 
random variations.  
 
      Systematic variation can further be divided into inter-die systematic variation and 
intra-die systematic variation [26].  Inter-die systematic variation is due to normal 
manufacturing tolerances.  One example is gate length variation due to the length of 
lithographic exposure.  Intra-die systematic variation comes from differences in either the 
device layout or the device neighborhood.  For example, optical proximity effects cause 
the gate length to vary as a function of local layout.  Resolution enhancement techniques 
such as optical proximity correction (OPC) and phase-shift masking (PSM) have been 
used in manufacturing to reduce systematic intra-die variation.  However, these 
techniques are costly and increase process sensitivity.  The use of stress to boost 
transistor performance is another source of systematic intra-die variation, since process-
induced stress is dependent on layout. 
 
      Examples of random variation are photoresist line edge roughness (LER) (Fig. 1.4) 
and random dopant fluctuations.  These variations are caused by fundamental phenomena 
associated with today’s CMOS manufacturing processes. LER- and RDF-induced 
variations increase significantly with continued device scaling.  
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Figure 1.4. Plan-view scanning electron micrograph (SEM) of photoresist resist lines. 

    

1.4   Advanced MOSFET Structures 
 
      To address the scaling challenges of planar bulk CMOS technology, alternative 
MOSFET structures based on silicon-on-insulator (SOI) technology have been 
developed.  Fig. 1.5 [27] illustrates three SOI MOSFET structures.   
 

 
Figure 1.5. Advanced MOSFET structures: from PD SOI [28] to FD SOI with raised 
source/drain [29] to FinFET [30] (adapted from [27]). 

       
      Partially depleted (PD) SOI was the first SOI technology introduced for high-
performance microprocessor applications [28, 31, 32].  The buried oxide (BOX) layer 
serves to provide for reduced source/drain junction capacitance.  PD/SOI MOSFETs offer 
a good trade-off between power and performance. 
 
      Fully depleted (FD) SOI MOSFETs achieve superior control of short channel effects 
(SCE) and therefore are beneficial for low-power technologies which have stringent 
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leakage specifications.  FD/SOI MOSFETs rely on a thin body to suppress leakage, 
which presents news challenge for transistor fabrication, mainly the tight control of the 
physical body thickness and doping profiles.  Series resistance in the source and drain 
extension regions is another issue.  An elevated source/drain structure is needed to 
mitigate this parasitic resistance, but this structure results in increased gate-to-drain 
capacitance (the Miller capacitance) and thus degrades circuit performance. 
 
      A thin-body structure with front- and back-gate electrodes allows the body thinness 
requirement of the FD/SOI MOSFET to be relaxed.  This makes the back-gated thin-body 
MOSFET (e.g. an FD/SOI MOSFET with ultra-thin BOX) a good candidate for CMOS 
scaling. 
 
      The double-gate FinFET structure [30] can provide for improved electrostatic 
integrity over planar thin-body MOSFET structures.  However, it requires the formation 
of high-aspect-ratio “fin” structures (of narrow width to suppress SCE and tall height to 
achieve high current per unit area) which pose a significant challenge for process control 
and design flexibility.  By making the fin wider and much shorter, a tri-gate SOI 
MOSFET structure is formed, which is advantageous for manufacturability but which has 
poorer layout area efficiency (i.e. less current per unit area). 
 
    In summary, advanced MOFET structures have been developed to enable continued 
transistor scaling beyond the limit of the planar bulk MOSFET, but they also pose new 
challenges for integrated circuit manufacturing. 
 

1.5   This Work  
 
      This dissertation discusses MOSFET design and process technology for reduced 
variability.  A quasi-planar tri-gate bulk MOSFET structure is proposed to provide an 
evolutionary pathway for CMOS scaling to the end of the roadmap.  Through detailed 
modeling and simulation, scaling issues, device performance and variability of nanoscale 
MOSFETs are evaluated.  The fabrication process for tri-gate bulk MOSFETs is also 
discussed. 
 
      In Chapter 2, the effect of gate line edge roughness (LER) on bulk-Si MOSFET 
performance is studied using statistical 3-D device simulations.  The benefit of using a 
spacer gate lithography process to mitigate the effect of LER is assessed, with 
consideration of source/drain placement and spacer width variation. 
 
      In Chapter 3, a quasi-planar tri-gate bulk MOSFET design utilizing a low-aspect-ratio 
channel region is proposed to provide an evolutionary pathway for continued bulk CMOS 
scaling.  The scalability and design optimization of tri-gate bulk MOSFET are 
investigated. 
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      In Chapter 4, a variability study of the tri-gate bulk MOSFET is performed.  The 
simulation results show that an optimized tri-gate bulk MOFET design offers less 
systematic variation as compared to planar bulk MOSFET and SOI FinFET designs, and 
comparable random variation as the SOI FinFET.  
 
      In Chapter 5, the fabrication process flow and the most critical processes for tri-gate 
bulk MOSFET fabrication are discussed.  Initial device results show that tri-gate bulk 
MOSFET design is beneficial for reduced variability. 
 
      Chapter 6 summarizes the contributions of this work and offers directions for further 
research. 
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Chapter 2 

Spacer Gate Lithography for Reducing 
Variability 
 
 
 

2.1   Introduction 
 
      Variability in transistor performance is one of the major challenges for continued 
scaling of CMOS technology.  As transistor gate lengths are scaled down, gate line edge 
roughness (LER) is not reduced commensurately [1].  At the same time, thermal process 
budgets are reduced to achieve shallower and more abrupt source/drain junctions, so that 
the effects of gate LER become increasingly significant (Fig. 2.1).  Thus, gate LER will 
be the dominant source of variability for channel lengths below 25nm [1].  The use of 
spacer lithography (also known as sidewall transfer lithography) to define fins has been 
experimentally demonstrated to be effective in reducing FinFET variability [2,3].  In this 
chapter, the effect of gate LER on bulk-Si MOSFET performance is studied using three-
dimensional (3D) device simulations [4].  The use of spacer lithography to define the gate 
electrode is shown to be effective for reducing gate-LER-induced variability in MOSFET 
performance. 
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Figure 2.1. Plan view of source/drain (S/D) doping contours generated by the 
Sentaurus process simulator [4].  As the thermal budget for the dopant activation 
anneal is reduced, the effect of gate LER becomes increasingly significant. 

 

2.2   Spacer Lithography Process 
 
      Spacer lithography is advantageous for defining fine-line features (lines and spaces) 
with tight line-width distribution [5].  An exemplary spacer lithography process flow is 
shown in Fig. 2.2.  First, a sacrificial layer is deposited and patterned (into a 
geometrically regular array of lines and spaces) by conventional lithography.  Then, a 
hard-mask layer is conformally deposited and anisotropically etched, so that hard-mask 
spacers remain along the sidewalls of the sacrificial material.  The spacer width is 
determined by the thickness of the deposited hard-mask layer, which can be much smaller 
than the minimum feature size defined by conventional lithography, and very uniform 
(Fig. 2.3).  Note that LER in the patterned sacrificial layer will result in LER for the 
“inner edges” of the spacers; the LER for the “outer edges” of the spacers will be 
correlated with that of the “inner edges,” except that it will be smoothened due to the 
conformal nature of the hard-mask deposition process.  As a result, the spacer width will 
always be equal to or greater than the thickness of the deposited hard-mask layer. 
     

 
Figure 2.2. Illustrative spacer lithography process flow. 
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Figure 2.3. Plan-view scanning electron micrograph of oxide spacers formed using 
248nm lithography to pattern the sacrificial layer. Very uniform line widths of sub-
lithographic dimension (100.8 nm) are achieved. 

 
      After selective removal of the sacrificial material, the remaining hard-mask spacers 
can then be patterned (using conventional lithography and etch) to remove the spacers 
where gate lines are not desired.  Larger feature sizes (if desired) can then be defined in 
another resist layer using conventional lithography.  The resulting composite spacer + 
resist mask pattern can then be transferred to the underlying gate layer by a selective etch.  
Note that the minimum feature size and alignment tolerance for the lithography processes 
used to pattern the spacers and to define the larger feature sizes are much larger than 
those for a lithography process utilizing a single mask to pattern the gate layer, hence 
their associated costs should be much lower.  Also, the geometrically regular mask used 
to pattern the sacrificial layer can be used for multiple chip designs, to save cost. 
 

2.3   Gate Line Edge Roughness (LER) Study 
 
2.3.1   Simulation Approach 
 
      Gate line edge profiles were generated by MATLAB [6] based on measured LER 
data, and then input to Sentaurus [4] to generate 3D device structures for 3D device 
simulation (Fig. 2.4).  This procedure was iterated to simulate many devices; then the 
simulated device I-V curves were used to assess variability in device performance.  The 
LER and the line width roughness (LWR) values used for a conventional gate lithography 
process are 4nm and 6.4nm, respectively.  The LWR for the electrical channel length 
(Leff) was assumed to be the same as that for the gate, because this is the worst case 
(relevant for future ultra-shallow junction technology).  To simulate gate line edge 
profiles for a spacer lithography process, the profile for one edge (the “inner edge”) was 
duplicated, shifted by the nominal gate length LG, and then smoothened by filtering out 
the LER components with spatial frequency higher than 1/(1.5*LG) -- approximating the 
planarizing effect of a conformal deposition process -- to generate the profile for the other 
edge (the “outer edge”), as shown in Fig. 2.5.  Note that, as a result of the smoothening, 
the width of the gate electrode at each location along the width of the transistor channel is 
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equal to or greater than LG, for a spacer gate lithography process.  This is in contrast to a 
conventional gate lithography process, for which the width of the gate electrode can also 
be less than LG.  
 

 
Figure 2.4. Procedure used to study the impact of LER on MOSFET performance. 

 

 
Figure. 2.5. Gate electrode structure generation for conventional lithography vs. 
spacer gate lithography. 

     
      Simulations were performed for the following bulk-Si n-channel MOSFET designs, 
in order to assess the benefit of spacer gate lithography with gate-length scaling: 1) LG = 
32nm, channel width WG = 64nm, equivalent oxide thickness EOT = 1.2nm, source/drain 
extension junction depth XJ = 11nm, supply voltage VDD = 1.1V; 2) LG = 14nm, WG = 
28nm, EOT = 0.5nm, XJ = 5nm, VDD = 0.9V.  The channel region is uniformly doped (p-
type) in each case, to a concentration of 3×1018 cm-3 and 6×1018 cm-3 for LG = 32nm and 
LG = 14nm, respectively, to achieve drain induced barrier lowering less than 100mV/V.  
These design parameters are based on the International Technology Roadmap for 
Semiconductors (ITRS) [7].  It is assumed that gate LER is not reduced with LG scaling. 
 
2.3.2   Results and Discussion 
 

A. Spacer gate lithography vs. conventional gate lithography 
       
      The simulated drain current vs. gate voltage characteristics (ID-VG) and ION-IOFF 
scatter plots (where ION is the on-state drive current for VGS = VDS = VDD, and IOFF is the 
off-state leakage current for VDS = VDD and VGS = 0) for conventional gate lithography 
and spacer gate lithography for LG = 32nm and LG = 14nm are shown in Fig. 2.6 and Fig. 
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2.7, respectively.  Spacer gate lithography dramatically reduces LER-induced variation.  
Fig. 2.8 shows that variability is well suppressed with gate-length scaling, even if LER 
does not scale.  The average ION and IOFF values for conventional gate lithography and 
spacer gate lithography are also indicated in Fig. 2.8.  The average value and variance of 
IOFF are significantly reduced for spacer lithography; the variance of ION is also reduced, 
while the average value of ION is slightly degraded.  This is because the average gate 
length along the width of the channel is larger for spacer lithography than for 
conventional gate lithography, as explained above.  Thus, spacer gate lithography is 
preferable for smaller LG: variability is well suppressed, and IOFF is significantly reduced 
without significantly reducing ION.  (Note: as the thickness of the deposited hard-mask 
layer is reduced to scale down LG, the amount of LER smoothening for the “outer edge” 
is reduced and hence the increase in average gate length will be reduced.).    
 

                              
(a) 

 
                          (b)                                                                                    (c) 
Figure 2.6. (a) Comparison of ION-IOFF for spacer vs. conventional gate lithography.  
LG=32nm. (b) ID-VG curves for conventional gate lithography -- the heavy black line 
indicates the average ID-VG curve. (c) ID-VG curves for spacer gate lithography -- the 
heavy black line indicates the average ID-VG curve. 
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(a) 

 
                         (b)                                                                                    (c) 
Figure. 2.7. (a) Comparison of ION-IOFF for spacer vs. conventional gate lithography.  
LG=14nm. (b) ID-VG curves for conventional gate lithography -- the heavy black line 
indicates the average ID-VG curve. (c) ID-VG curves for spacer gate lithography -- the 
heavy black line indicates the average ID-VG curve. 
 

 
Figure 2.8. Comparison of ION-IOFF for LG=14nm vs. LG=32nm, for spacer gate 
lithography.  The average values for conventional gate lithography are also shown for 
reference. 
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B. Effects of source/drain placement for a spacer-defined gate electrode 
 
      Since the “outer edge” of a spacer-defined gate is smoothened, the source and drain 
edge profiles are not perfectly correlated.  The effect of source/drain placement is shown 
in Fig. 2.9.  Since current is limited by thermionic emission over the source-to-channel 
potential barrier in the off state, variations in barrier height caused by electric-field 
crowding due to source-side gate edge roughness have more impact on IOFF; therefore, 
more reduction in IOFF spread is obtained when the source edge profile is smoothened.    
The devices with smooth source profile have higher average ION and lower average IOFF, 
because the electric-field crowding due to the drain-side gate edge roughness effectively 
reduces channel length, while the source-to-channel potential barrier lowering due to the 
electric-field crowding is eliminated.  Since random dopant fluctuations (RDF) also have 
significant impact on deeply scaled MOSFETs [1,8], the effect of LER together with 
RDF in the source/drain and channel regions was studied using Kinetic Monte Carlo 
simulations, for the 14nm device design (LG, nominal = 14nm, WG = 28nm, EOT = 0.5nm, 
XJ = 5nm, VDD = 0.9V, channel doping concentration = 6×1018 cm-3).  Fig. 2.10 shows 
that the performance advantages of devices with smooth source profile are retained in the 
presence of RDF. 
 

                               
(a) 

 
                                 (b)                                                                  (c) 
Figure. 2.9. Comparison of ION-IOFF for smooth source vs. smooth drain. LG=14nm. (a) 
IOFF-ION. (b) ION distributions. (c) IOFF distributions. 



 17 

 

 
       (a)                                                              (b) 

Figure. 2.10. Comparison of ION-IOFF for smooth source vs. smooth drain, including 
the effects of RDF. LG=14nm. (a) ION distributions. (b) IOFF distributions. 
 

C. Effects of spacer width variation 
 
      Spacer gate lithography reduces LER-induced variation because the gate-edge 
profiles are correlated, resulting in lower LWR.  However, other sources of variation are 
introduced in the spacer lithography process, such as film thickness non-uniformity, etch 
non-uniformity, etc.  Device performance distributions for conventional gate lithography 
vs. spacer gate lithography are compared in Fig. 2.11 and Fig. 2.12 for spacer-width 
standard deviation values of 1nm and 2nm, respectively.  The results show that spacer 
gate lithography reduces variability if the standard deviation in spacer width is less than 
2nm.  This is consistent with the LWR specified in the simulation inputs.  (LWR is 
6.4nm, which is very close to the 3σ value.)  For a 14nm spacer process, ≤2nm standard 
deviation in spacer width is reasonable.  Therefore, despite the additional sources of 
variation (other than LER), spacer gate lithography can significantly reduce variability in 
MOSFET performance. 
 

                                   
(a) 
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(b)                                                                   (c) 

Figure 2.11. Comparison of ION and IOFF for spacer gate lithography (σLG=1nm) vs. 
conventional gate lithography. LG=14nm, smooth source. (a) IOFF vs. ION. (b) ION 
distributions. (c) IOFF distributions. 
 
 

                                 
(a) 

 
(b)                                                                           (c) 

Figure. 2.12. Comparison of ION and IOFF for spacer gate lithography (σLG=2nm) vs. 
conventional gate lithography. LG=14nm, smooth source. (a) IOFF vs. ION. (b) ION 
distributions. (c) IOFF distributions. 
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2.4   Summary 
 
      As gate lengths and thermal process budgets are reduced, the effect of gate line edge 
roughness becomes increasingly significant.  Statistical 3D device simulations show that 
spacer gate lithography is a scalable technology which can significantly reduce LER-
induced variability in MOSFET performance. 
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Chapter 3 

Tri-Gate Bulk MOSFET Design 
 
 
 

3.1   Introduction 
 
      Challenges for continued scaling of bulk-Si CMOS technology include increased 
leakage current (IOFF) [1] and variability in transistor performance [2].  Non-classical 
transistor structures such as thin-body MOSFETs [3] provide better control of short-
channel effects (SCE) without the need for heavy channel surface doping and thus can 
reduce variability in threshold voltage (VT) due to random dopant fluctuations (RDF).  
Although it is generally agreed that such structures (e.g. the FinFET [4] or the tri-gate 
silicon-on-insulator (SOI) FET [5]) will be necessary in the sub-20 nm gate length (LG) 
regime, they require either expensive SOI substrates or more complex fabrication 
processes (e.g. [6]) and advanced compact models for circuit design, which present 
barriers to their adoption.  For example, to circumvent the need for an SOI substrate, 
body-tied FinFETs have been investigated recently [7, 8, 9].  These devices have large 
channel aspect ratio, because they rely on a narrow and tall (fin-like) channel to suppress 
SCE and achieve good layout area efficiency, respectively.  In this chapter we propose a 
tri-gate bulk MOSFET design which utilizes a low-aspect-ratio channel, for improved 
manufacturability. 
 

3.2   Tri-Gate Bulk MOSFET Structure 
 
3.2.1   Device Structure 
 
      The channel region of a tri-gate bulk MOSFET consists of one or more parallel 
segments (“stripes”) of equal width, WSTRIPE, which can be substantially larger (by as 
much as ~ 4×) than LG.  Within each stripe, the channel- and source/drain-doping profiles 
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are similar to those in a planar bulk MOSFET, as illustrated in Fig. 3.1.  The thickness of 
the lightly doped channel, TSi, corresponds to the depth of the retrograde channel doping, 
which can be controlled precisely by ion implantation.  Note that the stripes within a 
single multi-stripe transistor are isolated by very shallow trench isolation (VSTI) oxide, 
which extends to a depth below the source/drain extension regions, but which can be 
much shallower than the STI oxide that is used to isolate individual transistors, so that 
there is no need to form high-aspect-ratio fins.  The deep source/drain regions within a 
single multi-stripe transistor may be contiguous underneath the VSTI oxide.  Such a 
segmented MOSFET structure may seem to be very complicated to manufacture.  
However, it can be fabricated in a relatively straightforward manner using a conventional 
process flow, starting with a substrate having a corrugated semiconductor surface 
planarized by VSTI oxide [10].   
 

 
Figure 3.1. Cross-sectional views of the simulated 3-D tri-gate bulk MOSFET 
structure. 

     
      To provide for improved electrostatic integrity and layout area efficiency (effective 
channel width per unit layout width), the VSTI/STI oxide surrounding the active-area 
stripe(s) can be recessed by a small amount, HSTRIPE, just prior to gate stack formation, so 
that the gate electrode wraps around the top portion of each stripe, resulting in a tri-gate 
structure.  It should be noted that narrow-width MOSFETs (such as those used in SRAM 
cells) can be readily made into (single-stripe) tri-gate MOSFETs in this manner, i.e. 
simply by recessing the STI oxide prior to gate stack formation in a standard CMOS 
fabrication process.  The combination of retrograde channel doping [11] with a multi-gate 
structure provides for superior electrostatic integrity as well as significantly reduced VT 
variation due to RDF [12, 13]. 
 
3.2.2   Simulation Results and Discussion 
 
      Sentaurus 3-dimensional process and device simulations were performed using 
advanced physical models [14] to study the performance of tri-gate bulk MOSFETs vs. 
planar bulk MOSFETs.  The retrograde well doping profiles were identical for these two 
device designs.  Device parameters were selected based on ITRS specifications [15].  The 
well doping profile steepness is 4 nm/decade, which is less abrupt than required for the 
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source/drain extensions [15].  No mobility enhancement was assumed, although well-
established techniques for inducing strain in the channel region can be readily applied.  
 

A. Tri-Gate Bulk MOSFET Benefit for Improved Scalability    
 
      The use of retrograde well doping (or halo doping) allows the tri-gate bulk MOSFET 
to achieve electrostatic integrity superior to that of the tri-gate SOI MOSFET design [5] 
because drain electric field penetration through the buried oxide (BOX) is eliminated.  
Therefore WSTRIPE and/or TSi (~HSTRIPE) can be larger for the same degree of SCE control, 
as shown in Fig. 3.2.  Note that the use of heavy doping beneath the BOX is less effective 
for the tri-gate SOI MOSFET, even if an ultra-thin (10nm-thick) BOX is used.  For 
example, WSTRIPE can be comparable to LG without requiring a channel thickness less than 

€ 

2
3LG, which is advantageous for improving manufacturability (since WSTRIPE does not 

need to be less than LG) and achieving good layout area efficiency (because the gated 
stripe sidewalls contribute to current conduction).  The retrograde well doping profile 
also provides for light doping at the upper channel surfaces to mitigate corner conduction 
effects [16]. 

 
Figure 3.2. Stripe dimensions required to adequately suppress short-channel effects, 
from 3-D device simulations.  For a specified amount of drain-induced barrier 
lowering (100 mV/V), the tri-gate bulk MOSFET offers higher layout efficiency than 
the tri-gate SOI transistor because taller stripes can be used (providing for more 
sidewall current conduction).  This is the case even if the SOI device has a “ground 
plane” (doped to a concentration of 1020 cm-3) beneath an ultra-thin (10nm-thick) 
BOX. 

 

B. Tri-Gate Bulk MOSFET Benefit for Reduced Variability     
 
      Fig. 3.3 shows drain current vs. gate voltage (IDS-VGS) characteristics (for 100 
simulated cases) of tri-gate bulk MOSFETs and planar bulk MOSFETs with atomistic 
doping effects included, following the methodology described in [17, 18].  (Dopant atoms 
within the channel and the source/drain gradient regions were randomly placed (e.g. Fig. 
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3.3a inset) using a Monte Carlo algorithm [19].)  Because the nominal (continuum) body 
and source/drain doping profiles are identical for the tri-gate and planar MOSFETs, the 
reduction in VT variation is due solely to their structural difference.  The depletion charge 
density per unit channel width is smaller for the tri-gate structure, so that RDF effects are 
mitigated. 
 

 
        (a)                                                                       (b) 

Figure 3.3. Simulated IDS-VGS curves for transistors (LG = 20 nm) with 
discretely placed dopant atoms.  Each curve corresponds to a different random 
placement of the source/drain-gradient and retrograde-channel dopant atoms, 
e.g. as shown in the inset in (a) where each square corresponds to an n-type 
dopant atom and each dot corresponds to a p-type dopant atom.  Currents are 
normalized to effective channel width.  (a) tri-gate bulk MOSFETs with 
WSTRIPE = 20 nm, HSTRIPE = 14 nm, WSPACING = 20 nm; (b) planar MOSFETs.  
Device layout width is 40 nm.  EOT = 0.9 nm, XJ = 14nm, depth of retrograde 
channel doping TSi = 14nm, gate work function = 4.1eV. 

 

C. VT Adjustment via Doping and Body Biasing     
 
      The dependences of ION and IOFF (normalized to layout width) on TSi (~HSTRIPE) and 
WSTRIPE are shown in Fig. 3.4.  (No strain-induced mobility enhancement is assumed.)  
The depth of the retrograde doping can be used to tune ION vs. IOFF, so that VT can be 
adjusted without heavy channel surface doping or gate work function tuning.  If TSi is less 
than one-half of WSTRIPE, body biasing is effective for dynamic VT control to optimize the 
power vs. delay tradeoff, or for compensation of process-induced VT variations for 
improved parametric yield [1]. 
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Figure 3.4. Simulated ION & IOFF (normalized to layout width) for n+ poly-Si-gated 
tri-gate bulk MOSFETs with steep retrograde channel doping (peak concentration = 
2x1019 cm-3, steepness = 4nm/dec). LG = 20nm, WSTRIPE = 20nm, EOT = 0.9nm, VDD = 
1V. Values of the depth of retrograde channel doping TSi (~HSTRIPE) are indicated. XJ 
and HSTRIPE each increase with TSi. No mobility enhancement is assumed for the tri-
gate bulk MOSFETs, in contrast to the ITRS specifications. 

 
      The tri-gate bulk MOSFET design provides an evolutionary pathway for bulk CMOS 
scaling to the end of the roadmap.  The combination of retrograde channel doping with a 
multi-gate structure provides for superior electrostatic integrity, so that an ultra-thin/ultra-
narrow channel is not required in order to suppress short-channel effects.  As compared 
with the classic planar MOSFET design, the tri-gate bulk MOSFET also provides for 
reduced variability due to random dopant fluctuations.  It also allows for VT tuning via 
channel doping depth (vs. dose), as well as the possibility of dynamic VT adjustment via 
body biasing for further yield improvement and/or versatility in circuit design. 
 

3.3   Scale Length Assessment 
 
3.3.1   Introduction 
 
      The planar ground-plane bulk MOSFET and double-gate SOI MOSFET structures 
have been studied as candidates to extend transistor scaling to its ultimate limit 
[11][20][21].  In section 3.2, the tri-gate bulk MOSFET design was proposed to provide 
the advantages of a multi-gate SOI MOSFET together with the advantages of a planar 
bulk MOSFET [22].  To assess its scaling limit, 3-dimensional (3-D) effects need to be 
considered.  This section analytically derives the scale length for tri-gate and planar 
ground-plane bulk MOSFETs, and compares the scaling limit of different MOSFET 
designs (Fig. 3.5). 
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(a) 

 
(b) 

Figure 3.5. (a) 3-D view of MOSFET designs studied in this work.  x = 0, y = 0, and z 
= 0 correspond to the location of the source-side gate edge, the center of the channel 
along its width, and the gate oxide-channel interface, respectively.  (b) Channel 
doping profile for tri-gate and planar ground-plane bulk MOSFETs. 

 
3.3.2   Scale Length Derivation 
 
      The scale length of the tri-gate bulk MOSFET is derived herein, for the coordinate 
system shown in Fig. 3.5.  The potential distribution 

€ 

Φ(x,y,z)  in the channel region is 
determined by Poisson’s equation 

            

€ 

d2Φ
dx 2

+
d2Φ
dy 2

+
d2Φ
dz2

=
qNA

εSi
         (1) 

for 

€ 

0 ≤ x ≤ Leff , 

€ 

−
W
2
≤ y ≤W

2
, and 

€ 

0 ≤ z ≤ tSi .  NA is the channel dopant concentration.  

Parabolic potential variation between the two lateral gates (in the y-direction) is assumed 
[23] to describe the potential distribution:  
            

€ 

Φ(x,y,z) ≈ a0(x,z) + a1(x,z)y + a2(x,z)y
2             (2). 

At 

€ 

y = 0, we assume a simple parabolic function in the z-direction [24]:  
            

€ 

Φ(x,0,z) = a0(x,z) ≈ c0(x) + c1(x)z + c2(x)z
2        (3). 
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The boundary conditions are: 

€ 

Φ(x,0,0) =Φ f (x) = a0(x,0) = c0(x)              (4) 

                

€ 

dΦ
dz y= 0,z= 0

=
εox
εSi

Φ f (x) −Φgs

tox
= c1(x)              (5) 

   

€ 

Φ(x,0,tSi) =Φsb = a0(x, tSi) = c0(x) + tSic1(x) + tSi
2c2(x) (6) 
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2
,z)    (7) 

              

€ 

Φ(x,±W
2
,z) =Φ f (x) = a0(x,z) + a2(x,z)

W 2

4
  (8) 

where 

€ 

Φ f (x) and 

€ 

Φsb  are the potentials at 

€ 

z = 0 and 

€ 

z = tSi.  

€ 

a0(x,z)  can be determined 
by the boundary conditions in Eqns. (4-6).  From Eqn. (7), we obtain 

€ 

a1(x,z) = 0 .  

€ 

a2(x,z) =
4
W 2 Φ f (x) − a0(x,z)[ ]  is obtained by solving Eqn. (8).  Using these boundary 

conditions, we obtain the following expression for the potential distribution within the 
channel: 
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      The following equation is obtained by substituting (9) into (1) and setting y to 0: 
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      By making the following transformations 

                     

€ 

λ =
1+

εox
εSi

z
tox

−
z2

tSi
2 −

εox
εSi

z2

toxtSi
8
W 2

εox
εSi

z
tox

−
z2

tSi
2 −

εox
εSi

z2

toxtSi

 

 
 

 

 
 +

εox
εSi

2
toxtSi

+
2
tSi
2

                           (11) 
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Eqn. (10) can be simplified to  
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€ 

d2φ(x)
dx 2

−
φ(x)
λ2

= 0    (13), 

where λ is the scale length.  In calculating λ, the value of z corresponding to the effective 
location of the conduction path of off-state leakage, i.e. the “weak spot” in the channel, 
should be used.  Given the symmetry of the structure, 

€ 

y = 0at the “weak spot”:  
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Eqn. (14) is a quadratic function of z, which reaches a maximum at 
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In the off-state, 

€ 

Φsb =Φgs = 0, and Eqn. (15) is simplified to 
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zpeak =
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2εSi
εox
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tSi
2 +

2
tSi

, which 

corresponds to the location of the highest leakage current density. 
 
3.3.3   Scale Length Comparison 
 
      Fig. 3.6 shows scale length contour lines for different values of channel width (W) 
and lightly doped channel thickness (tSi).  For reference, the scale length for the double-
gate SOI MOSFET [20] design is also shown.  As W increases, the scale length for the 
tri-gate bulk MOSFET approaches the value of the scale length for the planar ground-

plane bulk MOSFET (W>>tSi): 
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2

tSi
2 −

εox
εSi
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2
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εox
εSi

2
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2
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2

.  It should be noted 

that this formula yields a larger scale length for the planar ground-plane MOSFET than 
the formula given in [11], because the scale length formula derived in [11] assumed that 
the off-state leakage path is at the gate oxide-channel interface so that it is overly 
optimistic.  For given values of W and tSi, the scale length is smallest for the tri-gate bulk 
MOSFET design because it combines the benefit of a multi-gate structure (improved gate 
control) with the benefit of a ground-plane structure (leakage suppression).  Fig. 3.7 
shows the off-state electron potential distribution along the leakage path, for each of the 
transistor structures with identical channel dimensions (W and tSi).  The tri-gate bulk 
MOSFET has the least amount of drain-induced barrier lowering and therefore is most 
scalable.  
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Figure 3.6. Channel dimensions required to achieve 7nm and 10nm scale length.  tox = 
1nm. 

 
Figure 3.7. Off-state electron potential distribution along the leakage path.  Leff = 
32nm, W = 20nm, tSi = 20nm, tox = 1nm, Vdd = 1V. 

 
      Fig. 3.8 shows the scale length sensitivity to tox for different designs.  Tri-gate and 
planar ground-plane bulk MOSFETs are less sensitive to tox variation as compared with 
the double-gate SOI MOSFET, because they each employ a ground-plane to help 
suppress short channel effects (SCE), whereas the double-gate SOI structure relies on 
good gate control (i.e. a combination of ultra-thin tox and thin tSi) to suppress SCE. 
 

 
Figure 3.8. Scale length sensitivity to tox.  The tsi values are selected to obtain λ = 7nm 
at tox = 1nm. 
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3.4   Design Optimization of Tri-Gate Bulk MOSFET 
 
      As CMOS technology scaling continues, short-channel effects (SCE) and variability 
in transistor performance become increasingly difficult problems for the planar bulk 
MOSFET design [1, 2], so that alternative MOSFET designs eventually will be needed to 
extend transistor scaling into the sub-20nm gate length regime [15].  The FinFET [25] is 
a leading candidate: it utilizes the combination of a thin channel (which eliminates sub-
surface leakage paths) with a double-gate structure (which increases capacitive coupling 
between the gate and the channel) to suppress SCE and variability.  However, the FinFET 
presents significant challenges for manufacturing because it requires the formation of 
narrow (sub-gate-length) fins [4] with uniform width [26] and large (>1) aspect ratio [27] 
particularly if a bulk silicon wafer is to be used [28].   
 
      The tri-gate bulk MOSFET design was proposed in section 3.2 to provide a more 
evolutionary pathway for continued transistor scaling [22].  It utilizes a combination of 
retrograde channel doping (which suppresses drain-induced barrier lowering, DIBL) with 
a triple-gate structure (which increases capacitive coupling between the gate and the 
channel) to suppress SCE and variability.  Thus, it offers superior electrostatic integrity 
(hence scalability) as compared to the double-gate MOSFET (i.e. the FinFET) (as 
discussed in section 3.3, [29]), without requiring the formation of sub-gate-length or 
high-aspect-ratio features.  In this section, design optimization and performance of tri-
gate bulk MOSFETs [22] vs. bulk FinFETs [28] are compared. 
 
      Sentaurus 3-dimensional (3-D) device simulations were performed using advanced 
physical models [14] to study transistor performance as a function of the retrograde 
channel doping profile and the effective channel length (Leff), physical channel width (W) 
and height (HSTRIPE).  3-D quantization effects were included using the density gradient 
quantization model.  Hydrodynamic model (physical parameters tuned according to 
Monte Carlo simulation results) was used to model the transport of the carriers [14].  The 
values used for the supply voltage VDD and other device design parameters were based on 
ITRS low-operating-power (LOP) specifications at gate length (LG) values of 18nm and 
13nm [15].  For simplicity, no mobility enhancement was assumed.  
 
3.4.1   Tri-Gate vs. FinFET Design Optimization 
 
      In principle, the height (HSTRIPE) of a FinFET can be made to be very tall to achieve 
high layout efficiency, i.e. large effective channel width (Weff) per unit layout area.  In 
practice, however, shorter fins are preferred for ease of manufacture and for design 
flexibility (i.e. to allow for finer increments in designed Weff).  Therefore, optimized bulk 
tri-gate and FinFET designs of the same Weff are compared (for each HSTRIPE of the tri-
gate design).  Fig. 3.9 shows 3-D and cross-sectional views (across the channel) of the tri-
gate and FinFET structures, for LG = 18nm.  Note that they are assumed to have the same 
channel stripe pitch (2*LG, which is an aggressive estimation), as this is set by 
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lithography limitations.  For the tri-gate design, HSTRIPE values are set to 0.6*LG (lower 
bound for high ION and good manufacturability) and 0.8*LG (upper bound for less than 
100mV/V DIBL when the silicon stripe width W and effective channel length Leff are 
each equal to LG, from Fig. 3.10).  tSi (the peak depth of the retrograde channel doping 
profile) is set to be equal to HSTRIPE.  Leff is then optimized (in practice by adjusting the 
width of the gate-sidewall spacers) to maximize the on-state drive current (ION) for a 
fixed 7nA/µm off-state leakage current (IOFF) as specified for double-gate FETs [15], 
while maintaining DIBL to be less than 100mV/V.  The optimal design is then obtained 
to minimize intrinsic delay Ctotal*VDD/Ieff, where Ctotal is the total gate capacitance, and Ieff 
is the average of the drain current ID for VGS = VDD and VDS = VDD/2 and ID for VGS = 
VDD/2 and VDS = VDD.  
 

 
(a) 

 

                                           
(b) 

Figure 3.9. (a) 3-D and (b) cross-sectional views (across the channel) of the simulated 
tri-gate and FinFET bulk MOSFET structures, for LG = 18nm. 
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Figure 3.10. Stripe dimensions required to adequately suppress short-channel effects, 
from 3-D device simulations. 

 
      For the FinFET design, the value of HSTRIPE = tSi is selected to provide the same Weff 
as the tri-gate design, i.e. HSTRIPE,FinFET = 0.5*[WTri-Gate+2*HSTRIPE,Tri-Gate], and the 
maximum value of W that meets the 100mV/V DIBL specification is selected (W = 
0.6*LG).  Leff is then adjusted to maximize ION and to minimize delay.  The thickness of 
the nitride hard-mask layer is assumed to be equal to LG. 
 
      A lower-aspect-ratio tri-gate bulk MOSFET design, with W = 2*LG and channel stripe 
pitch = 4*LG (which is the worst case for layout area efficiency and fringing capacitance), 
is also investigated to find the optimal physical channel width for tri-gate design. 
 
      For all designs, source/drain contacts are assumed to be made along the top and 
sidewall surfaces of the source/drain regions.  The gate work function is assumed to be 
around 4.2 to 4.5eV, which is experimentally achievable [30]. 
 
      The DC and AC characteristics of the tri-gate and FinFET bulk MOSFETs with same 
Weff are shown in Fig. 3.11.  ION normalized to Weff is larger for the FinFET design, due to 
lower average channel doping.  Note that the source/drain lateral doping gradient (2 
nm/dec) [15] and retrograde well doping gradient (4 nm/dec) are assumed to be the same 
for the tri-gate and FinFET designs.  Since the doping profiles in a FinFET likely would 
be less abrupt in practice (because it is more difficult to form a steep retrograde profile 
and abrupt source/drain profiles at the base of a tall stripe), ION is overestimated for the 
FinFET.  3-D simulated total gate capacitance is also larger for the FinFET design, due to 
larger fringing capacitances, as illustrated in Fig. 3.12.  Since the FinFET has a narrower 
and taller stripe, the thickness and height of the gate electrode along the channel-stripe 
sidewalls are larger for the FinFET design, resulting in larger outer fringing capacitance 
(Cof).  Similarly, the gate-to-substrate coupling capacitance is also larger for the FinFET 
design.   
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                                    (a)                                                          (b) 
Figure 3.11. Comparison of simulated characteristics for bulk MOSFETs: (a) 
DC characteristics, (b) AC characteristics.  LG = 18nm, tox = 9A, VDD = 0.7V, 
Leff = 22nm. 
 

        
                                        (a)                                             (b) 
Figure 3.12. Illustration of parasitic capacitances in multi-gate MOSFET 
structures.  (a) Outer fringing capacitance Cof, (b) Gate-to-substrate 
capacitance CfG-to-B. 

 
      Figs. 3.13a and 3.13b show the Leff dependence of ION and intrinsic delay, 
respectively, for different values of HSTRIPE, with W = 1*LG, channel stripe pitch = 2*LG.  
It can be seen from Fig. 3.13b that the optimal design with larger HSTRIPE has larger Leff 
(wider gate-sidewall spacers, smaller Cof) and smaller minimum intrinsic delay.  The tri-
gate bulk MOSFET design with W = 2*LG and channel stripe pitch = 4*LG shows poorer 
intrinsic delay (Fig. 3.14b) due to degraded ION, consistent with a larger scale length [29].  
For the FinFET design (W = 0.6*LG, channel stripe pitch = 2*LG), a larger value of 
HSTRIPE is advantageous to achieve smaller delay, since the ratio of Cof over total gate 
capacitance is smaller (Fig. 3.15b).  Based on the results in Figs. 3.13, 3.14, and 3.15, the 
tri-gate bulk MOSFET design with W = 1*LG is optimal to minimize intrinsic delay. Fig. 
3.16 show the effect of retrograde channel doping gradient on MOSFET performance.  
Note that the retrograde doping gradients that are used in the simulations range from 5 
nm/dec and aggressively down to 1 nm/dec, for the purpose of finding the optimal doping 
gradient value.  In practice, steep retrograde doping profiles (3 nm/dec ~ 4 nm/dec) can 
be achieved by utilizing diffusion-barrier layers [31].  For the tri-gate design, there exists 
an optimal value of retrograde doping gradient that optimizes the trade-off between 
mobility and SCE suppression; for the FinFET design, which does not rely on retrograde 
channel doping to suppress SCE, the retrograde doping gradient generally should be as 
steep as possible in order to minimize mobility degradation.  Therefore, the optimal 
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retrograde channel doping gradient for the tri-gate design is less steep than that for the 
FinFET design, and is easier to attain in practice.   
 

               
                                (a)                                                                  (b) 
Figure 3.13. Tri-gate bulk MOSFET design optimization for channel stripe width W = 
LG. (a) ION vs. Leff, for IOFF = 7 nA/µm, (b) Delay vs. Leff. LG = 18nm, tox = 9A, XJ,SD = 
1.2*HSTRIPE, tSi = HSTRIPE, VDD = 0.7V. 

 

                
                                (a)                                                                  (b) 
Figure 3.14. Tri-gate bulk MOSFET design optimization for channel stripe 
width W = 2*LG. (a) ION vs. Leff, for IOFF = 7 nA/µm, (b) Delay vs. Leff. LG = 
18nm, tox = 9A, XJ,SD = 1.2*HSTRIPE, tSi = HSTRIPE, VDD = 0.7V. 

 

                
                               (a)                                                                    (b) 
Figure 3.15. FinFET bulk MOSFET design optimization. (a) ION vs. Leff, for 
IOFF = 7 nA/µm, (b) Delay vs. Leff. LG = 18nm, W = 0.6*LG, tox = 9A, XJ,SD = 
1.2*HSTRIPE, tSi = HSTRIPE, VDD = 0.7V. 
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                              (a)                                                                       (b) 
Figure 3.16. Impact of retrograde channel doping gradient on the performance 
of tri-gate bulk and FinFET bulk MOSFETs.  For the tri-gate design, W = 
1*LG, HSTRIPE = 0.8*LG; for the FinFET design, W = 0.6*LG, HSTRIPE = 1.3*LG.  
(a) LG = 18nm, tox = 9A, tSi = HSTRIPE, VDD = 0.7V, (b) LG = 13nm, tox = 8A, tSi 
= HSTRIPE, VDD = 0.6V. 

 
3.4.2   Variability Study 
 
      The impact of gate line edge roughness (LER) together with random dopant 
fluctuations (RDF) on bulk tri-gate and FinFET designs is studied using Kinetic Monte 
Carlos simulations [14].  The LER value used in the simulations is 4nm.  For a fair 
comparison, the nominal structures for tri-gate and FinFET designs are the optimal 
structures (with minimum intrinsic delay) with the same source/drain lateral doping 
gradient (2nm for LG = 18nm, 1.5nm for LG = 13nm) and retrograde well doping gradient 
(4nm for LG = 18nm, 3nm for LG = 13nm).  Figs. 3.17a and 3.17b show ION distributions 
for LG = 18nm and LG = 13nm, respectively.  As compared to FinFET designs, the ION 
variations are larger for tri-gate designs with tSi = HSTRIPE due to higher average channel 
doping.  Comparable ION variations can be achieved by making tSi larger than HSTRIPE in 
tri-gate designs while still maintaining smaller intrinsic delay than FinFET designs (Fig. 
3.18). 
 

          
                               (a)                                                                     (b) 
Figure 3.17. ION distributions due to LER and RDF. (a) LG = 18nm, tox = 9A, 
VDD = 0.7V, (b) LG = 13nm, tox = 8A, VDD = 0.6V. 
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                                 (a)                                                                 (b) 
Figure 3.18. Tri-gate design intrinsic delay dependence on tSi. (a) LG = 18nm, tox = 
9A, VDD = 0.7V, (b) LG = 13nm, tox = 8A, VDD = 0.6V. 

 
Table 3.1 summarizes the parameters for the optimized tri-gate and FinFET bulk 
MOSFET designs.  The tri-gate bulk MOSFET design offers comparable (or even less) 
delay, with less aggressive features (stripe width, stripe aspect ratio, retrograde doping 
gradient) for improved manufacturability. 
 

 Parameter FinFET Tri-Gate 

LG (nm) 18  13 18 13 

Tox (nm) 0.9 0.8 0.9 0.8 

Gate work function (eV) 4.51 4.45 4.35 4.34 

Leff (nm) 22 17 22 17 

W/LG 0.6 0.6 1 1 

HSTRIPE/LG 1.3 1.3 0.8 0.8 

Design 

Retrograde gradient (nm/dec)  1 1 4 4 

ION (µA/µm) 

(for IOFF = 7 nA/µm) 

754 592 673 531 Performance 

(VDD = 0.7V for LG = 18nm, 

VDD = 0.6V for LG = 13nm) CV/Ieff (ps) 0.73 0.69 0.72 0.68 

 
Table 3.1. Optimal designs for the tri-gate and FinFET bulk MOSFETs. 

 

3.5   Summary 
 
      The tri-gate bulk MOSFET structure is proposed to provide an evolutionary pathway 
for continued CMOS scaling. An analytical equation for the scale length of a tri-gate bulk 
MOSFET is derived.  As compared with the double-gate SOI MOSFET, the tri-gate bulk 
MOSFET design is more scalable and less sensitive to device design parameters.  As 
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compared with the bulk FinFET design, the tri-gate bulk MOSFET design offers 
comparable performance and variability.  Its low-aspect-ratio channel structure is 
favorable for ease of manufacturing.  Thus, the tri-gate bulk MOSFET is a promising 
structure for CMOS transistor scaling to the end of the technology roadmap. 
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Chapter 4 

Variation Study of Tri-Gate Bulk MOSFET 
 
 
 

4.1   Introduction 
 
      Variability in transistor performance increases dramatically as the critical dimension 
(the gate length) is reduced well below 50nm.  This poses critical challenges for 
continued CMOS scaling and cost-effective utilization of scaled technologies [1].  
Variations in transistor performance can be divided into two main categories: systematic 
variation and random variation.  Sources of systematic variation include process-induced 
variations in gate length (LG), channel width (WSTRIPE), gate-oxide thickness (tox) 
variation and layout-dependent channel stress.  Sources of random variation are gate line 
edge roughness (LER) and random dopant fluctuations (RDF), which are also intrinsic 
sources of variation [2] (i.e. fundamental to the transistor architecture and manufacturing 
processes). 
 
      As candidate structures to extend transistor scaling to its ultimate limit, the planar 
ground-plane bulk MOSFET, SOI FinFET and tri-gate bulk MOSFET structures were 
discussed in Section 3.3 [3-6].  A comparison of the scale lengths for these structures 
shows that the tri-gate bulk MOSFET is more scalable than the other two designs [6].  
Besides the comparative performance analysis of transistor nominal designs, a 
comparison of variability in transistor performance must also be considered to determine 
which MOSFET structure is the most scalable. 
 

4.2   Nominal MOSFET Designs 
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      The device structures are identical to those described in Fig. 3.5a, except that a 
realistic retrograde channel doping profile (Fig. 3.1, peaked at a depth tSi with 4nm/dec 
gradient [7, 8]) is used in the Sentaurus 3-dimensional (3-D) device simulations [9]. 
 
      Simulations were performed for the following n-channel MOSFET nominal designs: 
physical gate length LG = 20nm, equivalent oxide thickness tox = 9Å, supply voltage VDD 
= 0.7V.  These design parameters are based on the International Technology Roadmap 
for Semiconductors (ITRS) [10].  For the tri-gate bulk MOSFET design, silicon stripe 
width WSTRIPE = LG, two sets of tSi (equal to oxide recess depth HSTRIPE) are simulated (tSi 
= 0.6*LG and 0.8*LG), and source/drain extension junction depth XJ = 1.2*HSTRIPE; for the 
planar bulk MOSFET design, same values of WSTRIPE and tSi are assumed, XJ = 7nm [10]; 
for the SOI FinFET design, WSTRIPE (which is labeled as tSi in Fig. 3.5a) is set to 0.6*LG 
to suppress short channel effects (SCE), fin height HSTRIPE (which is labeled as W in Fig. 
3.5a) is chosen to achieve the same effective channel width (Weff) as the tri-gate bulk 
MOSFET design.  For each design, the effective channel length (Leff) is optimized to 
minimize intrinsic delay Ctotal*VDD/Ieff, where Ctotal is the total gate capacitance, and Ieff is 
the average of the drain current ID for VGS = VDD and VDS = VDD/2 and ID for VGS = VDD/2 
and VDS = VDD, at a fixed 18nA/µm off-state leakage current (IOFF) as specified for planar 
bulk MOSFETs [10].  The ID-VG characteristics of the optimal designs at tSi = 0.6*LG and 
0.8*LG are shown in Fig. 4.1.  The tri-gate bulk MOSFET design with tSi = 0.6*LG shows 
the best subthreshold swing (S) due to superior gate control.  The parameters for the 
optimized tri-gate bulk MOSFET, planar bulk MOSFET, and SOI FinFET are 
summarized in Table 4.1.  Only one set of parameters are shown for SOI FinFET, as 
there is no difference in the optimal SOI FinFET design parameters.  The optimal tri-gate 
bulk MOSFET design shows about 7% less delay than the optimal SOI FinFET and 35% 
less delay than optimal planar bulk MOSFET design. 
 

 
                                (a)                                                                             (b) 
Figure 4.1. Simulated MOSFET DC characteristics.  (a) tSi = 0.6*LG, (b) tSi = 0.8*LG. 
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 Parameter Tri-Gate 
Bulk 

Planar  
Bulk 

FinFET 
SOI 

tSi/LG 0.6 0.8 0.6 0.8 1.1 or 1.3 

LG (nm) 20  20 20 20 20 

Tox (Å) 9 9 9 9 9 

Gate work function (eV) 4.265 4.367 4.064 4.171 4.519 

Leff (nm) 21 21 21 21 25 

W/LG 1 1 1 1 0.6 

Design 

Retrograde gradient (nm/dec)  4 4 4 4 No channel 

doping 

ION (µA/µm) 

(for IOFF = 18 nA/µm) 

820 778 629 647 889 Performance 

(VDD = 0.7V) 
CV/Ieff (ps) 0.65 0.65 1 1 0.7 

Table 4.1. Optimal designs for the tri-gate bulk MOSFET, planar bulk MOSFET, and 
SOI FinFET. 

 

4.3   Impact of Systematic Variations 
 
     In this section, the effects of systematic variations in LG, WSTRIPE (for tri-gate and 
FinFET structures), tox and channel stress distribution (for tri-gate and planar MOSFETs) 
are discussed. 
 
      Fig. 4.2 shows threshold voltage (VT) sensitivity to LG variation.  At tSi = 0.6*LG, VT 
variation in tri-gate bulk MOSFET design is the smallest among the three structures.  
However, tri-gate bulk MOSFET VT variation increases to the same level as that of the 
planar bulk MOSFET design, due to the weaker gate control and deeper XJ.  (XJ for 
planar bulk MOSFET is fixed at 7nm.) 
 

 
                                (a)                                                                            (b) 
Figure 4.2. Simulated VT sensitivity to LG variation.  (a) tSi = 0.6*LG, (b) tSi = 0.8*LG. 
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      For the multi-gate structures (tri-gate and FinFET), VT is dependent on WSTRIPE since 
the side gates influence the channel potential.  Since the FinFET relies on thin WSTRIPE to 
suppress SCE, it is much more sensitive to WSTRIPE variation than the tri-gate bulk 
MOSFET design which employs retrograde channel doping to help suppress SCE, as 
shown in Fig. 4.3.  Note that the VT sensitivity to WSTRIPE is calculated at nominal WSTRIPE 
with ±10% variation.  The tri-gate bulk MOSFET design with tSi = 0.8*LG exhibits 
smallest (close to zero) VT sensitivity to WSTRIPE variations, since the top gate constitutes 
a smaller portion of total gate area as compared to the design with tSi = 0.6*LG. 

 
Figure 4.3. Simulated VT sensitivity to WSTRIPE variation. 

 
      The effects of tox variation for tSi = 0.6*LG are shown in Fig. 4.4.  The simulation 
results for tSi = 0.8*LG show a similar trend.  For tri-gate and planar bulk MOSFET 
designs, VT increases (thus IOFF and ION decrease) with increasing tox.  Because the gate 
electrode wraps around the channel region in the tri-gate bulk design, the amount of 
depletion charge (due to ionized channel dopants) per unit channel width is smaller than 
for a planar bulk device; thus the VT shift induced by tox variation is smaller for the tri-
gate design.  The SOI FinFET design shows a different performance change: as tox 
increases, IOFF increases due to worse electrostatic integrity and ION decreases due to 
worse substhreshold slope.  This is because the SOI FinFET structure relies on good gate 
control (i.e. a combination of ultra-thin tox and thin tSi) to suppress SCE, whereas the 
planar and tri-gate bulk designs both employ retrograde channel doping to help improve 
electrostatic integrity.   
 

 
            (a)                                                       (b)                                                      (c) 
Figure 4.4.  Simulated ID-VG characteristics with tox variation, tSi = 0.6*LG. (a) Tri-
gate bulk MOSFET design, (b) SOI FinFET design, (c) planar bulk MOSFET design. 
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      Additional process-induced systematic variations, such as that due to layout-
dependent channel stress induced by shallow-trench isolation (STI) oxide, have become 
significant for scaled CMOS technologies [11].  Fig. 4.5 compares transverse stress 
profiles and STI-induced hole mobility variations for a planar bulk MOSFET vs. a tri-
gate bulk MOSFET.  Since the surface of each channel stripe above the STI is elevated, 
mobility dependence on layout is dramatically reduced. 
 

 
(a) 

 

                      
(b) 

Figure 4.5. Comparison of (a) transverse stress profiles and (b) STI stress-induced 
hole mobility variations, for planar vs. tri-gate (WSTRIPE = 20nm) bulk MOSFETs, 
using Taurus-3D [12].  The silicon stripe height is 10nm for the tri-gate bulk 
MOSFETs, which provides for more uniform channel mobility because of reduced 
STI-induced channel stress.  Courtesy of Victor Moroz (Synopsys, Inc.). 

 
      Stressors used to boost transistor performance are another source of systematic 
variation; an example is the use of contact etch stop liner (CESL) for mobility 
enhancement.  Fig. 4.6 shows the CESL-induced stress distributions along the channel 
(current flow) direction within the planar and tri-gate bulk MOSFET structures.  The 
narrow and geometrically regular channel structure in the tri-gate bulk MOSFET results 
in more channel stress (and thus more mobility enhancement) and less variation in 
channel stress with changes in effective channel width. 
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Figure 4.6. CESL-induced stress distribution in planar and tri-gate bulk MOSFETs. 
The CESL is assumed to be a 30nm-thick silicon nitride with 2GPa tensile stress.  LG 
= 20nm, tox = 9Å, gate electrode thickness (TGATE) = 40nm, spacer width (LSPACER) = 
20nm, WSTRIPE = 20nm, WSPACING = 20, HSTRIPE = 10nm. 

 

4.4   Impact of Random Variations 
 
      In this section, LER- and RDF-induced variations are compared for the three 
MOSFET structures.  The LER profiles are generated in the same manner as described in 
Chapter 2.  Fig. 4.7 shows an example of tri-gate bulk MOSFET structure with gate LER.  
The RDF profiles are generated using Kinetic Monte Carlo simulations [9].  The LER 
and the line width roughness (LWR) values used for the simulations are 4nm and 6.4nm, 
respectively.  3-D device simulations were performed for the optimal nominal designs 
(for tSi = 0.6*LG and tSi = 0.8*LG) to investigate the effects of LER only, and also to 
investigate the effects of LER together with RDF in the source/drain and channel regions.   

 
Figure 4.7. Example of a simulated tri-gate bulk MOSFET structure with gate LER.  

 
      Fig. 4.8 shows the gate LER-induced VT variations for the SOI FinFET, planar bulk 
MOSFET and tri-gate bulk MOSFET with tSi = 0.6*LG.  The variation is smallest for the 
tri-gate bulk MOSFET design, due to its good suppression of SCE.  Although it has better 
electrostatic integrity, the SOI FinFET has VT variation comparable to that of the planar 
bulk MOSFET.  This is because the two sidewall gates of the FinFET have discrete, 
different gate lengths due to gate LWR, while the effects of gate LWR on planar bulk 
MOSFETs are somewhat averaged across the channel width.  VT variations due to the 
presence of both LER and RDF are shown in Fig. 4.9.  VT lowering is smallest for the tri-
gate bulk MOSFET due to its superior electrostatic integrity.  The tri-gate bulk MOSFET 
also shows comparable VT variation as an SOI FinFET.  Because VT variation induced by 
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the RDF in the source/drain gradient regions increases with smaller WSTRIPE [13], and also 
because of larger LER-induced variation, the SOI FinFET does not provide for reduced 
random variation as compared to the tri-gate bulk MOSFET design even though there are 
no channel dopants in the SOI FinFET.  Fig. 4.10 shows the effect of tSi on the random 
variation.  For the tri-gate bulk MOSFET, tSi = 0.6*LG yields the smallest random 
variation, while for the planar bulk MOSFET, tSi = 0.8*LG is beneficial for reduced RDF-
induced variability since the average number of channel dopants is smaller number. 
 

 
             (a)                                                     (b)                                                    (c) 
Figure 4.8. LER-induced variation in (a) tri-gate bulk MOSFET, (b) SOI FinFET, and 
(c) planar bulk MOSFET.  tSi = 0.6*LG. 

 

 
            (a)                                                     (b)                                                    (c) 
Figure 4.9. LER- and RDF- induced variation in (a) tri-gate bulk MOSFET, (b) SOI 
FinFET, and (c) planar bulk MOSFET. tSi = 0.6*LG. 

 

 
                                (a)                                                                       (b) 
Figure 4.10. Effect of tSi on LER- and RDF- induced variation. (a) tSi = 0.6*LG, (b) tSi 
= 0.8*LG.  
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4.5   Summary 
 
      The impacts of process-induced systematic and random variations on transistor 
performance are investigated for three different transistor structures.  As compared to the 
planar bulk MOSFET and SOI FinFET, the tri-gate bulk MOSFET design shows the least 
variability as well as the best nominal performance.  Thus it is a promising device 
architecture for transistor scaling to the end of the technology roadmap. 
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Chapter 5 

Segmented Bulk MOSFET Technology 
 
 
 

5.1   Introduction 
 
      As discussed in Chapter 3, the channel region of a tri-gate bulk MOSFET consists of 
one (e.g. SRAM) or more (e.g. general purpose logic) parallel segments (“stripes”) of 
equal width (WSTRIPE).  Fig. 5.1 shows the structure of a multi-stripe tri-gate bulk 
MOSFET.  The stripes in a multi-stripe transistor are isolated by very shallow trench 
isolation (VSTI) oxide.  The VSTI oxide extends to a depth (XVSTI) below the 
source/drain extension regions, but can be much shallower than the STI oxide that is used 
to isolate individual transistors, so that there is no need to form high-aspect-ratio stripes.  
This relatively low-aspect-ratio (XVSTI/WSTRIPE < 2) is beneficial for ease of fabrication.  
The gate electrode wraps top portion of each stripe to form a tri-gate structure.  
Retrograde channel doping (located at the base of the gated stripe region) is used to 
suppress sub-surface leakage.  Within each stripe, the channel- and source/drain-doping 
profiles are similar to those in a planar bulk MOSFET, as illustrated in Fig. 5.1. 
 

 
Figure 5.1. Schematic diagrams illustrating an n-channel multi-stripe tri-gate bulk 
MOSFET structure (adapted from [1]). 

 
      The tri-gate bulk MOSFETs can be fabricated using a process that is nearly identical 
to that for planar bulk MOSFETs, except that a corrugated substrate (comprised of stripes 
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isolated by VSTI) is used as the starting material.  The fabrication process flow is 
discussed in section 5.2.  Sections 5.3 and 5.4 will discuss the most critical processes for 
tri-gate bulk MOSFET fabrication - formation of corrugated substrate and control of 
VSTI recess.  
 

5.2   Device Process Flow 
 
      The tri-gate bulk MOSFET fabrication process flow is outlined in Fig. 5.2.  Starting 
with a substrate having a corrugated semiconductor surface planarized by VSTI oxide  
(step 1), the tri-gate bulk MOSFET can be fabricated in a relatively straightforward 
manner using a conventional process flow.  Since the features on the corrugated substrate 
are geometrically very regular, small-pitch and high-resolution patterning techniques 
such as multiple patterning or spacer lithography [2] can be readily used to achieve long 
stripes of uniform width with very fine pitch (details will be discussed section 5.3). 
 
      Active areas are defined by photolithography and oxide/silicon etch (step 2).  The 
trenches are filled by oxide to form STI (step 3).  After well implantations, the stripe 
surfaces are slightly elevated above the STI to form a tri-gate structure (step 4).  The 
following steps are straightforward: implant channel and form gate stacks (step 5), form 
source/drain extension and sidewall spacers (step 6), grow epitaxial material in 
source/drain regions (step 7, which is optional), and finally dope source/drain regions and 
form silicide (step 8). 
 

 
 

Figure 5.2. SegFET fabrication process (front-end-of-line steps).  By defining the 
channel segments first (prior to active-area definition and gate-stack formation), 
precise control of segment width (hence channel width) can be achieved.  
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5.3   Corrugated Substrate Process 
 
      In order to achieve highly uniform stripe width (for tight VT control), spacer 
lithography is used to form the corrugated substrate. An exemplary spacer lithography 
process flow is shown in Chapter 2 (Fig. 2.2).  Since the spacer width is determined by 
the thickness of the deposited spacer layer (very uniform and controllable), it can be 
much smaller than the minimum feature size defined by conventional lithography, and 
very uniform.   
 
      Spacer lithography can be iterated to achieve ultra high densities.  With n iterations, 
the pitch reduction is 2n.  Iterated spacer lithography has been demonstrated by forming 
spacers on the sidewalls of existing spacers [3, 4].  This may introduce additional line 
width variation.  If the etch process is not perfectly anisotropic, the resultant sloped 
sidewalls result in sloped spacers, and these sloped spacers result in next set of sloped 
spacers.  To mitigate this variation, a multi-tiered hard mask was proposed to ensure 
every set of spacers is formed along sidewalls with identical slope [5].  Section 5.3.1 will 
discuss the iterative spacer lithography using this multi-tiered hard mask process to 
enable 8x pitch reduction with no increase in critical dimension (CD) variation. 
 
5.3.1   Iterative Spacer Lithography Process 
 
      A three-iteration spacer lithography process is illustrated in Fig. 5.3.  Starting with the 
silicon substrate covered by a multi-tiered hard mask (each tier of the hard mask consists 
of an amorphous silicon (a-Si) sacrificial layer and a thin underlying low temperature 
oxide (LTO) etch-stop layer), pattern the LTO hard mask layer (1st hard mask) by 
photolithography (400nm as-printed linewidth, 250nm linewidth after photoresist ashing, 
800nm pitch).  Then perform a timed anisotropic etch on the a-Si sacrificial layer (1st 
sacrificial layer) using a chlorine (Cl2) and hydrogen bromide (HBr) plasma.  Note that at 
least 50nm a-Si is needed to protect the underlying LTO hard mask (2nd hard mask) 
during the following hydrofluoric acid (HF) etch to remove the remaining portions of the 
1st hard mask.  A 150nm LTO layer is then deposited and anisotropically etched (in 
trifluoromethane (CHF3) plasma) to form the spacers (1st spacer).  After removing the a-
Si sacrificial layer using a Cl2 and HBr plasma, transfer the spacer patterns to the 
underlying LTO hard mask (using a CHF3 plasma etch).  Repeat the sacrificial layer 
timed etch, HF dip, spacer formation and sacrificial layer removal steps.  Thusly, uniform 
LTO patterns with 100nm pitch are achieved after 3 iterations of spacer lithography, as 
shown in Fig. 5.4.  These LTO lines are then used as a mask to pattern the underlying 
hard mask layers and silicon to form uniform silicon stripes. 
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Figure 5.3. Illustration of iterative spacer lithography process (3 iterations). 
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Figure 5.4. Plan-view scanning electron micrograph of LTO spacers formed after 3 
iterations of spacer lithography.  

 
5.3.2   Negative Spacer Lithography Process 
 
      Selective epitaxial growth is another approach that can be used to form the 
semiconductor stripes of corrugated substrate.  In this case, uniform oxide trenches 
instead of silicon stripes must be formed.  A negative spacer lithography process [5] is 
used to define these oxide trenches with high uniformity, as illustrated in Fig. 5.5.  The 
negative spacer lithography process is similar to that of conventional spacer lithography, 
except that the sacrificial material is used as the hard mask.  
 
      Starting with a patterned silicon-germanium (SiGe) sacrificial layer (anisotropically 
etched by Cl2 and HBr plasma), LTO spacers are formed by CVD and anisotropic etch-
back (using CHF3 plasma).  Then another SiGe sacrificial layer is deposited and 
anisotropically etched to expose the spacers.  The LTO spacers are then selectively 
removed.  After transferring the SiGe trenches to underlying thermal oxide layer (in 
CHF3 plasma), uniform oxide trenches are formed, as shown in Fig. 5.6a. 
 
      Note that the sacrificial material needs to be chosen carefully, since the last step of 
this negative spacer lithography process is to remove the sacrificial material selectively to 
oxide as well as silicon.  A solution of ammonium hydroxide (NH4OH), hydrogen 
peroxide (H2O2), and de-ionized water (DI H2O) has been found to selectively etch SiGe 
over both oxide and silicon [6].  With the optimal composition of the solution (30% 
NH4OH : H2O2 : H2O = 1:1:5) at 75°C, the SiGe is removed selectively (Fig. 5.6b). 
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Figure 5.5. Illustration of negative spacer lithography process. 

 

 
(a) 
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(b) 

Figure 5.6. Cross-sectional-view scanning electron micrograph of oxide trenches 
formed after negative spacer lithography. (a) Before SiGe sacrificial layer removal.  
(b) After SiGe sacrificial layer removal. 
 

5.4   Control of Very Shallow Trench Isolation (VSTI) Oxide 
Recess 
 
5.4.1   Introduction 
 
      Starting with the corrugated substrate, the tri-gate structure can be achieved by 
recessing the isolation oxide in-between the stripes prior to gate-stack formation. 
Typically, the oxide recess is achieved with a timed etch, so that non-uniformity in etch 
rate results in commensurate non-uniformity in etch depth.  This is because the etch rate 
of the oxide is uniform throughout its depth.  In order to improve the 
uniformity/controllability of a timed oxide etch process, the oxide etch rate must be 
enhanced within a depth range that reaches down to the desired etch depth xD. 
 
      Shallow argon (Ar) ion implantation has previously been used to enhance the etch 
rate within the surface region of a SiO2 film in order to achieve well-tapered wet-etch 
profiles [7].  Deep, high-dose ion implantation recently has been reported to enhance the 
etch rate of thick (>100nm) SiO2 films in aqueous HF and also in vapor HF [8].  In this 
section, it is demonstrated that moderate-dose Ar ion implantation can be used to 
selectively enhance the etch rate of a silicon dioxide (SiO2) film down to a precise depth, 
to allow for improved control of oxide etch depth in an integrated-circuit device 
fabrication process.  Lower argon implantation energy than previous reported was used to 
achieve sharper transition between the etch-rate-enhanced and the unaffected oxide 
region. An empirical model, fit to experimental data, is used to explain the correlation 
between the implantation conditions (dose, energy) and the etch-rate enhancement 
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parameters. It is further shown that this model gives consistent predictions of the etch rate 
enhancement as the previously published model based on nuclear deposited energy. 
 
5.4.2   Experimental Results 
 
      Ion implantation causes structural damage (destruction of Si–O bonds) via nuclear 
collisions.  If the nuclear energy loss exceeds ~1023 eV/cm3 (corresponding to the total 
Si–O bonding energy in a unit volume of SiO2), then the wet etch rate of SiO2 is 
significantly enhanced [9].  An Ar+ implant can be used to induce damage above the 
threshold level required for etch-rate enhancement, down to a certain depth xD determined 
by the implant conditions.  If the implanted film is subjected to a short etch, such that the 
etch depth xd is less than xD, then the average etch rate enhancement factor is simply S ≡ 
xd/x0 = rd/r0, where x0 is the etch depth for an unimplanted film, rd is the average etch rate 
of the damaged portion of the implanted film, and r0 is the average etch rate of 
undamaged oxide.  The short-etch depth data and calculated enhancement factors for 
etching of thermal SiO2 films in dilute HF solution (10:1 H2O:HF) are tabulated in Table 
5.1, for various Ar+ implant conditions.   
 
      If the implanted film is subjected to a long etch, such that the etch depth xd is greater 
than xD for the implanted oxide, then it can be shown that Δx ≡ xd − x0 = xD(1 − r0/rd).  
Thus xD can be determined from the difference in long-etch depth for implanted oxide vs. 
unimplanted oxide, with r0/rd = 1/S determined from short-etch depth data.  The long-etch 
depth data and calculated values of xD are also tabulated in Table 5.1.   
 

Short Etch Experiment Long Etch Experiment 
Ar+ implant 
conditions Etch depth 

(Å) 
Enhanceme
nt factor S 

Etch depth  
(Å) 

Damage 
depth xD  

(Å) 
1×1014 cm-2 @ 

25 keV 207.0 4.14 651.9 464.0 

2×1014 cm-2 @ 
25 keV 247.8 4.96 703.6 505.6 

2×1014 cm-2 @ 
35 keV 240.6 4.81 832.7 672.4 

None 50.0 - 300.0 - 

Table 5.1. Oxide etch depth data and calculated etch-rate enhancement factors and 
depths, obtained from thermally grown oxide samples (formed by 1050°C wet 
oxidation) etched in 10:1 H2O:HF solution.  The short-etch and long-etch times were 
selected to remove 50Å and 300Å of unimplanted oxide, respectively.  The oxide 
thickness was measured by OptiProbeTM, before and after etching, to determine the 
etch depth. 
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      Fig. 5.7 plots xD against Ar+ implant energy, for the two doses studied in this work.  It 
can be seen that the depth of etch-rate enhancement is strongly dependent on implant 
energy, and mildly dependent on implant dose. 
 

 
Figure 5.7. Depth of enhanced oxide etch rate (determined from experimental data) 
vs. Ar+ implantation energy, for different doses. 

 
5.4.3   Implant Damage Simulation and Model 
 
      In order to clarify the effects of Ar+ implant energy and dose on xD and S, SRIM 
simulations [10] were carried out with full damage cascades.  The etch rate enhancement 
is believed to be due to the broken bonds in SiO2 as a result of the implantation [8, 9], 
therefore, it is intuitive to look at the correlation between the damage concentration and 
the etch rate and depth. The damage profile, i.e., the distribution of displacement events 
caused by each ion can be empirically modelled by a Gaussian profile using tabulated 
values of projected range (Rp) and straggle (ΔRp), as shown in Fig. 5.8a.  The damage 
concentration profile is simply obtained by multiplying this profile by the implanted ion 
dose.  The damage concentration at depth xD is the threshold level required to 
significantly enhance the oxide etch rate, and is found consistently to be ~3×1021 cm-3 
(Fig. 5.8b).  Assuming that ~75% of the Ar ion energy is lost due to nuclear collisions [8] 
within the distance xD, the critical nuclear deposited energy density is ~1022 −1023 
eV/cm3, which is consistent with previous reports [8, 9].  From the empirical model (Fig. 
5.8a inset), it can be derived that xD is roughly proportional to Rp, which in turn is 
proportional to the implant energy.  Thus, xD should increase approximately linearly with 
implant energy as seen in Fig. 5.7.  It can also be derived from the model that xD is a 
weak function of the peak damage concentration, which is directly proportional to the 
implant dose.  Thus, xD should show a weak dependence on implant dose as seen in Fig. 
5.7. 
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(a) 

 
(b) 

Figure 5.8. Implantation-induced damage distributions obtained from SRIM 
simulations.  (a) The number of displacements per ion can be empirically modeled by 
a Gaussian profile (inset):  D0 is the peak number of displacement events induced by 
the ion implantation; RP and ΔRP are the projected range and straggle of the implanted 
Ar distribution, respectively. The fitting parameters are α = 0.67 and β = 1.3.  (b) 
Damage concentration profiles obtained by multiplying the distributions in (a) by the 
ion dose:  the concentration at depth xD is the threshold level required to significantly 
enhance the oxide etch rate, and is seen to be ~3×1021 cm-3.   

 
      Fig. 5.9 shows that the etch-rate enhancement factor S increases linearly with the 
average damage concentration (calculated based on the empirical model) within the depth 
xD.  Thus, for a given implant energy (hence xD), the selectivity of the oxide etch process 
increases with the Ar+ implant dose, as seen from the experimental data in Table 5.1.  It 
should be noted that S is expected to saturate at a maximum value of ~5 [9] because not 
more than ~15% of the Si–O bonds can be broken by Ar ion implantation [11]. 
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Figure 5.9. The etch-rate enhancement factor increases linearly with the average 
damage concentration, which can be controlled by adjusting the implant dose. 

 
      It also can be seen that a lower implant energy, which has smaller straggle ΔRP, 
results in a sharper transition from the etch rate enhanced region to the unaffected oxide 
region. Fig. 5.10 shows the characteristic width β⋅ΔRP for different implant energies. The 
actual width of the transition region depends on the dose as well as the choice of cut-off 
damage concentration, and can be a few times the characteristic width. By using a lower 
implant energy, a narrower transition region and a weaker dose dependence of the etch 
depth can be achieved, thereby allowing for more precise control of the etch depth. 
 

 
Figure 5.10. The characteristic width of the transition region for different argon 
implant energies. Lower implant energy results in a sharper transition, thereby a more 
precise control of the etch depth. 
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5.4.4   Discussion 
 
      Due to process non-uniformity, the etch time used in practice is typically greater than 
that required to achieve the nominal etch depth xD, by a fixed percentage p.  Thus, the 
etch depth can exceed xD by the nominal amount pxD in some areas.  By selectively 
enhancing the etch rate by a factor S down to the target etch depth xD, the nominal etch 
time is reduced by the factor S, hence the over-etch time is reduced by the factor S.  Thus, 
the non-uniformity in etch depth is reduced by the factor S, i.e. the nominal variation in 
etch depth is reduced to pxD/S.  
 
      It should be noted that moderate-dose Ar+ implantation can also cause significant 
damage to Si.  This damage can be healed by moderate thermal annealing to epitaxially 
re-crystallize the Si from the underlying undamaged Si.  For example, in a tri-gate bulk 
MOSFET fabrication process, after shallow-trench isolation, Ar+ implantation and oxide-
recess etching, a re-crystallization anneal should be applied before gate stack formation. 
   
      The previously published model describes the etch rate enhancement mechanism in 
terms of the nuclear deposited energy. In order to compare the two models, the nuclear 
deposited energy and the damage concentration simulated using SRIM are plotted as a 
function of the depth for a few different implant energies in Fig. 5.11a. Note that the two 
quantities are on different scales (left and right axes, respectively). The peak damage 
location roughly corresponds to the point where the nuclear deposited damage begins to 
fall off. Beyond this point the nuclear deposited energy and the damage concentration 
correlate well, and follow a slightly sub-linear relation with fairly weak dependence on 
the implant energy (Fig. 5.11b). Therefore, it can be expected that the two models can 
give consistent prediction of the etch rate enhancement depth with some empirical 
parameter adjustment. The above result is readily explained by the Kinchin-Pease model 
[12]. 
 

 
(a) 
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(b) 

5.11. (a). The simulated (using SRIM) nuclear deposited energy (left axis) and the 
damage concentration (right axis) vs. oxide depth for different implant energies. The 
nuclear deposited energy begin to fall off around the peak damage concentration 
location, beyond which (b) the two follows a power-law relation, implying that the 
two models give consistent predictions of the etch depth with adjusted empirical 
parameters. 

 
      To summarize, Ar ion implantation can be used to selectively enhance the wet etch 
rate of SiO2 down to a precise depth, to allow for improved control of a timed oxide etch 
process.  The depth of etch-rate enhancement is determined primarily by the implant 
energy, whereas the etch-rate enhancement factor is controlled by the implant dose.  
Enhancement factors close to 5 can be achieved to depths in the range 50nm to 100nm 
with a moderate-dose (2×1014/cm2) Ar+ implant.  Lower implant energy results in more 
precise control of the etch depth. This technique can be used to improve process 
uniformity in fabrication of 3-D semiconductor device structures for reduced variations in 
circuit performance. 
 

5.5   Device Results 
 
      N-channel conventional (non-segmented-channel) MOSFETs and prototype tri-gate 
bulk MOSFETs with LG = 40nm were fabricated using planar and corrugated p-type 
(001) bulk-Si wafers, respectively.  The corrugated substrates were prepared using a 
spacer lithography process and dry etching to form stripes of 18nm width (from XTEM 
analysis) and 90nm average stripe pitch, HDP-CVD to fill the very shallow trenches with 
SiO2, and CMP to planarize the surface.  A standard STI process was used to define the 
active device regions, after which standard well and anti-punch-through implants (B) 
were performed.  The wet cleaning process prior to formation of the gate dielectric 
(SiOxNy, 1.7nm EOT) included a dilute-HF dip which caused the STI surfaces to be 
recessed only slightly (<5nm, from XTEM analysis) below the Si channel surfaces.  



 62 

Thus, the fabricated segmented bulk MOSFETs are essentially planar devices.  A 
standard Boron channel implant was performed after gate dielectric formation.  After 
gate-electrode formation (100nm-thick n+ poly-Si), standard source/drain (S/D) 
extension and halo implants were performed.  Afterwards, gate-sidewall spacers were 
formed and deep-S/D implants (Arsenic) were performed.  After a spike anneal to 
activate the implanted dopants (XJ = 23nm), Ni was deposited and annealed to form self-
aligned silicide.  Device fabrication was completed with standard back-end process steps.  
Fig. 5.12 shows an XTEM image of a completed MOSFET. Measured segmented 
MOSFET characteristics (Fig. 5.13) show good SCE control.  It should be noted that on-
state current ION is limited by parasitic series resistance due to a non-optimized S/D 
silicidation process. 
 

 
Figure 5.12. Cross-sectional TEM image along the channel of a fabricated tri-gate 
bulk MOSFET, showing a physical gate length LG = 40nm. 

 

 
(a) 
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(b) 

Figure 5.13. (a) Measured I-V characteristics of a fabricated tri-gate bulk MOSFET.  
LG=40nm, EOT=1.7nm, WSTRIPE=18nm, WSPACING=72nm, HSTRIPE<5nm.  (b) 
Measured VT and subthreshold swing vs. LG for the fabricated segmented bulk 
MOSFETs. 

 
      Since the width of each channel segment is precisely the same in a segmented bulk 
MOSFET (because the active area mask is drawn to ensure that the channel region 
consists of an integer number of stripes), there is minimal VT variation from stripe to 
stripe and hence with channel width.  Thus, the narrow width effect is eliminated (Fig. 
5.14). 
 

 
Figure 5.14. Measured VT vs. device layout width for fabricated n-channel FETs.  
LG=200nm, EOT=1.7nm. 
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5.6   Summary 
 
      Tri-gate bulk MOSFETs can be fabricated in a relatively straightforward manner 
using a conventional process flow, starting with a corrugated substrate. 
 
      The geometrically regular features on the corrugated substrate make it possible to use 
spacer lithography to achieve long stripes of uniform width with very fine pitch.  A 3-
iteration spacer lithography process is demonstrated to be effective to form silicon stripes 
of uniform width with small pitch.  A negative spacer lithography process is also 
demonstrated to provide a corrugated substrate with equally wide oxide trenches for 
selective epitaxial growth of semiconductor stripes. 
 
     Argon ion implantation can be used to selectively and dramatically enhance the etch 
rate of a silicon dioxide film down to a precise depth, to allow for improved control of 
etch depth in a timed oxide etch process.  An empirical model based on damage 
concentration, fit to experimental data, is used to explain the correlation between the 
implantation conditions (dose, energy) and the etch-rate enhancement parameters.  The 
model is shown to yield consistent predictions of the etch rate enhancement as the 
existing model based on nuclear deposited energy.  
 
      N-channel conventional (non-segmented-channel) MOSFETs and prototype 
segmented bulk MOSFETs with LG = 40nm were fabricated.  The device results show 
that the segmented bulk MOSFET has good electrostatic integrity as well as minimal VT 
dependence on active area width, as expected. 
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Chapter 6 

Conclusion 
 
 
 
      Transistor scaling has become increasingly difficult in the sub-100 nm regime.  
Increased leakage current [1] and variability [2] in transistor performance present 
formidable challenges for continued scaling of bulk-Si CMOS technology.  
Improvements in transistor architecture and process control are needed to reduce 
variability.  
 

6.1   Contributions of This Work 
 
      This work contributes specifically to the following aspects of reducing variability in 
transistor performance: improvements in advanced transistor architecture design; 
understanding of scalability and variability of different MOSFET structures; and 
investigation of process technology for reduced variability. 
 
      The benefit of using a spacer lithography process to mitigate the effect of gate line 
edge roughness (LER) is assessed using statistical 3-D device simulations. The 
simulation results indicate that spacer gate lithography is a scalable technology which can 
dramatically reduce LER-induced variation in transistor performance [3]. 
 
      A quasi-planar tri-gate bulk MOSFET structure is proposed to provide an 
evolutionary pathway for continued CMOS scaling [4].  The combination of retrograde 
channel doping with a multi-gate structure provides for superior electrostatic integrity.  
The tri-gate bulk MOSFET offers the advantages of a conventional planar bulk MOSFET 
(low substrate cost, capability for dynamic threshold voltage control, established compact 
model), along with the advantages of a multi-gate MOSFET (improved performance and 
scalability). 
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      An analytical equation for the scale length of tri-gate and planar ground-plane bulk 
MOSFETs is derived, and its sensitivity to device design parameters is investigated [5].  
This provides a straightforward way to assess the scaling limit of different transistor 
designs. 
 
      Design optimization and performance of two different multi-gate bulk MOSFET 
designs (tri-gate bulk MOSFETs [4] vs. bulk FinFETs [6]) are compared to provide 
guidance for multi-gate bulk MOSFET design. 
 
      The impacts of process-induced systematic and random variations on transistor 
performance are investigated for three candidate device structures to extend transistor 
scaling to its ultimate limit.  The tri-gate bulk MOSFET design shows the least variability 
as well as the best nominal performance. 
 
      The fabrication process flow and the most critical processes (formation of corrugated 
substrate and precise control of oxide recess) for tri-gate bulk MOSFET fabrication are 
discussed.  Iterative spacer lithography and negative spacer lithography are proven to be 
effective for defining lines or trenches, respectively, at dense pitch. Ar ion implantation 
can be used to selectively enhance the wet etch rate of silicon dioxide down to a precise 
depth, to allow for improved control of a timed oxide etch process.  The prototype device 
results show that the segmented bulk MOSFET (multi-stripe tri-gate bulk MOSFET) has 
good electrostatic integrity as well as minimal threshold voltage dependence on active 
area width, as expected. 
 

6.2   Future Directions 
 
      Fabrication of advanced transistor structures (e.g. tri-gate bulk MOSFET and other 
candidate structures for sustained CMOS scaling) in a well-controlled fabrication facility 
is needed to collect statistically meaningful data and explore the pros and cons of 
different transistor designs. 
 
      Although this work only discusses the tri-gate bulk silicon MOSFET structure, the 
corrugated substrate can be used as a platform to explore post-silicon devices (Ge and III-
V channel materials) and to improve the performance and scalability of other transistor 
designs (accumulation-mode MOSFETs, junction FETs, bipolar transistors, etc.).  
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